To the Graduate Council:

I am submitting herewith a thesis written by Hassan
Bodaghi entitled "Spin-Draw Interaction Effects on
Fibrillation of Polypropylene." I have examined the final
copy of this thesis for form and content and recommend that
it be accepted in partial fulfillment of the requirements
for the degree of Master of Science, with a major in

Polymer Engineering.
b o Mpeccts

O/E Spruéell MaJor\Professor

We have read this thesis
and recommend its acceptance:

L fby
ywzwﬁ

Accepted for the Council:

Llru Gl

Vice Chancellor
Graduate Studies and Research




SPIN-DRAW INTERACTION EFFECTS ON

FIBRILLATION OF POLYPROPYLENE

A Thesis
Presented for the
Master of Science

Degree

The University of Tennessee, Knoxville

Hassan Bodaghi

March 1982

3057929



ii

ACKNOWLEDGEMENTS

The author wishes to express his deepest appreciation
to both Dr. J.E. Spruiell and Dr. J.L. White, his advisors,
for their advice and guidance throughout this research study.
Gratitude is also extended to Dr. B.C. Goswami for his
recommendations in this program.

An expression of thanks to the faculty, work shops, and
staff of the entire Chemical, Metallurgical and Polymer
Engineering Department for their cooperation and assistance.
Financial assistance provided by the U.S. Department of
Agriculture and by the Polymer Consortium is gratefully
acknowledged.

Recognition for their cooperation in this research
study is extended to the National Center for Small Angle X-ray
Scattering at Oak Ridge National Laboratory and Dr. J.S. Lin.

Above all I am grateful to my wife for her admiration,

and my parents for their support and devoted love.



DEDICATION

This thesis is dedicated to my wife Trisha Bodaghi,
whose enduring love and compassion has helped make this
;tt;inable. I also devote this thesis to my son, Kavous
Kirk, for the warmth he brings into my life.

Also I would like to honor my parents with this thesis

for all their love and encouragement.



iv

ABSTRACT

Fibrillation is a phenomenon which arises in the
processing of synthetic fibers. Fibrillation is related to a
transformation from a spherulitic or cylindritic structure
characteristic of the morphology of melt spun filaments to a
fibrillar morphology characteristic of drawn filaments. The
fibers break up into small "Fibrils" during the plastic
deformation of drawing. A similar effect can occur in the
processing of tapes and films and is generally detrimental to
the physical and mechanical properties. Fibrillation is
apparently due, at least in part, to the growth of longitudinal
microvoids during deformation and transformation into the
final fiber structure. The degree of fibrillation depends
on many variables such as draw ratio, draw temperature, the
initial structure of the spun filaments, and the molecular
characteristics of the polymer. This research was undertaken
in order to experimentally determine the effects of such
variables on the level of fibrillation.

Various fibrillated polypropylene fibers were prepared
at different spinning and drawing conditions. Hercules
Protax (®) (6323,6423) and Diamond Shamrock(®) (5831-106-7)
having a range of melt flow indices (6.6-25) were selected
for experimental study. Each polymer was spun at two spinning
conditions representing low and high molecular orientation

in the spun filaments. These filaments were then drawn 3.5X

and 6X at 25°c, 60°, 90°, and 150°C.
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The structure of the spun and drawn filaments were
characterized using scanning electron microscopy, wide angle
x-ray diffraction, small angle x-ray scattering, birefringence
and density measurements. Based on preliminary qualitative
measurements, the small angle x-ray scattering from selected
samples was measured quantitatively using the 10 meter Small
Angle X-ray Scattering facility at the National Center for
Small Angle Scattering at Oak Ridge, Tennessee (NCSASR).
The volume fraction of microvoids was computed from the
invariant of the scattered intensity, and the size, shape,
and number density studied by subjecting the scattered
intensity to Guinier Analysis.

The +tensile mechanical properties of both as-spun and
drawn filaments were measured. A series of compression
molded polypropylene sheets (6423,6323, 5831-106-7) were
also drawn using an Instron tensile testing machine. Two
drawing processes were examined: cold drawing at 25°C include
draw ratios of 4X and 6X; hot drawing at 150°C include draw
ratio of 4X and 6X. The structure and mechanical properties
of the drawn sheets were also characterized.

Wide Angle X-ray Scattering (WAXS) patterns of drawn
samples showed that cold drawing transformed the monoclinic
form of as-melt spun filament into a more oriented but
disordered structure, while hot drawing produced a highly

oriented well-formed monoclinic structure. Samples drawn at
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150°C showed somewhat lower level of birefringence and c-axis
crystalline orientation function (fo)'

The volume fraction of microvoids computed from the
Small Angle X-ray Scattering (SAXS) technique was found to
correlate well with microvoid fractions estimated from a
combination of crystallinity (DSC technique) and density
measurements. These showed that the volume fraction of
microvoids increased with; 1) increase in draw ratio, 2)
decrease in draw temperature, 3) increased orientation in the
as-spun filaments, and 4) increased molecular weight of the
polypropylene. Volume fractions of microvoids varied from
about 0.4 x 1077 (0.04%) to about 0.28 x10™1 (2.8%).

The Guinier analysis showed that the average void size
had dimensions of 250-400 X parallel to the fiber axis and
of order 150-200 X perpendicular to the fiber axis. Based on
results of void fraction, void dimensions, void number
density and Scanning Electron Microscopy (SEM) photomicro-
graphs it was found that a) fibrillation increased with
increasing draw ratio, b) drawing at 25°C is accompanied by
very extensive fibrillation, while the amount of fibrillation
decreases as drawing temperature increases, c¢) the high melt
index samples showed less fibrillation than those with low
melt index, and d) the filament with low take-up velocity
(30 mm/min) during spinning fibrillate less comparatively

than those with higher take-up.
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The drawn fibers showed better mechanical properties
than melt spun fibers. ﬁnder the experimental conditions
investigated, the mechanical properties such as; tensile
strength, tangent modulus and elongation to break of the melt
spun and drawn fibers all correlated with the birefringence.
It was also found that mechanical properties are mainly a
function of the orientation and are not very much affected

by changes in fibrillation per se.
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CHAPTER I
INTRODUCTION

Polypropylene is a very important commercial synthetic
polymer. Since the range of properties in polypropylene
fibers is found to be very large, studies of the processing
operations used in its fabrication are of considerable
interest.

Preparation of fiber generally proceeds in three stages.
The polymer is first melted and extruded through a spinneret
to form a small diameter filament. In this melt spinning
process the molten filaments are drawn down by forces supplied
by a take-up device while they are cooled and solidified.
This may induce significant molecular orientation into the
as-spun filaments (91,52,101,65,42,90,74) but most filaments
are given increased orientation by a second processing step
called drawing. Here the spun filaments are elongated in
the solid state as they pass over a hot plate. The drawing
process not only induces additional molecular orientation
but transforms the spherulitic or cylindritic structure of
the spun filament into a fibrillar morphology (74,90,99,19,
111,101). In the last processing stage, the drawn fibers are
frequently heat set under tension (90,65). This helps to
eliminate a tendenacy for shrinkage when the fiber is exposed

to elevated temperatures.



2

Fiber property variations are the result of differences
in the fiber structure induced by different processing
conditions. In addition to variations in elastic modulus,
tenacity, elongation to break, yield strength, shrinkage
and other properties, drawing processes are accompanied by
fibrillation (74,90,75,52,111,73). Fibrillation is a phenom-
enon which arises in the processing of synthetic fibers in
which the individual fibers break up into smaller fibrils and
microfibrils. A similar effect may also occur in the process-
ing of tapes and films.

Depending upon the application, fibrillation may be
deterimental or desirable. In any case, there are no methods
of quantitatively characterizing the degree of fibrillation
resulting from a given processing history. Fibrillation is
apparently due, at least in part, to the transformation to the
fibrillar morphology described above. It appears that
fibrillation is a consequence of growth of longitudinal
voids during deformation and transformation into a final
fiber structure. While this is true it does not follow that
all fibers of a given polymer processed so as to have the
same elastic modulus (for example) will also have the same
degree of fibrillation. A given property value such as the
modulus can be achieved via several different processing
paths (90,65). Other properties including the degree of
fibrillation may be significantly different for the

differing processing paths. Qualitative indications in the
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literature are that the level of fibrillation can very
widely with draw ratio and draw temperature (74,65,111).

The effect of various conditions of drawing, annealing,
and melt spinning on structure parameters as well as the
relationship between structural and mechanical properties
of polypropylene fibers have been considered extensively by
researchers (99,65,111,52,64) in the Department of Chemical,
Metallurgical, and Polymer Engineering at the University of
Tennessee. The present study represents an extension of
these researchers on fiber processing.

The purpose of this research project is twofold: first
we seek to investigate the effects of spinning and drawing
variables on the level of fibrillation produced during fiber
formation. The second area involved an investigation of
fibrillation by methods which are as quantitative as possible,
especially quantitative small angle x-ray scattering (SAXS)
procedures. The goal of these efforts is to find an
innovative and useful method of quantitatively characterizing

the degree of fibrillation.



CHAPTER II
BACKGROUND AND REVIEW OF LITERATURE
A. SURVEY OF PROCESSING

Generally, fibers can be spun from solutions of the polymer
(wet and dry spinning) or from a polymer melt (melt spinning).
Dry spinning is recommended for the use of continuous yarn
filaments, polymers which can not be melted. It is used
commercially for acrylic and cellulose, acetate fibers.Wet
spinning is an important industrial process for polymers
which cannot be melted and volatile solvents are unavailable.
This process is used for rayon and acrylic fibers.The
techanical realization and physical mechanisms involved in
dry spinning are more complex than those in melt spinning (74).
High through put rates and lack of solvents make melt spinning
the most convenient and efficient of the spinning procedures.

In the case of melt spinning, a fiber forming substance
is melted for extrusion through a spinneret and hardened by
cooling after it emerges. The cooling effect is sometimes
increased through a perpendicular gas flow which is also
designed to improve the stability of the spinning process.
Fiber forming polymers must have chemically stable melts at
technically available temperatures (60).

Melt spinning is usually followed by the drawing of

solidified fibers leading to enhanced molecular orientation
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along the fiber axis and to improve the physical characteris-
tics of fibers. Typical melt spun polymers are linear poly-
condensates (polyamides,polyesters) and crystalline poly-
olefine (polyethylene, polypropylene). A schematic diagram
of melt spinning equipment is illustrated in Figure II.1(131).

B. THE STRUCTURE OF UNORIENTED POLYPROPYLENE

In this section the structural characteristics of
polypropylene including specification of its molecular
configuration and its various polymorphic forms will be
considered. A complete description of structure variation

with spinning and drawing conditions will be considered in

later sections.

Molecular Configuration

The chemical repeat unit of polypropylene is

H H
1 )
=C =Cm
o CH

3

These units generally repeat in head to tail fashion as

follows;

Polypropylene can be synthesized in a wide range of

tacticities. These tactic forms are illustrated schematically
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. Figure II.1. Schematic diagram of melt spinning
equipment.
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in Figure II.2. The term "isotactic" identifies the particular
spatial position of the propylene methyl group along the
polypropylene carbon-chain backbone. In the isotactic case
the methyl groups all fall on the same side of the main chain
carbon back bone (Figure II.2a). This is in contrast to the
syndiotactic case where each alternating methyl group is
on the opposite side of the carbon backbone (Figure II.2b).
Finally, random placement of the methyl groups along the
main chain leads to atactic polypropylene (Figure II.2c).

The actual conformation of the polypropylene molecule
is not a fully extended planar zigzag like that shown in
Figure I1I.2, even in the crystalline forms. In its most common
crystalline forms isotactic polypropylene has a 31 helix
conformation as shown in Figure II.3. In this case it takes
three monomer units to form the basic helix, the fourth
monomer unit spatially repeating the 31 helix again. As a
result of this conformation, the pendent methyl group, the
C-H group, the main chain bond, and the CH2 group all make an
angle of about 720 approximately with the axis of the helix
(Figure II.3).

When a melt of these helix chains is allowed to cool,
some of the molecules will crystallize into folded-chain
lamellae while others will not. In this way a two-phase
system of non-crystalline and crystalline regions will be
formed (90,3).

Isotactic and syndiotactic forms of polypropylene are



Figure II.2. Schematic representation of the
spatial disposition of methyl groups in (a) isotactic,
(b) syndiotactic, and (c) atactic polypropylene chain
segments.
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partially crystalline, while the atactic form is necessarily
amorphous, due to the lack of stereoregularity along the
molecule. Commercial polypropylene are highly isotactic and
have a high degree of crystallinity. These are of particular

interest in this research.

Comparison of Crystalline Forms

There are three different crystalline forms (a, g8, v )
and a so called paracrystalline form exist for isotactic
polypropylene. The development of the various forms is
dependent on the degree of isotacticity, molecular weight,
thermal and mechanical history of the sample. The monoclinic
or a-form is generally observed for both solution and melt
crystallized samples which are prepared at atmospheric
pressure (61). Natta and Corradini (70), and Turner, Jones
et al (115) carried out studies of structure determination
on the a-phase isotactic polypropylene. From wide angle
x-ray (70), the identity period on the C-axis was found to
be 6.5 X. From this it was concluded that the chains have a
threefold helical configuration (31 helix), which corresponds
to a regular alternation of trans and gauche bonds. The X-
ray studies of Natta and Corradini (70) established mono-

clinic symmetry for the unit cell. The lattice constants are:

o 0
a= 6.65 +# 0.5 A b= 20.96 # 0.15 A

(0]
C= 6.50 # 0.64 A B= 99° 20° # 1°
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According to Natta and Corradini (70), the unit cell
volume contains twelve monomeric units. The absence of hkl
reflections with h + k=2n +1 confirms that the whole crystal
lattic is C-centered. They reported that the most probable
space groups for polypropylene is Cc. With such an assumption,
the crystal structure of the a-form is ghown in Figure II.4.

Rapidly quenching the polymer from the melt to below
130°C has been reported to result in a g -crystalline form
(115). X-ray diffraction studies of Keith and Padden (47)
suggest that the unit cell of g -form is hexagonal with
constants a= 12.71 X and c=6.35 2.The B-phase is metastable
in character and reverts to be a a -phase by recrystalliza--
tion or deformation.

The Y form is only obtained by cooling the polymers
from the melt. This vy modification occurs in small amounts,
in specimens of unfractionated polypropylene which can be seen
by the presence of a weak line at 4.42 X. It is characterized
by five strong x-ray reflections, four of these reflections
lie very close to the four of the five reflections of the a
-form obtained by unoriented specimens. The Y -modification
in specimens of low molecular weight have been observed by
Addink and Bientems (4). They found a lesser crystalline form,

vy-modification in specimens of highly amorphous materials
separated from the bulk isotactic material by extraction.
However, isotactic polypropylene is capable of crystalizing

in three polymorphic forms. The a -phase or monoclinic is
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Figure.Il.4. Projection of (001) of the Structure
of Polypropylene Assuming the Cc Space Group.
Source: G. Natta and P. Corradini, Nuovo Cimento, 15,
40 (1960).
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the normal form in isotactic polypropylene.

Some investigators (30,40,43,91,123) have suggested
that the structure might best be interpreted in terms of a
two-component three phase model. The two components are
crystallizable and non-crystallizable part of the bulk
polymer and the three phases are crystalline, paracrystalline
and amorphous. In this interpretation the paracrystalline
phase is presumed to result from a highly disordered part of
the crystallizable polymer and is distinct from the non-
crystallizable part which is even more disordered. This
interpretation is not universally accepted and other
investigators have made different suggestions concerning the
structure of the quenched polypropylene. Natta et al (69)
termed the structure of a quenched polypropylene as "an
unstable crystalline smectic modification". Their x-ray
studies of the unoriented smectic form revealed two strong
halos with d-spacing of 5.9 Xo Structural interpretations
(40,123,69,6) suggest that smectic polypropylene has a short
range three dimensional order with the molecular conformation
the same as the crystalline a-form. A hexagonal crystal
lattice for the smectic polypropylene has also been suggested
by several investigators (30,111,103). The a -form converts
to the smectic form by cold deformation (90,91,123) and the
smectic form can be converted to the a -form (monoclinic)

by heating (62).
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Degree of Crystallinity

There are five principal methods used to determine the
degree of crystallipity; 1) x-ray diffraction, 2) density
measurements, 3) heat of fusion, 4) nuclear magnetic
resonance, and 5)infrared absorption (3).

Generally, we assume that semicrystalline polymer to be
a two phase system, crystalline and amorphous, where each has
one set of properties in the range of samples of interest.

Then the degree of crystallinity is given by,
P P - pa)

X = (

1
o Gt (1)

where ﬁ% and p, are the crystalline and amorphous densities
respectively and P is the density of partially crystalline
"unknown" specimen. This formula can be applied to specific

volume as follows;

s _'a
specific volume; X, = 57— (2)

Crystallinity can also be determined from calorimetric

measurement of,
AH. Sample
ciAHf* Pure crystalline (3)

heat of fusion; X

An x-ray differentation method for determining x-ray
crystallinity was given by Ruland (81). According to this

method,
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s
p s2 I, (s) 4 s
So

X = K (s_,s vD’fz) (%)
° Jrsp £ I (s)ds o

where I, (s) is the coherent intensity concentrated in the
sharp Bragg peaks, f2 is a mean square atomic scattering
factor for polymer, D is the disorder function and so,sp
must be finite in practice. The degree of crystallinity for
spun fibers has been found to be about 50-60 percent by

several investigators (37,90,65,123).

C. TECHNIQUES FOR CHARACTERIZATION OF ORIENTED POLYMER

Crystalline Orientation

A quantitative expression for the average orientation of
polymer chains in uniaxially oriented samples was originated
by P.H. Hermans and co-workers (38). Such a factor takes the

form;

_ 1 2 1= . 2
£f.= % (3 cos ﬁh,z 1)= 1-3/2 sin o,

(5)

22

and sin2 © represent respectively the

2
where co ©-
S C,2 c,2

mean square cosine and sin (averaged over all the molecular)
of the angle between the fiber axis and the c-crystallographic

axis.

Stein (109) generalized equation () for the three
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crystallographic axes to specify the degree of orientation

with respect to reference direction.
2

f,= 3 (3 cos 'Gé,z -1) (6)
£1,= 2 (3 cos? b,z -1) (7)
f,= 1 (3 cosZ-GE’Z -1) (8)

The c-axis usually refers to the polymer chain axis and
eqﬁation (8) to the Hermans orientation factor. The corres-
ponding geometry is shown in Figure II.5. From the above
observation the range of the value for cos2 € and f for

three states of orientation is shown in Table I.

TABLE I. ORIENTATION WITH RESPECT TO REFERENCE DIRECTION Z.

PARAMETER PARALLEL RANDOM PERPENDICULAR

cos® & 1 1/3 0
£ 1 0 it

When the crystallographic axes are orthogonal;

2 2 2

cos® 8, , + cos“ 8 , + cos” B, =1 (9)
from which it follows that, fa+ fb+ fc =0 (10)

The three orientation functions are not independent with
only two of them are required to characterize the orientation.
The orthogonality relationship in this case demands that c,a
b crystal axes are perpendicular.

Determination of the fj generally involved WAXS

measurements. In polyethylene fa and fb may be readily
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Figure II.5. Stein's coordinate system for
specifying orientation modes in orthorhombic
polymers.
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obtained directly from (200) and (020) wide angle x-ray
(WAXS) reflections and f, from equation (10).

Problems exist in determining the fj for the monoclinic
isotactic polypropylene. In monoclinic polypropylene there is
no set for reflecting planes which are perpendicular to the
c-axis. Further a,b, and ¢ axes are not mutually orthogonal
the relation between fa’ fb and fc in equation 10 does not
hold. Wilchinsky (120) derived equations relating the varia-
tion of intensity with azimuthal angle of (040), (110),

(130) reflections in polypropylene to the orientation function

parameter which characterize the b and c axes.
(1-2 sin® p 2) (cos:E 9-1)-(1-ZSin2 P 1)(003202)
2

cos~0=1- —> —>
sin pl- sin™ p,

(11)

Where p is the angle between the b axis which can be
calculated from cell dimensions and the plane normally by the
subscripts refer to the respective planes. € is the angle

between c-axis and reference direction.

Fiber Birefringence

Fiber birefringence is defined as the difference in the
principal refractive index parallel (ny ) and perpendicular
(n, ) to the stretch direction for a uniaxially oriented
specimen.

An= ny -ny

The refractive index, is a measure of the light velocity
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in the medium and is related to the polarizability of the
chains. The final measured birefringence is a function of
contributions from the polarizabilities of all the molecular
units in the specimen.
The light velocity in the amorphous phase will be
varied from that in the crystalline phase. There is a
difference in the principal polarizability parallel, Py »
and perpendicular, Py s to the chain axis within each phase,
since the molecules are also optically anistropic. If all
the anisotropic molecules in a phase are randomly distributed
the average contribution of this phase to the refractive
index of the sample will be the same in all directions and
the contribution to the birefringence associated to the
phase, Ai= Ny 3o-0iy will be zero.
In addition, if the sample is an unoriented two-phase
mixture consisting of crystalline and amorphous materials,
the total birefringence will still be zero. In this case
all anisotropic molecules, regardless of phase, are randomly
oriented in the sample and the average contribution to the
refractive index will also be the same in all directions.
If all the molecules of the two phase model are perfectly
aligned parallel to the stretch direction, the birefringence
will be a combination of the intrinsic birefringences of
the individual phases éo, &;m’ weighted according to the
volume fraction of each phase.

The measured birefringence of a partially oriented
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sample will also depend on the orientation factors (fc,fam).
For a uniaxially oriented, polycrystalline polymer, the total
birefringence, An is related to both the crystalline and

amorphous birefringence through,

An= X APcry £+ (1-X) A° amorph f amorph + A form (12)

where f and fcr are the amorphous and crystalline

y
orientation functions, X is crystallinity, A° cryst and

amorph

o}
amorph

crystalline and amorphous material. If the Afcryst’

are intrinsic birefringence of perfect oriented

0

A amorph’
X ‘and T, (from WAXS) are known, birefringence may be used to

estimate T is usually considered small.

amorph’ Afbrm

Amorphous Orientation

The crystalline orientation functions discussed earlier
relate to the crystal regions in the polymer. The Hermans
orientation function can also be used to quantitatively
describe the level of orientation in the amorphous regions.
However, this quantity is not easily obtained from X-ray
diffraction measurements. To estimate the amorphous orienta-
tion it is usually common to use a physical property which
ig depend on the orientation in the specimen. For partially
crystalline sample, the measurement of the smorphous
orientation function is obtained using an expression similar

to equation (12). In this case the crystalline contribution
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is obtained by methods described previously, and the
difference between the crystalline contribution and the
average property gives an amorphous contribution which one
can easily obtain the amorphous orientation function (fam).

Samuels (90) has shown that the use of Hermans equation
(12) to determine f_n reduires knowledge of the values, such
as, birefringence, crystalline -orientation function, fc'

AOC and Aoam and crystalline fraction (X).

Morphology and Superstructure

The morphology and superstructure of polypropylene can
be examined by various methods. X-ray scattering and electron
microscopy are the most powerful methods for investigation
of the crystal morphology of fibers. The small angle x-ray
scattering is useful in determining the morphology of domains
from 20 g up to more than thousands of angstrom units.
Crystallites (20-500 X), amorphous periodicites (20-2000 Z),
chain folding periodicities (50-300 X), and voids (20-10,000
X) can be studied by this technique (3,60,72,103,104,74).

The size of the structural domain is related to the scattering
angle by the Bragg's law relationship;

nA =24 sin & (12)
where § is the angle that radiation makes with the diffracting

plane (3). Frequently the only cooperative reflections that

appear in the SAXS pattern occur as a result of periodic
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arrangement of crystal lamellae and intercrystalline disorder-
ed regions. Measurement of the reference point of the inter-
ference maximum makes available direct calculation of the so
called long period (90). The generally accepted morphology
of uniaxially oriented filaments and films was proposed by
Keller and Machin (48) based on fundamental studies of SAXS
and electron microscopy.

Optical methods such as birefringence, light scattering,
and microscopy yield information on fiber superstructure (123).
Scanning electron microscopy is a most useful method of

studying fiber superstructure (52,111).

Small Angle X-ray Scattering

An inhomogeneous system may consist of either diffuse
or discrete effects. Guinier (32) showed that a single
particle of colloidal dimensions can produce a characteristic
diffuse small angle scattering pattern and that many identical
particles at sufficiently large and irregular distances from
each other will produce a total scattering that is simply
the sum of the scattering of the individual particles. It is
of prime importance to realize that a diffuse small angle
scattering pattern is never subject to an unequivocal
structural interpretation on the basis of the x-ray data
taken alone. Specimens which show identical scattering

curves may be designated scattering equivalent systems (78).
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In principle the following types of ambiguity must be con-
sidered in the interpretation of diffuse small angle
scattering; a) it is not possible to distinguish the scatter-
ing by a system of particles in space from the scattering
by a complementary system of micropores in a solid continum,
b) it is not possible to differentiate without some degree of
uncertainty the effects due to particle shape from those due
to polydispersity. It is often difficult to determine to what
extent the scattering curve is determined by the isolated
particles and to what extent by the interparticle interferenc-
es (3).

Evidence now shows that the best interpretation of
diffuse scattering from solid polymers is in terms of micro-
voids or intermediate space. Much detailed theory was
presented by Porod (78,79) to show that when the matter is
dense enough to cause interparticle interference, the
reciprocity rule dictates that the rest of the scattering
curve is caused by the interstices or voids. Statton (102)
proposed that voids must be considered the cause of the
scattering; this was later quantitatively confirmed by
Hermans, Heikens and Weidinger (38). In 1962, a review of
diffuse small angle scattering by Statton (103) extended to
all polymers the interpretation that the most probable cause
of the scattering is voids. In a variety of ways it was
shown that the inhomogeneity of electron density is micro-

voids. He reported that the microvoids are small regions in
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0
the polymer which are usually less than 100 A. In particular

Statton (104,103) makes the following points, 1) it is normaal
to find intense diffuse scatter in the small angle patterns

of synthetic as well as natural fibers, and very weak
scattering is the exception rather than the rule, 2) a fiber
treatment that produces a decrease in the diffuse scatter

is accompanied by an increase in density, 3) the degree of
crystallinity is unrelated to the diffuse scatter as is shown
by large variations in the amount of diffuse scatter with no
change in the crystalline fraction and,conversely, by observa-
tiontion of large changes in the crystalline fraction with no
appreciable change in the intensity of the diffuse scatter,

L) most commercial fibers show a level of diffuse scatter,

5) microvoids are a logical consequence of the fact that long
chain polymers cannot efficiently fill all space. Thus the
voids maybe unfilled spaces around polymer chains, around
fibrils, or between lamellae.

The amount of diffuse x-ray scattering given by a fiber
depends profoundly upon the method used to form the fiber.
Large void contents are promoted by those fiber spinning
procedures that result in rapid precipitation of the fibers
from solution for example, wet, dry and dispersion spinning.
Such a high level can be subsequently reduced by the anneal-
ing effects of thermal after treatments.Relatively small

numbers of microvoids are produced by solidification of a
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viscious polymer from its melt, by slow exaporation of a
polymer solution, or by spinning procedures that permit
slower precipitation from solution (3).

Extension of melt spun fibers by drawing processes has
the effect of increasing the equatorial dimension of the
scattering at the expense of the meridional dimension, thus
signifying an elongation of the voids parallel to the direc-
tion of stretch. In general, the amount of void elongation
increases as windup tension is increased (3,103,104).

If discrete interferences appear in the small angle x-ray
scattering patterns of oriented polymers, they are usually
observed in only one direction, most commonly on the meridian.
The meridional reflections denote some degree of largé-scale
periodic character in the structure parallel to the fiber
axis. In terms of the "fringed micelle" model the long
period spacing obtained from the first order meriodional
reflection can be most usefully interpreted as the mean
distance between the center of successive crystalline regions
along the fiber axis (38,103). This initial interpretations
seems also valid for the newer concept of chain folding with-
in the crystalline ragions (106).

An important feature of the long period meridional
spacings of polymer fibers is the dependence on the crystalili-
zation and annealing temperatures. Many significant studies
of this long spacing phenomenon have been made (124,59) with

the final long period spacing depending on both the time and
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temperature of annealing. Figure II.6 shows the dependence of
the long period spacing of polyethylene crystals on the
annealing temperature as determined by Statton and Geil (108)
and Fischer (28). A possible mechanism permitting the increase
in long period and the extension of the fold period by means
of migration of point defects along the molecular chain under
annealing conditions has been suggested by Reneker (79) and

is shown schematically in Figure 1II.7.

D. STRUCTURE VARIATION WITH MELT SPINNING CONDITIONS

The original study of spinning conditions on fiber
structure was carried out by Carothers and Hill (15), Keller
(49,50), Ziabicki and Kedzierska (125,128,129) in the late
1950's and early 1060's further investigated the crystalliza-
tion and orientation of melt spun fibers.

On-line studies of structure development during melt
spinning have been reported for polyethylene (HDPE) by
Katayama, Amano and Nakamura (45) and by Dees and Dpruiell
(24), using wide angle x-ray diffraction. Polypropylene (PP)
has been investigated in similar exXxperiments by Katayama et
al (46), Nadella, Henson, Spruiell and White (37,99,100),
Shimizu and Shimazaki (94) and by Ishizuka and Koyama (42).
The rate of crystallization was observed and found to
increase rapidly with applied stress. Increasing draw down

was found to first orient the 'b' axis perpendicular to the
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Figure.Il.6. Dependence of the long period of
polyethylene crystals on the annealing temperature.
Closed circles-measured at room temperature by Statton

and Geil (108). Open circles measured at annealing
temperature by Fischer (28).
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Figure II.7. Illustration of point defects
originating at A, progressing through the lattice at
B, and extending the fold period at C. (Reneker,79).
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fiber axis, "c¢" axis orientation increases more slowly. The
same tendency to "a" axis orientation is observed at low
draw down in Low Density Polyethylene(LDPE) and High Density
Polyethylene (HDPE). At high draw down "c" axis orientation
domainates and the "a" axis becomes perpendicular to the
fiber axis. Polypropylene shows a lesser tendency to this
type of "a" axis orientation. A striking development of
bimodal orientation is however observed in this polymer. Some
investigators (24,64,99,100) have interpreted these structural
changes in terms of Hermans-Stein orientation factors.
Nadella et al (45) have shown that the orientation factors
in polypropylene depend upon the spinning stress levels
rather than kinematic variables.

Katayoma et al (46), Nadella et al (65) and Shimizu and
Shimazaki (94) in their studies of on-line birefringence in
polypropylene melt spinning found that after a first gradual
ascent of birefringence, it increases abruptly and then
levels. The first gradual and second abrupt ascents are
attributable to the deformation of filaments and the
crystallization respectively. It was found that the bire-
fringence of the molten polymer filament is proportional to
the spinning stress.

Oda, et al (71) have studied the birefringence
of vitrified polystyrene. They concluded that the negative
values of the birefringence have qualitative significance. It

shows that the birefringence has originated in the molten
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state where the stress coefficient for polystyrene is

negative and was frozen in.

Sheehan and Cole (91) were the first to investigate the
development of crystalline structure in polypropylene. They
observed x-ray patterns of undrawn polypropylene filaments
which are spun with different molecular weight under various
conditions of extrusion and quenching temperature. The x-ray
patterns after being cooled by quenching into water show
smectic form of polypropylene. Those fibers which were spun
into air were the monoclinic form.

Kitao, et al (52), Samuels (90) and Nadella et al (64)
evaluated the contributions by the amorphous chains to the
total orientation in melt spun polypropylene fibers. They
showed that the orientation developed in the crystalline
regions during melt spinning is much larger compared to the
orientation in the amorphous chains. Samuels (90) also
explained the structure of oriented melt spun polypropylene
fibers.HV Small Angle Light Scattering (SALS) show that the
spun fibers were made up of 0.7 4 spherulites which their
long axes were normal to the fiber axis direction. The spun
fiber was assumed to be composed of inhomogenously deformed
interspherulitic fibrillar links and spherulites.

Dees and Spruiell (24) proposed a detailed morphological
model for melt spun linear polyethylene based on the exper-

imental studies and suggestion of Keller and Machine (48).

This work and the other extensive experimental studies of
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structure development during melt spinning of polyethylene
(1,23,118), polypropylene (57) and polyoxmethylene (51)
fibers were reviewed by Spruiell and White (50). They con-
cluded that the development of morphology in polyethylene,
polypropylene, and polyoxymethylene occurs with increasing
take-up velocity and stress shows numerous similarities.
Nadella, Henson, Spruiell and White (64) concluded that
spinning variables such a polymer molecular weight, take-up
velocity, flow rate, melt temperature,all effect the mor-
phology of the spun fibers, but the combination of these
effects on morphology can be inferred from their effect on
spinline stress.

Melt spun polypropylene exhibits bimodal orientation as
mentioned previously, Clark (18), and Clark and Spruiell (19)
proposed morphological models for crystallized polypropylene.
Their interpretation of bimodal orientation consists of a
row structure of planar lamellae interconnected by ti
molecules, which give rise to the c-axis oriented contribution.

Another aspect of polypropylene are the hard elastic
fibers and films. Clark (18) and Sprague (98) have proposed
detailed models of morphology for highly crystalline polymers
which under stress produce "hard" elastic fibers and films.
These models have considered these hard elastic fibers and
films to have a developed "row structure" morphology.
Evidence for this structure indludes SAXS and Transition

Electron Microscopy (TEM).
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E. DRAWING AND STRUCTURAL CHANGES DURING DRAWING

Often, spun fibers are not highly oriented, anisotropic
nor have high mechanical strength. Drawing such fibers
results in a reorganization of the substructure which trans-
forms this structure of low anisotropy into a highly aniso-
tropic and highly oriented fiber structure with high tensile
strength and elastic modulus (90).

During the melt spinning process of fibers such as
polypropylene, crystallization including some orientation

develops, while the majority of orientation occurs during

drawing.

Observation of Neckigg\

Generally poiymeric fibers form necks and shoulders
during cold drawing. In 1932 Carothers and Hill (14) observed
phenomena, during the transformation of unoriented molecular
structure of oriented molecular structure of fiber. Fankuchen
and Mark (31) analyzed the necked zone oOn cold drawn nylon
-66. They described orientation in unnecked and necked
regions from microbeam X-ray diffractions, Kasal and Kakudo
(44) investigated the continous structure change in the
necking zone of the cold drawn polyethylene. They also propos-
ed a series of suitable models for continuous structure change

in necking. White, Dharod and Clark (118,25) investigated
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the drawing operation of high and low density polyethylene.

In cold drawing of HDPE they observed necking with a higher
degree of crystallinity and orientation in the necked gzone.
Also, they found in the necked and unnecked regions the
crystalline orientation factor unchanged with increasing
total draw ratio. Sze, Spruiell and White (111), Nadella,
Spruiell and White (65), Kitao et al (52) observed develop-
ment of necks and shoulders during cold drawing of fibers.
They stated that the polymer in the neck is a very different
material with considerably higher modulus than in the
unnecked modulus than in the regions which gradually dis-
appear as the filament is extended. Also the fibers which
have a higher spin orientation show reduction in the necking

elongation.

Changes in Crystalline Structure

Sobue and Tabata (95) and Wyckoff (123) observed the
transformation of monoclinic crystalline structure of
polypropylene into the paracrystalline structure by the cold
drawing. On drawing completely oriented isotactic polyprop-
ylene fibers in water 70°C, Sobue and Tabata (95) noted that
the crystalline structure is transformed to the paracrystall-
ine structure. Wyckoff (123) found the complete conversion

of the crystalline structure to the paracrystalline state at
a cold draw ratio of seven. Annealing of highly drawn
polypropylene films did not change the orientation of

crystallite under various annealing conditions, but isometric
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annealing showed improvement in samples with low orientation
of the crystallites. The transformation of paracrystalline
state (smectic) to crystalline state started at 70°C, reached
the halfway point at 100°C and was complete at 145°¢C.

Nadella et al (65), Kitao, Spruiell and White (52) have
presented more recent studies of drawing polypropylene fiberé.
The WAXS patterns of the cold drawn samples show a high
degree of broadening which may be considered to result from
a decrease of crystallite size and inhanced lattice strains
and defects. This broadening increases with draw ratio. A
possible interpretation of these results is that transforma-
tion of monoclinic state of as spun filaments into a para-
crystalline state by cold drawing. This structure may be
similar to the "smectic" produced by rapid quenching from the
melt (95,123). Nadella et al (65), also concluded that the
hot drawn fibers usually yielded somewhat more perfect (and
larger) crystalline domains than the cold drawn drawn and
annealed fibers.

A decrease in the density of polyethylene during cold
drawing was observed by Bettleheim and Stein (11), White et
al (118). Also densities of hot drawn, cold drawn and
annealed fibers are slightly higher than those of the melt

spun filaments indicating small increases in crystallinity.
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Changes in Orientation and Morphology

Stein (109) studied uniaxial orientation in stretched
polyethylene by x-ray diffraction, birefringence and infrared
dishroism. He noted that crystallite orientation is higher
than that of the amorphous orientation.

Sheehan and Cole (91) studied drawing operation on
polypropylene filaments followed by annealing at 100°C. They
found that filaments with "smectic structure" orient more
rapidly than the "monoclinic crystal structure" filaments and
can be drawn more easily. But with the draw ratio above 25
the crystals were completely oriented regardless of any
crystalline structure. Studies on polypropylene by Samuels
(86) show that cold drawn fibers which were annealed very
close to the crystal melting temperature have yielded biaxial
orientation.Nadella et al (65) noted that hot drawn fibers
often show a bettwe molecular orientation than cold drawn
and annealed fibers.

Samuels (85) studied the morphological changes of fiber
fiber structure during drawing of spun fiber at 90°C and
compared them with the same fiber after heat setting of 140°
C. He found that morphological transformations were contrast-
ing in maximum and minimum range of extension. In the low
draw ragion the greater deformation occurs in the polar
region of spherulites. During further drawing, the non-

crystalline region orients and he suggests the highly oriented



crystals resist cleavage or further orientation. At high
temperature (135°C) the lamellae are larger and more perfect
and thus less deformable. In the high draw region, the
spherulitic structure transforms into a microfibrillar

structure.

Voiding and Fibrillation

The formation of microvoids in polypropylene films
during stretching was observed by Wyckoff (123). His SAXS
patterns indicated that the visual whiteness produced during
cold drawing was related to lamellar voids elongated in the
draw direction.

Peterlin (72,73,74) has made an intensive study of the
structural metamorphosis that occurs during the deformation
and annealing of polymers. Figure 8 illustrates schematically
Peterlin's ideas for fiber formation by mechanisms of chain
tilting, slip, and breaking off of blocks of folded chains
with subsequent re-formation of folded-chain domains cons-
tituting a fiber of different orientation. He reported (74)
that the fibrillation often observed is a consequence of
longitudinal voids which results from extreme fluctuation of
deformation during the transformation of the original more
or less spherulitic sample into the final fiber structure.
Depending on lamellar orientation and stacking ie., on the
morphological properties of the starting material, the

plastic deformation during drawing varies locally between
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rather wide limits. Each fibril contains material resulting
from one stack of lamella and hence has a nearly constant
draw ratio. The boundary between adjacent fibrils is more
discontinuous with increasing draw ratio and eventually
becomes a long cylindrical void completely separating the
fivbrils.

Samuels (90) studied quantitative characterization of
deformation in polypropylene fibers. He observed microvoids
in the drawn fibers by using dark field microscopy. This
suggests that deformation in polypropylene fibers is
accompanied by void formation. Fibers drawn at 90°C and heat
set at 140°C formed microvoids which oriented transversely
at low extensions and longitudinally at high extensions.
Sakaoku and Peterlin (82) carried out drawing of this poly-
propylene films. Microfibrils with lateral dimensions of
200 2 at small draw ratio, originating in micronecks of the
original crystal lamellae, were obtained in isolated zones
exhibiting maximum local strain separated by large regions of
much less deformed material. The inhomogeneity of adjacent
bundles of microfibrils create a great many longitudinal
voids with less or more disoriented microfibrils bridging the
gap.

Samuels (90,86,87) on cold drawing polypropylene
observed fibrillation during cold drawing of the fibers.
Muzzy and Hansen (63) investigated fibrous structure formation
in cold drawing of polypropylene. Their optical photomicro-

graphs of samples samples drawn at 60°C indicated at the
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draw ratio of 6.0, the disruptions are highly oriented and
have the appearance of micronecks running parallel to the
draw axis. The persistence of the spherulites as integral
units up to a draw ratio of at least 10, was clearly shown.
Electron micrographs of fracture surfaces at this draw ratio
are dominated by a still finer scale fibrous structure. At a
draw ratio of 20, the fibrous structure is more completely
developed.

Sze, Spruiell and White (111) carried out extensive
study of the influence of drawing, twisting, heat setting and
untwisting on the structure and mechanical properties of melt
spun high density polethylene. Their SEM photomicrographs
clearly exhibit that the drawn fibers have a fibrillar super-
structure. SAXS patterns show a major reduction of the
intensity of the meridional scattering compared to the melt
spun fibers and very intense diffuse equatorial scattering.
They concluded that degree of fibrillation clearly increases
with increase in the draw ratios beyond the natural draw
ratio.

Nadella, Spruiell and White (65) investigated the
influence of cold drawing (25°C), hot drawing (140°) and
annealing (140°) on the structural and mechanical properties
of various melt spun polypropylene filaments. They concluded
that hot drawing is viewed as causing less fibrillation than
cold drawing. The samples with low as-spun orientation exhibit

greater fibrillation than those with high as-spun orientation.
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Kitao et al (52) studied influence of drawing and twisting
of polypropylene filament. The general view of the mechanisms
of drawing which they formed from their study is similar to

that of Peterlin (72), Sze, Spruiell and White (111).
F. MECHANICAL PROPERTIES OF THE SPUN AND DRAWN FIBERS

Melt Spun Fibers

Since the work of Carothers and Hill (15) the mechanical
properties of synthetic fibers have been extensively studied.
Most of the early work was primarily concerned with the
properties of drawn fibers rather than as spun filaments.

Carothers and Hill (15) in the early studies of fiber
formation noted that fiber strength increases with an increase
in draw down tension. Krassig and Kitcherene (74) reported
that tensile strength in rayon increased linearly with the
square of Hermans orientation factor.

Effects of melt spinning variables on the mechanical
properties of high density polyethylene fibers were studied
by Higgins and Bryant (127).They reported that the tenacity
and stiffness modulus of melt spun polyethylene fiber are
functions of the logarithm of take-up speed.

Ziabicki (127) concluded that in undrawn polyester and
polyamide fibers an increase in birefringence lead to an in-
crease in tensile strength and a decrease in elongation to

break.




L1

The mechanical properties of melt spun polyethylene
fibers have been extensively studied by Abbott and White (1),
Dees and Spruiell (24), and White et al (118), Abbott and
White (1), Dees and Spruiell reported that the mechanical
properties of the spun polyethylene fibers depend primarily
upon the orientation rather than crystallinity level. Their
studies indicate that as the crystalline c-axis orientation
function, fc’ increases the tensile strength and modulus also
increase, but elongation to break decrease.

Henson (37), Spruiell and White (99) and Nadella et al
(65) studied the mechanical properties of melt spun poly-
propylene fibers. They noted that the filaments spun at high-
er stress have higher modulus, tenacity strength and lower
elongation to break. The variation of the modulus, tensile
strength and elongation to break with the c-axis crystalline
orientation function (fc) was found to be similar to
polyethylene. Th. true stress at fracture decreases with fc.
Spruiell and White (99) based on this result, suggest that
higher tensile strengths can be obtained in drawn fibers
which have low orientation as melt spun with spherulitic
structure and then drawn to very high draw ratio.

Nadella et al (65) reported that the tensile properties
of the spun polypropylene fibers correlated with the spinline
stress. It was concluded that this was a result of the fact
that the morphologies of the filaments were controlled by the

spinline stress.
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Drawn Fibers

Drawing of the melt spun fibers considerably increases
the Young's tangent modulus and tensile strength of the fibers
while decreasing the elongation break. This is implicit in
the work of Carothers and Hill (14) and other early investi-
gators (49,91,111,118,122).

A study of properties and structure of iostactic poly-
propylene was carried out by Sheehan and Cole (89). They
concluded that; 1) the higher oriented filaments as spun, the
lower the tenacity of the drawn fibers, 2) modulus increases
and elongation to break decreases with increasing draw ratio
and tenacity, and 3) draw ratio increases tenacity irregard-
less of molecular weight.

Samuels (80) concluded that yield stress increases with
increasing molecular orientation, while decreasing with temp-
erature and increasing rate. This correlated directly with
average molecular orientation. Average molecular orientation
can be defined as,

fav= xfc + (1-x) fam (13)

For spherulitic samples, by increasing the orientation a
yield strain increases. Samuels (87) also reported a lower
tensile modulus in polypropylene fibers drawn at 90°C (below
the crystal mobility temperature) compared with fiber spun
after drawing at 90°C with subsequent heat setting under

tension at 140°C (above the crystal-mobility temperature).
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He found that the drawn fibers which are less crystalline

and less oriented obtain a low tensile modulus compared to
the heat set fibers. He observed a break in the linearity in
the tensile modulus draw ratio curves in the draw range of 2-
2.5X and from morphological examination concluded that wvoid
formation and conversion of spherulitic to the microfibrillar
structure was the primary contributor to the observed modulus
behavior.

White, Dharod, and Clark (118), Sze et al (111) in
their study of the drawing of polyethylene fibers observed
an increase in Young's modulus and tensile strength and a
decrease in elongation to break with increasing molecular
weight. Nadella et al (65) showed that the mechanical prop-
erties of the spun, hot drawn or cold drawn and annealed
fibers could all be correlated with birefringence measure-
ments.

Kitao et al (52) investigated structural and mechanical
property variations in melt spun polypropylene filaments,
induced by drawing, twisting, annealing and untwisting. They
concluded that the tensile strength and elastic modulus of
the cold drawn and hot drawn fibers similarly increased while
the elongation to break decreased, at a given draw ratio.

In heat-setting of cold drawn samples, the elastic
modulus decreases and this decrease is greater at high draw
ratios. The tensile strength is not affected by annealing as

much as the modulus.However, cold drawn samples show no



Ly

appreciable decrease of tensile strength on annealing at

140°C while there is a considerable increase in the density.
G. PILLING IN PERFORMANCE OF TEXTILE FIBERS

An area of textile performance which may be related to
fibrillation is pilling. Pilling has been recognized as a
problem in performance of textile fabrics. This problem
usually is associated with fabrics made from staple fiber
yars, the effect has become more acute with the development
of synthetic fibers. It proceeds through three stages; a)
fibers are surfaced as a result of some mechanical action on
the fabric, 2) surfaced fibers entangle or mat into the
familiar configuration of a pill and 3) the pills wear off
or are pulled away from the fabric. Pills are usually formed
as balls but sometimes appear as ridges.

Baird, Hatfield and Norris (8) carried out studies of
pilling of nylon, and nylon blended fabrics. They used a
laboratory apparatus to investigate the factors affecting
pilling. The following variables were studied; nylon content,
fiber denier and staple length, yarn twist, doubling yarns,
ends and picks types of weave, milling, heat setting, dyeing,
wetting and flexing. The effect of cropping and of applying
certain chemical finishes, the forces which required to
remove pills from fabrics were also considered. They concluded

that pilling is caused by protruding fibers which entangle

when a fabric is rubbed. The magnitude of pilling depends
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upon the number and length of protruding and the ease with
which they can bend round one another. When the fibers are
weak the fabric shows little or no pilling, because pills
break off easily. They also reported that pilling is reduced
by increasing yarn twist, using doubled yarns instead of
equivalent single yarns, increasing picks and ends appreciable,
and cropping of the fabric. Chemical treatment such as
methoxy-methylated nylon (calaton CA) in 80/20 ethyl alcohol/
water solution, aqueous dispersions of polyvinyl acetate with
and without plasticiser, polyvinyl butyral (merion BR) and
a modified acrylic (dicrylan WG) were applied to a 100
percent nylon fabric and also to commercial nylon blended
fabrics. They concluded that Calaton CA gives the most
effective reduction in pilling but Merlon BR, Dicrlan WG
and polyvinyl acetate all give similar reduction in pilling.

The effect of heat setting nylon yarn and fabric were
concerned where 100 percent nylon staple fabrics were heat-
set for a day over a range of temperature and pressures also
under 25 1b/sq. inch steam pressure. These treated fabrics
pilled slightly more than the untreated fabrics. The mechanism
of pilling was studied by Dennison (24), Daniel and Mead
(31), Conti and Tassinari (22), Trhimm (113), Brand and
Bohmbalk (12) and many others. Daniel et al (31) investigated
the mechanism of pilling by using an instrument for time
lapse picture studies. Motion pictures of fabric subjected

to an abrading action showed that the abradant acted on
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exposed fiber sections to pull loops which then opened to
form fuzz. A pill formed quickly when the fuzz density
reached a critical level. The fibers were then twisted and
entangled, gradually involving nearby fibers. As the abrading
action continued, pills wore away,He also used various
techniques to measure fuzz tendencies of different fibers.

He found that nylon is most prone toward fuzzing due to high
strength, a moderate interfiber friction, and low stiffness.
Wool and acetate are low tenacity fibers, so the fibers break
instead of pilling out, resulting in short fuzz. Rayon,
"polyester" and "polyacrylicnitrate" are intermediate in
behavior. "Polyester" has a high strength but also a high
interfiber friction and stiffness. Rayon has a moderate
strength, a high stiffness, and a low interfiber friction.
"Polyacrylicnitrate" has an intermediate strength, a high
interfiber friction, and a high stiffness. Flex life and
abrasion resistance appear to exert a relatively unimportant
contribution until later stage of the abrading action.

Based on studies of pill formation, Gintis and Mead (31)
observed that the amount of fuzz tends to rise sharply with
the brushing time but to level off in a time much shorter
than that of pill formation and wear-off.

The numerical distribution of fibers in pills was
studied by Conti et al (22). They examined two fabrics,
Sample A was a plain Jersey fabric having a weight of about

170 g/m®. It was knitted from a yarn of 29 tex and twist
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factor 85, made from strndard polyethylene terephtalate
staple fiber with a trilobal crosssection. It was knitted
from a yarn of 29 tex and twist factor 100, made from
modified medium antipilling polyethylene terephtalate staple
fiber with a round-cross section. For this examination the
"Atlas random pilling tested" was used. They proposed a model
which shows that the entaglement pilling mechanism can be
considered a random phenomenon with a probability constant.
Brand and Bohmfalk (12) proposed a mathematical model of
pilling. They considered the fabric as an infinite source of
fuzz. A simplified model for the mechanism of pilling pro-
posed by Conti and Tassinar (22). This model is characterized
by three parameters WO (the number of pills), d( the rate of
pill formation), and W (the pill-wear off rate) to define the
shape of the curve of the total number of pills on a sample

during normal wearing off.
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CHAPTER III

EXPERIMENTAL METHODS AND PROCEDURES
A. GENERAL CHARACTERIZATIONS OF POLYPROPYLENE RESINS

In the present research three different commercially
available polypropylenes of high tacticity and varying
molecular weights were studied to determine the effect of
molecular weight properties, melt spinning and drawing
variables on the level of fibrillation of polypropylene
fibers. Two of the resins were from Hercules Inc. (Profax
6423, Profax 6323) and the other an experimental polymer
supplied by Diamond Shamrock Inc. (5831-106-7)

The specific viscosities of Decalin solutions of
polypropylene were determined with a cannon-Ubbelohde
viscometer at 137°C as described by Nadella (65). Reduced
viscosities could be plotted against concentration using the
Higgins empirical equation to determine the specific viscosity,
Nsp.

n-n
Mo = Map/e = LERSRU Ca

Where C is the concentration. The intrinsic viscosities in
decalin ( bﬂ d) were determined from extrapolating 7 sp/c
versus concentration.

The temperature was controlled with heated, circulated

silicone o0il and the solutions were allowed to equilibrate
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at the elevated temperature before flow times were measured.
The possible shear rate dependence of the viscosity was
neglected. Kinetic energy corrections were also considered
to be negligible.

The weight average molecular weight were calculated by
using an expression given by Chaing (16).

1.25

M w= [n] a x10%

A summary of the general characteristics for the as recieved

polypropylene resins are presented in Table II .

B. PREPARATION OF POLYPROPYLENE FILAMENTS

Melt Spinning

The initial filaments were produced by melt spinning
from a screw extruder made by Fourne of West Germany. A
schematic diagram of the melt spinning equipment is shown in
Figure 1. The polymer pellets were fed into a 13 mm screw
extruder through a seven liter hopper. The extruder supplied
molten polymer to a gear pump at constant pressure. A gear
pump was used to provide a constant polymer flow rate to the
spinneret. The melt passed through a 325 mesh filter screen
and then through a one-hole die with capillary dimensions of
0.762 mm in diameter and 3,81 mm long. There are four separate
electric heating zones, provided with controllers maintained

the desired temperature around the extruder and the spinning
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head. The molten filaments were drawn down on a feed role

rotating at the desired take-up speed while they were cooled
and solidified in ambient air at 23°C. The feed role was a
three inch outside diameter cardboard roll mounted on a
direct current driven Heller controller. The filaments were
passed through a Lessona 959 constant tension winder from
the feed roll where they were taken up on a 3.75 inch
outside diameter take-up bobbin. Table III gives spinning
conditions.

A constant melt temperature of 215°C was first select-
ed. However difficulties in the form of distorted extrudates,
were experienced for the 6323 and 6423 polymers. To reduce
this problem the melt temperature of 215°C was increased to

230°C for all three polymers.

Drawing Procedure and Experimental Conditions

A broad range of 48 various drawn filaments were made
using a laboratory drawing apparatus. A schematic represen-
tation of this bench scale apparatus is shown in Figure
IIT.1. The bobbin seen in the left of Figure III.1. contains
several thousand meters of continuous "as-spun" filaments.
This bobbin is placed on its flat side, secured below a
guide pulley located a few feet above. The fiber comes off
the bobbin as required by a constant speed godet and auxil-
iary pulley assembly represented as godet #1 in Figure III.1.
There is a hysteresis tensioner between the godet #1 and the

guide above the bobbin. This tensioner imposes a predetermined
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amount of tension on the line before the filament reaches
the godet #1.

The assembly referred to a godet #1 includes a constant
speed motor, an auxiliary pulley, controller, and a mounting
assembly and the godet itself. The godet is mounted directly
on a gear reducer off the motor shaft. The auxiliary pulley
is mounted on a laboratory stand together with a guiding
pulley only a few inches away. The axes of rotation of the
godet and auxiliary pulley are kept in the same plane. The
fiber is wound several turns in this assembly and passed
through the heater.

Generally, an oil heated laboratory condenser 30 cm
long was used in line. The heater assembly consists of a

constant temperature controller. The fiber is passed through

the o0il heated laboratory condenser into a cooling zone of at

least two-thirds of the heater length and a guide which
directs the line into the godet #2. The godet #2 assembly is
shown on the right side of Figure III.1 which is a part of
the winding device. It contains a constant speed motor and
controller, an auxiliary pulley as with godet #l. Finally,
there is a Lessona constant tension winder where the drawn
fiber is wound up.

The operating procedure is a two-step process which
required threading and buildup to the desired experimental
conditions. The threading process is done at the operating

heater temperature but with 1:1 draw ratio.The draw ratio is
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a ratio of the linear speeds of the second to the first
godets (Vl/vl)' First the spun fiber threaded over the guide,
and on the hysterysis tensioner then follows into the
constant speed godet #1. The filament must be wound at least
three times around the godet assembly to assure there is no
slippage or over feed during the drawing process. Next, the
fiber is passed through the heater, into the second godet
while it is wound four or five timesaround the godet. The
threading process will be completed by setting the winding
mechanism in motion at the corresponding speed to provide a
draw ratio of 1:1.

The second step of the operating procedures is the build-
up operating conditions. First of all, it is very important
to make sure that the filament is making good contact with
the heater surface by positioning the guides and the heater
properly. The heater residence time will be a function of the
draw ratio, the heater length and the fiber throughput which
is solely determined by the speed of the first godet. A build
up to the ultimate filament throughput may be carried out by
simultaneously changing of the speeds V1 and V2 to keep a
constant draw ratio and close to one. At these conditons the
heater residence time is inversely proportional to V—V1=V2
ie., T'=L/V where L is the heater length and V is the linear
speed of the filament across the system. The draw ratio is
now adjusted by increasing the speed V2 slowly to allow the

winding device to follow the increase in throughput. In this
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case, the system could be operating in steady state. The
advantage of using such an arrangement is in the temperature
control capabilities to + 0.2°C at 100°C and the smoothness
of the surface. Each spun filament was drawn to both just
beyond the natural draw ratio and secondly nearly to fracture

of the filament. Table IV gives the drawing conditions.
C.CHARACTERIZATION OF SPUN AND DRAWN SAMPIES

Scanning Electron Microscopy (SEM)

An AMR model high resolution scanning electron micro-
scope made by advanced metals research corporation was used.
The principal component of this instrument given in Figure
ITI.2. Scanning electron micrographs of peeled drawn fibers
were obtained to study internal structure. Samples were pre-
pared by use of a peeling technique (92,96,116) and mounted
horizontally on aluminum sample holders over double-sided
adhesive tape as shown in Figure III.3. After the samples
were mounted (on mounting stools), they were electroplated
with gold-palladium in a vacuum chamber. The coating of
metal on the filament samples proved to be extremely important
to obtain the higher magnification micrographs without

"charging" of the sample.
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Figure III.2. Principle of the Scanning Electron
Microscope.
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Figure III.3. SEM Sample Mounting Technique
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Qualitative Wide Angle X-ray Scattering (WAXS)

Wide angle x-ray diffraction patterns for the spun and
drawn samples were obtained using a Philips Norelco X-ray
Generator and flat plate camera. The radiation used was in
filtered copper Kgq (wave length 1.542 Angstroms) and
operating scatterings were 40 kv and 15 mA. The sample
distance to film was 3.70 using a sample holder which was
attached to a beam collimeter by a rubber attachment (see
Figure III.4). The exposure times were varied in order to
obtain relatively constant intensities for filaments with

different diameters.

Quantitative Wide Angle X-ray Scattering

Expressions for the orientation factor were given in
Chapter II. In this research Wilchinsky's analysis was used
to determine the orientation function for monoclinic poly-
propylene. In this case there is no set of diffracting planes
perpendicular to the c-axis which reveal the c-axis orienta-
tion directly. However, as noted in Chapter II, according to
Wilchinsky's analysis the orientation factor for the c-axis
(fc) can be calculated from the values of (cosze)l) and
(cos29)2) evaluated for two planes which are parallel to the

c-axis.
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Figure III.4. Fiber Sample Holder Attachment
for obtaining WAXS Patterns.
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Two planes (110 and O40) were selected for use in
determination of c-axis orientation. For these planes the
Wilchinsky expression can be written as,

. 2 2 . 2 2
(1-sin pOL}O)cos '6'110,2-(1‘2 Sin Pllo)COS 'O'ouo,z (14)

2
cos'g, =1
C, 2 . 2 _ .2
' SIn7p 190 = SN P guo
For a uniaxially oriented sample the average value of
the square of the cosine of the angle between the fiber axis
and the normal to (hkl) planes is given by,

2

2 2 0
cos ehkl =

I (&) cos® € sin & d © (15)

T,
S/ZI (€) sin &4 &
0

Where I (©) represents the relative value of the intensity
fo the diffracted beam at angle 6.

The numerical values of p 110 and Poyo Were calculated
from the geometry of the unit cell by Wilchinsky (120).They
were found to be pOhO:O and P110= 72.5. Substitution of

these values into Equation (14) gives,

2 2

. ~0.901 cosz'e'uo . (16)

(cos 110,z 0

ebz) =1- 1.1099 cos

The value for(cosz-eb Z) was obtained by substituting the
|

. 2 2 .
experimental values (cos €i1o,z) and (cos Obho,z) into
Equation (16). The c-axis crystalline orientation function

was calculated from Equation (10).

The quantitative measurement of the intensity distribu-
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tion of 110 and 040 reflections as a function of the angle

& was carried out on Philips Norelco x-ray diffractometer
system coupled with an ORTEC counting system. The diffraction
sample was made up of a sheet of parallel fibers. Figure III.
5, III.6 shows the experimental setup. The intensity data
were collected at the (110) and (040) peak positions, which
were determined from a 2 € scan. The background intensity
was evaluated from the analysis of the 2 6 scans at X =0°
and 900. The intensity data were collected on a punched paper
tape by a digital ratemeter and are corrected for background
intensities.

The intensity data obtained at every 1.875°3c angle
starting from equatorial position and ending in the meridional
position. The b-axis orientation was obtained directly from
(O40) plane reflections. For a monoclinic unit cell the
orthogonality relationship does not hold. However an a'-
axis orientation factor was obtained using an expression
similar to Equation (10).In this case, the a'-axis is per-
pendicular to both the b and c¢ axes of the monoclinic poly-
propylene unit cell. The a'axis is approximately 9.3o from
the a-axis since the monoclinic angle differs by this much

from 900.
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X-Ray
Generator

28 Selector

Scintillation
Counter

Figure III.6. Schematic arrangement of x-ray
equipment for orientation factor measurements.
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Qualitative Small Angle X-ray Scattering (SAXS)

Qualitative small angle x-ray patterns were obtained on
spun and drawn filaments using a Rigaku General Electric
Rotating Anode X-ray Generator and a modified Kiessig Camera
with pin hole collimation. Patterns with a resolution of 400
X were obtained with a custom made collimator. A mechanical

vacuum pump was used to reduce air scattering effects between

the filament sample and the film. The sample to film distance

was 40 cm. Exposure times were varied from eighteen to twenty

four hours to adjust the relative intensities for the fibers
with varying diameters. The operating radiation setting for

generator were 30 kv and 20 mA.

Quantitative Small Angle ¥-ray Scattering (SAXS)

The 10 meter small angle xX-ray scattering facility of
the National Center for Small Angle Scattering Research
(NCSASR) at the Oak Ridge National Laboratory was used to
quantitatively measure intensity profiles and integrated
intensities this allowed us to quantitatively investigate
void number density, size distribution and shape as well as
microfibril diameters as a function of spinning and drawing
variables.

A schematic of the 10 meter SAXS is shown in Figure III.

7. The operation of the 10 meter SAXS camera is via computer
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program called SAX. Generally, SAX is activated with the
input and output assignments to the LSI terminal that is
directly connected to the Modcomp computer. The camera
utilizes a rotating anode x-ray source, crystal monochroma-
tization of the incident beam, pin-hole collimation, and a
two-dimensional position sensitive counter. The focal spot-
to-sample and sample-to-detector distance were set at 5

meter to obtain a system resolution of 4.0 mrad. The size for
a specimen of 0.1 cm X 0.1 cm (fixed) and the incident wave-
length was 1.542 2 (cuka ). Each sample was made up of a
sheet of parallel fibers (see Figure III.6) and fixed on a
specimen holder which was mounted on the specimen chamber.
The detector area of resolution elements was 64 X 64 mm. The
X-ray generator voltage and current were operated at 40 KV
and 30 mA respectively. A glassy carbon was used in order to
measure the sample transmission. Air scattering was reduced
by evacuating the camera with a mechanical pump.

The data were recorded in the memory of a minicomputer
by a high speed interface which uses a microprocessor to map
the position of an incident photon into an absolute mini-
computer memory address.The data recorded in the computer
memory were processed on-line by a designed program with

background and detector sensitivity corrections.
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Density and Crystallinity

The densities of the spun and drawn filaments were
determined using a distilled water-isopropyl alcohol density
gradient column at 25°C. A technique described by Tunr et al
(114) and Wiley (119) constructed to create a linear density
column by continuous mixing of a heavy and a light solution.
Two solutions, a more dense one (A) and a less dense one (B),
are kept in equal volume communicating vessels while a steady
stream of the heavy liquid is continuously drawn to fill the
column. The pressure differential caused by the depletion
of solution (A) causes fluid to flow from the liquid (B) to
the heavy solution (A) contained. If the more dense side is
kept well mixed, as the density gradient column is being
filled, a lear gradient will result as a consequence of the
linear variation of the density in vessel (A) with time.

The spun and drawn filaments were added into the column
for approximately twenty four hours to seek their final level
of displacement. In the absence of voids the fraction of
crystallinity can be determined from the experimental density

and the following expression (40).

pc (P~ P am) - =

¢ (pe= pgp)

1
_ _ _P
X= =1 (17)

1
Pam P

Where P 1is the measured experimental density, P and

p are hypothetical 100 percent crystalline and amorphous

am
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sample respectively. The crystal density P, can be calculat-
ed from the known unit cell cell structure and unit cell
monomer molecular weight, while the amorphous regions
density Pam is obtained from measurements on the pure
amorphous polymer or by extrapolation of the density temp-
erature curve of the melted polymer (90).

The 100 percent crystalline sample and amorphous sample

were assumed to have densities of 0.932 and 0.854 respectively

(13).

Heat of Fusion

A model DSC-2 Perkin Elemer Differential Scanning
Calorimeter was used to measure the heat of fusion for spun
and drawn polypropylene samples. Small amount of polypropy-
lene fiber were cut and sealed in the DSC holders which are
highly thermal conductive supplied for calorimetry. The
"standard" sample pan crimper crimps a pan cover on the pan
containing the sample. Figure III.8. is shown a sketch of a
pan before and after crimping. As a reference sample tin with
melting point of 231.88°C and heat of fusion 14.45 cal/g
were selected. A temperature range of 330°K as lower limit
and 550°K as higher 1imit were set while the cooling and
heating rate were 320 and 40 degree per minute respectively.
A planimeter was used to measure the area under the curve

and was converted to calories by the following expression
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BEFORE

Figure III.8. DSC Aluminum Sample Holder
(Before and After Crimp Sealing).
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(17), heat of fusion weight of  sample
)=of standard X standard X peak area (18)

standard fusion peak area

AH (calories

The percent crystallinity was determined using the
equation of,
AHf _
%X = —jgﬁgg (19)
Where AH. is cal/gr of sample and AH*. is a heat of fusion
of a hundred percent crystalline polypropylene ‘AH*f was

assumed to be 49.95 cal/gr (10).

Birefringence

The total birefringence for the spun and drawn samples
was determined using an Ortholux Polarizing Microscope with
a Leitz Berek Compensator and Filar eyepiece, see Figure III.
9. A compensator of order ten was used to determine the phase
difference or retardation ( I') between two mutually per-
pendicular plane polarized light waves emerging from the
sample. The filar eyepiece was used to measure the fiber
diameter at the same time. The phase difference is proportion-
al to the birefringence of the sample.

The experimental procedure suggested by the manufacturer
of compensator was followed in determining the phase differ -
ence or retardation. Total birefringence was calculated

using the following expression,

T
n= =g (20)
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Where T is the retardation and d is the fiber diameter.

D. TENSILE MECHANICAL PROPERTY MEASUREMENTS

The tensile properties of all the spun and drawn
filaments were obtained at room temperature with a table
model Instron Tensile Testing machine. The Instron Tensile
tester applies a force to the sample and this force is
monitored as a function of time on the recorder. Figure III.
10 shows a fiber clamped between the tester grips being
pulled as the cross head moves wupward. Force versus
elongation curves were obtained for all the filaments and the
results were converted to evaluate the Young's modulus,
tensile strength and percent elongation to break.

The strain on the sample (¥ ) was determined from the
following equation,

¥ AL _ (cross head speed) X (chart distance)

L, (chart speed) X L, (21)

Where Lo is the original length of the filaments. The
engineering stress was calculated from the expression,

F

R (22)

o=

where F is the force and AO is the original cross section
area of the fiber. Elastic modulus ( € ) is given by the

following equation,

€ =—o (23)
=3 3
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Figure III.10. Fiber being pulled on the
Instron Tensile Tester.
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his was calculated from initial slope of the force time
curve obtained from the recorder.
The percent elongation to break also was determined
using the expression,
% Elongation to Break =— 3—— (24)

Where L. is the length at fracture and 10 is the initial

f
gauge length. All of the filaments were tested with a gauge
length of 2 cm,cross head speed of 50 mm/min, and chart speed
of 5 inch/min. The reported data were obtained by averaging

five tests on each filament.
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CHAPTER IV
STRUCTURE DEVELOPMENT IN MELT SPUN AND DRAWN FIBERS

As mentioned in Chapter III, three polypropylenes
having different molecular weights and from two different
suppliers were spun at a single extrusion temperature of
230°c,

The spinnability decreased with increasing molecular
weight at extrusion temperature of 2159C. This was especially
evident for polypropylene 6423 (highest molecular weight
specimen among the others with a melt index of 6.6), where
melt fracture was observed. In order to avoid melt fracture,
it was required to increase the extrusion temperature from
215°C to 230°%.

The differences between Hercules and Diamond Shamrock
polymers probably could be traced to differences in molecular
weight distribution. It is possible that the high melt indey
106-7 polymer is visbroken in order to produce the high
melt index. This would also narrow the molecular weight
distribution. The latter effect may be responsible for the

observed differences in spinnability.
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A. CHARACTERIZATION OF MELT SPUN FILAMENTS

Qualitative Characteristics

Figure IV.1 shows wide angle x-ray patterns (WAXS) of
polypropylene filaments spun into ambient air with two
different take-up velocities. It can be seen that all of the
spun fibers have a well formed highly crystalline monoclinic
or a-form crystal structure. The filaments which were
formed by melt extrusion with low extensional stress at the
time of crystallization are characterized by a low orienta-
tion as judged by the wide angle x-ray patterns. The four
rings, from inner reflection to the outer reflection, are the
110,040,130 and 111 reflections (70).

It is also clear from Figure IV.1 that the samples
spun with take-up velocity of 30m/min have-a lower level of
crystalline orientation than the samples of the same polymers
spun at a take-up velocity of 130 m/min, comparing a,c, and
e to b, d, and f.

The effects of the molecular weight on orientation are
also shown quantitatively in Figure IV.l1. Comparing the WAXS
patterns in Figure IV.1, a, ¢, and e for 5831-106-7, 6323,
and 6423 respectively with take-up velocity of 30 m/min there
seems to be a noticeable decrease in the 110 and 130 azimuthal
arc length with increasing molecular weight indicating an

increase of orientation.
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Figure IV.2 shows the small angle x-ray patterns of spun
polypropylene filaments. The SAXS patterns of filaments spun
at take-up speed of 30 m/min exhibit a continuous ring of
nearly uniform intensity Figure IV.2 a,c,e. These are the
same conditions which lead to low orientation in the WAXS
patterns Figure IV.l1 a,c,e. By increasing the take-up
velocity to 130 m/min the SAXS patterns evolve to approximat-
ely two point patterns Figure IV.2, b,d,f.

In the next three sections the results of quantitative

measurements of crystallinity and orientation are presented.

Crystallinity

As noted in Chapter III, the percent crystallinity of
polypropylene samples was determined at 25°C using a distill-
ed water-isopropyl alchol density gradient column and also
from a model DSC-2 Perkin Elmer Differential Scanning
Calorimeter.

Table V gives the percent crystallinity values in the
spun fibers as a function of the take-up velocity for each
method. It can be seen from these values that the absolute
values of thecrystallinity levels are slightly higher for the
samples which were spun with a take-up speed of 130 m/min
than those spun with a take-up velocity of 30 m/min. However,
an interesting trend in the crystallinity levels with

molecular weight was also observed, particularly by comparison
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of 6423 (M= 2.77 x10°) and 5831-106-7 (M,=1.78 x10°). The
crystallinity increased slightly with increasing molecular
weight. Since the crystallinity levels for specimens from
different manufacturers differed more than between the two
Hercules Profax having different molecular weight, some of
this variation may be a result of different tacticity produced
by different catalyst systems or levels of success in
extrusion of the atactic polymer.

As it appears, from Table V, there is a slight
difference in measured crystallinity levels using the two
different techniques. The absolute values of crystallinity
levels for melt spun polypropylene filaments using density
gradient column were found to be 10 percent higher than the
crystallinity values which were determined f om D.S.C. method.
This difference probably is associated with errors in
theoretical densities of 100 percent amorphous polypropylene,
the heat of fusion of crystalline polypropylene as well as
experimental errors of measurement of the density and heat

of dusion of the samples.

Crystalline Orientation Functions

Table VI gives the values of Hermans-Stein crystalline
orientation factors (fcpfb,fa) for melt spun isotactic
polypropylene as a function of take-up velocity. The value of

fc increases with take-up velocity which indicates that the
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c-axXes are tending to become more aligned with the fiber
axis, with increasing take-up speed. The b-axis orientation
function (fb) values decrease with increasing take-up
velocity which indicates a tendency for perpendicular
alignment of the b-axis with the fiber axis. The fa values
also decrease slightly with increase in the take-up speed.
The a- axis is approximately 9.3° from the true a-axis since
the B -monoclinic angle differs by this much from 90°. The
effects of the molecular weight on the orientation functions
can also be seen. Higher molecular weight samples exhibited
higher fc values at any given take-up speed. The effect of

tacticity, if any, on fc is not clear from these results.

Birefringence

The measured birefringence is an indicator of average
molecular orientation in the samples. The crystalline
orientation function discussed earlier, refer to the crystal-
line phase of the samples. On the other hand, it was mention-
ed that these polypropylene fibers are significantly less
than one hundred percent (about 50 to 55 percent) crystalline.
This suggests also the importance of orientation in the
amorphous regions.

Table VII gives the values of birefringence for the
melt spun fibers. The variation of birefringence as a function

of take-up velocity and molecular weight can be seen from
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this table. The birefringence increases with take-up velocity.
At any given take-up speed fibers with higher molecular weight
exhibit higher values of birefringence. Both the crystalline
and amorphous orientation factors for melt spun polypropylene
have been previously studied by Nadella et al (65). They
reported that the orientation development in the amorphous
region is always less than the orientation in the crystalline
regions.Also both the amorphous and crystalline orientation
factors increase with increasing spinline stress.

The amorphous contributions to overall orientation
was calculated by applying the experimental crystallinity and
birefringence together with intrinsic birefringence for
amorphous and crystalline polypropylene given by Samuels
(90) to the equation (12).

The values of fam for spun.fibers are presented in
Table VII. The value of fam increases with increasing take-
up velocity and molecular weight of polypropylene. The later
effect is not significant from comparison of Profax 6323

(melt index 12) and 6423 with melt index of 6.6.

Discussion of Melt Spun Filaments

As noted in the first section of this chapter, the
polypropylene filaments were spun into ambient air. WAXS and
SAXS patterns revealed that these fibers are highly
crystalline and the crystallinity values were similar to the

values obtained by Sheehan and Cole (91), Samuels (90),
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Henson (37), and Nadella et al (65).

The development of morphology in the spinline of melt
spun polypropylene can be followed with the increase in
birefringence and crystalline orientation with spinline
stress. The effect of the other spinline variables, such as;
molecular weight, flow rate, melt temperature, and take-up
velocity also may effect the development of morphology in
independent ways. But as seen in previous research for
polyethylene, polypropylene, polystyrene, Nylon 6 and
polyester (51,66,71,34) the combination of all these
influences on morphology can be traced to their effect on
spinline stress.

The development of morphology with increasing take-up
velocity can be partially followed through SAXS patterns
Figure VI.2.At low take-up velocity (30 m/min) the SAXS
patterns show an indication of a nearly unoriented lamellar
superstructure probably a spherulitic structure. Samuels (90)
observed spherulitic morphology in transmission electron
microscope (TEM) replicas of spun polypropylene. By increas-
ing the take-up velocity (130m/min), the ring of SAXS patterns
appears to change from continuous nearly uniform intensity
into a nearly two-point patterns. This suggests, an increase
of orientation of lamellar superstructure. In addition this
interpretation in polypropylene is supported by TEM observa-
tion of lamellae stacked parallel to the fiber axis by Fung,
et al (29).
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The morphology in polypropylene is complicated by bimodal
orientation. The presence of bimodal distribution of unit
cell orientations makes polypropylene unique. This phenomenon
has been considered by Clark (20), Clark and Spruiell (120),
and Anderson and Carr (42). Clark and Spruiell (20) proposed
a morphological model for bimodal orientation of polypropylene.
This model for flow crystallized polypropylene is applicable
at high spinline stresses,where two point patterns of SAXS
are obtained. In the development of this model, it was
assumed that crystallization proceeds in two stages. From
some sort of fibril nuclei a row structure of planar lamellae
develops; then the lamellae grow with the growth axis of
the lamellae parellel to the a-axis of the unit cell. During
this primary crystallization, some molecules are rejected
from the growing lamellae into regions between them. At a
short time later in a secondary stage of crystallization
these molecules crystallize. In this secondary population
the orientation of the crystals is presumably controlled by
an epitaxial matching between the 13 X repeat of the poly-
propylene molecule and the fold surface of the primary
crystals. This matching requires that the chain axis of the
secondary component be perpendicular to the chain axis of
the primary component. The proposed interpretation of bimodal
orientation consists of a row structure of planar lamellae
interconnected by tie molecules, which gives rise to the c-

axis oriented contributi ons together with small interlamel-
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lar crystals in the a-axis orientation (90).
The effect of molecular weight on crystalline orienta-
tion function and morphology was generally similar to the

results obtained by Nadella et al (65).

B. DSC CRYSTALLINITY OF DRAWN FILAMENTS

Figure IV.3 is a plot of percent crystallinity (which
was measured directly from the heat of fusion of samples)
versus temperature of drawing. It can be seen that the
crystallinity increases slightly with increasing draw temp-
erature. The effect of draw ratio on the crystallinity of
the samples, at given take-up velocity as melt spun, are also
shown in this figure. The samples which were drawn at higher
draw ratio (Draw Ratio =6X) show significantly higher values
of crystallinity at any given draw temperature.

In comparing Figure IV.3 with Figure IV.4 the effects
of take-up velocity of drawn samples on crystallinity can be
ascribed. At any given draw ratio and draw temperature, the
drawn samples with higher take-up speed as melt spun exhibit
a higher degree of crystallinity. These results are also
supported by measurement of crystallinity from density
gradient column in this research. The discussion of density
and crystallinity measurements by density gradient column

will be presented in the later section of this chapter.
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C. ORIENTATION OF DRAWN FILAMENTS

Wide Angle X-ray Diffraction (WAXS)

A qualitative estimate of the degree of c-axis
crystalline orientation with respect to the filament axis
can be determined from the azimuthal arc length of the
equatorial reflections as observed in wide angle x-ray
diffraction.

Figure IV.5 shows the typical WAXS patterns of melt
spun and natural drawn filaments. The WAXS pattern of the
melt spun sample consists of four sharp monoclinic diffraction
rings which indicates a low c-axis orientation. The WAXS
patterns of the drawn filament shows very short reflections
arcs, which indicate a very high c-axis orientation in the
filament axis direction.

The effects of draw ratio on orientation can be seen
in Figure IV.6. By increasing the draw ratio the arcs in the
pattern become sharper and shorter. This again reflects the
increasing of c-axis orientation. For all of the samples,
high orientation were observed at higher draw ratio (DR=6X)
compared to lower draw ratio (DR=3.5). There seem to be a
decrease in the crystallite size as indicated by the broaden-
ing of the WAXS equatorial reflections. This feature is
more pronounced in the cold drawn samples. The filaments

taken-up with higher take-up velocity during the melt
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spinning show higher c-axis crystalline orientation. This is
represented in Figure IV.7 for the polypropylene 6323 draw
ratio 6 as a function of draw temperature.

Figure IV.8 shows WAXS patterns for selected melt spun,
cold and hot drawn samples. From comparison of Figure IV.8-a
with Figure IV.8-b since the x-ray data are richer in the
oriented monoclinic crystalline state than in the disordered
(smectic) .state where is an indication of line broadening,
it can be said that the crystal structure has been transform-
ed from monoclinic type to smectic form. Figure IV.8-c shows
that the samples possess highly oriented monoclinic structure
as a result of hot drawing (150°C).

A careful observation of the moderately oriented hot
drawn polypropylene (DR=3.5, T=150°¢C) Figure IV.6-c indicate
the preseence of a bimodal distribution of the unit cells.
The spot marked "1" on Figure 6-c is associated with the a-
axis oriented component of the bidodal orientation. On
drawing to a higher draw ratio the a-axis component of the
bimodal distribution is no longer observed. It is assumed
that it is gradually destroyed by the plastic deformation of
drawing.

Figure IV.9 shows WAXS patterns for 5831-106-7 (melt
index 25) for 6423 (melt index 6.6). It can be seen from
these patterns that for any given draw ratio and draw temp-
erature the higher molecular weight polymer exhibits higher

degree of orientation.
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The quantitative orientation of the drawn filaments will

be presented in the next two sections.

Birefringence

Table VIII give birefringence values for drawn samples.
From this table, it can be seen that the values of birefring-
ence increase with increasing draw ratio. Samuels (90) and
Nadella et al (65) carried out detailed study of structure
development in drawn polypropylene films and fiber. In their
studies of drawing and annealing of polypropylene fibers
they reported numerically similar values of birefringence
for the drawn filaments.In addition higher molecular
weight polymers in any given draw ratio seems to have higher
birefringence.

Figure IV.10 presents a plot of birefringence of drawn
fibers plotted versus draw temperature. It appears that there
is little change in birefringence in the temperature range
of 25-120°C. Above 120°C the birefringence decreases sharply

with increasing draw temperature.

Orientation Factors

The crystalline orientation functions of drawn fibers
were determined from the procedure described in Chapter III.

Figure IV.11 shows Herman-Stein c-axis crystalline
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orientation function (fc) for the drawn filaments plotted
versus draw temperature. This Figure clearly indicates the
effect of draw ratio, temperature, molecular weight, and
spinline take-up velocity on the c-axis orientation factor
(fc). The samples which were initially more oriented (as melt
spun) show larger c-axis orientation function values for any
given draw ratio. At any given draw ratio fc is also found

to be higher for higher molecular weight samples.

There is a significantly higher value of f, for samples
with draw ratio of 6X than the samples with lower draw ratio
(DR=3.5) for all three polymers. The general trend observed
in this study was that both the birefringence and c-axis
orientation factor fc were observed to decrease with increas-
ing draw temperature. The effect was largest in the higher
temperature range above 120°C.

The values of fc for all drawn filaments were found to
lie in the range 0.65 to 0.95 which correlates well with the
values obtained by Samuels (90) and Nadella et al (65).

Figure IV.12 shows the amorphous orientation function
plotted versus draw temperature. The values of fam for drawn
fibers were in lower range (0.31 to 0.455) compared to the
values of fc' The behavior of.amorphous orientation function
with regard‘to draw temperature, draw ratio, molecular weight,
and take-up speed during melt spinning was similar to the
results obtained for c-axis crystalline orientation function

(£.).
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D. OBSERVATION OF FIBRILLATION

Scanning Electron Microscopy (SEM)

The scanning electron micrographs of the "peeled" drawn
filaments were taken to investigate the internal structure
of the filaments, as well as level of fibrillation.

The microstructure, as determined by SEM, will be
compared with the data obtained by small angle x-ray diffrac-
tion and density measurements in the later sections of this
chapter.

S.E.M. photomicrographs of selected polypropylene (6423)
which were forceably split (peeled) after nicking with a
razor blade, exhibited effects of drawing temperature on the
level of fibrillation as shown in Figure IV.13. It is
apparent from Figure IV.13 that there is a significant
fibrillation evident at the drawing temperature of 25°C and
as draw temperature increases the fibrillation decreases
Figure 1IV.13,2-3-4.

The effect of draw ratio can be seen from the comparison
of Figure IV.13 with Figure IV.14. It is clear that higher
draw ratio samples show higher fibrillation at any given
draw temperature. A careful observation of the fibrils
indicates that for both draw ratios of 3.5X and 6X they are
not uniformly circular in cross sections. This indication is

not clearly dependent on sample preparation conditions or
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mechanism of peeling. From a general point of view it seems
that the filaments were drawn at 2500 are more or less ribbon
1ike and the tendency toward splitting into smaller fibrils
increase with draw temperature (below 100) Figure IV.13.
Figure IV.15. and Figure IV.16 exhibit respectively the
effect of take-up velocity and weight average molecular weight
on fibrillation for various drawn filaments. It can be seen
from SEM photmicrographs of Figure IV.15 that at given draw
ratio the amount of fibrillation increases with increasing
take-up velocity during spinning. A similar tendency was
observed where various molecular weight samples were compared
as a function of draw ratio and draw temperature Figure IV.
16. In each case the higher molecular weight sample fibrillate

more.

Density

The density of the polypropylene fibers were measured
from density gradient column and subjected to calculation of
crystallinity by a procedure mentioned in Chapter III. Since
the computed crystallinity from density measurements is
depend on microvoids within the fibers, these results were
called the "apparent crystallinity".

The volume fraction of microvoids were estimated from
the difference between the apparent crystallinity (density

measurements) and crystallinity as determined from
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differential scanning calorimetry techniques.

Figure IV.17 indicates the changes in density and
apparent crystallinity with respect to the draw ratio of the
drawn ibers as a function of draw témperature. The density
was found to decrease with increasing draw ratio until about
120°C and to be nearly independent of draw ratio. This change
of density and apparent crystallinity at the higher draw
temperature (150°C) was coupled with the observation of SEM
patterns Figure IV.1 3, IV.1 4. The filaments where slightly
fibrillated. It is also made clear from Figure IV.17 that the
density increases gradually as draw temperature increases.
This increase in density as a function of draw temperature
together with a decrease of intensity, by increasing draw
ratio, lead to the greater opening of the microvoids within
the filaments drawn at lower temperature and higher draw
ratio.

Apparent crystallinity was plotted versus draw temp-
erature in Figure IV.18 for all three various molecular
weight polypropylene drawn under various conditions. From
this figure it is apparent that the fibers spun at higher
take-up velocity which had higher molecular orientation
before drawing are revealed to also have lower density or
apparent crystallinity at any given draw ratio. It was found
that the higher molecular weight samples also exhibit lower
density than lower molecular weight samples in any given

draw condition.
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Figure I'V.1 g represents a plot of both the percent
crystallinity computed from DSC technique and percent
crystallinity (density), from density gradient column versus
draw temperature. From this figure a logical conclusion is
that since crystallinity measurements from DSC technique are
free of any effect due to voids the differences among the
two curves represent the amount of void as a function of draw
temperature. Since increasing fibrillation should increase
the void fraction these results are definately supportive of
the results obtained by scanning electron microscope.

The volume fraction of microvoids were estimated from
a combination of these two techniques, will be compared and
correlated with microvoid fractions computed from the
quantitative SAXS measurements in the later section of this

chapter.

Qualitative Small Angle X-ray Scattering (SAXS)

Figure IV.20 contains SAXS patterns of polypropylene
specimens drawn with two draw ratios (3.5%,6X) at 25°, 90°
and 150°C. The patterns for the filaments drawn at 2500,
show a major reduction of the intensity of the meridional
scattering compared to the melt-spun filaments and very
intense diffuse equatorial scattering. The origin of this
diffuse equatorial scattering would seem to be the presente

of voids (74,3,65) elongated in the direction of the fiber
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axis.The patterns of Figure IV.20-a and IV.20-d show a
diminutive degree of discrete scattering which appears to be
associated with a long period in the filametns. It is
apparent that the diffuse equatorial scattering for the
filaments drawn at 25°C increase with draw ratio and that
the discrete scattering becomes insignificant as the draw
ratio increases. The absence of discrete meridional scattering
is associated with an absence of segregated chain-folded
chains. It is impossible to distinguish between the extended
chain structure and the integrated chain-fold structure by
qualitative SAXS patterns, since both of the structure are
consistent with the scattering pattern.

Effects of draw temperature on void formation is
apparent from Figure IV.20. The patterns for the filaments
drawn at 90°C and 150°C show reduced diffuse equatorial
scattering and the development of a two-point pattern on the
meridian corresponding to the long period spacing. The two-
point pattern on the meridional scattering becomes more
intense and diffuse equatorial scattering decreases with
increasing draw temperature. The long period dimensions varied
from about 120 X to about 210 Z. The SAXS patterns of the
hot drawn fibers (150°C) showed somewhat larger dimensions
(190 X to 210 2).

Figure IV.21 shows the comparison fo SAXS patterns for
6423 (melt index 6.6) and 5831-106-7 (melt index 25). It can

be seen from SAXS patterns in this figure that the higher
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molecular weight samples contained more voids at cold draw
temperature and there is a similar trend as a function of
temperature with appropriate patterns in Figure IV.20.

The effects of take-up velocity (initial orientation
in the spun filaments) on fibrillation or opening of the
voids within the fibers are shown from SAXS patterns in
Figure 1IV.22. The SAXS patterns of the samples with a higher
initial orientation (as melt spun) exhibit a stronger diffuse
equatorial scattering intensity for any given draw ratio
indicating present of voids, which increase as take-up

velocity increases.

Quantitative Small Angle X-ray Scattering (SAXS)

Based on preliminary qualitative measurements, selected
specimens were quantitatively studied for further under-
standing of the interaction of processing variables on
fibrillation and microvoid formation using the 10 meter
small angle xX-ray facility at the NCSASR, located in the 0Oak
Ridge National Laboratory in Oak Ridge, Tennessee.

Figure IV.23 1IV.24 1IV.25 and IV.26 show example
contour plots for drawn fibers as a function of draw temp-
erature, draw ratio, molecular weight, and take-up velocity
respectively. These plots show that the diffuse equatorial
scattering which is caused by the presence of microvoids,

increases with; 1) decrease in draw temperature, 2) increase
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in draw ratio, 3) increase of molecular weight of the
polypropylene, and 4) increase of take-up velocity in the
as-spun filament in agreement with the qualitative results

obtained from the film patterns.

Invariant Analysis. The volume fraction of microvoids

was computed from the total integrated intensity scattered
near the origin of reciprocal space. This integrated intensity
is called the invariant, Q, of the scattered intensity and

is given by,

Q= J I (S) dvg (24)
where S is the diffraction vector, dvs is a volume element
inreciprocal space. The intergral is taken over the entire
intensity distribution near the origin in reciprocal space.

For a cylindrically symmetric distfibution of scattered
intensity Q is given in terms of the intensities measured

on the detector plane by,

wlfsz I (5,,5,) ds, ds;
% = I_(CT) (W) (25)

and
1
MCU DR (26)
Here, 82 is the horizontal coordinate on the detector plane
(perpendicular to the fiber axis of the fiber samples), S1 is
the vertical coordinate on the detector plane (parallel to

the fiber axis). I (Szy Sl) is the measured intensity at

coordinates SZ’ S1 for some fixed counting time, CT, IO is
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the intensity of the incident beam, and TM is the sample
transmission factor. The latter quantity corrects the measure-
ments for absorption in the sample. Also "a" is the specimen
to detector distance and A is the wavelength of radiation.
Following the arguments of Kratky and Miholic (58) it
can be shown that the mean s 'uare fluctuation ofthe electron

density is given by,

(P- F)? =K q (27)
- : 2 3
where, K =1/ (1e N“da d”) (28)
Here ie is the Thomson scattering constant for a free electron
(7.9 x 10-26), N is Avogadro's number, d is the specimen

thickness in centimeters, a is the specimen to detector
distance in centimeters, } is the wavelength in centimeters.
For a system of two uniform phases a general expression for
mean square electron density fluctuation is given (3) as

follows,

(p- P2 = (p-p 2w u (29)
with the assumption of W1 + Wo =1 where,
P o= polymer electron density
Py = void electron density
W _ = volume fraction of polymer
W,= volume fraction of void

One can write equation into,

( p- F)? = Pi W, (1-W,) (30)

Po is given by,
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p = a' /mz (6.02 x 10%3) (31)

d'= density

M= Molecular weight

Z= atomic number
The above expressions were used to measure the volume fraction
of microvoids( Table IX)and to compare them with microvoid
fractions estimated from a combination of crystallinity (DSC
technique) and density measurements. This comparison is shown
in Figure IV.27, 1IV.28, IV.29, as a function of draw temp-
erature for various drawn polypropylene fibers. It can be
concluded from these figures that the volume fraction of
microvoids increase with 1) increase in draw ratio, 2)
increase molecular weight, 3) decrease in temperature of
drawing and 4) increase of take-up velocity during melt
spinning of the fiber.

It is also clear from Figure IV.27, IV.28, IV.29, that
there is good agreement between the void fractions measured
by x-ray technique and those obtained from combination of
density and DSC measurements. To further check this correla-
tion a plot was made of the volume fraction of microvoids,
measured from x-ray diffraction technique versus microvoid
fraction measured by density. This is shown in Figure IV.30.
The line draw is at 450 to the two coordinate axes and there
is an excellent correlation. These results prove that the

x-ray scattering is due to microvoids.
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Figure IV.30. Wb is volume fraction of microvoids

measured from density and crystallinity technique. W
is volume fraction of microvoids measured from x-ray
diffraction.
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Guinier Analysis. Two intensity profiles through the

center streak scattering were taken for further analysis. One
profile represented the scattering along the meridian while
the second profile was along the equator. Intensity versus
angle data for these profiles are plotted in Figure IV.31 and
IV.32, for various selected drawn filaments.

By subjecting the scattered intensity profiles to
Guinier analysis, the size, shape and number density of
microvoids were evaluated. The first five intensity points
of observed data, from the center streak scattering, were
selected and plotted versus scattering factor 82 (where S=
L sin /A » 8= scattering angle/2 and ) =1.5418 X, the
wave length of CUK radiation). According to the Guinier
approximation,

I (s) =1 (o) exp (-Ry%s?) (32)
When the law of Guinier is closely obeyed by an actual
system, equation (32) states that a plot of log I (s) versus
82 will be linear over a large angular range with an
ordinate intercept of log I (o) and a slope of -Rdz. In

logarithmic form equation (32) becomes,

_ 2 .2 _ 2
In I (s) =ln I (o) -Rd S®> slope = -Ry $>Rd=V—slope

this relates the angularly dependent portion of the data to
the average inertial distance Rd of oriented scattering

domains. Figure IV.33, shows an example of such a treatment
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for selected drawn fibers prepared under various conditions
and Table X gives the average inertial distances (Rd) and void
actual dimensions measured in both scattering directions
(equatorial and meridional). Void actual dimensions were
calculated using a procedure given by Guinier (33), where
Rd values were multiplied by V[E—.(Based on the accumption
that the voids are ellipsoid in shape). It is apparent from
this table that the void dimensions, measured from equatorial
scattering are smaller than the void dimensions measured
from meridional scattering for all drawing conditions. This
indicates that the voids are elongated in the fiber direction
and have approximately cylinderical shapes. In both scatter-

ing directions these values are smaller at low draw temp-

erature (25°C) and they increase as draw temperature increases.

Samples drawn at higher draw ratio showed smaller average
void sizes but a larger number of voids for any given draw
temperature. The effect of take-up velocity and molecular
weight on void formation, for drawn filaments, are similar
to qualitative measurements. But, the void sizes were found
to be larger in lower molecular weight specimens. Also it
is apparent from this table that the void number density
increased with increase of draw ratio, molecular weight,
take-up speed and decreased draw temperature.

Since substantial curvature exists at low scattering
factor (SZ) values, from the center streak scattering of

the drawn fibers, and at higher values of Sz, the curves
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were observed to be continuous, it can be concluded that a
significant void size distribution exists. The major effect
of changing the process variables is to change the void size

distribution and void number density.
E. INTERPRETATION AND DISCUSSION OF FIBRILLATION

The main emphasis of this research work has been on
fibrillation of polypropylene fibers. A series of compression
molded polypropylene sheets have been prepared and similarily
drawn for further understanding of fibrillation, which
separately will be discussed in the later chapter.

SEM photomicrographs of peeled drawn fibers (Figure 1IV.
13 to IV.16) show that fibrillation increases with; 1)
increase in draw ratio, 2) decrease in draw temperature,

3) increased orientation in the as-spun filament, and L)
increase in molecular weight of polypropylene.

A very intensive continuous equatorial scattering
Figure IV.20 a,d indicate the existence of a very irregular
distribution of large electron density variation in the
fiber cross section. The equatorial SAXS scattering has often
been interpreted as due to present of voids (3). This is
further substantiated in present research work by a correla-
tion of volume fraction of microvoids computed from the
SAXS technique with microvoid fraction estimated from a
combination of crystallinity (DSC technique) and density

measurements Figure IV.30. However, it is apparent from SAXS
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patterns in Figure IV..20 that the diffuse equatorial scatter-
ing decreases with increasing draw temperature. Patterns for
drawn fibers at 150°C show a significant decrease of equator
scattering and development of a very intense meridional
diffraction (two-point pattern). The remnants of the equator-
ial scattering for hot drawn specimens show a decrease of
voids which are strongly related to a decrease of fibrilla-
tion. This can be seen from the SEM patterns for hot drawn
fibers in Figure IV.13, IV.14, IV.1lgs.

Fibrillation can be interpreted as at least in part a
result of the formation of longitudinal voids which results
from extreme inhomogeneity of deformation during the trans-
formation of the original more or less spherulitic sample
into the final fiber structure. A model similar to that
proposed by Peterlin (74) would seem to apply.

According to the Peterlin model depending on lamellar
orientation and stacking,ie., on the morphological properties
of the starting material, the plastic deformation during
drawing varies locally in rather wide limits. Each fibril
contains material resulting from one stack of lamella and
hence has a nearly constant draw ratio. The boundary between
adjacent fibrils is more discontinuous with increasing draw
ratio and eventually becomes a long cylindrical void com-
pletely separating the fibrils.

From the comparison of SAXS patterns of as-spun Figure

IV.2 and drawn Figure IV.20, IV.21 fibers it is clear that |
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the drawing process is causing substantial changes at the
spherulite and lamellar level of the fiber. The structure of
the spun samples can be interpreted as a spherulitic morphol-
ogy with a nearly random orientation of lamellar crystals.
The patterns for drawn specimens at 25°C in Figure 1IV.21,

a,d shows the absence of periodic structure; only equatorial
scattering from voids is noticeable. This would seem to
indicate that the lamellae are largely disrupted by the

cold drawing. The two-point meridional spots observed in

SAXS patterns in Figure IV.20, c¢,f corresponds to the

stacks of lamellae. These meridional spots are becoming more
intense with increasing draw temperature. This indicates that
the drawing at higher temperature results in a more perfect
lamellar structure.

Based on WAXS results Figure IV.5,to IV.9, drawing at
25°C extensively destroyed the structure including unit cell
and morphology. It transforms the initially spherulitic or
row structure of as-spun fiber into a fibrillar structure.
The WAXS patterns Figure IV.6 show a decrease of line broaden-
ing, with increasing draw temperature which most likely
result from increased coherent domain size (crystallite size).
A monoclinic structure was observed for hot drawn filaments
(150°C). The long spacing values were found to be greater
for the hot drawn filament ( = 210 Z) which is close to the

o)
value of 200 A reported by Samuels (90) and Nadella, et al

(65).
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It is possible to investigate the fibrillation of the
drawn filaments by using a combination of crystallinity
measured from DSC and apparent crystallinity from density
gradient column such as those shown in Figure IV.17 to IV.19
to compute the void fraction at any condition of drawing. As
shown in Figure IV.17, IV.18 cold drawing (25°,60°,90°C)
results in a decrease of filament density and its apparent
crystallinity with increasing draw ratio. This abrupt change
in density and crystallinity especially at the higher draw
ratio (6X) was coupled with the macroscopic observation that
the filament was converted from translucent to opaque. This
opague structure was observed only for cold drawn filaments
which is attributed to structural elements on the order of
the wavelength of light being produced by the drawing mech-
anism. The change from the translucent filament to the
opaque filament is due to opening of the cylinderical voids
parallel to fiber direction which is easily authenticated
from SAXS patterns Figure IV.2 0 IV21 and SEM photomicro-
graphs Figure IV.13, IV.14.

Hot drawn samples showed much higher density accompan-
ied by a greater tendency for recrystallization into folded
chain lamellar crystal blocks stacked along the fiber axis.

This can be attributed to a combination of increased level

of fibrillation (void formation) and disruption of the crystal

structure during cold drawing. Such interpretation is further
substantiated by the comparison of void fraction and SAXS

patterns at several positions shown in Figure IV.34.
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The volume fraction of microvoids was computed from the
quantitative SAXS measurements. These values together with
void fraction measured from intensity techniques were plotted
in Figure IV.26 to 1IV.29. The results obtained by the two
techniques correlated extremely well. Figure IV.32 shows the
Guinier plots of thehorizontal intensity profile of the
equatorial scattering, forselected samples. The slopes of the
linear portions of the equatorial plots yielded average void
size in the range of 150 to 250 Z. Analysis of the scattering
in the meridional direction resulted in values of 250 to 400
Z, Table IX. Since at the higher s® values (above 0.12 x10'3)
the curves of log intensity versus scattering factor 82 were
found to deviate from linearity, a void size distribution was
indicated. However, the average dimensions increased with
draw ratio, draw temperature, molecular weight, and spinline
draw down ratio.Although the void size increased with draw
temperature, the void number density decreased (Table IX).
From a careful perusal of the quantitative results it can be
suggested that drawing of 150°C will produce a preponderance
of large voids while drawing at 25°C produces a much larger
number density of voids and a shift in distribution toward
small void sizes.

Individual structural parameters such as birefringence
and c-axis orientation functions Figure IV.10, IV.11, IV.12
showed higher orientation values for cold drawn filaments.

These observations are in good agreement with the mechanical
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property results described in the next chapter and presented
in Figure V.3 and V.8. The development of orientation as was
indicated in Figure IV.10, IV.11, IV.12 and Figure IV.6. to
IV.9 showed little variation with increasing draw temperature
below about 120%C. It is apparent from these figures that
below a draw temperature of 120°C a decrease in draw temp-
erature increases fibrillation or void fraction (Figure IV.
12, IV.15) without appreciably affecting the orientation
or axial mechanical properties. Above a draw temperature of
about 120°C,however, both birefringence and c-axis crystalline
orientation together with fibrillation decrease with draw
temperature and so do the tangent modulus and tensile strength.
This would seem to imply that mechanical properties mainly
are a function of the orientation, and are not very much
affected by changes in fibrillation alone. The significance
of the 120°% temperature appears to be due to its association
with the @ transition or the crystal mobility temperature
of polypropylene (90). The changes that occur on the
spherulitic, interlamellar, and molecular levels of fiber
structure during +the drawing of spun fibers below the
crystal mobility temperature (110°C) (the crystal absorption
temperature of the dynamic mechanical spectra) were erxamined
and compared with those observed for the same spun fiber
after drawing above 110% by Samuels (90). This subject was

not studied in detail in the present experiments.

A general view of the mechanisms of drawing which form
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these experiments is similar to that espoused by Peterlin
(74), Sze, Spruiell and White (111), White, Dharod and Clark
(118). Change in mechanical properties will be compared to
those described by Samuels (90,89,85), Nadella, Spruiell and
White and Kitao et al (65,52) in Chapter Five.
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CHAPTER V

MECHANICAL PROPERTIES OF MELT SPUN AND DRAWN FILAMENTS

The tensile mechanical properties of both melt spun and

drawn dibers were measured using a table model Instron

tensile testing machine. A detailed discussion of experimental

procedures was introduced in Chapter III.

Since the mechanical properties of the drawn fibers are
dependent on the melt spinning and drawing variables (65),
an attempt will also be made in this chapter to plot the
mechanical properties of both the drawn and melt spun fibers
versus birefringence to include a general correlation.

Figure V.1 shows typical stress strain behavior for the
melt spun filaments of various molecular weight at take-up
velocity of 30 and 130 meters per minute. The fiber modulus,
yield strength and tensile strength (tenacity or breaking
stress) increase with increasing take-up velocity for a given
molecular weight. The fibers taken-up at a higher take-up
velocity have a lower elongation to break at any given
molecular weight. A distinct yield point was observed in
6323 with take-up speed of 30m/min. The yield drop and the
necking elongation became less prominent as take-up speed
increased. Lower molecular weight fibers exhibit higher neck-
ing elongation and 6423 (melt index 6.6) filament with take-

up speed of 130 m/min did not show a significant necking
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Figure V.l1. Engineering stress vs strain
curves for melt spun polypropylene fibers.
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phenomenon.
Figure V.2 shows typical stress-strain plot of drawn
and as-spun specimens. From this figure it is clear that the
drawn fibers show a drastic decrease in elongation to break
and a remarkable increase in breaking stress (tensile strength)
in comparison with the spun filaments. The drawn samples also

had much higher modulus than the as-spun samples.

Elastic Modulus

The elastic moduli of the drawn filaments were found to
be dependent on the draw ratio, drawing temperature, molecular
weight, and the initial structure of the filaments.

The effect of draw ratio on the modulus as a function
of draw temperature is shown in Figure V.3. It is apparent
that at draw ratio of 6 the modulus is higher at any given
draw temperature. At a draw ratio of either 3.5 or 6 the
modulus starts to decrease above a draw temperature of 120°¢.

Figure V.4 shows the tensile modulus of both as-spun
and drawn fibers plotted versus birefringence. The spun
samples include a range of molecular weight and fibers spun
at different take-up velocities. The results on drawn fibers
include samples which were subjected to different draw ratio
and draw temperature. It is apparent from Figure V.4 that
modulus is increasing with increasing birefringence. This

remarkable behavior appears to be due to the fact that the



152

) ¥ T
34 = -
6423- 30 m/min
DRAW RAITJO 3.5
1 =120°C
~ 26
N —
5
~
<
v
2
h
]
%)
=Y
-~ 78
2
)
&
[
[
710 = -—
6423~ 30 m/min
AS SPun
2
] | 1
5 70 15
STRAIN

Figure V.2. Typical stress-strain curves for
melt spun and hot drawn polypropylene fibers.



153

utu/upg Jo K31o079a dn-oyel yiIm serdues susTAdoadAtod

Jo BuTmeap Jo sanjeasdwel sSA sSNINpPol ‘€A 2an3TJg

0s4

ocl

SNEMYE0 40 (,0) 1

06

09 (74

| ]

€299

£2€9
£=9014

=l

9 octvy mvo - @V B
s*€ocivs mvéo - OV O

o

(0,04! sNINOowW 3I7LSH3L



mooutus (10'° dyne/en?)

154

] | T
)
%ﬁgj'mea SPUN
8@8 }mmw RATIO 3.5
BAO;
7 | @W@[0R4W RATIO 6
l | erosr
6323
6423
6 [
5
NADELLA, et. al. o
4L KITAO, et. a;t ot gm
\v ,
30 bR
N
2 N
o { | l
10 20 30
Anx 10 3

Figure V.4. Tensile modulus as a function

of birefringence for melt spun and drawn polypropylene

fibers.


https://KJTAO,e.t.al

155

average molecular orientation in the sample is a major
factor which controls the modulus in the range of samples

and variables studies.

Tensile Strength

The tensile strength of the drawn filaments also were
found to be dependent on the draw ratio, drawing temperature,
the initial filaments structure and the weight average
molecular weight of the filaments.

Figure V.5 shows the effect of draw ratio on the tensile
strength as a function of draw temperature. The effects of
draw ratio and draw temperature on the tensile strength
follow the same general trend as the effects of draw ratio
and draw temperature on the elastic modulus Figure V.3 .

Figure V.6 shows an excellant correlation of the tensile
strength of polypropylene fibers with birefringence. It is
apparent that the tensile strength increases with bire-

fringence for both as-spun and drawn samples.

Percent Elongation to Break

Table XI gives the values of percent elongation to break
for melt spun filaments. From this table it can be seen that
the values of elongation to break are lower for filaments

provided with higher take-up velocity for each type of
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polypropylene. Also the higher molecular weight of the
fiber, the less it can be elongated before it fractures.

Figure V.7 is a plot of percent elongation to break
versus draw temperature for drawn fibers. The effect of draw
ratio on the elongation to break is clear from this figure.
The higher the draw ratio, the lower the elongation to break.
The interesting point here is the effect of draw temperature
on the elongation of filaments. The fibers drawn above 120°C
elongated more than cold drawn samples.

Percent elongation of all various drawn fibers were
plotted against birefringence in Figure V.8. It is apparent
that the elongation to break correlated well with birefring-
ence, as birefringence increases the elongation to break of

drawn fibers decreases.

Discussion of Mechanical Properties of Spun and Drawn
Filaments

Since the mechanical properties of the drawn filaments
are partially dependent on their initial characteristics
established during melt spinning, Samuels (90) suggested
that the state of orientation should be used to characterize
mechanical properties of fibers and films. In the present
work birefringence was used to correlate the mechanical
properties of both as-spun and drawn samples. In this study
we compared out results with the birefringence correlation

of Nadella, et al (65) and Kitao, Spruiell and White (52).
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Clearly the present results correlate well with their results
as shown in Figure V.4, V.6, V.8.

Though the mechanical properties of a fiber significant-
ly depend on the starting structure and the thermal and
mechanical process it was subjected to, knowledge of the
birefringence alone can lead to the determination of these
properties. This is important from a technical point of view,
since the measurement of birefringence is not complicated.

An attempt was made to correlate the mechanical properties
with fc, but because all the fibers are highly oriented and
there is little change in the crystalline orientation from

the first stage of drawing (DR=3.5) to the second stage

(DR=6) of drawing while the mechanical properties are increas-
ing significantly, the mechanical properties did not correlate
well with fc.

Samuels (90) correlated the mechanical properties of the
drawn filaments with either amorphous orientation or average
orientation in the fiber. The amorphous orientation factor
(fam) showed essentially a linear relationship with breaking
stress. Since the average orientation is a weighted sum of
amorphous and crystalline orientation, the present results
correlate well with this quantity, because it is proportional
to birefringence.

From the results in this chapter and the results obtained
by Samuels (90), Nadella et al (65) and Kitao et al (52), it

appears that the mechanical properties of spun and drawn
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fibers could all be correlated with birefringence developed
in them. This excellent behavior.might be due to the fact
that the average molecular orientation in the sample is a
major factor which controls the mechanical properties in the
range of samples and variables studied. There may be condit-
jons under which this correlation is not valid. In particular
from the curves it can be seen that the estimate of
properties becomes less reliable as the birefringence
increases. In this high orientation regime the properties
depend on morhpological features which are not necessarily
accounted for in orientation measurements.

Figure V.3, V.5, and V.7 showed the effects of draw
temperature on mechanical properties. Drawing at higher
temperature (150°C) produces lower orientation (Figure IV.
10 to IV.12 ) and hence lower modulus and tensile strength
but higher elongation to break. This might be in part due
to the thermal energy which possibly helps unfold the
polymer chains.

Void fraction was plotted versus c-axis crystalline
orientation function Figure V.9 in order to consider the
effects of fibrillation on mechanical properties. The void
fraction increases with increasing orientation but there 1is
a drastic change of void fraction as a function of crystalline
orientation with regard to draw temperature.

From the results of mechanical properties Figure V.3,

V.5, V.7 and orientation Figure iv.10, IV.11, and IV.12



164

sa1oqt1y auaTAdoadAtod umeap JI0F J030BJ UOTLBLUSTIO
SUTTTB}SAIO STXB-O SNSISA UOTLOBIJ PIOA "6°A 2aIn8T4

k]
o'l 80 9-¢ L' %0
] T | [ ;....-

umw/ugg dn-exel ‘XG*¢=ul

utm/uof | dn-ayey *XG°¢=dd —
utm/uogy dn-3ABL ¢xg =H0= _ ¢
L-901-1688 @ O
tZY9 @ O @

0L



165
one can find that below a draw temperature of 120°C a

decrease in draw temperature increases fibrillation or

void fraction, Figure IV.13- IV.16, without appreciably
affecting the orientation or mechanical properties. Above

a draw temperature of 120°C, both orientation and fibrilla-
tion decrease with draw temperature, and so do the tangant
modulus and tensile strength, This would seem to imply that
axial mechanical properties of fibers are mainly a function
of the orientation, and are not very much affected by

changes in fibrillation alone.
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CHAPTER VI

DRAWING OF COMPRESSION MOLDED POLYPROPYLENE SHEETS

In order to investigate more precisely the effect of
fibrillation on the lateral direction mechanical properties,
attempts were made to measure the tensile strength of fiber
in the lateral direction. The drawn fibers prepared were 50
to 170 microns in diameter. Measurements of the tensile
properties, in a direction perpendicular to the fiber axis
of such filaments were not possible. Continued investigation
lead to making a series of drawn polypropylene sheets to
expand the possibility of measuring the tensile strength in
a transverse direction.

The compression molding procedure was used for molding
20 cm square by 0.1 cm thick sheets. The polypropylene resins
were driec at 60°C in a vacuum oven for one and a half hour.
Drying the resins resulted in bubble free sheets. These
dried resins were placed between hot platens at 230°C
(445 F°) and heated for fifteen minutes. Once the resins

were melted, a force of twenty tons was applied for a few

the hot platens. However, most of this twenty ton force was
supported by the spacers which maintained the sheet thick-
ness at 0.1 cm.

The compression molded sheets were drawn using an

|

|

|

|

!
minutes and at the same time cooling water was fun through
Instron Tensile Testing machine. Samples with one inch width
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and 1.5 inch gage length, were clamped in the Instron

machine and drawn by elongating them at a cross head speed
of 20mm/min. Draw temperatures of 25°C (room temperature)
and 150°C were selected. An oven was used for the purpose
of hot drawing the sample at 150°C. Each sample was drawn
just beyond the natural draw ratio and to a point near
fracture of the sheet (6X).

A. STRUCTURAL CHARACTERIZATION OF DRAWN COMPRESSION
MOLDED POLYPROPYLENE SHEETS

Scanning Electron Microscopy

Typical SEM photomicrographs of selected drawn poly-
propylene sheets which were peeled after nicking with a
razor blade are shown in Figure VI.1,Z2. Effects of draw
temperature, draw ratio, and molecular weight of polypropylene
were similar to those obtained from fibers, except the fibrils
are much more ribbon-like for cold drawing (2500). These
observations can be seen from comparison of SEM photo-
micrographs in Figure VI.1, VI.2, with Figure IV.13, IV.14,
for drawn fibers. As in the case of fibers, it was also found
from SEM patterns of polypropylene sheets that fibrillation
increases with 1) increased draw ratio, 2) increased molecular

weight of polypropylene and 3) decreased temperature of

drawing.
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Figure VI.1. SEM photomicrographs of drawn

polypropylene sheets show effect of draw temperature
on level of fibrillation

(a) Draw Ratio=6X, Td=25°g
(b) Draw Ratio=6X, 19=150°C
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Figure IV.2. SEM photomicrographs of drawn
polzpropylene sheets for 5831-106-7 and draw ratio
of
(a) Draw Ratio 4X, T4=25 8
(b) Draw Ratio 4X, T —150 !
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Qualitative Wide and Small Angle X-ray Scattering

The same procedures were used to obtain the SAXS and
WAXS patterns of drawn sheets as were used for fibers. The
wide angle x-ray patterns in Figure VI.3 give a qualitative
measurement of orientation for selected undrawn and drawn
polypropylene sheets at various draw temperatures. The
existance of line broadening of cold drawn samples Figure
VI.3-b and of sharp diffraction arcs of hot drawn specimens
Figure VI.3-c, indicate similar crystalline structure changes
as in drawn filaments, Figure IV.5 and IV.6 presented in
Chapter IV.

The SAXS patterns for cold and hot drawn molded sheets
are shown in Figure VI.4 and VI.5. The results of SA¥S of
drawn polypropylene sheets are similar to SAXS patterns

obtained for drawn fibers.

Density and Crystallinity

Table XII gives percent apparant crystallinity (measur-
ed from density gradient column) and percent crystallinity
(measured from DSC technique) for various drawn polypropyl-
ene sheets. A decrease in density was observed as draw ratio
and molecular weight increased for cold drawn sheets. There
was not a significant change of density with changing draw
ratio for hot drawn samples. Hot drawn (150°C) sheets show

significantly higher values of crystallinity (measured from
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Figure VI.4. SAXS patterns of drawn polypropylene
sheets with Drag Ratio 6X.

(a) 6423, T,=25"C

(b) 6423, T =150"C 2
(c) 5831-106-7, Td=25 g
(d) 5831-106-7, T4=150°C
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Figure VI.5. SAXS patterns of drawn polypropylene
sheets with Draw Ratio 4X.
(a) 6423, T=25"¢
(b) 6423, T=150C
(c) 106-7, T=25°C

(d) 106-7, T=150°C
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differential scanning calorimetery or density gradient column)
as seen in Table XIT However, the apparent crystallinity as
measured by Density technique is much lower than the values
obtained by the DSC technique for the cold drawn samples.
Since crystallinity measurements from DSC is independent of
voids the observed different values can be attributed to

voids within the samples. These results agree with the SAXS
patterns Figure VI.4, VI.5 and they are consistent with

those discussed for drawn fibers in Chapter IV.

Tensile Property Results

The results of the tensile property measurements
carried out on drawn compression molded polypropylene sheets
are presented in Table XIII and XIV. Tangent modulus and
breaking strength of the drawn polypropylene sheets increases
enormously in the draw direction while, elongation to break
decreases with increasing draw ratio. Drawn sheets at 150°C
showed a decrease of elastic modulus and tensile strength
and an increased of elongation to break. These mechanical
property results of drawn polypropylene sheets in draw
direction (MD) were numericaly similar to those obtained
for drawn fibers (Chapter V).

However, from comparison of tensile properties of
drawn fibers with that of drawn polypropylene sheets, one

can find that drawn sheets with draw ratio 4X have a very
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similar mechanical properties (in draw direction) as drawn
fibers with low take-up velocity (30 m/min) during melt
spinning and low draw ratio of 3.5 X. This might be due to
initial orientation development in both the as-spun and
compression molded samples. Also the polypropylene sheets
drawn with draw ratio 6X showed similar mechanical properties
(in draw direction) with that of drawn fibers with draw ratio
6X, but low take-up (30m/min) during melt spinning. Such a
similarity can be seen for any given draw temperature
Table XIII . An attempt was made to measure the birefringence
of the drawn sheets in order to correlate the mechanical
properties of the polypropylene sheets with birefringence as
those for fibers (Chapter V), but because of extensive
opaqueness of the cold drawn sheets such measurements could
not be obtained.

The drawn polypropylene sheets showed lower tangent
modulus and tensile strength in the transverse direction at
any given draw ratio and draw temperature compared to values
measured in the draw direction (TableXIII and XIV '). The
elongation to break for the cold drawn (25%c) samples are
somewhat higher in the transverse direction (Td) than draw
direction (MD), but for the hot drawn (150°C) sheets the
reverse is true.

Correlated results were also reported by Wilchinsky
(122), Dhingra et al (117), in studies of rolling effects

on the mechanical property of polypropylene and Rothschild
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and Maxwell (80) for polyethylene. Wilchinsky (122) reported
that uniaxial rolling at room temperature resulted in an
increase in tensile strength in the rolling direction, but a
decrease in tensile strength and increase in elongation to
break.

A closer correlation is found with the results of
Dhingra, Spruiell and Clark (117) on roller polypropylene
samples of the same material that was used in this study
(Profax 6423). For cold-rolled samples, these authors found
a higher elongation to break ratio for any percent cold
work (10-75%) in the transverse direction that in the roll-
ing direction. Since rolling and drawing processes are
expected to be qualitatively similar to their effects on
mechanical properties (122,80) these results appear to
correlate well with those of the present work.

Dhingra et al also report the effect of cold rolled
and annealing on the elongation to break in the transverse
direction. They found that the elongation to break is much
higher in transverse direction than those for the rolled
direction. After annealing, the elongation ratio in trans-
verse direction gradually decreased up to 100°C and then
it dropped down rather drastically to very low values. Since
other research workers (90,65) have reported that hot draw-
ing produce changes which are qualitatively similar to the
combined effects of cold drawing and annealing, it is of

interest to compare the above behavior with that found in
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the hot drawing of polypropylene observed in this study.

As it was mentioned above hot drawing at 150°C substantially
reduces the elongation to break in the transverse direction,
when compared to the values obtained for cold drawn (25°C)
samples. This is opposite to expectations based on void
fraction. However these transverse mechanical properties do
not seem to be controlled by void fraction per se. Further-
more, this is also substantiated by a decrease of the void
number density as a function of draw temperature while the
samples drawn at hot draw temperature (150°C) contain fewer

but larger voids (Table X).
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

In this chapter the major conclusions resulting from

experimental study are summarized below and are followed

by recommendations for further study.

(1)

(2)

(3)

Melt fracture occurred in spinning of profax 6423 (high-
est molecular weight specimen among the others) with a
melt index of 6.6 at extrusion temperature of 215°cC.

In order to avoid melt fracture, the melting temperature
was increased from 215°C to 230°C.

The crystallinity and orientation of melt spun filaments
increased with increasing take-up velocity and molecular
weight of polypropylene. Spinning variables such as
molecular weight, take-up velocity, spinning temperature,
and mass flow rate effect the resulting morphology of the
spun filaments.

The WAXS patterns of drawn filaments which were drawn at
various conditions indicate increases in crystalline
orientation brought about by drawing. Cold drawing
transformed the monoclinic form of the as-melt spun
filament into a more oriented but disordered structure.
This was observed by exhibition of a high degree of line
broadening which may be considered to result from a

decrease of crystallite size and greatly enhanced lattice
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strains and defects. Hot drawn samples revealed a
highly oriented well formed monoclinic structure. The
crystalline orientation function, fc’ was found to be in
the range 0.65-0.96. The amorphous orientation factor in
the range 0.3-0.45,

(4) Density of cold drawn samples decreased with increased
draw ratio, molecular weight, take-up velocity during
melt spinning, and increased with draw temperature. Hot
drawn samples did not show a significant difference in
density with regard to draw ratio, take-up velocity and
molecular weight of polypropylene.

(5) The volume fraction of microvoids computed from the
SAXS technique was found to correlate quite well with
microvoids fractions estimated from a combination of
crystallinity (DSC technique) and density measurements.

(6) The volume fraction of microvoids increased with a)
increased draw ratio, b) decrease of draw temperature,
¢) increased molecular weight, and d) increase of take-
up velocity during melt spinning. The volume fractions
of microvoids varied from about 0.4 x1073 (0.04%) to
about 0.28 ¥10™1 (2.8%).

(7) The Guinier analysis showed that the average void size
had dimensions of 250-400 Z parallel to the fiber axis
and of order 150-250 X perpendicular to the fiber axis.
The void dimensions increased with draw ratio, draw

temperature, molecular weight and spinline draw down
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ratio. The void number density decreased with; 1)

increased draw temperature, 2) decreased draw ratio,

3)decreased molecular weight and 4) decreased take-up
velocity during melt spinning.

(8) Based on the presumption that void fraction is a measure
of fibrillation, the following additional conclusions
could be drawn. These observations are also concistent
with SEM photomicrographs.

a) Fibrillation increase with increasing draw ratio.

b) Drawing at 25°C is accompanied by very extensive
fibrillation, while the amount of fibrillation
decreases as drawing temperature increases.

¢) The high melt index samples showed less fibrillation
than those with low melt index.

d) The filaments with low take-up velocity (30mm/min)
during spinning fibrillate less comparatively than
those with higher take-up.

(9) Mechanical properties such as tensile strength, tangent
modulus and elongation of break of the melt spun and
drawn fibers could all be correlated with birefringence
measuremtns.

(10)It was found that mechanical properties are mainly a
function of orientation and are not very much affected

changes in fibrillation.
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Recommendation for further study include the following:

(1)

(2)

(3)

The Guinier analysis showed the existance of a void
size distribution. Continued analysis of the
quantitative small angle x-ray diffraction data to
determine both void size distribution and microfibril
dimensions is needed in order to better characterize
fibrillation and lead to the definition .of a fibrillat-
ion index.

A more complete investigation of the effects of trans-
verse deformation on fibrillated samples is needed to
understand the role of both voids and fibrillation in
the observed necking and elongation of the cold drawn
sheets.

Further characterization of microstructure of the drawn
filaments by SEM, with higher magnification and light

scattering would be useful.
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