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a b s t r a c t

Using a novel video opto-mechanical (VOM) device, the effect of stretching speed on the optical and

structural properties of polypropylene (PP) fibers during the dynamic stretching process is studied. The

objective of the present study is to correlate the optical and mechanical properties of PP fibers with the

speed of stretching using the multiple-beam Fizeau fringes system. The skeletonization of the multiple-

beam Fizeau fringes are determined automatically by using one-dimension Fourier transform method.

The stepper motor is adjusted in order to stretch the fibers continuously with constant and uniform

speed until breaking of the fiber. The refractive indices, birefringence, transverse sectional area and the

orientation function of PP fibers are studied as a function of the draw ratio at different speeds of

stretching. An empirical formula is given to correlate the birefringence of PP fiber and both the draw

ratio and the speed of stretching. Stretching process of PP with low speed (slow stretching) is

recommended to overcome the necking deformation along the fiber. The VOM device could be used to

measure the yield strain. The draw ratio-stretching speed superposition is discussed with some details.

Microinterferograms are given for illustration.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polypropylene (PP) is extensively used in industry to manu-
facture bottles, films and fibers. The heat and draw deformation
behavior of PP is of significant practical importance in terms of
both its product performances and manufacturing processes. The
mechanical properties and morphology of the product are
strongly affected not only by its molecular characteristics such
as the molecular weight (MW), molecular weight distribution
(MWD) [1,2], but also by its processing conditions such as drawing
temperature, the draw ratio, the strain rate and the cooling after
stretching. Therefore, understanding the structural deformation
behavior during processing is essential for the quantitative
predictions of improved product performance and the stretching
tension [3,4].

The increased applications of polymers and their composites
for light-weight structures has led to renewed interest in the
study of deformation behavior at different loading rates and
impact conditions [5–7]. The primary objective of understanding
the deformation behavior at varying strain rates is to assist the
designer with reliable data relevant to practical applications.
The study of deformation behavior at different strain rates is
ll rights reserved.
important in engineering design because the mechanical proper-
ties and the deformation mechanisms are strongly dependent on
the applied strain rate.

Stretching of the fiber concerns the deformation of the pre-
existing structure of this fiber. In the stretching process, changes
in the optical properties have been determined by the interfero-
metric methods [8–10]. Thus, the influence of the draw ratio upon
the structure changes occurring in the synthetic fibers is also
indicated. Molecules are oriented parallel to the fiber axis, and the
stretching may produce a fringed fibril structure with the
molecules lying parallel to the axis of the crystalline fiber.
The initial effect of the fibrils is thus by increasing the transverse
orientation of the molecules. If the stretching is continued, this
will be followed by a change to longitudinal orientation of the
molecules [11,12].

The multiple-beam Fizeau interferometric system is a sensitive
optical technique. This interferometric method improved greatly
and became more efficient with the introduction of automated
methods of image analysis, so the multiple-beam Fizeau fringe
systems in transmission (cf. Refs. [13,14]) were modified by
adding a CCD camera and frame grabber digitizer to transfer
the image into an image analysis screen to be analyzed
automatically. The resulting fringes give qualitative and quanti-
tative information about the optical and structural properties of
the fibers under investigation. Multiple-beam interferometric
technique has been used to determine the refractive index,
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birefringence and dispersion of man-made fibers. The automated
and high-speed image processing system is used to analyze the
fringe pattern and gives an accurate analysis. The principle
method in automatic fringe-pattern analysis is fringe skeleton
extraction [15].

In this article, a novel video opto-mechanical (VOM) device is
designed to be used for the mechanical stretching of fibers. The
material is an isotactic PP was received as a commercial sample
entitled ‘‘As spun/undrawn PP fibers. The VOM device attached
with multiple-beam interference system to correlate the optical,
mechanical and structural properties of fibers with the speed of
stretching. The refractive indices, birefringence and the transverse
sectional area and orientation function of PP fibers will be studied
as a function of draw ratio at different stretching speed. Also, the
draw ratio-stretching speed superposition will be discussed with
some details.
2. Setup of VOM device and experimental technique

A VOM is designed in order to determine dynamically the
mechanical, optical and structural properties of fibers with
different uniform stretching speeds and also to determine
properties of fibers during online stretching until the breaking.
The VOM device attached with multiple-beam interfero-
metric system is an accurate and an efficient technique in the
field of interferometery and monitoring (mechanical properties)
of fibers. This VOM setup used in this work consists of three units
(see Fig. 1);

2.1. Interferometric unit

‘‘Fizeau interferometric system in transmission (cf. Refs. [13,14])’’.
This optical system produces multiple-beam Fizeau
fringes in transmission. This system (see Fig. 1(a)) consists
of, a spectral lamp (1), condenser (2), iris diaphragm (3),
collimating lens (4), polarizer (5), monochromatic filter (6),
reflector (7), microscope stage (8) and liquid wedge interferom-
eter (14).
Fig. 1. (a) A schematic diagram of the optical and the mechanical setup of video

opto-mechanical (VOM), in which; 1—spectrum lamp, 2—condenser lens, 3—iris

diaphragm, 4—collimating lens, 5—polarizer, 6—monochromatic filter, 7—reflec-

tor, 8—microscope stage, 9—DC battery, 10—stepper motor interface, 11—stepper

motor, 12—bidirectional driving axis, 13—two gear box, 14—silvered liquid wedge

interferometer, 15—computer unit (b) Gear box rotating wheels.
2.2. Mechanical unit

The unit consists of a DC battery (9), stepper motor interface
(10) to transfer the digital pulse from the computer to the four
pin and 48 step/3601 stepper motor (11), which forces the
bidirectional axis to move with definite speed, the bidirectional
driving axis (12), which forces the two gear boxes (13), to
move in opposite directions (with rotational reduction factor
(1/28)) to stretch the fiber. Where 28 is the number of the
gear box steps. In order to pre-calculate the stretching ratio
DR in terms of motor speed, it is essential to define the
machine constant M (stretching resolution of the machine) of
this device as the linear displacement of the fiber fixed end per
step of the used stepper motor. The motor in Fig. 1(b) makes 48
step/revolution, hence

M ¼ ð2prÞ �
1

28

� �
�

1

48

� �
cm=step (1)

where r is the radius of the gear box rotating from wheel. The
draw ratio (DR) ranged from 1 to 12 and also the speed (V) 0.0596
to 12 cm/s. Then the elongation rate Dl (Dl may be used as the
stretching speed (V) in cm/s) is

Dl ¼ 2Mf ¼ V cm=s (2)

where f is the frequency of rotation in step/s, the factor 2 refers to
stretching the fiber by two similar wheels in opposite directions
simultaneously, and hence the net elongation DL of the fiber
during time interval t is

DL ¼ Dlt ¼ 2Mft (3)

Thus, it is possible to stretch the fiber to a definite elongation
DL at a definite speed (Dl) by careful (software) selection of both f

and t.
Accordingly, the draw ratio DR that defined as

DR ¼
DL

L
þ 1 (4)

where L is the initial (undrawn) length of the fiber sample
(normally, L ¼ distance separating centers of gear box rotating
wheels, Fig. 1(b)), then

DR ¼
2M

L
ft þ 1 (5)

and the strain rate can be estimated from the relation:

strain rate ¼
Dl

L
¼

2Mf

L
(6)

2.3. Computerized unit

This unit consists of a panasonic CCD micro-camera,
PC computer, digital frame grabber memory (FG) and digital
monitor (DM).

This experimental setup (Fig. 1) is used for determining the
refractive index during the online stretching of PP fibers as
follows; firstly, on the lower optical flat of the liquid wedge
interferometer (14), a sample of certain length from PP fibers is
linked from its ends with the gear box of the stretching system
(13). Few drops of an immersion liquid having refractive index
close to that of the fiber are put on the fixed fiber on the lower
optical flat of the interferometer and then the mechanical system
is transferred to the optical interference system. A parallel beam
of polarized monochromatic light is incident perpendicular to the
liquid wedge interferometer, which is adjusted in such a way that
the fiber axis is exactly perpendicular to the interference fringes in
the liquid region.
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Fig. 2. The calibration curve of the device (shows the variation of the draw ratio

with the time of stretching at different stretching speed).

Fig. 3. (a and b) Some of the obtained contour lines of the multiple-beam Fizeau

fringes microinterferograms of PP fibers at different draw ratios for light vibrating

parallel to the fiber axis (a) V ¼ 12 cm/s and (b) V ¼ 0.0596 cm/s.
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The stepper motor speed is adjusted by taking a definite
number of steps using a software programme installed in the
computer system. The CCD camera is adjusted to capture the
output image from the microscope life without stopping until
the fiber breaking region is reached. Also the CCD camera is
adjusted to capture 25 frames/s during the stretching process of
PP fibers. The obtained fiber video film is recorded using the CCD
camera and the computerized unit. This film is digitized directly
via the digitizer frame grabber. The video film is cut into separate
frames. These images are enhanced and the noise is removed
by using Fourier transform method. The obtained contour lines
are analyzed via a software program for fiber refractive index
determination [15].

The designed (VOM) device is calibrated in order to determine
the draw ratio of the fiber directly from the recorded video film.
Fig. 2 shows the calibration curve of the device (the variation of
the draw ratio with the time of stretching at different stretching
speed). The following empirical equation expresses the relation
between the draw ratio and the time of stretching:

DR ¼ 0:1172Vt þ 1 (7)

where DR is the draw ratio, V is the speed of the stepper
motor and t is the time of chosen frame from the video film
recorded. Where the constant (0.1172) is the reciprocal of the fiber
length (L).
3. Experimental results and discussion

3.1. Effect of the stretching speed on the birefringence of PP fibers

A PP fiber sample with a certain length is fixed from its ends
with the two gear boxes (13) and mounted on the lower optical
flat of the wedge interferometer (14). The fiber filament is
immersed in a suitable liquid with refractive index nL ¼ 1.5001,
close to the parallel refractive index of the fiber, at temperature
(T ¼ 30 1C). The mechanical system is transferred to the optical
microscope. The wavelength of monochromatic light used is
546.1 nm. The speed of stretching is adjusted to be 12 cm/s. The
obtained video film is cut into separate images to deal with each
frame individual. The draw ratio for each frame is calculated using
Eq. (7). Fig. 3(a) shows some of the contour lines obtained
dynamically of the experimental microinterferograms of PP fibers
at different draw ratios for light vibrating parallel to the fiber axis
and speed equals to 12 cm/s.

Another filament of PP fiber is immersed in a liquid with
refractive index nL ¼ 1.492 close to the perpendicular refractive
index of the fiber, at temperature T ¼ 30 1C. The speed of
stretching is adjusted to 12 cm/s. Fig. 4(a) shows some of the
obtained contour lines of enhancement experimental microinter-
ferograms of PP fibers at different draw ratios for light vibrating
perpendicular to the fiber axis and the speed is V ¼ 12 cm/s. The
above steps are repeated at different stretching speed
(0.0596–10 cm/s). Figs. 3(b) and 4(b) show the enhancement
microinterferograms of PP fibers at different draw ratios for light
vibrating parallel and perpendicular to the fiber axis, respectively,
for the stretching speed V ¼ 0.0596 cm/s. It is clear from Figs. 3(a)
and 4(a), and 3(b) and 4(b) that there are great changes for the
contour lines of fringe shifts at same draw ratio. This indicates
that the speed of stretching affects the optical properties of fibers.
The shape change of the fringe shift (shape of contour line)
obtained in Figs. 3 and 4 is due to the deformation occurred in
cross-section during the stretching process. This conclusion is
supported by the reshaping of the fringe into elliptical one at
higher draw ratio for the same sample. To determine these mean
findings, the mean refractive indices (nJ and n?) of PP fibers are
calculated with the aid of the microinterferograms of Figs. 3 and 4
and using the following equation [14]:

nj ¼ nL �
Fjl
2bA

(8)

where j denotes the state of light polarization parallel J or
perpendicular ?, nL is the refractive index of the immersion liquid,
F is the area enclosed under the fringe shift inside the fiber, l is
the wavelength of the monochromatic light used, b is the
interfringe spacing, A is the fiber cross-sectional area and the
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Fig. 4. (a and b) Some of the obtained contour lines of the multiple-beam Fizeau

fringes microinterferograms of PP fibers at different draw ratios for light vibrating

perpendicular to the fiber axis (a) V ¼ 12 cm/s and (b) V ¼ 0.0596 cm/s.

Fig. 5. Variation of the average refractive index nJ with the (a) draw ratio at

different stretching speed. and (b) nJ with the stretching speed at different draw

ratio.
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sign (7) depends on the direction of the fringe shift inside the
fiber. A set of about eight samples were used to measure the
average values of nJ and n? within the same range of draw ratio
that followed in this work. Figs. 5(a) and 6(a) show the variation
of the average refractive indices nJ and n? with the draw ratio,
respectively, at different stretching speed. Figs. 5(b) and 6(b) show
the variation of the average refractive indices with the stretching
speed at different draw ratio. The birefringence of PP fibers is
calculated from the measured refractive indices using the
following equation:

Dn ¼ nk � n? (9)

where nJ and n? are the parallel and the perpendicular refractive
indices of the fiber, respectively. Fig. 7(a) shows the variation of
the average birefringence of PP fibers with the draw ratio at
different stretching speed. Fig. 7(b) shows the variation of the
average birefringence of PP fibers with the stretching speed at
different draw ratio.

It is clear from Fig. 5(a) that the value of average parallel
refractive index increases with increasing the draw ratio. But
those of the average perpendicular refractive index decrease with
increasing the draw ratio as shown in Fig. 6(a). The increase of the
refractive index nJ for light vibrating parallel to the fiber axis
indicates that the molecules constituting the fiber are oriented or
aligned in parallel direction more than the perpendicular one
during the online stretching process. It was proposed that as an
approximation, the polymer could be considered as aggregate
units, which in the unstretched material are oriented randomly.
As orientation develops by stretching, the units rotate towards the
stretch direction and become completely aligned at the maximum
achievable orientation [16]. As the speed of stretching increases
the orientation process or the alignment of molecules toward the
stretching direction increases and becomes the more occurring
phenomena. So that the average parallel refractive index increases
rapidly with increasing the stretching speed. From Figs. 5(b) and
7(b) it is clear that the parallel refractive index and the
birefringence of PP fibers increase with increasing the speed of
stretching for the same draw ratio, while the perpendicular
refractive index decreases with increasing the speed of stretching
of the same draw ratio (Fig. 6(b)). Figs. 5 and 6(a and b) indicate
that the alignment of molecules or chains in the parallel direction
is more than that of the perpendicular direction.

From Fig. 7(a) an empirical formula correlating the average
birefringence (Dn), the speed (V) and the draw ratio DR is given
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Fig. 6. Variation of the average refractive index n? (a) with the draw ratio at

different stretching speed and (b) n? with the stretching speed at different draw

ratio. Fig. 7. Variation of the average birefringence of PP fibers (a) with the draw ratio at

different stretching speed and (b) with the stretching speed at different draw ratio.
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as follows:

Dn ¼
V

V0
þ 0:0079

� �
lnðDRÞ þ Dn0 (10)

where DR is the draw ratio of the sample, and Dn0 ¼ 0.0056
(initial birefringence of the undrawn sample), V is the speed of
stretching and V0 ¼ 3333 cm/s. It is a constant may be depending
on the structural properties of PP fiber.

Eq. (10) is similar to the flowing empirical formula suggested
by de Vrise [17]

Dn ¼ m lnðDRÞ (11)

de Vrise did not study the constant m. The present empirical
formula shows that the constant m is a function of the stretching
speed V. Eq. (10) can be rewritten as follows:

Dn ¼ mðVÞ lnðDRÞ þ Dn0 (12)

The suggested empirical formula may be used to predict the
birefringence of drawn fiber with desired speed.
The error in measuring the speed (accuracy of designed device
or stretching resolution of the machine) is 70.0149 cm/s. The
accuracy in measuring the fringe shift that is produced by
multiple-beam techniques are remarkably high because the
interference fringes produced from these techniques are extre-
mely sharp and the fringe displacement is proportional to twice
the phase difference introduced by the fiber [14]. The error in the
refractive index measurements is 70.0007 [18].

3.2. Effect of stretching speed on the orientation function of PP fibers

To confirm the effect of stretching speed on the structure of PP
fibers, the orientation function is calculated. For a drawn fiber
where the molecules are considered to be aligned along the draw
direction but only randomly arranged in the transverse section,
the optical properties of the system can be specified by only two
refractive indices nJ parallel and n? perpendicular to the fiber axis.
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Table 1
The variation of the orientation function with the draw ratio at different speeds

DR F(y) V ¼ 0.0596 cm/s F(y) V ¼ 1 cm/s F(y) V ¼ 2 cm/s F(y) V ¼ 4 cm/s F(y) V ¼ 6 cm/s F(y) V ¼ 8 cm/s F(y) V ¼ 10 cm/s F(y) V ¼ 12 cm/s

1 0.1244 0.124 0.124 0.124 0.124 0.124 0.124 0.124

2 0.246 0.250 0.253 0.290 0.326 0.363 0.400 0.436

3 0.317 0.324 0.351 0.387 0.424 0.461 0.497 0.534
4 0.368 0.377 0.393 0.430 0.466 0.503 0.540 0.576

5 0.407 0.417 0.428 0.465 0.502 0.538 0.575 0.612

6 0.439 0.450 0.464 0.501 0.537 0.574 0.611 0.647

7 0.466 0.479 0.500 0.536 0.573 0.610 0.646 0.683

8 0.490 0.503 0.537 0.574 0.611 0.647 0.684 0.721

9 0.511 0.524 0.593 0.630 0.666 0.703 0.740 0.776

10 0.529 0.544 0.626 0.663 0.700 0.736 0.773 0.810

Fig. 8. Variation of the (a) transverse sectional area of PP fibers with the draw ratio

at two different stretching speeds and (b) stress s with the strain (e) of PP fibers at

different stretching speeds (different strain rates).
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The Herman’s orientation factor F(y) is related to the birefringence
Dn by the following equation [19,20]:

FðyÞ ¼ hP2ðyÞi ¼
Dn

Dnmax
(13)

where Dnmax is the intrinsic maximum birefringence, which
corresponds to the case where all the molecules are perfectly
aligned. If all polymer chains were aligned parallel to the fiber
axis, the optical orientation factor F(y) would be 1. For an isotropic
system where there is no orientation F(y) would be 0. The value of
Dnmax for PP fiber is taken to be 0.045 [21]. Table 1 gives the
variation of the orientation function with the draw ratio at
different stretching speed. It is clear that, as the speed of
stretching increases the orientation of the chains increases for
the same draw ratio.

3.3. Effect of the stretching speed on transverse sectional

area of PP fiber

When a fiber is deformed by an axial load, in addition to a
change in length, a change in the cross-sectional area is produced.
Experiments show that the Poisson ratio is a constant [22].
The decrease of the transverse sections of the fiber results
from stretching the fibers is compensating the increase in the
fiber length to keep Poisson’s ratio constant during elastic
deformation [22].

Fig. 8(a) shows the variation of the transverse sectional area of
PP fibers with the draw ratio at the velocities 0.0596 and 12 cm/s,
respectively. The used stepper motor, together with the mecha-
nical parts, generates a fixed stretching force S. The force exerted
by the motor was found S ¼ 50 N (determined by force equili-
brium method). While the breaking force of the fiber was found
0.4 N. Therefore, it was assumed that the fiber presented
negligible resistance force against the machine force. Hence, the
applied force to the fiber during stretching was considered
constant. Accordingly the stretching stress s ¼ S/A is inversely
proportional to the fiber cross-section A. Fig. 8(b) shows the stress
(s a 1/A)�strain e (e ¼ DR�1) curves of PP fibers at different
stretching speeds (different strain rates). From the figure it is clear
that yield strength increases as the stretching speed increases
[23]. The graph shows also that the yield strain constant by
increasing the stretching speed.

3.4. Suitable stretching speeds for PP fibers

Necking is a smoothed jump in cross-sectional area of long
and thin bars propagating with a constant speed. This neck-
ing phenomenon usually occurs when a homogeneous solid
polymeric bar (fiber or film) is stretched uniaxially [24,25]. In
this case the polymer fiber is not deformed homogeneously.
Instead, three almost uniform sections occur in the sample: two
being nearly equal to its initial thickness. These sections are
jointed by a relatively short transition necking zone (third uniform
section) that propagates with a constant speed along the fiber as a
stepwise wave in the direction of the fiber’s thick end as clear in
the first microinterferogram of Fig. 9. Many investigators studied
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Fig. 9. Some of the obtained microinterferograms at different stretching speed. All

of the stretching speed forming necking zones except at the threshold speed

0.298 cm/s at which we call threshold slow stretching.
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the deformation of fibers at slow and fast stretching process
without evaluating the limitations of slow and fast speed of
stretching [10,26]. El-Dessouky [27] characterize the necking
phenomena of PP fibers using Pluta polarizing interference
microscope in case of offline drawing process.

Filaments of PP fibers are immersed in a suitable liquid with
refractive index nL ¼ 1.5068. The speed of stretching is adjusted to
be V ¼ 1.49 cm/s, during this process necking deformation zones
are formed as shown in Fig. 9. This process carried out at different
velocities ranged from 0.298 to 1.49 cm/s. Fig. 9 shows some of the
obtained microinterferograms at different speeds. These micro-
interferograms show necking formation at different speeds except
at the threshold stretching speed Vth ¼ 0.298 cm/s.

As the speed of stretching increases so the strain rate also
increases. Strain rate has a complicated and dramatic effect on
materials deformation processes because the energy expended
during plastic deformation is largely dissipated as heat. The
deformational work is nearly completely converted to heat,
so the temperature of the sample is increased. At the small strain
rate this heat generated is dissipated so quickly to the environ-
ment. But at high strain rate this part of the generated heat is
dissipated to the environment and the other part is kept in the
sample causing necking deformation [28,29].

In analogous to the well-known time–temperature superposi-
tion principle [30], one may establish a parallel principle for the
draw ratio-stretching speed superposition. The obtained results as
shown in Figs. 5–7, as well as in Table 1 (bold printed values)
support this deduction. These results show that the physical state
of a drawn fiber can be reached according to any of two distinct
stretching regimes, either slow stretching to high draw ratio, or
fast stretching to low draw ratio. The selection between these two
stretching regimes depends on the specification requirements for
the end use fiber. For example, the cross-section area of the end
use fiber is an important parameter for many applications, if a
strong thick fiber is required, hence undrawn fiber can be fast
drawn to a low draw ratio, and vice versa.

It is recommended to stretch PP fibers slowly with low speed
to avoid the occurrence of necking deformation, which occur
during stretching with high speed (fast stretching). The speed that
must be avoided is V40.298 cm/s.
4. Conclusion

A novel VOM device attached with multiple-beam interference
system is designed. The advantage of this device is the
determination of the refractive indices and birefringence of fibers
simultaneously for each draw ratio during the online stretching
process until breaking. From the above results we conclude that:
1.
 An empirical formula is suggested to correlate the change of
birefringence of PP fibers and the speed of stretching. This
formula indicates that the birefringence of PP fibers increase
with increasing the speed of stretching.
2.
 The measured orientation function has high values, which
indicates that the molecules constituting the fibers are highly
oriented (more birefringent) during the stretching process and
increases with increasing the speed of stretching.
3.
 The opto-mechanical device (VOM) may be used to measure
pure mechanical parameters (yields strength, yields strain,
breaking strength and strain at break) as well as the pure
optical parameters.
4.
 The data obtained by the new opto-mechanical device
supported the new mechanical concept draw ratio-stretching
speed superposition.
5.
 The current study showed that it is possible to control both
transverse-sectional area of the end use fiber and its mecha-
nical strength simultaneously,
6.
 This device may be used for further studies of other mecha-
nical relaxation phenomena online on the atomic level.
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