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Abstract The tensile behavior of 
fibres, spun from a blend of small 
percentage of plastic grade poly- 
propylene with fibre grade poly- 
propylene, was studied in relation to 
their structure. The spinning and 
drawing process was optimized in 
order to increase the elastic moduli  of 
produced filament yarns. By such 
optimization of the process a tenacity 
of 0.7 GPa,  an elastic modulus of 
14.8 G P a  and a dynamic modulus of 
19 G P a  were attained. F rom diffuse 
small-angle X-ray scattering the 
presence of voids, up to 11.5%, was 
established. Voidness of the fibrillar 
structure was confirmed with electron 
micrographs. In spite of the rather 

drastic changes in morphology the 
mechanical properties of high void 
fibrillar structures are good, indicat- 
ing that the load bearing units of 
the filament have maintained their 
integrity. The improved mechanical  
behavior  of highly drawn fibres 
spun from 10/90 plastic/fibre grade 
polymer  blend is related to higher 
crystalline and above all to higher 
amorphous  orientation. 
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Introduction 

A polyblend, sometimes called a polymer alloy, is com- 
posed of two or more polymers blended but not otherwise 
treated initially [1]. Many  polyblends contain relatively 
small amounts  of one of the polymers to improve the 
toughness or the strength, processing characteristics, wear 
properties, surface appearance, stiffness or flexibility, ad- 
hesiveness. The major  commercial  blends of isotactic poly- 
propylene (iPP) with other  polymers include addition of 
ethylene propylene diene terpolymer rubber (EPDM) to 
iPP  to improve the low temperature impact strength, and 
addition of iPP  to E P D M  to produce thermoplastic elas- 
tomers. Blends of iPP  and high-density polyethylene 
(HDPE) are used to improve the impact strength, to in- 
crease environmental  stress-crack resistance, modulus and 

heat deflection temperature.  In exploratory research also 
a wide variety of other  iPP  polyblends have been studied, 
some of them are ment ioned for their practical usefulness 
E2]. 

There are only a few reports on studies of blends of 
different molecular weights of iPP. Deopura  and K a d a m  
[-3] have found that properties of drawn iPP filaments can 
be improved by blending a fibre-grade polymer with a high 
molecular weight polymer  (HMPP).  Results by Bet et al. 
[4] support  these findings. They obtained the highest 
value of elastic modulus (8.4 GPa)  for a two-stage drawn 
fibre, spun from a blend of fibre-grade PP  with 3% of 
H M P P .  Mahajan  et al. [5] achieved the opt imum break- 
ing stress (0.74 GPa)  and modulus (7.34 GPa)  of the drawn 
samples at about  6% H M P P  blend composit ion and in- 
ferior tensile strength and modulus at a higher percentage 
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of the second component .  Geleji et al. [6] reported im- 
provement  of mechanical properties of the drawn fibres 
upon increasing the amount  of H M P P  in the blend. The 
highest tensile strength of 0.43 G P a  and elastic modulus of 
5 G P a  were given by a 75% H M P P  blend sample drawn 
at 130 ~ with draw ratio of 5. 

As part  of a larger systematic study of the role of 
various spinning and drawing conditions and of ways to 
optimize the fabrication processes in order to achieve 
a high value of the elastic modulus of drawn filaments, we 
investigated the tensile properties and structure of a range 
of laboratory manufactured PP  multifilament yarns. In 
our  work, we under took  study on yarns, produced from 
the blend of a fibre-grade PP  polymer with a plastic-grade 
PP  polymer in the composi t ion range of 10~50wt% 
H M P P  content. In the present paper  the tensile properties 
and structure of PP  yarns with the greatest value of elastic 
modulus obtained, are presented. 

Experimental 

Preparat ion of P P  multifilament yarns 

Filaments were spun from a blend of two commercial 
Hoechst  polypropylene chips, Hostalen P P U  1780F2, a 
fibre grade homopolymer  with M F R  = 18 g/10 min and 
Hostalen P P N  1060F, a plastic grade homopolymer  with 
M F R  = 2 g/10 min. (The melt flow rate (MFR) was deter- 
mined as the amount of  polymer extruded at the temperature 
of  230~ with theforcin9 load of  2160g in 10 min.) Hos- 

talen P P U  1780F2 with Mw -- 210.000 g/mol is a narrow 
molecular weight distribution polymer, the so-called 
controlled rheology or  CR-polymer,  with the ratio of 
molecular weight to number  average molecular weight 

(Mw/Mn) of 3.3, while Hostalen P P N  1060F with Mw = 
280.000g/mol is a broad  molecular weight distribution 

polymer, with M w / M ,  = 5. The blend composed of 90/10 
fibre/plastic grade polymer  by weight was mixed man- 
ually. The melt spinning and in-line drawing of P P  multi- 
filament yarn was carried out on an Extrusion Systems 
Ltd. laboratory spin-draw device. F rom the preceding 
experiments [7] the optimal process path variables were 
established in order to achieve maximal elastic modulus of 
the multifilament yarns produced.  The filaments were ex- 
truded at a rate of 21.7 g/min through a spinneret with ten 
holes of diameter 0.35 mm each. The temperature of the 
melt at the spinneret was 245 ~ Cooling of the resultant 
filaments was achieved with cross-flow air quenching at 
the temperature of 6 ~ The as-spun filaments were three- 
stage drawn at 50 ~ with overall draw ratio of 15.25, in 
a continuous spin-drawing process. Moderately,  continu- 

ously drawn multifilament yarn was additionally drawn to 
the limiting draw ratio on a Zimmer laboratory draw 
device. In this subsequent slower stage the yarn was drawn 
through a hot-plate at 130~ with draw ratio of 2.52, and 
at 145 ~ with draw ratio of 2.92. No separate heat setting 
step was carried out. 

Tensile testing 

The tensile properties of the P P  multifilament yarns were 
measured with an Instron 6022 tensile testing machine. 
Samples of initial gauge length of 25 cm were stretched at 
a crosshead speed of 1.6 mm/s  for discontinuously highly 
drawn yarns and of 5.5 mm/s for continuously moderately 
drawn yarn. Conventional  stress-strain data were ob- 
tained under conditions of controlled temperature and 
humidity (T = 21 ~ relative humidi ty  = 65%). Mechanical 
data presented in this article are the average of 50 parallels 
and stress-strain curves of about  20 parallels. 

Structural characterization 

Wide-angle X-ray scattering (WAXS) and small-angle X- 
ray scattering (SAXS) techniques were used to explore the 
structure of PP  multifilament yarns. Copper radiation 
(CuK~ ,~ = 0.154 nm) was monochromat ized by means of 
a 10/ml Ni filter. WAXS and SAXS film patterns were 
taken on a vacuum flat-film camera with pinhole collima- 
tion. WAXS curves (intensity as a function of scatterin9 
angle (20)) were made for normal  transmission geometry 
of samples by using a two-circle goniometer  developed by 
Kratky. SAXS curves were obta ined by using a Kratky 
block-camera with slit collimation. Scattered intensities 
were registered with a position sensitive detector Braun 
PSD 50M or with a conventional  proport ional  detector. 

The degree of crystallinity was estimated by the Her- 
mans and Weidinger method  [-8] over the angular range 
from 20 = 10 ~ to 30 ~ The crystallinity was calculated as 
the ratio of the integrated scattering under the resolved 
crystalline peaks to the total scattering of the sample. 

Apparent crystallite dimensions were determined, by 
means of Scherrer's equat ion [9], from the half-widths of 
diffraction curves of crystalline peaks which were approx- 
imated by pseudo-Voigt functions: 

K2 
Lh~t -- - -  (1) 

/~o cos 0 '  

where Lhkz is the mean size of the crystallites perpendicular 
to the planes (hkl), flo is the breadth of the reflection profile 
(in radians) at half-maximum intensity, and K is a constant 
that is assigned a value of 0.9 for PP.  
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The crystalline orientat ion function [Eq. (2)] was cal- 
culated with the help of (1 1 0) and (0 4 0) reflections, using 
the Wilchinsky relation [-10] for a monoclinic crystal 
system [-Eq. (3)]. In monoclinic PP  crystallites the macro- 
molecules are helices whose axes lie along the c-crystallo- 
graphic axis in the direction of the fibre axis. Orientation 
of the crystallite axis c with respect to the reference direc- 
tion Z (the fibre axis) is given by 

fcry = f c . z  = 1(  3 (cos2~bc ,  z )  - -  1 ) ,  (2) 

where (COS2r  Z )  is the mean-square cosine (averaged 
over all the crystallites) of the angle between the fibre axis 
and the c-crystallographic axis and was calculated from 

(COS20c, Z )  = 1 - -  1 . 099 ( COS2q~110 , Z )  

-- 0.901 ( C O S 2 ( ~ 0 4 0 , Z )  . (3) 

The long period was determined from the meridional 
SAXS reflection via the calculated one-dimensional inten- 
sity function 11(h), with the scattering vector h defined as 

47r 
h = ~-  sin 0 . (4) 

A 

The experimental scattering function, measured with the 
fibre axis perpendicular to the line-shaped primary beam, 
was assumed to be propor t ional  to 11 (h) and was approx- 
imated with the following expression based on a stacking 
model as described by Brfimer [11, 12] 

I i (h)  ~2 R e [  0 -  F c ) ( 1 -  (5) 

Here F,. = FT(Pc), F, = FT(Pa),  and Fo is the convolution 
of both functions Fo = Fc* Fa. The functions Pc(xc) and 
Pa(Xa) describe the distributions of the thickness of the 
crystalline and amorphous  layers, respectively, and can be 
modeled with Gaussian or asymmetrical functions (ex- 
ponentials, Reinhold's distribution [-13]). 

From diffuse small-angle X-ray scattering (measured 
with the fibre axis aligned parallel to the streak of the 
primary beam) the volume fraction of voids present in the 
solid polymers was estimated. SAXS curves were evaluated 
in accordance with Porod 's  theory, by assuming a dense 
two-phase system (polymer/voids) [14,15]. For  a two- 
phase system with known electron density difference 
(Ap)I.2 between the two phases, the volume fractions 
Wl and w2 = 1 - Wl of the two phases follow from 

( A p )  2 = w 1 . w z ( A p ) 2 . 2  , (6) 

where (Ap) 2 is the mean square fluctuation of electron 
density. 

The correlat ion length (Ic) is a mean value of the 
extension of a coherently scattering domain and was ob- 
tained as the quotient  of the first and second moments  of 
the experimental SAXS curve. 

The crystalline fraction in fibres was evaluated also 
from density data  and DSC-thermograms.  The density of 
P P  multifilament yarns was determined with the f lotat ion 
method as described by Juilfs [16], using a mixture  of 
isopropylalcohol  and water. The crystallinities of  the sam- 
ples were then calculated by the equat ion 

Pc(P  - -  Pam) 
XDENSIT Y - -  100% , (7) 

P(P~ -- Pare) 

where p is the sample density and Pc and Dam are the 
densities of the crystalline and amorphous  phases, 
respectively. 

DSC-thermograms were recorded from 40~ to 
2 0 0 C .  with a heating rate of 10-'C/min, on a DSC-7 
Perkin-Elmer apparatus.  F ro m the measured heat of 
fusion ( A H )  the crystallinity was derived from the follow- 
ing equation 

A H  
XDS  C - -  " 100% , (8) 

AHc 

where AHc is the heat of fusion of 100% crystalline P P  and 
was assumed in this work as 209 J/g. 

The average molecular  or ientat ion and dynamic  
modulus were obtained by the sonic-velocity method.  The 
velocity of sound waves in the filament was measured  on 
a Morgan 's  Dynamic  Modulus  Tester  PPM-5R.  Relations 
between sonic velocity (c), dynamic  modulus (Edy) and the 
molecular orientat ion are defined by 

Edy = p c  , (9) 

1 - -  ( C 2 n / C  2 )  

f o r -  1 - -  2 2 ' (10)  (Cu~ 

where for is the average or ientat ion function, Cun is the sonic 
velocity of the unoriented sample and cia is the sonic 
velocity of the perfectly oriented sample. 

The amorphous  or ientat ion function (famo) was cal- 
culated from the experimental  value of the dynamic  
modulus (Ecly), the fraction of the crystalline phase (XwAxs) 
and the crystalline or ientat ion function (fcry) determined 
by WAXS measurements  in a manner  applied to P P  by 
Samuels [17] 

3 XWAXSfcry 
~ ( A E  -1 ) - EO + 

t, cry 

(1 - Xwgxs)famo 
E o 

t ,  a m o  

(AE -~ )  = E ~  ~ -- E ~  ~ , (I1) 
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where Eon is the sonic modu lus  of the isotropic phase, E ~ t, cry 

and E 0 are the t ransverse  modul i  of completely  oriented t , amo 

crystalline and  a m o r p h o u s  phases, respectively. Mor- 
phological  studies involved scanning electron microscopy 
of the f i lament surface. A J E O L  JSM-2 electron micro- 
scope was used for all morpholog ica l  studies. Several sam- 
ples were split to expose the interior structure. Filaments 
were also etched in a chromic  acid solution at room 
temperature .  Magnif ica t ion is indicated by a 10 pm bar  on 
the micrographs .  

Results and discussion 

Tensile proper t ies  

The  tensile proper t ies  of  P P  filaments are strongly in- 
fluenced by their physical  s tructure which is controlled by 
the choice of  the s tar t ing mater ial  and  the fibre format ion 
conditions.  By opt imized  slow mult i-s tage drawing of fila- 
ments  spun f rom a blend with prevail ing po lymer  of  nar- 
row molecular  weight distr ibution,  known for its good 
spinnabili ty and  drawabil i ty,  a high overall  draw ratio 
could be reached. Highly drawn P P  filaments, stretched to 
the m a x i m u m  at ta inable  draw ratio in a two-step drawing 
process, have reached excellent mechanical  properties. 
Linear  density and  tensile propert ies  are given in Table 1 
and  the s t ress-s t ra in  curves of drawn P P  multif i lament 
yarns  are shown in Fig. 1. 

In the case of a particulate-filled or two-phase  com- 
posite system, the resultant  modulus  of the composi te  is 
a function of the modul i  of the individual pure compo-  
nents, the vo lume of the weight fraction, the geomet ry  and 
packing of the disperse phase, and the Poisson rat io of the 
matrix.  F o u r  possible ways to determine the dependence of 
modulus  on compos i t ion  are "the rule of mixture"  for the 

Voigt model, "the rule of mixture"  by the Reuss equation, 
Nielsen and Halpin  modified Kerner  equation and the 
simplex equat ion [18]. The modulus  of polymer  blends 
can be expressed by the Kleiner 's  simplex equation [19] 
where the empirical pa ramete r  [112 is obtained from 
Eq. (13). 

E = W 1 E  1 + W 2 E  2 + [ 1 1 2 W I W 2  , (12) 

[t12 = 4 E 1 2  - -  2E1 - -  2 E 2  , (13) 

E is the modulus of the blend, E 1 and E 2 are the moduli  of 
pure components ,  WI  and W2 are the corresponding 
weight fractions and  E12 represents the modulus  of the 
50/50 blend. Positive and  negative values of/312 represent 
nonlinear synergism and antagonism,  respectively. In the 
case of all three samples  the calculated values of/~12 were 
positive indicating a synergistic effect of blending on 
modulus. The largest positive deviation from the additivity 
rule is shown by the multif i lament yarn discontinuously 
highly drawn at 145 ~ This yarn reached an E0 value as 
high as 14.8 GPa .  D ynamic  moduli  obtained from sound 
velocity measurements  also exhibit very high values for 
highly drawn yarns, and  a positive deviation from pre- 
dicted values. 

Discontinuously highly drawn multifilament yarns ex- 
hibit, besides high moduli ,  high values of specific stress at 
break, which is a measure  of the resistance to steady forces. 
The specific work of rupture,  sometimes called the tough-  
ness and defined as the energy needed to break a fibre, 
gives a measure of the ability of the material to withstand 
sudden shocks of given energy. Low toughness, together  
with low breaking extension, high tenacity and moduli  of 
highly drawn yarns implies that  after the initial high 
resistance to stretching a brittle breakage will occur. 
Continuously modera te ly  drawn multifilament yarn of low 
tenacity and higher toughness is easily extensible. The  

Table 1 Linear density and mechanical properties of continuously moderately and of discontinuously highly drawn PP multifilament yarns 

Sample Tt abr ~br Abr E 0 E 0. pr E dy E dy, pr 
(tex) (GPa) (%) (kJ/kg) (GPa) (GPa) (GPa) (GPa) 

Continuously drawn at 50 ~ 51.96 0.31 79.53 209.8 2.68 2.37 9.69 9.22 
Discontinuously drawn at 130~ 22.95 0.68 11.15 47.35 12.00 11.86 17.00 15.70 
Discontinuously drawn at 145 ~ 19.69 0.70 9.00 44.70 14.80 13.52 19.00 18.40 

Tt linear density - weight per unit length; tex is the weight in grammes of one kilometer. 
abr specific stress and break - rupture load divided by the original weight per unit length. 
ebr extension at break - change in length divided by the initial length. 
Abr specific work of rupture area under the curve of specific stress against strain divided by the weight per unit length and by the initial 
length. 
Eo elastic modulus tangent of the angle between the initial part of the curve and the horizontal axis. 
Eo.pr predicted elastic modulus for a blend E calculated from the simplex equation [Eq. (12)]. 
Edy dynamic modulus - product of a velocity of sound waves and density. 
E,:ly, pr predicted dynamic modulus for a blend - E calculated from the simplex equation [Eq. (12)]. 
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Fig. 1 Stress strain curves of 
continuously moderately and of 
discontinuously highly drawn 
PP multifilament yarns io 

I 
w 

4 

2 

shape of the stress strain curve (Fig. 1) shows after an 
initial linear port ion a marked yield point, and up to the 
break, a region of low slope, where large extensions are 
produced by small increases in stress. Both discontinuous- 
ly highly drawn multifilament yarns exhibit brittle mode of 
deformation behavior,  with short initial period of steep 
slope, no apparent  yield point, and a regime of sharply 
rising stress until fracturing occurred at extension of 11% 
for the yarn drawn at 130~ and 9% for yarn drawn at 
145 ~ 

Morphological  and structural characterization 
of PP  multifilament yarns 

lsotactic P P  is a polymorphic  material and is capable of 
crystallizing in three different crystalline modifications and 
a mesomorphic,  so-called smectic form [20]. WAXS film 
patterns of drawn multifilament yarns, taken in order to 
determine the crystalline modifications present, are shown 
in Figs. 2 4 ,  together with WAXS two-dimensional inten- 
sity maps. 

Continuously moderately drawn multifilament yarn 
shows wide equatorial  spots of the (1 1 0), (040) and (1 30) 
planes united in one reflection on the WAXS film pattern 
(Fig. 2A). The presence of oriented so-called "smectic" 
structure in this sample was confirmed by WAXS intensity 
maps (Fig. 2B). Overlapping reflections of(1 1 0), (0 4 0) and 
(130) planes are united in one equatorial peak at 
20 = 14.6 ~ , whereas a second broad peak exists at 
20 = 21.2 ~ In this partially ordered phase of iPP the 

individual chains mainta in  the threefold helical confo rma-  
tion and the chains are parallel. The packing of the chains 
perpendicularly to their axis is more disordered than  a long 
the axes, though  the relative displacements and or ienta-  
tions of neighbor ing chains are not completely random.  
Gailey and Rals ton [-21] and Gezovich et al. [22] sugges- 
ted the possibility that  this less ordered form of i P P  is 
composed of small crystallites of hexagonal  form, whereas 
Bodor  et al. [23] and Fa r row [ 24] assumed crystalli tes of 
monoclinic form. It was also suggested [20] that  the ra ther  
diffuse X-ray diffraction pat tern is associated with the 
occurrence of paracrystallinity. In our  opinion, the ~- iPP 
or monocl inic  form is present in cont inuously modera t e ly  
drawn multif i lament yarn  and the overlapping of equa to -  
rial reflections is the consequence of the b roaden ing  effect 
of very small or very imperfect crystallites. 

The small value (3.4 nm) of the lateral crystalli te di- 
mensions as determined from the half-width of the equa to -  
rial peak confirms the presence of small crystallites. Even if 
we were able to separate all three united equator ia l  reflec- 
tions, their intensities would be small, the values of half- 
width of peaks would be large, and so the crystalli te size 
would remain small. This implies that crystal size b roaden-  
ing may be considered to be responsible for the typical  
WAXS pat tern,  as also interpreted by Bodor  et al. [23]. 

Both highly discontinuously drawn mult i f i lament  
yarns show discrete reflections of e - iPP  crystal  s t ructure  
on the WAXS film pat tern  (Figs. 3A and 4A). This  typical  
pat tern of a well-oriented fibrous structure, with the above  
broad  equator ia l  maximum split up into na r rower  (1 1 0), 
(040) and (1 30) reflections is clearly seen on the WAXS 
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Fig. 2A WAXS film pattern (fibre axis vertical) and B WAXS intensity maps of continuously moderately drawn PP multifilament yarn 

Fig. 3A WAXS film pattern (fibre axis vertical) and B WAXS intensity maps of PP multifilament yarn discontinuously highly drawn at 
130 ~ 

intensity maps  too (Figs. 3B and 4B). Only  c-axis orienta- 
t ion of monocl inic  crystallites is present  in these two 
yarns.  

SAXS film pat terns  of  d rawn P P  mult if i lament yarns, 
together  with the measured  SAXS curve approximated  
with the calculated model  function, are shown in 
Figs. 5 and  6. The measured  SAXS curve of the oriented 
fibre is interpreted as a cross-sect ion function. By dividing 
it with the squared value of the scat ter ing vector  a fictive 
scat ter ing curve is calculated and then approx ima ted  with 
the model  function. The model  curves were calculated 
within a larger range of the scat ter ing vector  as was taken 
for the analysis of the scat ter ing curves; therefore, the 

deviation of the experimental  function from the calculated 
one at small values of the scattering vector appeared. (The 
lon9 period was determined in the range between 0.03 A 1 
and 0.18/k -1 for continuously moderately drawn yarn 
and between 0.02 ~ -  1 and 0.18 ~ -  1 for discontinuously 
highly drawn yarn.) Cont inuously  moderate ly  drawn yarn 
exhibits a two-point  pat tern  with weak intensity maxima 
on the meridian, corresponding to a long period of 
11.5 nm and a weak diffuse equator ia l  scattering (Fig. 5A) 
which indicates the presence of microvoids.  As seen on the 
SAXS film pattern of discontinuously highly drawn yarn 
no discrete meridional  small angle reflection appeared 
(Fig. 6A). 
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Fig. 4A WAXS film pattern (fibre axis vertical) and B WAXS intensity maps of PP multifilament yarn discontinuously highly drawn at 
145C 

Fig. 5A SAXS film pattern (fibre axis vertical) and B measured meridional SAXS curve of continuously moderately drawn PP multifilament 
yarn (xxxx) approximated with the model function ( - - )  

The absence of the meridional  reflection could be ex- 
plained by a dissolution of lamellar structure, assuming 
that  the regular a l ternat ion of crystalline and amorphous  
regions is disrupted on drawing by extension of the mo-  
lecular chains and subsequent  formation of voids. These 
crystalline and a m o r p h o u s  regions are now irregularly 
rearranged in adjacent microfibrils. As a result, there is 
a lack of sufficient scattering power, the difference in elec- 
t ron density decreases considerably,  which diminishes the 

intensity of the meridional  reflection. At the same time, 
very s t rong diffuse equator ia l  scat ter ing appears ,  due to 
inhomogeni t ies  in electron distr ibution.  A typical  "dia-  
m o n d "  shaped pat tern  indicates the presence of large voids 
e longated parallel to the f i lament axis. 

The apparen t  crystallite size and  long per iod of d rawn  
P P  mult if i lament yarns are presented in Table  2. As men-  
t ioned previously, the apparen t  crystallite size of cont inu-  
ously modera te ly  drawn yarn  is low, as well as the long 
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Fig, 6 A SAXS film pattern (fibre axis vertical) and B) measured meridional SAXS curve of PP multifilament yarn discontinuously highly 
drawn at 145 ~ (xxxx) approximated with the model function ( ) 

Table 2 Apparent crystallite size in the direction perpendicular to 
the planes (110), (040), (130) (marked L~ao, Lo4o, L13o) and to the 
planes (111), (041), (i 31) united in one peak (marked Lhk~) and long 
period (L) of continuously moderately and discontinuously highly 
drawn PP multifilament yarns 

Sample Lx~o L0a0 L13o Lhkt L 
(nm) (nm) (nm) (nm) (nm) 

Continuously 3.4* 5.0 11.5 
drawn at 50 ~ 
Discontinuously 8.2 9.4 7.6 7.0 22.9 
drawn at 130 ~ 
Discontinuously 8.9 9.5 8.0 7.1 29.6 
drawn at 145 ~ 

* Determined from the equatorial reflections (1 1 0), (0 4 0) and (1 3 0) 
united in one peak. 

period. With  addi t ional  hot drawing the size of crystallites 
and  the long per iod increases. The high values for the long 
periods, e.g, abou t  30 nm for yarn highly drawn at 145 ~ 
are only approx ima te ly  predicted values, because of the 
absence of discrete reflections, and were obta ined f rom the 
const ructed model  function. 

In order  to obta in  informat ion abou t  the average  size 
and  concent ra t ion  of the microvoids  the correlat ion length 
lc and  the volume fraction of microvoids  wl were deter- 
mined f rom the SAXS curves. For  cont inuously  moder-  
ately drawn P P  mult i f i lament  yarn the values obta ined  for 
the corre la t ion length lc = 25 nm and for the volume frac- 
t ion of microvoids,  wl -- 1.7%, are in the range of values 

reported for polymers.  Much  higher values of microvoid  
content and size were obta ined for discontinuously highly 
drawn multifi lament yarns. A value of lc = 41.3 nm and 
Wl = 10.5% was found for yarns drawn at 130~ and 
l~ = 40.5nm and wl = 11.5% for yarn drawn at 145~ 

Electron microscopy was used to examine in some 
detail the morphologica l  changes which occurred on draw- 
ing. In Fig. 7 surface features of moderately  and highly 
drawn filaments are shown. Continuously modera te ly  
drawn PP  multif i lament yarn remained t ransparent  after 
drawing. Under  the microscope,  filaments exhibited a 
smooth  surface, wi thout  any surface features (Fig. 7A). 
Discontinuously highly drawn yarns became visibly 
opaque after drawing. This "whitening" phenomenon  indi- 
cates the presence of great  m a n y  voids with magni tude  of 
the order of optical  wave length. Investigation of the 
surface by electron microscopy revealed craze-like mark-  
ings perpendicular to the fi lament axis (Fig. 7B). A craze 
can be defined as a zone spanned by aligned fibrils alter- 
nating with elongated void both  being parallel to the draw 
axis [25]. These planes correspond to the strain-induced 
"transverse lines" observed by optical microscopy.  The 
birefringence of these filaments could not be measured 
exactly, because of the m a n y  transverse lines present. 

Examinat ion of the internal texture by splitting and 
etching indicated that  morphologica l  changes were not 
restricted only to surface layers. While continuously mod-  
erately drawn filaments could not  be split without  exten- 
sive plastic deformation,  discontinuously highly drawn 
filaments could be split, because of low lateral cohesion of 
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Fig. 7 Electron micrographs of surface A of continuously moder- 
ately drawn PP multifilament yarn and B of PP multifilament yarn 
discontinuously highly drawn at 145 ~ 

Fig. 8 Electron micrographs of the internal structure of PP multifila- 
ment yarn discontinuously highly drawn at 145 ~ revealed by 
A splitting and B chromic acid etching 

the highly developed fibrillar structure seen in Fig. 8A. 
After 100 h chromic acid etching at room temperature, 
a bulk of the filament was etched, because of its highly 
voided structure, and only small platelets of acid resistant 
structure remained (Fig. 8B). 

The quantitative data summarized in Table 3 clearly 
show that differences exist between the structural char- 
acteristics of the continuously moderately and the dis- 
continuously highly drawn PP  multifilament yarns, i.e., 

crystallinity and molecular orientation were increased by 
further drawing. The degree of crystallinity, evaluated 
from WAXS curves and DSC-thermograms exhibits the 
same tendency of increasing with increasing draw ratio. 
On  the other hand, the crystallinity calculated from den- 
sity data does not show the same increasing tendency, 
because the distribution of microvoids th roughou t  the 
polymer matrix decreases the density of the discont inuous-  
ly highly drawn yarns, especially for yarn drawn at 130 ~ 

Table 3 Degree of crystallinity 
evaluated from WAXS curves 
(XwAxs), DSC thermograms (XDsc) 
and density data (XDENS~V), 
average molecular orientation (for), 
crystalline orientation (fcry) and 
amorphous orientation (famo) of 
continuously moderately and 
discontinuously highly drawn PP 
multifilament yarns 

Sample XWAXS XDSC XDENSITY for fcry f~mo 
(%) (%) (%) 

Continuously 25.5 43.9 40.5 0.778 0.856 0.591 
drawn at 50 ~ 
Discontinuously 38.5 52.6 16.8 0.883 0.906 0.773 
drawn at 130~ 
Discontinuously 43.5 54.1 42.0 0.895 0.913 0.836 
drawn at 145 ~ 
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The highest degree of  crystall inity was reached with 
yarn  discontinuously highly d rawn at 145 ~ A value of 
54% was determined f rom DSC-measurement .  This yarn 
also exhibits the highest molecu la r  or ientat ion (Table 3). 
The  average or ientat ion function, as well as the crystalline 
and  amorphous  or ienta t ion function increased with fur- 
ther drawing of the P P  mult i f i lament  yarn. The orienta- 
t ion function of the crystallite axis c increased in highly 
drawn yarns in compar i son  to the cont inuously moder-  
ately drawn yarn, and leveled off at high draw ratios, i.e., 
the difference between both  highly drawn yarns is in the 
range of the value's statistical deviation. The orientation 
function of a m o r p h o u s  chains behaves  differently, its value 
increases with the draw ratio. A high value of elastic 
modul i  is therefore associated mainly  with the orientation 
function of a m o r p h o u s  chains at high draw ratio. 

Conclusions 

High tenacity mel t -spun P P  mult i f i lament  yarns, with an 
elastic modulus  of 14.8 G P a  and dynamic  modulus  of 
1 9 G P a  could be p roduced  in a mult i-stage drawing 
process, using industrially feasible conditions. Excellent 
mechanical  propert ies  were a t ta ined with rapid cooling of 
extruded filaments, immedia te  three-stage drawing at 
50 ~ in a cont inuous spin-drawing process, which was 

followed by a slower discont inuous hot drawing at evi- 
dently the most  suitable tempera ture  of 145 ~ By blend- 
ing a CR-polymer  of sufficiently low molecular  weight 
with a small percentage of high molecular  weight polymer, 
maximizat ion of elastic modulus  at the given process con- 
ditions was achieved. The positive deviation reflected by 
the 90/10 fibre/plastic grade po lymer  from the values pre- 
dicted by the Kleiner's simplex equation, suggests good 
compatibil i ty of PP  polymers  of different molecular 
weight. 

PP  multifilament yarn produced  in a continuous spin- 
drawing process has an oriented "smectic" structure 
whereas discontinuously highly drawn yarns show a high- 
ly oriented fibrillar structure with only c-axis oriented 
monoclinic crystalline modificat ion present. In highly 
strained yarns, localized fibrillation resulted in the forma- 
tion of many  elongated voids and a craze-like structure is 
produced. The mechanical  propert ies  of highly voided 
fibrillar structure are good,  indicating that  in spite of the 
rather drastic changes in morpho logy  the load bearing 
units of the filament have main ta ined  their integrity. The 
improved mechanical  behavior  of these highly drawn 
yarns is related mainly to higher amorphous  orientation 
and to an increase in the fraction of taut  tie molecules, i.e., 
extended molecules which are bridging the amorphous  
layers and connecting the crystalline layers in microfibrils 
and between them. 
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