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Abstract

In this work, the tensile properties of polypro-

pylene �laments, made by a melt-spinning and 

drawing process optimized in order to increase 

the elastic modulus of the �laments, are pre-

sented. �e in�uence of molecular weight and 

the molecular weight distribution of the poly-

mer on the tensile properties of the �laments, 

spun from polymers of di�erent molecular 

weights with various composition ranges, was 

investigated. It was found that polypropylene 

�laments spun from a �ber-grade CR-polymer 

have better mechanical properties, when com-

pared with �laments spun from a plastic-grade 

polymer with a broader molecular weight dis-

tribution. �e characteristics of the �laments 

produced from binary blends are mainly de-

pendent on the prevailing polymer in the blend; 

however, the addition of the other polymer ex-

erts some in�uence as well. In both cases, a 

small percentage of added polymer improves 

the tensile properties of the �laments.

Keywords: polypropylene, polymer blend, te-

nacity, elastic modulus.
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1 Introduction

�e mechanical properties of �laments are 

primarily dependent on their supermolecu-

lar structure (orientation, degree of crystallini-

ty, crystallite size, the number of tie molecules, 

stability and perfection of crystalline structure), 

which is determined by the molecular weight 

and molecular weight distribution of the poly-

mer. In the past, many studies have focused on 

the dependence of the mechanical properties of 

melt-spun polypropylene (PP) �laments upon 

the molecular weight and molecular weight dis-

tribution of the polymer [1–8]. It is well known 

that the tensile strength and elastic modulus of 

�laments increase as the molecular weight of 

the polymer increases. Lu and Spruiell [4] have 

found that, for PP polymers of di�erent molec-

ular weights, a critical take-up velocity exists, 

below which the orientation of the macromol-

ecules grows rapidly, whereas above it, the ori-

entation varies slowly. �ey concluded that this 

take-up velocity is largely determined by the 

molecular weight of the polymer, upon which 

the viscosity is dependent. �e viscosity deter-

mines the spinline stress of the extruded poly-

mer, which, in turn, in�uences the structure of 

the melt-spun �laments. Minoshima [9] investi-

gated the impact of the molecular weight distri-

bution on the orientation of macromolecules in 

melt-spun �laments and found that the degree 

of orientation is higher in polymers with nar-

rower distributions. �e apparent spinline vis-

cosities of �laments spun at moderate and high 

inline draw-down values are higher, resulting 

in higher stress on the solidi�ed �laments and, 

consequently, higher levels of orientation. Re-

search [10–12] has shown that the degree of 

crystallinity and the speed of nuclei formation 

are increased by lowering the molecular weight 

of the polymer and that the crystallization speed 

increases for broader molecular weight distribu-

tions. Misra and colleagues [8] found that the 

degree of crystallinity increases with the take-

up velocity, particularly in polymers with nar-

rower molecular weight distributions, whilst 

polymers with broad distributions reached high 

levels of crystallinity, even at low speeds. On the 

basis of measurements of PP �laments spun at 

take-up velocities of up to 7000 m/min, Shimi-
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oblikovanja in tristopenjskega raztezanja potekali na laboratorijski 

predilno-raztezalni napravi, dodatno raztezanje v naslednji ločeni 
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2.1 Surovine in izdelava �lamentov
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-

-
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-
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kontinuirno) vroče raztezno preoblikovanje na laboratorijski raz-

-

-

zu and colleagues [13] have found that the bi-

refringence and elastic modulus began to rise 

more steeply at a take-up speed of 3000 m/min. 

As observed from the stress / extension data, 

this take-up velocity is the limit, a!er which 

yield points are no longer clearly visible.

�e molecular weight and molecular weight 

distribution of polymer molecules in melt-spun 

PP �laments also a�ect their stretchability in 

the drawing process. �e drawability of �la-

ments increases with molecular weight, reaches 

a maximum at Mv 67000–78000 and then re-

duces [11]. �e optimum drawing temperature 

increases with the molecular weight of the pol-

ymer, while the molecular weight distribution 

has less impact on the temperature dependence 

of drawing. �e drawability of �laments with 

broad molecular weight distributions is better 

than the drawability of �laments with narrow 

molecular weight distributions at temperatures 

lower than 80 °C, whereas at higher tempera-

tures, the impact of the molecular weight distri-

bution on the drawability is minimal.  Andreas-

sen and colleagues [14] have studied the impact 

of the molecular weight distribution of polymers 

on the tensile properties of drawn polypropylene 

�laments. It was found that polymers with dif-

ferent molecular weight distributions resulted 

in �laments with di�erent mechanical proper-

ties, depending on the draw ratio applied dur-

ing the drawing process. �e maximum elastic 

modulus and tensile strength at smaller draw 

ratios were achieved in �laments made from a 

polymer with a broad molecular weight distri-

bution. By increasing the draw ratio, the elas-

tic modulus and tensile strength increased, 

whereas the breaking extension decreased for 

�laments formed from polymers of both nar-

row and broad molecular weight distributions. 

Since the elastic modulus grew more quickly in 

�laments formed from a polymer with a nar-

row distribution, at higher draw rates, these �l-

aments exceeded the elastic modulus and ten-

sile strength of �laments made from a polymer 

with a broad molecular weight distribution.

As part of a wider research attempt to produce 

high modulus polypropylene �bers, the impact 

of molecular weight and molecular weight dis-

tribution on the tensile properties of �laments 

was explored. PP �laments were made with a 
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skupini N -

-

100N, 90N, 80N, 70N, 

60N -

rija vzorcev), ter 100N/130, 90N/130, 80N/130, 70N/130, 60N/130 

in 100N/145, 90N/145, 80N/145, 70N/145, 60N/145, ko gre za do-

-

Skupino U se-

-

-

ke 100U, 90U, 80U, 70U, 60U, 50U (prva serija vzorcev), doda-

100U/130, 90U/130, 

80U/130, 70U/130, 60U/130, 50U/130

100U/145, 90U/145, 80U/145, 70U/145, 60U/145 in 50U/145 (dru-

-

-

-

Table 1: Samples grouped by polymer and �lament manufacturing process 

discontinuous drawing process, where the com-

bination of melt spinning and three-stage draw-

ing was performed on a laboratory spin-draw 

device, with further additional drawing in a 

separate phase on a laboratory draw device. �e 

characteristics of both devices and the manufac-

turing process conditions of the �laments have 

been described in detail previously [15, 16].

2 Experimental

Ziegler-Natta polypropylene polymer: poly-

mer with a low melt �ow index (MFI = 2 g/10 

min), this is a polymer with a relatively high av-

erage molecular weight and a broad molecular 

weight distribution (M
W

 = 280,000 g/mol, M
W

/ 

M
n 
= 5); and polymer with a high MFI value (18 

g/10 min), this is a polymer with a lower aver-

age molecular weight and a narrow molecular 
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weight distribution (M
W

 = 210,000 g/mol, M
W

/ 

M
n 

= 3.2), the so-called CR-polymer. �ese were 

used for the manufacturing of �laments. From 

both polymers, mixtures in the following propor-

tions were prepared: 90/10, 80/20, 70/30, 60/40, 

50/50, 40/60, 30/70, 20/80 and 10/90 weight 

percent higher molecular weight polymer / CR-

polymer of lower molecular weight.

�e manufacturing of �laments was performed 

on a spin-draw device (Extrusion Systems Ltd.) 

with a spinning speed of 30.1 m/min for samples 

made with the higher mass �ow and 21.7 m/

min for samples made with the lower mass �ow, 

through a spinneret with ten holes, each with a 

diameter of 0.35 mm. A!er rapidly cooling the 

extruded �laments via cross�ow air quenching 

at a temperature of 6°C, a continuous drawing 

of �laments at the optimum drawing rate at a 

temperature of 50°C was performed. �e  three-

stage drawn �laments, drawn continuously at a 

moderate rate on the spin-draw device, were ad-

ditionally hot drawn on a laboratory draw de-

vice (Zimmer). Separate drawing of �laments at 

two di�erent temperatures, 130°C and 145°C, 

was performed with a hot plate to the limiting 

draw ratio. �e conditions of the manufacturing 

process have been detailed elsewhere [15, 17]. 

�e PP �laments, according to the dominant 

percentage of the polymer present, are divided 

into two groups. Group N is composed of the �l-

aments made from a polymer with a higher mo-

lecular weight and broader molecular weight 

distribution (Hostalen PPN 1060F) and from 

polymer blends with a prevailing share of this 

polymer (100N, 90N, 80N, 70N, 60N, for con-

tinuously, moderately drawn �laments (�rst set 

of samples) and 100N/130, 90N/130, 80N/130, 

70N/130, 60N/130 and 100N/145, 90N/145, 

80N/145, 70N/145, 60N/145 for additional-

ly, discontinuously drawn �laments at two tem-

peratures, 130°C and 145°C (second set of sam-

ples)). In these samples, the number designates 

the percentage of this polymer in the mixture. 

�e second group (group U) consists of �la-

ments made from the lower molecular weight 

polymer with a narrow molecular weight distri-

bution (Hostalen PPU 1780F2) and from poly-

mer blends with a prevailing share of this poly-

mer. Continuously, moderately drawn �laments 

from this group have the following names: 100U, 

brt

br

acbr
T

F

,

, = ;
br

t
brt

T
T

+

·
=

100

100
,



Natezne lastnosti polipropilenskih �lamentov

Tekstilec, 2008, letn. 51, št. 10–12, str. 283–299 

288

br
 

br
 

br,ac
 ε

br
 

sp,br
 

(J/g)
y
 E  

Table 2: Breaking load (F
br

), speci�c stress at break (σ
br

), real speci�c stress at break (σ
br,ac

), breaking exten-

sion (ε
br

), speci�c work at break (A
sp,br

), yield stress (σ
y
) and elastic modulus (E

0
) of continuously, moderately 

drawn and additionally, discontinuously drawn �laments.
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3.1.1 Neprekinjeno, delno raztezani �lamenti

-

-

-

-

vzorci 90U, 80U in 70U

vzorec 100U

-

vzorec 100U

-

vzor-

cev 90U in 80U vzorec 70U vzo-

rec 50U

-

d
vzorec 100U

d
-

-

vzorec 100N 

vzorcem 100U -

vzorci 90N, 80N in 70N

-

tržne raztezke; vzorec 90N vzorec 80N vzorec 70N

vzorca 50U in 

80N vzorec 

50U vzorec 80N

-

90U, 80U, 70U, 60U, 50U (�rst set of samples), 

additionally, discontinuously drawn �laments 

at a temperature of 130°C: 100U/130, 90U/130, 

80U/130, 70U/130, 60U/130, 50U/130 and at 

a temperature of 145°C: 100U/145, 90U/145, 

80U/145, 70U/145, 60U/145 and 50U/145 (sec-

ond set of samples).

�e tensile properties of the PP �laments were es-

tablished by a tensile test, by measuring the break-

ing load and breaking extension and recording 

the increasing load as a function of the increasing 

extension. Measurements were carried out on an 

Instron 6022 dynamometer, with an initial gauge 

length of 25 cm at a crosshead speed of 5.5 mm/s 

for the continuously, moderately drawn �laments 

(�rst set of samples) and at 1.6 mm/s for the ad-

ditionally, discontinuously drawn �laments (sec-

ond set of samples), so that the break occurred 

in about 20 seconds. �e viscoelastic and break-

ing properties, i.e., the yield point, elastic modu-

lus, stress at break, extension at break and speci�c 

work at break, were determined. 

3 Results and discussion

�e mechanical properties of �laments are the 

most important technical features, in�uencing 

the behavior of �laments in both processing and 

use. Among the mechanical properties, the ten-

sile properties, resulting from the response to 

external forces and deformation along the �b-

er axis, are very important. Under the action 

of tensile forces, stress occurs in the �laments 

as the �laments resist the external force. As a 

measure of the �lament`s tenacity, the specif-

ic stress, given by the ratio between the break-

ing load and linear density, is used. If the thin-

ning of the �lament during stretching is taken 

into account in calculating the speci�c stress 

at break, the corrected or real speci�c stress at 

break (σ
br,ac

), de�ned as the ratio between the 

breaking load (F
br

) and the linear density of the 

�laments, determined at the moment of break 

(T
t, br

) can be obtained (Eq. 1).

�e values of both stresses at break, together 

with the breaking extension and work at break, 

are presented in Table 2. 

o
,

lT

A
A

t

br
brsp

·
=
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-

-

3.1.2 Dodatno, ločeno raztezani �lamenti  

-

-

-

-

br

-

vzorec100U/145

br,ac

-

-

vzorca 70N/130 in 70N/145

-

-

br

br

-

-

nižji pretržni raztezek (ε
br

-

-

vzorec 90U/145

-

skupine vzorcev U

vzorcev iz 

skupine N

-

vzorec 90U/145

sp,br

3.2 Krivulja speci�čna napetost/raztezek

-

-

From Table 2, it can be seen that a di�erence 

between the speci�c stress at break and the ac-

tual speci�c stress at break occurs only in the 

moderately drawn �laments. In these �laments, 

the linear density at the moment of break is sig-

ni�cantly lower than the measured linear densi-

ty; the load is acting on a smaller cross section, 

which increases the tension in the �lament. In 

the additionally, discontinuously drawn �la-

ments, drawn to the limiting draw ratio, the 

linear density during stretching under a tensile 

load is only slightly reduced, resulting in only 

a small actual increase in tension in the �la-

ments. 

�e breaking extension of the �laments de-

creases with increasing drawing ratio and was 

measured for continuously, moderately drawn 

�laments to be between 50 and 110% and, 

for additionally, discontinuously drawn �la-

ments, between 9 and 20%. �e work at break 

is determined by the size of the area under the 

load / extension curve. Due to the in�uence of 

the length and linear density of the sample on 

the work necessary to break the �laments, it 

is more appropriate to use the speci�c work at 

break, (A
sp,br

), for comparison between the sam-

ples, which is calculated by Eq. 2, where A
br

 is 

the work at break, T
t
 is the linear density, and l

0
 

is the initial length of the �lament.

From Table 2, it can be seen that the specif-

ic work at break is higher in the continuous-

ly, moderately drawn �laments and is between 

130 and 215 J/g; whereas, in the additionally, 

discontinuously drawn �laments, the speci�c 

work at break is between 45 and 80 J/g.

3.1.1 Continuously, moderately drawn 

 �laments

�e speci�c breaking stress of �laments a!er 

continuous moderate drawing reaches values 

between 2.24 cN/dtex and 3.95 cN/dtex. �e 

calculated values of the actual speci�c stress at 

break, which take into account the thinning of 

the �laments during tensile testing, are much 

higher and range from 4.2 to 6.8 cN/dtex. �e 

�laments made from the polymer blends with a 

prevailing share of the higher molecular weight 

polymer have di�erent values of speci�c stress at 

break, despite having the same draw ratio (λ = 

20.2); the values are lower for higher additions 
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preglednici 2

-

-

preglednici 2

-

3.2.1 Neprekinjeno, delno raztezani �lamenti  

-

sliki 1 so prikazane krivulje nepre-

-

-

 vzorcema 100U in 100N

-

vzorec 100U), bolj raztezni kot drugi 

-

vzorec 100N), pa ne  

Figure 1: Speci�c stress/extension curves of continuously, moderate-

ly drawn �laments.

of the CR-polymer. �e addition of the higher 

molecular weight polymer to the lower molec-

ular weight CR-polymer increases the specif-

ic stress at break of the �laments (samples 90U, 

80U and 70U) to 3.95 cN/dtex. �is is consist-

ent with the increase in added polymer, com-

pared with the �laments made from 100% CR-

polymer (sample 100U), although the �laments 

made from the polymer blends were drawn at a 

lower draw ratio (λ = 15.3) than sample 100U 

(λ = 15.6)

�e three-stage continuously drawn �laments 

are still very extensible. �e highest breaking ex-

tension, 111%, was observed for sample 100U. 

�e addition of the higher molecular weight pol-

ymer to the lower molecular weight CR-polymer 

lowers the stretchability; the breaking extension 

of samples 90U and 80U was 80%, sample 70U 

had a 72% extension, and sample 50U had an 

extension of 54%. All the samples were drawn at 

the same draw ratio (λ = 15.3) as sample 100U 

(λ
ac

 = 13.9), with very similar actual draw ratios 

(determined from the ratio of linear densities) 

(λ
ac

= 14.2–14.5). In addition, in the �laments 

made from the polymer blends with a prevailing 

share of higher molecular weight polymer, the 

impact of the polymer is seen. Despite having a 

lower draw ratio (λ = 13) than sample 100U (λ 

= 15.6), sample 100N exhibited a lower exten-

sion at break, the �laments made from the pol-

ymer blends (samples 90N, 70N and 80N) have 

very di�erent extensions at break at the same 

draw ratio (λ = 20.2): sample 90N, 75%; sam-

ple 80N, 54%; and sample 70N, 64%. �e lowest 

extension of 54% was observed for samples 50U 

and 80N. �e �laments had the same break-

ing extension, although sample 50U was drawn 

with a draw ratio of 15.3, while sample 80N was 

drawn at a ratio of 20.2, which con�rms that 

the raw material (polymer) has an impact on 

the formation of the supramolecular structure, 

which, in turn, determines the breaking proper-

ties of the �lament.

Both the work at break and speci�c work at 

break of continuously, moderately drawn �l-

aments are high, which indicates that the �la-

ments are not very resistant. Higher values were 

measured for the �laments made from polymer 

blends with a prevailing share of the lower mo-

lecular weight CR-polymer.
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-

-

vzorca 60N in 60U

vzorcev 100U in 100N -

-

-

vzorcem 100U

-

vzorec 80N

o
vzorcem 90N (E

o

-

-

ki (E -

-

vanju je prirastek raztezka veliko večji kot prirastek napetosti in po 

) ter celo-

-

3.2.2 Dodatno, ločeno raztezani �lamenti 

-

sl. 2 -

sl. 3

-

-

-

vzorci skupine N

3.1.2 Additionally, discontinuously 

 drawn �laments 

Additional, separate drawing at high tempera-

ture strongly increases the speci�c stress at break 

of �laments. At a speci�c draw ratio (λ over 32), 

the �laments withstood stress values greater than 

7 cN/dtex; by further increasing the draw ratio, 

only a moderate increase in the speci�c stress, up 

to 8.2 cN/dtex, was achieved (Fig. 1). �e val-

ues of the real speci�c stress at break of the ad-

ditionally, discontinuously drawn �laments are 

between 8 and 9.5 cN/dtex, and are 9 to 14% 

higher than values of the speci�c stress. �e high-

est speci�c stress at break (σ
br

 = 8.22 cN/dtex) 

was observed in the �laments made from the 

lower molecular weight CR-polymer, addition-

ally drawn at 145°C (sample 100U/145). �e 

maximum real speci�c stress at break (σ
br,ac

 over 

9.4 cN/dtex) was measured in the additionally, 

discontinuously drawn �laments made from a 

blend of 70/30 weight percent of higher molecu-

lar weight polymer / lower molecular weight CR-

polymer (samples 70N/130 and 70N/145).

�e breaking extensions of the additionally, 

discontinuously drawn �laments are low; the 

�laments drawn at a temperature of 130°C 

range from 11 to 20%, and the �laments 

drawn at a temperature of 145°C range from 

9 to 18%. Filaments made from the lower mo-

lecular weight CR-polymer and polymer blends 

with a prevailing share of this polymer have a 

signi�cantly lower breaking extension (ε
br

 be-

tween 9 and 15%) than �laments made from 

the higher molecular weight polymer and poly-

mer blends with a prevailing share of the latter 

(ε
br

 between 14.4 and 19.7%), despite the fact 

that not all were drawn at a higher draw ratio. 

�is implies that the in�uence of the polymer 

is also seen in additionally drawn �laments 

drawn at the limiting draw ratio. �e low-

est extension (ε
br 

= 9%) was observed in �la-

ments made from the polymer blend consisting 

of 90% of the lower molecular weight CR-pol-

ymer and 10% of the higher molecular weight 

polymer with a broad molecular weight distri-

bution (sample 90U/145).

As additional drawing is carried out at high 

temperatures, the values of the work at break 

and speci�c work at break are signi�cant re-

duced, particularly those of the samples from 



Natezne lastnosti polipropilenskih �lamentov 293

Tekstilec, 2008, letn. 51, št. 10–12, str. 283–299 

-

vzorci sku-

pine U -

vzorcev skupine U raztezani 

N

-

-

-

Figure 3: Speci�c stress/extension curves of additionally discontinu-

ously drawn �laments, drawn at the temperature of 145 °C. 

Figure 2: Speci�c stress/extension curves of additionally, discontinu-

ously drawn �laments, drawn at a temperature of 130 °C. 

-

-

-

group U. �e samples from group U have low-

er values of work at break and speci�c work at 

break than the samples from group N. �e �la-

ments drawn at a temperature of 145°C made 

from the polymer blend of 90/10 lower molec-

ular weight CR-polymer / higher molecular 

weight polymer (sample 90U/145) are the least 

extensible and of low toughness of all the sam-

ples (A
sp,br

 = 44.7 J/g).

�e shape of a speci�c load/extension curve is 

largely dependent on the molecular structure of 

the material. �e elastic modulus, which is giv-

en by the ratio of the speci�c stress and the rel-

ative extension, i.e., by the tangent of the angle 

between the initial region of the speci�c stress/

extension curve and the abscissae, is an impor-

tant characteristic of a material. It determines 

the initial resistance of the �lament to stretch-

ing. �e elastic modulus values given in Table 

2 were determined from the initial region of the 

curve, as the maximum of the �rst derivative of 

the curve [18].

Another important characteristic that can 

be determined from the speci�c stress/exten-

sion curve is the yield point. �e yield point is 

a point on the speci�c stress/extension curve 

that is observed beyond the proportional elas-

tic region, where permanent deformation of the 

�lament is initiated. It is de�ned by the stress 

and extension. �e yield stress values are given 

in Table 2. �e yield stress is higher in the con-

tinuously, moderately drawn �laments, where 

the material is still very extensible. �e onset 

of yield occurs at an extension of 7–8%. In the 

additionally drawn �laments that are drawn to 

the limit, the permanent deformation begins at 

low extensions of 0.5 to 1.5%.

3.2.1 Continuously, moderately 

 drawn �laments 

�e curves of the continuously, moderate-

ly drawn PP �laments show a marked yield 

point in the initial region of elastic behavior, fol-

lowed by viscoelastic, particularly plastic, be-

havior, with the stress slowly growing until the 

break point. �e �rst derivative, which repre-

sents the modulus, �rst falls sharply and then, 

a!er reaching a minimum, slowly grows until 
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Figure 4: �e speci�c stress at break of the additionally, discontin-

uously drawn PP �laments, depending on the draw ratio (nominal 

and actual). 

the break point. Figure 1 below shows curves of 

continuously, moderately drawn �laments from 

both sample groups. �e shapes of the curves are 

similar for all the samples throughout the en-

tire deformation range, especially for the �la-

ments formed from polymer blends. �e simi-

larity of the curves indicates that the �laments 

have similar responses to tensile load, regard-

less of the polymer blend from which they were 

made. �e �laments made from polymer blends 

di�er from the �laments made from 100% pure 

polymer in that they reach higher levels of spe-

ci�c stress at the same extension, as compared 

with samples 100U and 100N. �e latter two 

samples di�er in that the �laments made from 

the lower molecular weight CR-polymer (sample 

100U) are more extensible than the other sam-

ples and break at signi�cantly higher extensions. 

�e �laments formed from the higher molecu-

lar weight polymer (sample 100N) do not exhib-

it such an abrupt decrease in the speci�c stress 

beyond the yield point and show a smaller stress 

increase, as compared to the other �laments un-

til the break point. �e curves of �laments con-

sisting of a 40% share of the second polymer in 

the blend (samples 60N and 60U) di�er from 

those of the other samples. �e curves of these 

two �laments lie between the curves of samples 

100U and 100N and the curves of the �laments 

made from the other polymer blends. 

�e elastic moduli of the continuously, moder-

ately drawn �laments are low, with values from 

1.77 to 3.12 GPa. Correlation with the draw ra-

tio, determined by the stages of production, is 

low. For the �laments made from the polymer 

blends consisting of higher molecular weight pol-

ymer added to the lower molecular weight CR-

polymer, the elastic modulus increased, as com-

pared to sample 100U, from 1.93 to 3.12 GPa, 

despite being formed at a slightly lower drawing 

ratio. In addition, the elastic modulus increased 

with the addition of the CR-polymer to the high-

er molecular weight polymer; sample 80N has 

a higher modulus (Eo = 2.9 GPa) than sample 

90N (Eo = 2.4 GPa), even though the two sam-

ples were drawn at the same draw ratio.

�e speci�c stress at yield, with values ranging 

from 0.9 to 2 cN/dtex, is high, as it is near 50% 

of the speci�c stress at break. For all the contin-

uously, moderately drawn �laments, the resist-
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drawn PP �laments, depending on the draw ratio. 

Figure 6: �e speci�c work at break of the additionally, discontinu-

ously drawn PP �laments, depending on the draw ratio. 
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ance to drawing was greatly reduced a!er the 

yield point. Immediately a!er the yield point, 

the �laments are deformed without increasing 

the stress. In most of the samples, even a reduc-

tion in stress is present with the deformation, 

and the modulus at the �rst turning point (E1), 

which represents the lowest value of the modulus 

a!er the yield point, reaches a negative value. As 

the deformation process continues, the increase 

in extension is much higher than the increase in 

stress; from the shape of the curve, it can be seen 

that the majority of this deformation is non-re-

coverable. �e obvious strengthening of the ma-

terial that occurs during the tension test is not 

present, and the absence of a maximum of the 

�rst derivative, which represents the modulus 

at the second turning point (E2), i.e., the modu-

lus of strengthening, con�rms this. �e low val-

ues of the elastic modulus and the modulus at 

the �rst turning point (E1) and the overall curve 

show that the �laments exhibit little resistance 

to deformation under the in�uence of tensile 

load and are still very extensible.

3.2.2 Additionally, discontinuously 

 drawn �laments

�e shapes of the curves of additionally, dis-

continuously drawn �laments are typical for 

strongly drawn �laments, with a short initial 

elastic area without a clearly marked yield point 

and a transition to viscoelastic behavior with a 

steeper increase in speci�c stress occurring with 

the extension until the break point. �e �rst de-

rivative of the curve sharply drops, then slowly 

and constantly decreases until the break point.

�e �laments drawn at a temperature of 130°C 

(Fig. 2) show curves similar to those of the �la-

ments drawn at a temperature of 145°C (Fig. 3). 

�e latter, which were drawn at a higher draw 

ratio, are more resistant to the action of the ten-

sile load and are less extensible than the �la-

ments made from the same polymer blend, ad-

ditionally drawn at a lower temperature and 

lower draw ratio. �e curves of the �laments 

made from the higher molecular weight polymer 

(samples from group N) di�er more with each 

other than the �laments made from the polymer 

blends with a dominant share of the lower mo-

lecular weight CR-polymer (samples from group 

U). �e curves of the latter are steeper and short-
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continuously drawn

er than the curves of the �rst group, although 

some �laments in group U were drawn at a low-

er draw ratio than the �laments of group N. At 

both drawing temperatures, the curves of the �l-

aments made from polymer blends of 100%, 

90%, 80% and 70% lower molecular weight CR-

polymer are steeper and have a similar shape. 

�is group is followed by a second group, which 

is made up of �laments formed from 60/40, 

50/50, 30/70 and 10/90 lower molecular weight 

CR-polymer / higher molecular weight poly-

mer, which achieve similar high values of stress 

at higher extensions. �e shapes of the curves of 

these �laments are similar. �at indicates that 

they will exhibit similar responses to the action 

of a tensile load, although the draw ratios with 

which they were made vary greatly.

Additional drawing at high temperature, which 

signi�cantly reinforces the �laments and reduc-

es their stretchability, greatly increases the elas-

tic moduli of the �laments. PP �laments drawn 

at a temperature of 130°C have modulus val-

ues of 7.15 to 12.3 GPa, while �laments drawn 

at a temperature of 145°C have modulus values 

ranging from 9.65 to 14.8 GPa. For both draw-

ing temperatures, the moduli are higher in the 

�laments made from the polymer blends with a 

prevailing share of the lower molecular weight 

CR-polymer and, in some cases, even reach 

higher values than those achieved in �laments 

made from the polymer blends with a domi-

nant share of the higher molecular weight pol-

ymer, although the latter were drawn at a high-

er draw ratio. �e highest elastic modulus (Eo = 

14.8 GPa) was observed in the �laments drawn 

at a temperature of 145°C, made from the poly-

mer blend consisting of 90% of the lower molec-

ular weight CR-polymer and 10% of the higher 

molecular weight polymer with a broad molecu-

lar weight distribution (sample 90U/145).

Additionally drawn �laments drawn at 130 and 

145°C do not have an apparent yield point or 

an abrupt transition from elastic to viscoelas-

tic behavior in the curves, with a sharp reduc-

tion in resistance to extension, which is deter-

mined by the modulus at the �rst turning point 

(E1), and do not show signi�cant strengthening 

or increased resistance to extension, given  by 

the modulus at the second turning point (E2). 

�e speci�c stress and associated extension are 
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lower than those of the continuously, moder-

ately drawn �laments (Fig. 2). �us, the spe-

ci�c stress ranges from from 0.6 to 1.4 cN/dtex, 

which does not constitute 15% of the value of 

speci�c stress at break. �e speci�c stress / ex-

tension curves constantly rise; the increase in 

speci�c stress is rapid until the break point.

 

 properties and drawing ratio

�e linear correlation of the speci�c stress of the 

additionally, discontinuously drawn �laments 

with the draw ratio and the actual draw ra-

tio is relatively high (r
xy

 from 0.69 to 0.88) at 

both drawing temperatures, while for the con-

tinuously, moderately drawn �laments, no cor-

relation is found. A similar situation occurs for 

the correlation between the real speci�c stress at 

break and the draw ratio, except that the corre-

lation coe'cient is slightly lower. From Figure 

4, it can be seen that, for the additionally, dis-

continuously drawn �laments, the speci�c stress 

at break and the real speci�c stress at break in-

crease linearly with the draw ratio for the sam-

ples from group N, while the samples from 

group U achieve a high speci�c stress even at 

lower draw ratios and then show only a slight 

increase with the draw ratio.

�e liner correlation of the breaking extension 

of the �laments with the draw ratio at each 

processing stage is very low (r
xy

 between –0.44 

and –0.52), since the breaking extension of the 

�laments depends not only on the draw ratio, 

but also on the molecular structure of the pol-

ymer, the processing conditions and the relat-

ed supramolecular structure of the �laments. 

From Figure 5, it is clear that for the addi-

tionally, discontinuously drawn �laments, the 

breaking extension decreases linearly with the 

draw ratio.

In addition, a linear correlation between the spe-

ci�c work at break and the draw ratio at each 

processing stage is not found. From Figure 6, it 

can be seen that for the additionally, discontin-

uously drawn �laments from the samples from 

group U, the speci�c work at break decreases with 

the draw ratio, while those of the samples from 

group N show no correlation with the draw ratio.

�e elastic modulus of the �laments increas-

es with increasing draw ratio. In both groups 
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of samples, the mutual dependence of the elas-

tic modulus and the draw ratio, calculated sep-

arately for each group of samples, including 

all phases of production in each group, is very 

high (r
xy

 = 0.97). Similar to the speci�c stress at 

break, the linear correlation determined at each 

level of the production process does not exist for 

the continuously, moderately drawn �laments; 

in the additionally, discontinuously drawn �la-

ments, the draw ratio has a greater impact, it 

exhibits a correlation with the elastic modulus: 

r
xy

 = 0.7 at a temperature of 130°C and r
xy

 = 0.6 

at a temperature of 145°C. �e elastic modulus 

of the additionally, discontinuously drawn �la-

ments increases with increasing draw ratio for 

both groups of samples (Fig. 7). High linear cor-

relation exists between the elastic modulus  and 

factor of average molecular orientation, which 

can be seen in Figure 8. As the orientation of 

macromolecules increases the elastic modulus 

of �laments increases too.

4 Conclusion 

Filaments made from a polymer blend with a 

prevailing share of the lower molecular weight 

CR-polymer (samples from group U) exhibited 

a high elastic modulus and speci�c stress and a 

low extension at break.  Filaments made from 

polymer blends with a prevailing share of the 

higher molecular weight polymer with a broad-

er molecular weight distribution (samples from 

group N) achieved a similar high speci�c stress 

at break but at a higher breaking extension.

�e di�erences in the mechanical properties of 

the �laments made from the di�erent polymers 

are great for both drawing temperatures. Sam-

ple 100N/145, with a tensile tenacity of 6.91 

cN/dtex and a breaking extension of 16.4%, ex-

hibited an elastic modulus of 9.65 GPa; sample 

100U/145, at a breaking extension of 9.65%, 

showed a tenacity of 8.22 cN/dtex and an elas-

tic modulus of 13.6 GPa, which is about 4 GPa 

greater than the modulus of sample 100N/145. 

�us, sample 100U/145 can be regarded as a 

high-modulus, high-tenacity polypropylene �l-

ament. In both cases, the addition of another 

polymer improves the mechanical properties of 

the �laments. �e maximum attainable draw 

ratio, the structure and the properties of the 
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�laments are primarily dependent on the pre-

vailing polymer, though the added polymer has 

some in�uence. For the �laments made from a 

blend with a prevailing share of the higher mo-

lecular weight polymer with a broader molecu-

lar weight distribution (samples from group N), 

the draw ratio increased signi�cally with the 

addition of the lower molecular weight CR-pol-

ymer. �is increase, observed at both drawing 

temperatures, is higher at a 10% addition of the 

latter polymer. Consistent with the higher draw 

ratio, the mechanical properties of the �laments 

are improved; the speci�c stress at break and 

the elastic modulus increase. For the �laments 

made from blends with a prevailing share of the 

lower molecular weight CR-polymer (samples 

from group U), a small addition of the higher 

molecular weight  polymer (10 and 20%) did 

not signi�cantly reduce the draw ratio. Great-

er improvement of the �lament`s properties oc-

curred with the smaller (10%) addition of the 

higher molecular weight polymer to the low-

er molecular weight CR-polymer, as compared 

to a 20% addition. Sample 90U/145 is distinct 

from the other samples in its elastic modulus 

value. With a value of 14.8 GPa, this sample 

represents the highest elastic modulus achieved 

in the context of this study.

Our research has con�rmed that the structure 

of drawn melt-spun PP �laments depends on 

the molecular weight and molecular weight dis-

tribution of the polymer. It was established: 

– that the orientation of macromolecules is 

higher in the �laments made from the poly-

mer with narrow molecular weight distribu-

tion,

– that the drawability of the �laments made 

from the polymer with broad molecular 

weight distribution is greater than drawabil-

ity of the �laments made from the polymer 

with narrow molecular weight distribution at 

the drawing temperature of 50°C, whereas the 

impact of the molecular weight distribution 

at 130 and 145°C is minimal, 

– that at high draw ratio the �laments made 

from the polymer with narrow molecular 

weight distribution exceed the elastic mod-

ulus and tensile strength of the �laments, 

made from the polymer with broad molecular 

weight distribution.


