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ABSTRACT

Effects of cold-drawing and heat-setting on some aspects of mechanical

properties and structural parameters of polypropylene filaments spun at 3500
mlmin are examined . Similar to the yam produced at low speeds, drawing

changes the structure and properties of the filaments . Heat-setting increases

the compactness and uniformity of micro-fibrilar structure of the filaments.

Crystalline fraction as determined by the change in density and molecular
orientation as measured by birefringence increase with the increase in draw

ratio . True strength does not change considerably, but nominal strength

increases and the breaking-extension decreases with draw ratio and heat-
setting treatment . The temperature of the onset of melting as indicated by

DSC examination does not effect considerably by drawing and heat-setting.
The increase of crystalline fraction as measured by density is not in

accordance with the results of the crystalline fraction measurement by X-ray

diffraction . The trend in increase of crystallinity determined by DSC agrees

with the increase of crystalline fraction determined by density.
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INTRODUCTION

Polypropylene fibres, commercially produced at low

speeds, are now an important class of textile fibres . In

the production of polypropylene fibres, continuous

filaments are first formed by melt spinning, and these

filaments are then drawn . The structure and properties

of the final production are determined by the details
of both production steps (spinning, drawing and heat-

setting) and the properties of the resin used [1-3] .

A considerable amount of research has been
carried out with the aim of improving fibre properties,

developing fibres for special applications and reducing
the production costs. Experimentally, the properties of

the fibres are related to both polymer characteristics
(molecular weight distributions), spinning and process-

ing conditions [3-9].
The fibres produced at high speed have a

structure different from those produced at low speeds

[3, 5, 7, 9] . Of particular importance the nominal
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strength, breaking elongation, elastic recovery and
modulus along with the structural parameters such as
crystalline fraction, crystalline morphology and orien-
tation of the fibres change with the spinning speed [3,
9] . The change in the properties is a result of the
change of fibre structure that is brought about by the
excessive stress at solidification state of high speed
spinning process [3, 7, 9].

The effects of cold-drawing and heat-setting of
polypropylene fibres produced at low speed have been
the subject of different works [2, 8] . For the yarn
produced at take-up speed of 200 m/min, cold-
drawing causes the increase in molecular orientation
and it disturbs the monoclinic crystalline structure [8].
There is a considerable interaction between filament
spinning parameters and drawing conditions.

Improvement of filament strength by using
separate stage of drawing and zone drawing is report-
ed [10—13] . Concerning the effects of drawing on the
properties of the filament yarns, produced at higher
speeds, little information is available . Extensive study
of drawing of polypropylene filaments by Nadella et
al . [8] indicates that there are various views of
structural changes in the filaments.

The present paper deals with polypropylene
filament yarns produced at a medium speed of
3500 m/min . At this speed the filaments undergo
considerable amount of stresses during solidification.
Effects of cold-drawing and heat-setting on the
properties of filament yarns are explained.

EXPERIMENTAL.

Melt Spinning and Drawing Condition
Polypropylene granules were supplied by Arak
Petrochemical Company, Arak, Iran, known as V30S
type with nominal melt flow index (MFI) =16 . The
polymer was converted to filaments by a Fourne-
Automatic melt spinning unit (pilot plant of Synthetic
Fibre and Textile Research Center) [14] . Yam spin-
ning parameters are shown in Table I . The yarns have
36 filaments with circular cross-sections [15].

The filament yams were drawn by an Instron
tensile tester with the gauge lengths of 10 cm at the

Table 1 . Spinning parameters.

Parameters Values
Feed pump speed (RPM) 15
Take up speed (mlmin) 3500
Linear density (texfflament) 9.9
Melt temperature (C) 150

cross-head speed of 5 Gm/min at room temperature.
The draw ratios l were defined as the ratio of final
length Lf to the original length Ls of the samples
(k,=Lf / Lo). The draw ratios used were 1 .5, 2, 2 .5, 3
and 3 .5 . The drawn fibres were heat set at 140 'C in
an air heated oven at constant length immediately
after drawing [15].

Characterization
A polarizing microscope (Carl Zeiss Jena, Germany)
equipped with a calibrated filar micrometer eyepiece,
was used for the measurement of filaments diameters
and birefringence . The average diameters of the
filaments were measured on more than 10 sections.
Birefringence was measured by Becke's line method
using Cargille standard liquids for the measurement
of refractive indices [15,16].

Load-elongation curves of the single filaments
were measured by a constant rate of elongation strength
tester, Fafegraph, Textechno, Germany . Strength was
calculated from load extension curves. The nominal
strength (NS) was calculated using equation : NS =

BIT1 , and the true strength (TS) was calculated by : TS=
B/T 2 or rS=BI(T t /(I+E/Ioo)), where B is the breaking
load, T l is the linear density of the filament at zero
extension, T2 is the filament linear density at the time of
rupture and E is the percent breaking-extension [12].
The linear densities of the filaments were measured by
a single fibre linear density tester (Vibromat M, Texte-
chno, Germany).

The bulk densities of the filaments were deter-
mined by a density gradient column using a mixture
of water and ethanol at 23 'C . The crystalline fraction
of the samples were then estimated using the
expression : %X=100xpex(p—p,,,,)!px(p .—paa,), where p
is sample density and p .=0.936 g/mL, and pas =

0 .858 g/mL are the densities of crystalline and
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amorphous polypropylene, respectively [16].
The yarn shrinkages were measured after heat-

ing a freely hanged length of yarn in an oven at 120 'C
for 15 min. The yarn shrinkage was calculated by : %
Shrinkage–%S –((Ll–L2 )/L ) )x 100, where L, is the
length of yam before and L 2 is the length of yarn after
heating in the oven.

To obtain wide angle X-ray diffraction
spectrum an X-ray spectrometer, Jeol JDX-8030, was
used. The radiation used was Ni filtered CuKa with
the wavelength of 1 .54 A. Melting temperatures were
measured by a differential scanning calorimeter
(Polymer Laboratories PL-DSC, England) . The
samples were heated at the rate of 10 'C/min and the
heating range was 20–200 C . Crystalline fraction
index was calculated by : % X= OH//H• where is
the enthalpy of the sample and Al? is the enthalpy
of 100% crystalline sample of polypropylene, that is
165 Jig [17].

RESULTS AND DISCUSSION

As-spun Filaments Properties
The as-spun filaments properties are summarized in
Table 2 . Nominal strength, breaking elongation,
birefringence, and the density of filaments are
considerably different from polypropylene filaments
usually produced at low speeds . The results of the
previous works show that the nominal strength,
birefringence and densities vary monotonically with
the spinning speed [3, 5–7].

Depending on the polymer grade and spinning
speed (50–600 mlmin) used nominal strength of the
filaments produced by Nadella et al . [7] varied
between 4 to 18 cN/tex and breaking-extension varied

Table 2. As-spun filament properties.

Properties Values
Nominal strength (cNltex) 17.4
Breaking-extension (%) 304 .1
Density {glrnL) 0 .913
Birefringence (ANx1000) 20 . 9
Hot air shrinkage (%) 3 .12

between 500 to 1500 % . The birefringence of the as-
spun filaments produced at 600 m/min were 0 .002,
that is less than the birefringence of the yam produced
at present work . This difference is due to the higher
take-up speed and resin properties . Studying the
possibility of the production of fine linear density
filaments, Fan et al . [5], produced yam at take-up
speeds 1000 to 6000 m/min . The nominal strength of
yams produced at 3000 m/min was 30 cNltex [5] . The
birefringence varied from 0 .007 to 0 .019.

In a study of the influence of resin character-
istics on high-speed melt-spinning of isotactic poly-
propylene, Lu and Spruiell [3] produced yarn at the
take-up speed of 1000 to 6000 m/min . Depending on
the take-up speeds, the nominal strength varied
between 10 to 40 cNltex and the birefringence varied
between 0 .005 to 0 .025 . Misra et al . [6] studied the
influence of molecular weight distribution on the
structure and properties of polypropylene fibres at the
take-up velocities of 800–4000 m/min . Depending on
the velocities and the resin used the filament densities
varied between 0 .8995–0 .9032 g/mL and the birefrin-
gence varied from 0 .0179 to 0 .0215.

Figure 1 shows a representative load-elongation
curve of the as-spun filament yams. Force increases
linearly with elongation and then there is a reduction
of the slope . The data obtained from several load
elongation curves were analyzed by the least square
methods [18] . It was found that the shape of the

Elongation (%)

Figure 1 . Load-elongation curve of as-spun filament yam.
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curves of load vs . percent elongation can be appro-
ximated by an equation in the forms of L=KxE02s

where L is the load, E is the % elongation and K is a
constant. The correlation coefficient was R 2=0 .9 . This
means that the elongation was proportional to the
fourth power of the force.

The load-elongation curves do not show neck-
ing of filaments in extension . The localized self
heating which is very significant during cold-drawing
of melt spun nylon and polyester does not soften the
polypropylene high-speed-spun filaments . The lack of
prominent necking during extension at room temper-
ature in polypropylene filaments is also reported by
Nadella et al . [7, 8], and Fan et al [5], where the
filaments during solidification were under stress.
Only the filaments spun under low stress conditions
exhibited a yield drop and necking elongation [7].
The filaments spun at high stress exhibit neither yield

too
Elongation (%)

Figure 2 . Load-elongation curve of drawn filament yarn
A=3 .5.

drop nor any noticeable neck . Considering that the
glass transition temperature of polypropylene is well
bellow room temperature, in the absence of crystal-
linity the behaviour of the material should be rubbery.

Filaments produced under sufficient tension are
crystalline and probably with micro-fibrilar structure.
Then in the medium spun filaments, produced in this
work, the absence of neck is related to the crystalline
morphology of the polypropylene filaments.

Structural features of the as-spun filaments
along with the effects of drawing and heat-setting are
discussed in the following sections.

Effects of Drawing and Heat-Setting
Load-elongation Curves
Drawing and heat-setting affect considerably the
general behaviour of the load-elongation of the
filaments. Figures 2 and 3 show the representative
load-elongation curves of a drawn and a drawn-heat-
set samples, both with the draw ratio of 7=3 .5.
Comparison of the Figures 2 and 3 indicates that heat-
setting does not change the general shape of the
curves of the drawn samples . Comparing Figures 2
and 3 with Figure 1 it can be concluded that the
drawing operation only removed the portion of the
curve with the lower slope, leading to the lower
breaking-extension . Analyzing the data obtained from
several load elongation curves, it indicates that the
shape of the curves of load vs . percent elongation can
be approximated by an equation in forms of L=K' x E
where L is the load, E is the % elongation and K' is a
constant. The correlation coefficient was R2– 0 .95.
This means that, up to the point of rupture the
elongation becomes approximately proportional to the
force .

Drawing and heat-setting have considerable
effects on the average nominal strength . The increase
of nominal strength with draw ratio is shown in
Figure 4 . Regression analysis [18] shows that the
nominal strength vs. draw ratio follows a linear
equation in forms of: NS i = --4 .933+17 .78 x 7, (with
correlation coefficient of R 2=0 .92) for drawn yarn and
NS2 -5 .84+21 .5 x 7, (with correlation coefficient of
R2=0 .996) for drawn heat-set yarn, where NS is the
nominal strength, subscripts 1 and 2 refer to drawn

z
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and heat set, respectively, and 7L is the draw ratio.
Figure 5 shows the effects of draw ratio on the

average of breaking-extensions of the filaments. The
breaking-extension decreases with the draw ratio,
which indicates that the true strength may not have
changed considerably by drawing.

The effects of draw ratio on the true strength are
shown in Figure 6 . Although there is a considerable
scatter in the data, it appears that the greater true stress
at break can be achieved by drawing with filaments
produced at the speed used in this work . Heat-setting
increases the nominal strength and decreases the
breaking-extension and the true strength. The increase
of the nominal and true strength with draw ratio is
possibly due to the increase of molecular orientation
which will be shown later.

100
Elongation (%)

Figure 3. Load-elongation curve of drawn (1=3 .5) and heat-
set filament yam.
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Figure 4 . Effects of draw ratio on the filaments nominal
strength.

Linear Density
Linear densities of the samples of filaments were
measured before drawing and a few hours after
drawing. These filaments are referred to as-spun and
as-drawn, respectively. Samples of filaments were
heat set immediately after drawing and their linear
densities were measured . These filaments were
referred as heat-set filaments . Also the linear density
of the filaments (LD) is calculated by : LD = Ld,,IX,

where LD p is the linear density of as-spun filaments
and X is the draw ratio.

350

Figure 5. Effects of draw ratio on the % breaking-extension
of the filaments.
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Figure 7 shows the effect of the draw ratio on
the linear density of as-drawn and heat-set filaments.
In addition to the experimentally determined average
values of the linear densities of the drawn filaments
the results calculated from the above equation are also
indicated as calculated values . For as-drawn filaments
the calculated linear densities are less than the
measured linear density . This difference is due to the
filament contractions after drawing . Considering the
load-elongation curves of as-spun filaments (Figure 1)
and converting the draw ratio to percent elongation, it
seems that the retractive forces are in effects even at a
draw ratio close to the breaking elongation.

For the heat-set filaments the difference between
calculated linear densities and measured linear
densities are not significant . Heat-setting reduces the
recovery, and it stabilizes and sets the structure. As
shown in Figure 7 the amount of recovery of as-drawn
filaments after drawing decreases with draw ratio . This
means that there are more permanent mechanisms
available to the structural entities formed during the
drawing than the original structure . Heat-setting
removes the mechanisms responsible for recovery.
During drawing deformation, non-crystalline chains
become highly strained, heat-setting relieve the stressed
chains and set them in a new stable structure.

DeCandia et al . [19] studied the shrinkage and

105

A As-drawn
q Heat-set
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Figure 6 . Effects of draw ratio on the filaments true
strength .
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Figure 7 . Effects of draw ratio on the linear density (tex) of

the filaments.

refractive forces of drawn isotactic polypropylene
during heating . According to DeCandia et al . [19] the
shrinkage below 100 'C is a sign of the intrinsic
instability of drawn materials . At room temperature it
is a part of the aging process and crystallization that
could continue over months and years.

Birefringence and Shrinkage
Figure 8 shows the effects of draw ratio on the con-
current changes in birefringence and hot-air-shrinkage
of the filaments . Birefringence is related to the
molecular orientation through the Hermann orient-
ation factor. The drawn samples are unstable, and by
increasing the temperature in shrinkage experiments,
the chain mobility increases, leading to the reduction
in sample length . Shrinkage along birefringence
increases with draw ratio, which indicates that the
molecular orientation produced by drawing may be
responsible for the shrinkage.

This behaviour is similar to the yarns produced
at low speeds. For filaments produced at low speed,
Nadella et al . [8] observed the increase of birefring-
ence of cold and hot-drawn polypropylene filaments
with draw ratio . With increasing draw ratio the
birefringence first increased and then leveled off.

Crystalline Fraction
Figure 9 shows the effects of draw ratio on the density

31 .5 3 .52

	

2.5

Draw ratio

10

8

n As-drawn
q Calculated

Heat set
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and the calculated crystalline fraction from the
density measurements . Drawing and heat-setting, as
expected increase the bulk density of the filaments.

Figures l0a shows the X-ray spectrogram of as-
spun filaments, indicating a monoclinic crystalline
form. This form is common for the crystalline
morphology of drawn polypropylene fibres [20].
Comparing the spectrogram of as-spun filament with
those of Wang et al . [10,12] produced at low speed,
where only a broad peak was observed, it can be
concluded that spinning at this speed produced
filaments with crystalline structure.

Figures 10 6 and 10, show the spectrogram of
drawn A=1 .5 (Figure 106 ) and A.=3 .5 (Figure 10,)
filaments . The spectrogram of the heat-set drawn
filaments are shown in Figures 10d,. The area under
the peaks were measured and compared. Drawing and
heat-setting does not affect the area under the peaks
that represent crystalline fraction . Then the increase
of crystalline fraction as measured by density is not in
accordance with the results of the crystalline fraction
measurement by X-ray diffraction.

This sort of discrepancy between the results of
crystalline fraction determination from density

a
a 15
C

m
10

20
1 .5

	

2

	

2 .5

	

3

	

3 .5
Draw ratio

Figure 8. Effects of draw ratio on the shrinkage and
birefringence of the filaments.

Figure 9 . Effects of draw ratio on the density and the
calculated crystalline fraction.

measurement and X-ray diffraction method is not
unusual . Stern and Segerman [21] reported the
increase of density upon drawing polypropylene
fibres where the crystalline fraction determined by X-
ray diffraction remained constant. This difference led
the authors [21] to propose the existence of
intermediate state of order in polypropylene fibres.

The results of the DSC tests on different samples
are summarized in Table 3 . Figures 11, and l l b show
representative thermograms of as-spun filaments and
drawn (A .=1 .5) filaments . Only filaments drawn with
the draw ratio of A.= 1 .5 (Figure 1 l b) show a single peak
with melting point at 163 .9 ' C while those drawn and
drawn-heat-set samples show multiple peaks (like
Figure 11 a) . The multiple peaks were also reported by
Andreassen et al ., [22] for propylene and it is related to
the rearrangement of structure during heat treatment in
DSC test.

The absence of any peak between 20 to 120 'C
in the DSC thermograms is an indication of the lack
or only a small amount of polypropylene in smectic
form [20].

The temperature of the onset of melting and the
temperature of the peaks, indicated as 2nd and 3 rd

in Table 3 does not affected considerably by drawing
and heat-setting. At constant heating rate Andreassen
et al . [22] observed the decrease of the temperature of
the onset of melting with draw ratio, which was 5 to

30

25

20

4.
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Figures 10 . Wide angle X-ray spectrogram of (a) as-spun, (b) as-drawn )L=1 .5, (c) as-drawn =3.5, (d) drawn heat set )<=1 .5,
(e) drawn heat set X=3 .5.

8 'C . This decrease is not observed for the yarn

	

calculated crystalline fraction from enthalpies
produced at medium speed .

	

increases with drawing and heat-setting. The trend in
As indicated in the last column of Table 3, the

	

increase of crystalline fraction was determined by
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Table 3 . Summary of information from thermograms.

Peaks temperatures 'C Crystalline
Material

Onset of melting 3rd traction (%)1`r 2"d

As-spun 151 .7 161 .6 - 170 .6 39
Drawn A.=1 .5 151 .0 163.3 - - 45
Drawn X=3.5 - 158 .7 163.7 167 -
Drawn X=1 .5

149 .8 162 .7 168.5 - 50
Heat-set
Drawn X=3.5 _ 157 .6 169.9 174 .0 -
Heat-set

DSC agrees with the increase of crystalline fraction
determined from density measurements, but the ratio
of crystalline fraction determined by the two methods
are not constant . This difference indicates that
different structural parameters are involved in the two
different methods of measurements.

CONCLUSION

Polypropylene filament yarns were produced by a
pilot plant at the speed of 3500 m/min and then the

0.0'-

u

	

15.53 mcaVmg

151 .74C

-0.6-
0

R
4)
S -1 .4L

20

	

60

	

100

	

140
Temperature (C)
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4 -1 .0 –

	

17 .75 encamp

Isles 'cis
E

-0.7 -
0

i-1.3

	

20

	

601 100

	

140

	

180
Temperature (C)

(b)
Figures 11 . Thermograms of (a) as-spun filaments, (b) as-
drawn a.=1 .5.

filaments were drawn by an Instron tensile tester.
From the results of tests characterizing the samples, it
can be concluded that the properties and the structure
of the filaments are considerably different from those
produced at low speed . The structure of the filaments
was more compact with a considerable molecular
orientation, possibly with micro-fibrilar structure . The
recovery of the filaments after drawing was sub-
stantial and decreases with the increase of draw ratio.
For production of a stable yarn, immediately after
drawing, a heat-setting process is required . Drawing
brings the structure to an unstable state and heat-
setting improves the uniformity and stability of the
structure. The nominal strength increases with draw
ratio . The ways to improve true strength of medium
speed spun filaments should be sought in the future.
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