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The phenomenon of neck formation in polymers has attracted considerable attention. During the cold-
drawing process an initial undrawn material is transformed into anisotropic one across a narrow transi-
tion region called ‘neck’. The Video Opto-Mechanical (VOM) device attached with multiple-beam Fizeau
fringes techniques are used to stretch polypropylene (PP) fibres. A iPP sample is stretched to have a neck
at room temperature. The optical properties of the deformed material over the necking region are exam-
ined. Another PP sample is stretched (without necking deformation) at room temperature and the optical
properties are also examined. The task of this study is to characterize and assess the necking phenome-
non along cold-drawn polypropylene (iPP) fibre axis. The effect of necking on the optical properties of the
fibre is confirmed by the determination of the 3D refractive index profile at different regions along the
deformed PP fibre. Also the orientation function is calculated for the necked sample. The contour lines
of microinterferograms are given for illustrations.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Optical measurement is based on the wave characteristics of
light when it reflects from or transmits through an object. Light
transmission properties through a fibre depend mainly on its
refractive index profile and material dispersion. The refractive in-
dex profile of optical or textile fibres is important not only in
assessing the performance of the fibre in a given system but also
it helps in fibre fabrication to improve its products. Therefore,
increasing need for fast and accurate measurement of refractive in-
dex profile of fibres because it provides information for the corre-
lation between their structure and the other properties. One of the
most sensitive and non-destructive techniques, used to obtain this
information, is multiple-beam Fizeau fringe system. So, this tech-
nique has been successfully used to investigate textile and optical
fibres [1–5]. Sokkar et al. [6] created a software programme to
determine the refractive indices and birefringence of PP fibre.

Studying the mechanisms of micro-deformation in polymers is
used to establish connections between the macroscopic toughness
and molecular parameters to enhance the design of new materials
with improved properties [7]. Most synthetic textile fibres are
manufactured with no desirable tensile properties and having
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low birefringence. The synthetic textile fibres should be drawn
out to make them thinner, stronger and consequently more bire-
fringent fibres in order to turn them into useful textile fibres [8].

The necks in polymers, were first observed about 70 years ago
[9], and are now commonly used in modern processing of polymer
films and fibres. Hamza et al. investigated interferometrically the
structural deformation occurs in polypropylene fibre when it is
stretched at low draw ratios [10] in the case of fast and slow cold
drawing. They detected two mechanisms of deformation, one of
them is the smooth deformation and another one is necking defor-
mation which is detected when the PP fibre is stretched with fast
drawing. Sokkar et al. [11] designed a Video Opto-Mechanical
(VOM) device to characterize the online drawing process. They de-
tect the threshold speed to avoid necking occurrence.

For semi-crystalline polymers, such as PP fibres, yielding and
cold drawing contain two types of non-uniform deformation pro-
cesses. The first one is the initiation of local necking and the other
is the propagation of neck shoulders along the specimen. The local
instability of deformation leads to the formation of the above men-
tioned deformations [12]. Polypropylene sample was stretched to
necking at room temperature and the morphologies of the de-
formed material over the necking region were examined with
SEM and TEM [13].

Necking diffusion process has received much attention. Several
authors like G’Sell et al. [14] proved that the kinetics of neck for-
mation and propagation could be modeled and predicted from
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the constitutive equation of the material expressed in terms of true
stress, strain and strain rate. Chudnovsky and Preston [15] formu-
lated of metric Lagrangian model that based on understanding the
necking phenomena. It has been reported that the onset of necking
takes place when the true stress reaches certain constant value
independent of the applied load.

This work throws light on the interferometric detection and
characterization of the necking phenomenon along iPP fibres using
multiple-beam Fizeau fringes technique. A sample of iPP fibre is
cold drawn to a draw ratio DR = 1.5 with necking deformation. An-
other sample of iPP is cold drawn to DR = 1.5 without necking for-
mation. The 3D profile of refractive indices and orientation
function are determined to clarify the effect of necking.
2. Necking in polymer fibres

The necking formation has attracted considerable attention.
Necking was formed due to the transformation of crystalline re-
gions under the applied stress, until it was observed to occur also
in amorphous polymers [16]. An early interpretation was declared
the neck appearance as a result of the thermal softening produced
from the localized heating. But it was later demonstrated that
necking could occur under certain isothermal conditions. Both of
the above interpretation can be involved in the necking formation
process and will influence its propagation. But they are not neces-
sarily responsible for its initiation [16]. Necking is the manifesta-
tion of instability in the yielding process due to defects on a
molecular level. The defects on the macroscopic level in the mate-
rial acts as areas of stress concentration (cf. Ref. [16]).

Recently, Hamza et al. [10] reported that the necking in PP fi-
bres occurred due to the mechanical weak bonds, the formation
of voids or pores within the fibre structure, microscopic inhomoge-
neities and, a large extent for the oriented polymer molecules.
Experimentally during the cold drawing, the necking deformation
appears at different regions along the fibre axis when the heating
rate of these regions exceeds the limit of flowing temperature of
the molecular chains. Where the cold-drawing process associated
Fig. 1. A schematic diagram
with the release of quantity of heat that is equivalent to the work
done on the fibre, a part of this heat leads to heating the fibre and
the other part is dissipated into the surrounding [17].

The temperature rise at the neck region has been studied
mainly by two methods. The first method is a calorimetric method
to measure the total heat generated during necking. The second
method measures the temperature rise directly by an infrared
camera. Both the methods indicate appreciable increase in temper-
ature; in some cases, it has been reported that temperature rises up
to 90 �C from room temperature [18].
3. Results and discussion

Sokkar et al. [11] designed a Video Opto-Mechanical device
(VOM) in order to determine dynamically the mechanical, optical
and structural properties of fibres at different uniform stretching
speed. The VOM device attached with multiple-beam interfero-
metric system is an accurate and efficient technique in the field
of interferometery applied for monetring of fibres. The setup of
VOM [11] used in this work is shown in Fig. 1. This device consists
of three basic units namely interferometric, mechanical and
computerized.

A sample of undrawn iPP fibre with a certain length is fixed
from its ends with the two gear boxes and mounted on the lower
optical flat of the wedge interferometer. The fibre filament is im-
mersed in a suitable liquid with refractive index nL = 1.5041, at
temperature (T = 30 �C). The mechanical system is transferred to
the optical microscope stage. The wavelength of monochromatic
light used is 546.1 nm. This wedge interferometer is adjusted in
such a way that the fibre axis is exactly perpendicular to the inter-
ference fringes in the liquid region. The iPP fibres are stretched by
two different stretching speeds. The first speed (slow stretching
process) is selected to be less than the threshold speed [11] at
which the necking deformation did not occur. The second speed
(fast stretching process) is selected to obtain a deformed necked
sample. In the previous work [11] it is recommended the PP fibres
must be stretched slowly with low speed to avoid the occurrence
of the used VOM device.
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of necking deformation, which occur during stretching with high
speed (fast stretching). The speed that must be avoided is
(V > 0.298 cm/s). So the sample that stretched with low stretching
speed lower than the threshold speed does not show necking while
the other one that stretched with higher speed than Vth shows
necking.

In the case of slow stretching process the stepper motor speed is
adjusted to be V = 0.1 cm/s. But for fast stretching process the step-
per motor speed is adjusted to be V = 0.745 cm/s. Two samples of
undrawn iPP fibres are drawn to draw ratio DR = 1.5 with the
above selected two speeds. The obtained images are recorded by
using the CCD camera. Fig. 2a shows the obtained contour lines
of the microinterferogram of undrawn iPP (DR = 1) when light
vibrating parallel to the fibre axis. Fig. 2b shows the obtained con-
tour lines of the microinterferogram of drawn iPP (DR = 1.5) with
speed V = 0.1 cm/s when light vibrating parallel to the fibre axis.
The fringe shifts or the contour lines in Fig. 2a and b are remarked
to be easy for the identification of the optical and geometrical
properties along the fibre axis. The contour line for each remarked
fringe along the fibre axis show that, there is no significant change
in the fringe shifts inside the iPP fibres.
Neck region 

Fibre as
Spun 

Fibre as
Spun

Drawn 
Fibre  

Neck shoulder  

(b)

           (c)
3.1. Interferometric study of neck deformation zone

The necking phenomenon usually occurs when a homogeneous
polymeric fibre is stretched uniaxially. In this case the polymer fi-
bre is not deformed homogeneously. Instead, two almost uniform
sections occur in the sample: the two sections being nearly equal
to its initial thickness. These sections are jointed by a relatively
short transition (necking) zone that propagates with a constant
speed along the fibre. Fig. 3a shows the obtained contour lines of
microinterferogram of drawn iPP (DR = 1.5) with speed
V = 0.745 cm/s. When light vibrating parallel to the fibre axis.
Fig. 3b is a schematic diagram of drawn fibre containing a neck
zone. This diagram can be classified into three microscopic regions
according to the morphological model of Shimizu et al. [19] and the
molecular model of Peterlin [17]. The ‘as spun’ part of fibre (before
Fig. 2. The contour lines of microinterferogram for light vibrating parallel to the
fibre axis (a) for undrawn PP fibre and (b) for cold-drawn PP fibres in case of slow
stretching.

Fig. 3. (a) The contour lines of microinterferogram of cold-drawn PP fibre for light
vibrating parallel to the fibre axis in case of fast stretching process, (b) a schematic
diagram of drawn fibre containing a neck deformation zone and (c) the 3D profile of
the fibre thickness for PP fibres.
neck) may be identified as ‘oriented mesophase’, the neck shoulder
(neck zone) as ‘super drawing’ and drawn fibre part (after neck) as
‘completion of crystallization and molecular orientation’.

In Fig. 3a, the fringe shifts are remarked to be easy for the iden-
tification of the optical and geometrical properties along the fibre
axis. The contour lines of microinterferogram shown in this Figure
can be interpreted basically on morphological model [19] and
molecular model [17] as follows: (i) in the oriented mesophase;
the displacements of fringe shifts (1, 2, 3, 4, 5, 13, 14 and 15) inside
the fibre are relatively small, this means that the fibre is slightly
drawn, has larger thickness. (ii) In the super drawing; the displace-
ments of fringe shifts (6, 7, 11 and 12) inside the fibre are longer
than that of oriented mesophase region, this means that the fibre
is super drawn, has gradient thickness. (iii) In the completion of
crystallization and molecular orientation; the displacements of
fringe shifts (8, 9, and 10) inside the fibre are relatively longer com-
pared to the previous two regions, this means that the fibre is
highly drawn compared with the fibre as spun zone and has smal-
ler thickness. Fig. 3c shows the 3D profile for the thickness of
drawn iPP fibre. It is clear from Fig. 3c that the fibre thickness
has been changed greatly along fibre axis proving the existence
of necking deformation. The fibre thickness for fringe shifts (1, 2,
3, 4, 5, 13, 14 and 15) is about 58 lm, the fibre thickness for fringe
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shifts (6, 7, 11 and 12) is about 49 lm and the thickness for fringe
shifts (8, 9, and 10) is about 31 lm. This figure and the contour
lines of the microinterferograms in Fig. 3a strongly confirm the
morphological and molecular models [17,19].
3.2. 3D refractive index profile

The refractive index n of the fibre can be measured interfero-
metrically by the following equations [3]:

k
4b

Z ¼
Xm

Q¼1

ðnQ � nQ�1Þ r2
Q � x2

� �1
2 ð1Þ

where Z is the fringe shift displacement related to the value x along
the radius of the fibre. k is the wavelength of the monochromatic
light used and b is the interfringe spacing. m is the number of the
fibre layers. r is the radius of the fibre layer chosen. The refractive
index profile is the variation of refractive index across the fibre
diameter. The above equation is used to determine the refractive in-
dex profile of the fibre. The 3D refractive index profile, which pre-
sents accurate measurements of the refractive index across the
fibre diameter, was determined. Figs. 4 and 5 represent these 3D
refractive index profiles of nk for undrawn sample DR = 1 and drawn
sample with draw ratio DR = 1.5 (slow stretching), respectively. In
this case of slow stretching there is no variation in the fringe shifts
(having the same shape) along the fibre axis. Therefore the refrac-
tive index profiles for each fringe shift have nearly the same behav-
iour as shown in Fig. 5. Fig. 6 represents the 3D refractive index
profile for nk of iPP fibre with draw ratio DR = 1.5 (fast stretching).
Fig. 4. The 3D refractive index profile for n

Fig. 5. The 3D refractive index profile of nk of draw
Fig. 6 shows that there is a significant variation in the 3D refractive
index profile at different positions along the fibre axis. These vari-
able profile groups are established may be due to the random for-
mation of voids or pores within the fibre structure, which are
caused by the necking deformation along the fibre axis [20,21]. In
Figs. 4–6 the 3D refractive index profiles are calculated for every
fringe shift of the obtained microinterferograms.

To confirm the effect of necking on the structure of PP fibres the
orientation function is calculated.

3.3. Orientation function profiles

Molecular orientation is a phenomenon unique to polymers.
The degree of molecular orientation of polymers is mostly depend-
ing on the Herman’s orientation factor (parameter) that relates be-
tween the oriented (mean) birefringence D and the intrinsic
(maximum) birefringence Dmax as follows (cf. Ref. [22]):

FðhÞ ¼ hP2ðhÞi ¼
B

Bmax
ð2Þ

The value of Bmax for polypropylene fibre is taken to be 0.045
[22]. Table 1 gives the values of orientation function calculated
from the microinterferograms of undrawn PP fibre with the aid
of Eq. (2). It is clear that the orientation function is constant along
the fibre axis.

Cold drawing of a semi-crystalline polymer involves initially the
deformation of the spherulitic structure, the subsequent transfor-
mation of the spherulitic structure to a fibrillar structure and final-
ly the plastic deformation of the fibrillar structure [17]. Using Eq.
k for undrawn PP fibre sample DR = 1.

n PP fibre sample (DR = 1.5) (slow stretching).



Fig. 6. The 3D refractive index profile of nk at draw ratio DR = 1.5 (fast stretching).

Table 1
The orientation function for undrawn (iPP) fibre.

Fringe numbers F(h)

1 0.124
2 0.124
3 0.124
4 0.124
5 0.124
6 0.124
7 0.124
8 0.124
9 0.124
10 0.124
11 0.124
12 0.124
13 0.124
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(2) the degree of orientation function is calculated for a necked PP
sample in case of fast drawing (V = 745 cm/s) with draw ratio
DR = 1.5. Table 2 gives the calculated orientation function shown
on the basis of the classification molecular model for a necked
sample. It is obvious that the fibre structure suffers deformation
during the drawing process along the fibre axis at draw ratio
DR = 1.5. The orientations of lamella changes during the morpho-
logical transformation from spherulitic structure into fibre struc-
ture [17]. In the neck itself a gradual transition from the former
into the latter morphology is observed and also a gradual change
in the orientation function. The calculated values can be classified
into three regions depending on the values of F(h) and the molec-
ular model [20,17]. In regions (oriented mesophase (1)) which cor-
responds to fringe nos. (1–5) and (13–15), respectively in Fig. 3a,
the orientation function F(h) having lower values. The second re-
gion (super drawn or neck shoulder (2)), that corresponding to
Table 2
The orientation function for cold-drawn (PP) fibre with necking deformation.

Fringe numbers F(h)

1 0.134
2 0.134
3 0.134
4 0.134
5 0.134
6 0.135
7 0.135
8 0.263
9 0.281
10 0.277
11 0.135
12 0.135
13 0.134
14 0.134
15 0.134
the fringe nos. 6, 7, 11, 12 in Fig. 3a, it is clear that F(h) having high-
er values than the first region. While in the third region (drawn fi-
bre or after neck) that corresponding to the fringe nos. 8–10 in
Fig. 3a, it is clear that F(h) having highest values. This indicates that
the molecules constituting the fibres at the after neck zone are
highly oriented (more birefringent) during the cold-drawing
process.

Peterlin [17] mentioned that the final fibre structure (after neck
zone) is characterized by the nearly perfect orientation of chains.
From the calculated data for orientation function to after neck zone
it is clear that the principle given by Peterlin [17] has been clari-
fied. The obtained values of orientation function in Table 2 strongly
confirm the molecular model [17,19].
4. Conclusion

Along side with the well-known techniques such as SEM and X-
ray, interferometry is still valuable tool for characterizing the
structural deformation of polymer fibres. In the course of cold
drawing of polymer fibres, the necking deformation became an ex-
pected phenomenon. The refractive index and birefringence values
of fibre are considered a micro-detector for optimising the influ-
ence of necking phenomenon on the drawing of polymer fibres.
This necking is well characterized via the 3D profile for refractive
index. The microinterferograms obtained by online multiple-beam
Fizeau fringes technique give us a good chance to confirm the iden-
tification of neck phenomena of cold-drawn fibre explained by
morphological and molecular theoretical models [17,19].
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