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ABSTRACT: The influence of drawing on the limiting
draw ratio upon formation of the morphological structure of
fibers spun from binary polypropylene (PP) blends was
studied. Fibers were spun from a fiber-grade CR-polymer
and from the blends of a fiber-grade CR-polymer with a
molding-grade polymer in the composition range of 10-50
wt % added. As-spun fibers were immediately moderately
and additionally highly drawn at the temperature of 145°C.
The structure and morphology of these fibers were investi-
gated by small-angle X-ray scattering, wide-angle X-ray
scattering, differential scanning calorimetry, scanning elec-
tron microscopy, density, birefringence, and sound velocity
measurements. It was shown that continuously moderately
drawn fibers are suitable precursors for the production of
high tenacity PP fibers of very high modulus, because of so
called oriented “smectic” structure present in these fibers.
With drawing at elevated temperature, the initial metastable
structure of low crystallinity was disrupted and a c-axis
orientation of monoclinic crystalline modification was de-
veloped. Hot drawing increased the size of crystallites and

crystallinity degree, the orientation of crystalline domains,
and average orientation of the macromolecular chains and
resulted in extensive fibrillation and void formation. It was
found that the blend composition has some influence on the
structure of discontinuously highly drawn fibers. With in-
creasing the content of the molding-grade polymer in the
blend, the size of crystalline and amorphous domains, den-
sity and crystallinity, as well as amorphous orientation de-
creased. Relationship has been established between the me-
chanical properties, crystallinity, and orientation of PP fi-
bers. It was confirmed that by blending the fiber-grade CR-
polymer by a small percentage of the molding-grade
polymer, maximization of elastic modulus is achieved,
mainly because of higher orientation of amorphous do-
mains. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 100:
1067-1082, 2006
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INTRODUCTION

With polypropylene (PP), as with all man-made fibers,
there is a continuing search for means of producing
fibers with improved properties. Improved properties
with respect to the tenacity and modulus are only one
of the many possibilities of PP-engineering to obtain
new special fibers with a high added value intended
for special purposes. Our previous work, presented in
Part 1 of this paper, showed that the PP fibers of high
moduli (an elastic modulus up to 14.8 GPa and dy-
namic modulus up to 19 GPa) could be produced by
melt spinning followed by more-stage drawing pro-
cess, using industrially feasible conditions. A suitable
polymer and processing conditions for the production
of the high modulus PP fibers have been identified.! In
this study, a more detailed investigation of the struc-
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ture and the relationship between the structural pa-
rameters and mechanical properties are presented.

In common with the other synthetic fibers, the me-
chanical properties of PP fibers are strongly influenced
by their physical structure, which is controlled by both
the choice of the starting material and the fiber forma-
tion conditions. The different conditions of the fiber
formation during the melt spinning and drawing
cause different arrangements of the supermolecular
structural elements, which result in different fiber
properties.>” The structure and final properties of
fibers also depend on their molecular structure, i.e.,
polymer molecular mass and molecular mass distri-
bution.®* "> The morphological changes occurring in
the semicrystalline polymers as a result of drawing
have been extensively investigated. Varying views of
structural and property changes resulting from draw-
ing have been expressed by Peterlin and Samuels.
Samuels'®'” investigated the variation in orientation
and morphology during drawing; mechanical proper-
ties of drawn fibers were measured and correlated
with orientation. Peterlin’s attempt to interpret mor-
phology variations during the drawing of PE and PP
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resulted in a widely accepted microfibrillar structural
model.'"®'® Another structural model was developed
by Taylor and Clark to interpret the structure of highly
drawn polymers.” The structure formation in PP fi-
bers was recently presented by Spruiell*! and by
Koike and Cakmak,”* whereas Hautojarvi and Ni-
emi,?® Broda,?* and Risnes et al.?® studied the mor-
phology of PP fibers.

EXPERIMENTAL
Preparation of PP fibers

Fibers were spun from a blend of two commercial PP
chips, Hostalen PPU 1780F2, a fiber-grade CR-poly-
mer with MFR = 18 g/10 min and Hostalen PPN
1060F, a molding-grade homopolymer with MFR = 2
g/10 min. Blends composed of 90/10, 80/20, 70/30,
and 50/50 fiber/molding-grade polymer by weight
were prepared. From these polymer blends and from
the pure fiber-grade CR-polymer, fibers were pro-
duced by melt spinning. The melt spinning and con-
tinuous three-stage drawing of PP at 50°C fibers was
carried out on a laboratory spin-draw device (Extru-
sion Systems Ltd., Bradford, UK). These fibers of se-
ries I are herein indicated as continuously drawn fi-
bers. In the subsequent drawing process on a labora-
tory draw device (Zimmer AG, Frankfurt, Germany),
the continuously moderately drawn fibers were addi-
tionally drawn at 145°C to the limiting draw ratio.
These fibers of series II are herein indicated as discon-
tinuously drawn fibers. Further processing details
were reported previously in Part 1 of this paper.”®

Techniques

Wide-angle X-ray scattering (WAXS) and small-angle
X-ray scattering (SAXS) techniques were used to ex-
plore the structure of drawn PP fibers. A copper radi-
ation was monochromatized by means of a 10-um Ni
filter. WAXS and SAXS film patterns were taken on a
vacuum flat-film camera with pinhole collimation.
WAXS curves (intensity as a function of scattering
angle (26)) were plotted for normal transmission ge-
ometry of samples by using a two-circle goniometer
developed by Kratky. The scattered intensities were
registered with a position-sensitive detector Braun
PSD 50M, in the angular range from 26 = 9.5° to 31.5°
for each azimuthal position of the fiber axis from ¢
= 0° to 180°. The intensities obtained were corrected
for polarization, absorption, background, and incoher-
ent scattering. The degree of crystallinity was esti-
mated by the Hermans and Weidinger method* over
the angular range from 26 = 10° to 30°. The apparent
crystallite dimensions were determined by means of
the Scherrer’s equation.® The crystalline orientation
function was calculated with the help of (110) and
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(040) reflections, using the Wilchinsky*” relation for a
monoclinic crystal system.

SAXS curves were obtained by using a Kratky block
camera with slit collimation. Scattered intensities were
registered with a conventional proportional detector.
The long period was determined from the meridional
SAXS reflection via the calculated one-dimensional
intensity function. The observed scattering function
was approximated with a model function, on the basis
of a stacking model as described by Bramer.***! From
diffuse SAXS, the volume fraction of voids present in
solid polymers was estimated. SAXS curves were eval-
uated in accordance with the Porod’s theory, by assum-
ing a dense two-phase system (polymer/voids).****

Morphological studies involved scanning electron
microscopy of the filament surface and inner struc-
ture. Several samples were split to expose the inner
structure. Filaments were also etched in a chromic
acid solution at room temperature. A JEOL JSM-2
electron microscope was used for all morphological
studies. The magnification obtained is indicated by a
10-um bar on the micrographs.

The crystalline fraction in fibers was evaluated also
from density data and differential scanning calorime-
try (DSC) thermograms. The density of drawn fibers
was determined with the flotation method as de-
scribed by Juilfs,** using a mixture of isopropylalcohol
and water. The melting behavior of the samples in the
temperature range from 40 to 200°C was examined at
a constant heating rate of 10°C/min with a Perkin-
Elmer DSC-7 calorimeter.

The birefringence of the filaments was measured
using a polarizing light microscope and an Ehring-
haus compensator. The degree of molecular orienta-
tion was estimated from the birefringence using an
equation proposed by Stein.** The average molecular
orientation was obtained by the sonic-velocity
method. The velocity of sound waves in the filaments
was measured on a Morgan’s Dynamic Modulus
Tester PPM-5R. The amorphous orientation function
was calculated in a manner applied to PP by Sam-
uels.®

RESULTS AND DISCUSSION
Polymorphism

Depending on the crystallization conditions, PP chains
of 3; helical conformation can be organized into dif-
ferent spatial arrangements giving rise to three crys-
talline modifications: e-monoclinic, B-hexagonal, y-or-
thorombic, and one mesomorfic, the so-called “smec-
tic” form. Among all these crystal structures, the
a-monoclinic form is the most thermodynamically sta-
ble one and therefore the most common. On WAXS
diffraction curves (intensity as a function of scattering
angle (20)) of drawn fibers shown in Figures 2 and 4,
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Figure 1 WAXS film pattern (fiber axis vertical) of contin-
uously drawn fiber, spun from the 100/0 fiber/molding
grade polymer blend.

a different crystal structure can be seen. Continuously
drawn fibers show wide and diffuse equatorial spots
of the (110), (040), and (130) planes united in one
reflection on the WAXS film pattern (Fig. 1). Overlap-
ping of (110), (040), and (130) equatorial peaks is also
seen on WAXS diffraction patterns (Fig. 2). This equa-
torial maximum at 26 = 14.6° and a second broad peak
at 20 = 21.2° indicate the presence of the so-called
oriented smectic structure, first discussed by Natta
and Corradini.*” They categorized it as a smectic struc-
ture with an intermediate degree of ordering between
the amorphous and crystalline phases. Other investi-
gators described this partially ordered domain, where
the individual chains maintain the threefold helical
conformation and the parallel arrangement along the
fiber axis, as paracrystalline,*® composed of microcrys-
tallites®~* or nanocrystallites,** or as a form that
consists of clusters of ordered helical chain segments
with a random assembly of helical hands.* The over-
lapping of equatorial reflections is the consequence of
the broadening effect of very small or very imperfect
crystallites. The small value of around 3.5 nm of the
lateral crystallite dimensions, as determined from the
half-width of the equatorial peak, confirms the pres-
ence of small crystallites. Even if we were able to
separate all three united equatorial reflections, their
intensities would be small, the values of half-width of
peaks would be large, and so, the crystallite size
would remain small. This implies that crystal size
broadening may be considered to be responsible for
the typical WAXS pattern, as also interpreted by
Bodor et al.*!

All discontinuously drawn fibers have a discrete
pattern, typical for a crystalline and oriented system,
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seen on the WAXS film pattern of fiber spun from the
100/0 fiber/molding-grade polymer blend (Fig. 3).
The strong reflection peaks can be found at the scat-
tering angles 26 of 14° (110), 17° (040), 18.5° (130), 21°
(111), and 22° (1 31) and 041)), indicating the presence
of a-monoclinic crystal structure. This typical pattern
of a well-oriented fibrous structure, with the above
broad equatorial maximum split up into narrower
(110), (040), and (130) reflections, is clearly seen on the
WAXS curves too (Fig. 4). Only c-axis orientation of
monoclinic crystallites is present in these fibers.

Nanostructure from WAXS and SAXS

X-ray diffraction curves of the crystalline peaks were
approximated by pseudo-Voigt functions and the ap-
parent crystallite dimensions were determined from
the half-width reflections by applying Sherrer’s equa-
tion:

Dy = MK 1
hkl_BCOSO ()

where D, represents the apparent crystallite size, A
the wavelength used, B the width of half-maximum
intensity of the reflection profile corrected for instru-
mental broadening, 0 the diffraction angle, and K is
a constant that is commonly assigned a value of 0.9
for PP. From the equatorial reflections, the size of
crystallites in directions [110], [010], and [130], i.e.,
perpendicular to the fiber axis could be obtained.
Because of the absence of the meridional reflection,
the dimension of crystallites in the direction of fiber
axis could not be determined in the same way. The
size of crystallite was calculated from the following
equation:

_ Lxp

D.
[

(2)

where L is long period, p density and x, degree of
crystallinity of the sample, and p,. the density of a
perfect polymer crystal. The dimensions of ordered—
crystalline and less ordered—amorphous domains are
shown in Figure 5. The apparent crystallite size, as
well as the size of the amorphous part, for continu-
ously drawn fiber is low. With the additional hot
drawing, the size of crystallites increased in both di-
rections: perpendicular and along the fiber axis. At the
discontinuously drawn fibers also, the size of amor-
phous domain is larger in comparison with the amor-
phous domain of continuously drawn fibers. As seen
from Figure 5, the dimensions of crystalline and amor-
phous domains of the continuously drawn fibers do
not change, whatever the blend composition. For dis-
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Figure 2 WAXS diffraction curves of continuously drawn fibers, spun from the (a) 100/0 fiber/molding grade polymer
blend, (b) 90/10 fiber/molding grade polymer blend, (c) 80/20 fiber/molding grade polymer blend, (d) 70/30 fiber/molding
grade polymer blend, and (e) 50/50 fiber/molding grade polymer blend.

continuously drawn fibers, no change with the blend
composition is seen for the size of crystallites perpen-
dicular to the fiber axis, while the dimensions of do-
mains in the direction of fiber axis are not the same.
With the addition of the molding-grade polymer to
the fiber-grade CR-polymer, the draw ratio is lowered,

and with it, the size of the crystalline and amorphous
domains are also lowered. A slight increase in the size
of crystallites and even higher increase in the size of
amorphous domain is seen only at the discontinu-
ously drawn fiber, spun from the 90/10 fiber/mold-
ing-grade polymer blend composition.
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Figure 3 WAXS film pattern (fiber axis vertical) of discon-
tinuously drawn fiber, spun from the 100/0 fiber/molding
grade polymer blend.

Degree of crystallinity

Different analytical methods were used for the deter-
mination of the degree of crystallinity. The crystallin-
ity index was evaluated from the WAXS diffraction
curves over the angular range from 26 = 10°-30° by
resolving multiple peak data into individual crystal-
line peaks and an amorphous halo. In accordance with
Hermans-Weidinger’s definition, the crystallinity was
calculated as the ratio of the integrated scattering un-
der the resolved crystalline peaks to the total scatter-
ing of the sample. A mass crystallinity index was
calculated as a percentage based on measured densi-
ties using following relation

_ PP~ pam)

Xedensity = o005 X 100 (%) (3)
where p represents the density of sample, p, the den-
sity of a perfect polymer crystal (0.938 g/cm?), and p,,,,
the density of an amorphous polymer (0.8545 g/cm?).
By the DSC method, the crystallinity index was de-
rived as a ratio of the measured heat of fusion to the
heat of fusion of 100% crystalline polymer, with a
value of 206 J/g.

Crystallinity values obtained from the X-ray data,
density measurements, and DSC method as a function
of the blend composition are presented in Figure 6. As
seen from Figure 6, the blend composition has some
influence on the crystallinity index. At the continu-
ously drawn fibers an increase up to 5% for values
obtained from WAXS data and upto 10% for values
obtained from density measurements was noted with
increasing the content of the molding-grade polymer
in the blend. The same tendency is seen with the
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discontinuously drawn fibers, where crystallinity
evaluated from the WAXS curves increases up to
70/30 fiber /molding-grade polymer blend and then at
50/50 fiber/molding-grade polymer blend drops to a
value of 41.8%, which is the lowest crystallinity index
determined by this method at highly drawn fibers.
Quite different results were obtained by other two
methods, where with increasing the content of the
molding-grade polymer in the blend, lower values of
crystallinity were obtained. It is interesting to observe
from these results that the crystallinity values deter-
mined from the density measurements at discontinu-
ously drawn fibers are as low as or even lower than
that of the continuously drawn fibers. Lower values of
crystallinity determined by the density method in
comparison with values obtained by other two meth-
ods have been attributed to increased levels of fibril-
lation and void formation during drawing to the lim-
iting draw ratio. The formation of microvoids
throughout the polymer matrix reduces the crystallin-
ity derived from density measurements and leaves the
crystallinity derived from DSC measurements unaf-
fected, since the heat of fusion is mass-based. The
difference in absolute values between the crystallinity
derived from WAXS and DSC methods is the conse-
quence of evaluation of the WAXS data. Here we
assume that the structure of fibers consists of two
parts, an oriented—the crystalline and an isotropic—
amorphous part. The oriented contribution is from all
oriented fraction of the material, while the unoriented
scattering, which is subtracted from the oriented one,
contains the contribution of scattering of the amor-
phous chains and from the isotropically oriented crys-
tals, and therefore, these crystals are not included in
the crystallinity index.

Long period and microvoids

A Typical SAXS film pattern of continuously drawn
fibers and discontinuously drawn fibers, together with
the measured SAXS curve approximated with the cal-
culated model function, is shown in Figures 7 and 8,
respectively. The continuously drawn fibers exhibit a
two-point pattern with weak intensity maxima on the
meridian and a weak diffuse equatorial scattering
(Fig. 7(a)), which indicates the presence of microvoids.
At continuously drawn fibers, the location of the peak
and the intensity of the peak are the same for all fibers,
spun from different blend compositions. The peak
position is located at about 0.55 nm, which corre-
sponds to a long period of about 11.4 nm. As seen on
the SAXS film pattern of discontinuously drawn fiber,
no meridional small angle reflection appears (Fig.
8(a)). The absence of the meridional reflection could be
explained by dissolution of lamellar structure, assum-
ing that the regular alternation of crystalline and
amorphous regions is disrupted on drawing by exten-
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Figure 4 WAXS diffraction curves of discontinuously drawn fibers, spun from the (a) 100/0 fiber/molding grade polymer
blend, (b) 90/10 fiber/molding grade polymer blend, (c) 80/20 fiber/molding grade polymer blend, (d) 70/30 fiber/molding
grade polymer blend, and (e) 50/50 fiber/molding grade polymer blend.

sion of the molecular chains and subsequent forma-
tion of voids. These crystalline and amorphous re-
gions are now irregularly rearranged in adjacent mi-
crofibrils. As a result there is a lack of sufficient
scattering power, the difference in electron density

decreases considerably, which diminishes the inten-
sity of the meridional reflection. At the same time,
very strong diffuse equatorial scattering appears, due
to inhomogenities in electron distribution. A strong
equatorial streak represents the fibrillar morphology
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Figure 5 The dimensions of crystalline and amorphous domains, i.e., the apparent size of crystallites perpendicular to fiber
axis and in direction of fiber axis of continuously and discontinuously drawn fibers, spun from the 100/0, 90/10, 80/20,

70/30, and 50/50 fiber/molding grade polymer blend.

and the typical “diamond” shaped pattern indicates
the presence of large voids elongated parallel to the
filament axis. Because of the absence of a maximum in
the meridian, the long period at discontinuously
drawn fibers could not be determined from Bragg’s
equation as for the continuously drawn fibers. Values
for the long period were obtained from the con-
structed model function on the basis of a stacking
model as described by Bramer (Fig. 8(b)) and can be

taken as approximately predicted values. It was estab-
lished that with additional hot drawing the long pe-
riod, i.e., the distance between the centers of two
adjacent crystalline domains along fiber axis, in-
creased more than two times. Values between 21.4 and
29.6 nm were obtained, the highest being at fiber spun
from the 90/10 fiber/molding-grade polymer blend.
To obtain information about the concentration of the
microvoids, the volume fraction of microvoids was

40

Crystallinity index (%)

30 A
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X mraity

—— continuously drawn
X wars

—w— continuously drawn
X osc

—{— discontinuously drawn
Xe. darsity

—i— discontinuously drawn
Ko wasxs
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IC.DS'J

F_________...—o—..__________-_-_*_—__________...—.—

20 T r

100/0 8010  BO/20 70/30

T

60/40  50/50

Blend composition - ffp grade polymer (wt.%)

Figure 6 Degree of crystallinity evaluated from WAXS curves (x_waxs), DSC-themograms (x.pgc) and density data
(¥ density) Of continuously and discontinuously drawn fibers, spun from the 100/0, 90/10, 80/20, 70/30, and 50/50 fiber/

molding grade polymer blend.
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Figure 7 (a) SAXS film pattern (fiber axis vertical) and (b) measured SAXS curve of continuously drawn fiber, spun from the
100/0 fiber/molding grade polymer blend, approximated with the model function.

determined from SAXS curves. For the continuously
drawn fibers, a volume fraction between 1.2 and 1.8%
was obtained, which is in the range of reported values
for drawn polymers. Much higher values of microvoid
content were obtained for the discontinuously drawn
fibers, ranging from 4% for fiber spun from 50/50
fiber /molding-grade polymer blend to 9.6% for fiber
spun from the 90/10 fiber/molding-grade polymer
blend.

Morphology from SEM

Electron microscopy was used to examine in some
detail the morphological changes that occurred on
drawing. In Figures 9 and 10, surface features of mod-
erately and highly drawn fibers are shown. The con-
tinuously drawn fibers remained transparent after
drawing. Under the microscope fibers exhibited
smooth surface, without any surface features (Fig.
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Figure 8 (a) SAXS film pattern (fiber axis vertical) and (b) measured SAXS curve of discontinuously drawn fiber, spun from
the 100/0 fiber/molding grade polymer blend, approximated with the model function.

9(a)). Additional hot drawing has drastically changed
the appearance of fibers. Discontinuously drawn fi-
bers became visibly opaque and cloudy after drawing.
This “whitening” phenomenon indicates the presence
of a great many voids with magnitude of the order of
optical wavelength. Investigation of the surface by
electron microscopy revealed craze-like markings per-
pendicular to the fiber axis (Fig. 10(a)). A craze can be
defined as a zone spanned by aligned fibrils alternat-

ing with elongated voids both being parallel to the
draw direction.*® These planes correspond to the
strain-induced “transverse lines” observed by optical
microscopy (Fig. 11). Examination of the internal tex-
ture by splitting and etching indicated that morpho-
logical changes were not restricted only to the surface
layers. While continuously drawn fibers could not be
split without extensive plastic deformation (Fig. 9(b)),
discontinuously drawn fibers could be split, because
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Figure 9 Electron micrographs of (a) the surface (b) an inner structure revealed by splitting, and (c) an inner structure
revealed by chromic acid etching of continuously drawn fiber, spun from the 100/0 fiber/molding grade polymer blend.

of low lateral cohesion of the highly developed fibril-
lar structure seen in Figure 10(b). After 100 h chromic
acid etching at room temperature, a part of the fiber
was etched, because of its highly voided structure and
platelets of acid resistant structure remained (Fig.
10(c)). For these etching-resistant harder regions, par-
allel developed in longitudinal section with periodic
regularity is suggested to be the location of residual
molecular entanglements.*”

Molecular and crystal orientation

The average molecular orientation was determined by
the birefringence measurements and from the sonic-
velocity method. An excellent agreement between the
values obtained by both methods was achieved, the
difference in the absolute values being less than 5%.
For the determination of amorphous orientation, the
average molecular orientation obtained by sonic-
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Figure 10 Electron micrographs of (a) the surface (b) an inner structure revealed by splitting, and (c) an inner structure
revealed by chromic acid etching of discontinuously drawn fiber, spun from the 100/0 fiber/molding grade polymer blend.

velocity method was used. The level of amorphous ori-
entation was calculated from the following equation

3 _ _ xqfc (1 - xc)fam
E(Eul_Edl):E? t 4)

t,am

where E,, is the sonic modulus of unoriented sample,
E, measured sonic modulus of fiber, E}. intrinsic lat-
eral modulus of the crystal and E},, intrinsic sonic

modulus of the amorphous region, x, crystallinity in-
dex, and f, crystalline orientation. The crystalline ori-
entation function, given as Herman-Stein factor

2 -1
f = 3(cos q;az> 5)

where (cos®¢, ;) is the mean-square cosine of the angle
between the fiber axes and c-crystallographic axis, was
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Figure 11 Optical micrograph of discontinuously drawn
fiber, spun from the 100/0 fiber/molding grade polymer
blend. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

calculated from the (110) and (040) reflections by the
following relation

<C052¢C,Z> = 1 - 1.099<COSZ¢110’2> - 0.901<C052¢040’2> (6)

Figure 12 shows that differences exist between the
structural characteristics of the continuously drawn
fibers and the discontinuously drawn fibers, regarding
molecular orientation. The average orientation func-
tion, as well as the crystalline and amorphous orien-
tation functions increased with additional hot draw-

GREGOR-SVETEC

ing of fibers. The orientation function of the crystallite
axis ¢ is higher at highly drawn fibers in comparison
with the continuously drawn fibers. Even much
higher difference between the continuously drawn fi-
bers and discontinuously drawn fibers was noted for
the orientation function of amorphous chains, i.e.,
around 30% higher values were obtained for the dis-
continuously drawn fibers. As seen from Figure 12, no
influence of the blend composition on the crystalline
orientation function could be observed. The difference
between continuously drawn fibers as well as the dif-
ference between discontinuously drawn fibers spun
from different blend compositions is in the range of
the value’s statistical deviation. On the other hand,
some influence of the blend composition could be
observed at the amorphous orientation function. A
slight increase with increasing the content of the mold-
ing-grade polymer in the blend at the continuously
drawn fibers is observed, while at discontinuously
drawn fibers a decreasing tendency is noted.

Correlation between mechanical properties,
crystallinity and orientation

It is well known that the crystallinity, the size of
crystallites, and their orientation have basic influence
on the mechanical properties of drawn fibers.''3¢484?
In Figures 13-15, the tensile strength (Fig. 13), the
elastic modulus (Fig. 14) and dynamic modulus (Fig.
15) are shown as a function of the crystallinity index.
From Figure 13 it is clearly seen that the tensile
strength increases with the crystallinity determined by

WwWepe—_—-—-—---— —————m MM—,
—&— confinuously drawn
(amorphous onentation)
09 4 i = & & 4 —— continuously drawn
- o—O——o O -G {crystaliine orientation)
—— —w— continuously drawn
> Wﬂ (average orientation)
c 0,8 - —— discontinuously drawn
A T”/*—'"J\' (amorphous orientation)
% —&— discontinuously drawn
2 0.7 - (crystalline orientation)
e o —0— discontinuously drawn
'ﬁ (average orientation)
§ 0,6 4
5 '/4—0——’”\0
0,5 1
0,4 T

100/0 80/10 80/20 70430

60/40 50/50

Blend composition - f/p grade polymer (wt.%)

Figure 12 Average molecular orientation function (f,,), crystalline orientation function (f,), and amorphous orientation
function (f,,,,) of the continuously and discontinuously drawn fibers, spun from the 100/0, 90/10, 80/20, 70/30, and 50/50

fiber/molding grade polymer blend.
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Figure 13 Tensile strength of discontinuously drawn fibers as a function of crystallinity. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

the WAXS and DSC methods and decreases with the = modulus (Fig. 14) and dynamic modulus (Fig. 15);
crystallinity determined from the density measure- increasing tendency with the crystallinity determined
ments. Similar results were obtained for the elastic =~ by the WAXS and DSC methods and a decreasing

@ Xc - density A Xc - WAXS m Xc - DSC

Elastic modulus

Crystallinity index (%)

Figure 14 Elastic modulus of discontinuously drawn fibers as a function of crystallinity. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

® Xc - density A Xc - WAXS ® Xc - DSC

Dynamic modulus
(GPa)

Crystallinity index (%)

Figure 15 Dynamic modulus of discontinuously drawn fibers as a function of crystallinity. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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Figure 16 Tensile strength of discontinuously drawn fibers as a function of average and amorphous molecular orientation
function. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

tendency with the crystallinity determined from the
density data. The tensile strength and both moduli as
a function of the crystallinity index have a linear char-
acter, although the values deviate in some cases and
the correlation being rather low.

The mechanical properties of drawn fibers, besides
depending on the crystallinity and number of taut tie
molecules, also depends on the orientation of the mac-
romolecules in the crystalline and amorphous do-
mains. In Figures 16-18, the mechanical properties of
the discontinuously drawn fibers are plotted against
the orientation functions. It is clearly seen that the
tensile strength, the elastic, and dynamic moduli in-
crease with molecular orientation. Linear dependence
is seen in the case of tensile strength (Fig. 16) and both
moduli (Figs. 17 and 18), correlation factor being of the
order of 0.73 for tensile strength, 0.95 for the static

elastic modulus and 0.97 for the dynamic modulus.
Because all discontinuously drawn fibers exhibit sim-
ilar high values of crystalline orientation function, a
low correlation with the mechanical properties was
determined. Quite different results were obtained for
the amorphous orientation function, where the me-
chanical properties of fibers investigated in our study
have shown a good agreement with the amorphous
orientation, the correlation factor being, in all cases,
higher than 0.8.

CONCLUSIONS

The following conclusions can be drawn:
1. Melt spinning of binary PP blends of different
molecular weights on a laboratory spin-draw de-
vice, with immediate moderate and subsequent
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Figure 17 Elastic modulus of discontinuously drawn fibers as a function of average and amorphous molecular orientation
function. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 18 Dynamic modulus of discontinuously drawn fibers as a function of average and amorphous molecular orientation
function. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

severe hot drawing, enables the production of
fibers with improved mechanical properties, un-
der industrially feasible conditions.

2. Moderate in-line drawing of as-spun filaments at
50°C causes the development of so-called ori-
ented “smectic” structure.

3. Additional drawing to the limiting draw ratio at
the temperature of 145°C results in a well-ori-
ented fibrillar structure, with only c-axis oriented
monoclinic crystalline modification present. The
structural changes are accompanied by increased
orientation of both crystalline and amorphous
domains, increased crystallinity, and develop-
ment of a highly voided structure.

4. Some influence of polymer blend composition on
the structure of drawn fibers was noted too. At
continuously moderately drawn fibers, the blend
composition had no effect on the size of crystal-
lites and long period, whereas the crystallinity, as
well as amorphous orientation increased with
increasing the content of the molding-grade
polymer in the blend. At discontinuously drawn
fibers, increasing the content of the molding-
grade polymer in the blend resulted in lowering
the maximum attainable draw ratio and conse-
quently in decreasing the size of crystalline and
amorphous domains, density and crystallinity, as
well as amorphous orientation.

5. The results of this study confirm that the thermo-
dynamically unstable oriented “smectic” struc-
ture is a suitable precursor for the production of
high-tenacity, high-modulus PP fibers and that
by blending the fiber-grade CR-polymer by a
small percentage of the molding-grade polymer
maximization of elastic modulus is achieved,
mainly because of higher orientation of crystal-
line and amorphous domains.

The author is greatly indebted to Prof. Dr. S. Malej-Kveder
for having initiated and supervised this work. The author
thanks the Institute of Physical Chemistry at University of
Graz for the WAXS and SAXS facilities. The author also
thanks Prof. Dr. P. Zipper for his help with the X-ray dif-
fractometry.
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