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Abstract 
Pluta polarizing interference microscope was used to follow the crazing that occur on the surface 
of stretched polypropylene fibres at different drawing conditions. The samples were stretched un- 
til crazing initiated, and then craze propagation was monitored as a function of drawing speed and 
test temperature. The effect of craze dimension on their propagation velocity was taken into ac- 
count. Three-dimensional birefringence profile for crazed polypropylene fibre has been demon- 
strated to investigate the birefringence of crazed fibre at different test times for fixed drawing 
speed value. Also the mean birefringence values of crazed polypropylene fibres were calculated 
and the results showed that, these values increased with the areal craze density. Video images 
were used to calculate the craze velocity. Optical micrographs and microinterferograms were pre- 
sented for demonstrations. 
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1. Introduction 
The phenomena of crazing can be considered as an important deformation and fracture mechanism. It represents 
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the first stage of the deformation and fracture process in polymer. Craze morphology was first described by 
Kembour in 1973 [1]. The ideal structure of the craze includes microviods which are developed on the perpen- 
dicular plane to the main tensile direction. These microvoids are stabilized temporally by microfibrils of materi- 
al which act as bridges in a microcrack, allowing the load to be transmitted. The stabilization by fibril will fail 
and a craze-crack transition occurs followed by actual failure. Figure 1 shows a schematic diagram for the ideal 
structure of the craze [2]-[4]. 

Crazing process contains three main stages [3]-[8]: craze initiation, craze propagation and craze breakdown. 
Craze initiation starts by extension of the chain coils and pulling them from the bulk material giving rise to mi- 
crofibrils bridging. The large contrast between inter-chain and strong intra-chain is the main reason for the oc- 
currence of this phenomenon. Once the craze is formed, it will propagate by 1) lengthening (craze tip advanced) 
which is known as a meniscus instability propagation and 2) crazes widen (drawing) which represents a new 
material produced into the fibrils from the active zone, (which is a thin region of the strain softened polymer at 
the craze/ bulk interface in craze breakdown). Finally the microfibrils rupture converts the craze into a crack by 
either chain scission or chain disentanglement, depending on the applied temperature and the chain length. The 
crazes are treated as cracks bridged by fibrils [2]. 

Craze propagation can manifest itself in different forms, among others, the main ones are: stress cracking 
(widen by drawing) and environmental stress cracking (craze tip advanced). Stress cracking and environmental 
stress cracking of polymer are of major importance in the practical use of these materials since they led to the 
breakdown or failure of plastic materials. A plastic part needs to endure its entire designed life before it fails. 
Generally stress cracking and environmental stress cracking may occur in amorphous polymers like PVC and 
PMMA as well as in semi-crystalline polymers as PP and PE [9]. Stress cracking can be defined as an external 
or internal crack in a plastic caused by tensile stresses less than its short-term mechanical strength. Environmen- 
tal stress cracking can be defined as the failure due to continuously acting external and/or internal stresses at 
about room temperature in the presence of surface active agents. This surface active agents do not cause any de- 
gradation of the polymer or do not chemically attack the polymer or produce any other effect but they accelerate 
the processes of microscopic brittle-crack formation [10] [11]. The surface active agents include all liquids 
which contain organic liquid like hydrocarbons, halogenated, ketones, aldehyde, esters, nitrogen and sulphur 
containing compounds. All of these liquids are absorbed by polymer in short time under simple immersion con- 
ditions. In such polymers, the crystallites are connected by tie molecules through the amorphous phase. The tie 
molecules play important role in the mechanical properties of the polymer through the transmission of load. The 
surface active agents act to lower the cohesive forces which maintain the tie molecules in the crystallites, thus 
facilitating their disentanglement and pull-out. This means that the surface active agents act as accelerating fac- 
tor for crack propagation [10]-[12]. 

The testing temperature for craze propagation must be carefully chosen because of the recrystallization 
processes. Above certain temperatures the molecular arrangement of the resin under test can be altered and this 
leads to unrealistic results. The high temperature was used in slow craze as an accelerating variable for craze 
propagation [12]. 
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Figure 1. Schematic diagram for internal the structure of the craze. 
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Many different techniques such as transmission electron microscope (TEM) [13], scanning electron micro- 
scope (SEM), low angle electron diffraction (LAED), small angle X-ray scattering (SAXS) [14] [15], optical 
microscopes [8] [16] and optical interference techniques [17]-[22], were used to study the crazing behavior of 
polymers. These experimental techniques were considered as useful methods to investigate and quantify the 
craze microstructure. Interference technique has been used as a major tool or direct observation of craze growth 
in transparent polymers. A fringe pattern can be observed as a result of interference of two beams, one is re- 
flected from the lower surface of the craze and the other is reflected from the upper surface [20]-[22]. Wenbo 
Luo and Wenxian Lui [8] studied the effect of the stress intensity and time dependence on the areal craze density 
value of PMMA polymer by using optical microscope, mechanical stretching device and CCD camera. They 
found that there are direct proportionality between the stress intensity and the areal craze density of PMMA po- 
lymer. Schirrer et al. [23] estimated the toughness as a function of crack speed for PMMA polymer and investi- 
gated local properties such as craze fibril stress and fibril life time. Also they studied the craze length as a func- 
tion of loading rate using optical interferometry technique. Many authors [11] [12] studied the effect of temper- 
ature on the crack propagation for different polymers like PMMA and PC at constant stress. It was found that by 
raising the environmental temperature, the crack propagation increases. 

This article aims to follow the crazes that occur on the surface of stretched polypropylene fibres under differ- 
ent stretching conditions. In situ observations of the crazes will be made using Pluta polarizing interference mi- 
croscope in its uniform field and fringe field modes. The relation between the areal craze density and the mean 
birefringence values of crazed PP fibres will be investigated. Optical images are recorded by a CCD camera and 
then processed by special image analysis software. 

2. Material and Methods 
Polypropylene (Basell Polyolefins product) filaments/fibres were fabricated, in the university of Leeds, UK. The 
advantage of this material is its good mechanical properties. In this work the immersion liquid used was a mix- 
ture from paraffin and alpha brome naphthalene with refractive index 1.4992 ± 10−4 at 18˚C. The chemical 
structure of alpha brome naphthalene liquid is shown in Figure 2. This structure contains two aromatic ring and 
halogenated element, so this liquid can act as surface active agent. The Pluta double refracting, polarizing inter- 
ference microscope [24] [25] was used. The Pluta microscope was fitted with a computerized unit consists of a 
CCD camera, PC computer, and digital monitor. 

To study the craze propagation after stretching the fibre (cold drawing), the automatic stretching device [26] 
attached with the Pluta polarizing microscope [24] [25] has been used as shown in Figure 3. This automatic 
stretching device which consists of two stepper motors, rotating in reverse directions to produce extension with a 
fixed sample length. The fibre is fixed between the centers of the motors of diameter d separated by a distance L 
and rotated with an angular velocity ω. This produces a linear velocity v = dω and constant strain rate ͘͘͘e = v/L. 
The motors were controlled using a suitable interfacing circuit connected to the parallel port of the PC and dri- 
ven using software designed for the purpose of controlling the two stepper motors, and recording the various 
strain values in their real time during the stretching process. The effect of stretching temperature was studied 
using a heating unit which consists of heater, heat sensor and temperature controller as shown in Figure 3. 

3. Experimental Results and Discussions 
Two-beam polarizing interference Pluta microscope (in its fringe field and uniform field modes) [24] [25] with 
the aid of stretching device [26] and CCD camera as shown in Figure 3 was used to carry out the experimental  
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Figure 2. The chemical structure of the 
alpha brome naphthalene. 
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Figure 3. Schematic diagram for the modified automatic stretching device attached to heating 
unit and Pluta polarizing microscope. 1-monochromatic light, 2-polarizer, 3-slit diaphragm, 
4-condenser, 5-heater, 6-fibre, 7-heat sensor, 8-temperature controller, 9-objective lens, 
10-analyzer, 11-CCD camera, 12-PC computer. Reference [26]. 

 
work. Polypropylene fibres were strained with constant rate at room temperature (18˚C) until crazing initiated, 
and then the drawing of the fibre was stopped. The craze propagation was recorded using the CCD camera. 
Video images were used to calculate the craze velocity. To obtain results with high accuracy, uniform field 
mode of the Pluta microscope was used for in-situ observations and monitoring the crazes to avoid similarity 
between the crazes and dark fringes that occur in case of using fringe field mode. 

3.1. Estimation of Areal Craze Density with Different Stretching Speed of PP Fibres  
Using a Microscopic Image Analysis System (MIAS) 

Figures 4(a)-(e) present transmission optical micrographs captured with Pluta microscope in uniform field mode, 
with the aid of CCD camera, for samples of PP fibers at the moment of initial appearing of crazes for stretching 
speed values 0.35, 0.41, 0.45,0.52 and 0.66 cm/sec, respectively. Monochromatic light of wavelength λ = 546 
nm was used at room temperature 18˚C. Generally all the images (a)-(e) show that the crazes form with their 
plane normal to the stretching direction. The areal craze density, which is defined as the ratio of the crazed area 
to the whole image area, was determined according to the procedures of image processing given by Luo and Liu 
[8]. The calculated areal craze densities are shown as a function of drawing speed in the plot of Figure 5. 
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Figure 4. (a)-(e) presents transmission optical micrographs for samples of PP with stretching speed values 
0.35, 0.41, 0.45, 0.52 and 0.66 cm/sec, respectively. 
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Figure 5. The areal craze density as a function of drawing speed for PP fibres. 
 
From this figure it was observed that, for a fixed stretching time, the areal craze density increases with increas- 
ing the stretching speed. These results can be explained as follows: for relatively high stretching speed, the abil- 
ity of the deformed molecular structure to dissipate the exerted work decreases due to the rapid deformation of 
the molecular chains. On the other hand, at low stretching speed, the slowly deformed chains allow the exerted 
energy to dissipate through the entire chain structure of the stretched fibre. The undissipated energy at high 
stretching speeds is localized and contributes the creation of craze sites, which increases the areal craze density 



T. Z. N. Sokkar et al. 
 

 
170 

[8] [27]. 

3.2. Estimation of Craze Propagation Velocity and Deceleration with Different Stretching 
Speed of PP Fibres Using a Microscopic Image Analysis System (MIAS) 

Using Pluta interference microscope in its uniform field mode attached with automatic stretching device, the 
optical micrographs for crazed fibres at different stretching conditions durations were recorded using a CCD 
camera. Video images were used to calculate the craze propagation velocity. Figures 6(a)-(k), Figures 7(a)-(k), 
Figures 8(a)-(k), Figures 9(a)-(k) and Figures 10(a)-(k) show binary optical micrograph for craze propagation 
with stretching speed values 0.35, 0.41, 0.45, 0.52 and 0.66 cm/sec, respectively. This is achieved through the 
test durations 0, 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 sec., respectively. Monochromatic light of wa- 
velength λ = 546 nm was used at room temperature 18˚C. 

Figures 6(a)-(k) to Figures 10(a)-(k) clarify that the crazes propagate with different velocities depending on 
the stretching speed at room temperature 18˚C. The crazes propagation may occur due to two forces: stress craze 
and environmental stress craze of the immersion liquid contain alpha brome naphthalene which acts as surface 
active agents. And it reduces the cohesive forces which keep the tie molecules in the crystallites, thus facilitating 
their pull-out and disentanglement. This means that the surface active agents act as accelerating factor [9]-[11]. 
The crazes propagation velocities were calculated for stretching speed values which mentioned earlier. The ef- 
fect of increasing the stretching speed was done to decrease the crazes propagation velocities as shown in Figure 
11. This means that the areal craze density may acts as decreasing factor for the craze propagation. Also Figure 
11 clarifies that for fixed value of drawing speed, the craze propagation velocity decreases with the test time. 
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Figure 6. (a)-(k) Binary transmission optical micrographs for craze propagation with 
stretching speed value 0.35 cm/sec through the durations 0, 20, 40, 60, 80, 100, 120, 
140, 160, 180 and 200 sec, respectively. 
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Figure 7. (a)-(k) Binary transmission optical micrographs for craze propagation with 
stretching speed value 0.41 cm/sec through the durations 0, 20, 40, 60, 80, 100, 120, 
140, 160, 180 and 200 sec, respectively. 
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Figure 8. (a)-(k) Binary transmission optical micrographs for craze propagation with 
stretching speed value 0.45 cm/sec through the durations 0, 20, 40, 60, 80, 100, 120, 
140, 160, 180 and 200 sec, respectively. 
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Figure 9. (a)-(k) Binary transmission optical micrographs for craze propagation with 
stretching speed value 0.52 cm/sec through the durations 0, 20, 40, 60, 80, 100, 120, 
140, 160, 180 and 200 sec, respectively. 
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Figure 10. (a)-(k) Binary transmission optical micrographs for craze propagation with 
stretching speed value 0.66 cm/sec through the durations 0, 20, 40, 60, 80, 100, 120, 
140, 160, 180 and 200 sec, respectively. 
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Figure 11. The craze propagation velocity as a function of time at different stretching speed values 0.35, 0.41, 0.45, 0.52 and 
0.66 cm/sec, respectively. 

 
The deceleration “a” can calculated as function with drawing speed by using the following equation: 
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where vi is the initial velocity at initial time ti and vf is the final velocity at final time tf. Figure 12 indicates that 
the deceleration decreases with increasing the drawing speed or (craze density). Where application of external 
stress as consequence of mechanical stretching causes the molecular chains to be directed towards the axial di-
rection. Moreover, extension of the molecular chains occurs upon further stretching, and eventually rupture oc- 
curs at different sites creating voids. Furthermore the coalescence voids forms a craze which propagates the 
sample during the application of stress at a velocity depending on the value of the applied stress. On the other 
hand, the propagating crazed sites continue its motion even if the stress is removed due to its inertia. This beha- 
vior observed as decelerated crazes motion upon sudden removed the stress which lasts for several minutes. This 
deceleration phenomenon depends on two factors. The first one is due to the environmental stresses which 
amount the surface active agents are volatized with time. This factor did not show much contribution to the de- 
celeration of crazes. The second factor is the inertia of the moving fibril-void structures, i.e. crazes and it is con- 
sidered the dominate factor contributing to the deceleration phenomenon observed during the sudden removed 
of the applied stress. The friction of the decelerated crazes with the internal structure of the stretched polymers 
decreases the velocity until the craze stops after several minutes of decelerated motion. 

3.3. The Effect of the Craze Dimension on the Their Propagation Velocity at Constant 
Stretching Speed of PP Fibres Using a Microscopic Image Analysis System (MIAS) 

Owing to the fact that the maximum thickness of the craze has been previously used as a fracture criteria [28]. 
The effect of craze dimensions on their propagation velocity was studied. Figures 13(a)-(g) show crazes which 
differ in their dimensions for stretched PP fibre at constant stretching speed 0.41 cm/sec. This Figure was used 
to study the effect of the crazes dimensions on their propagation velocity by tracking five different crazes 
marked as numbers I, II, III, IV and V, respectively, during the durations 0, 10, 20, 30, 40, 50 and 60 sec, re- 
spectively. The five crazes were monitored during their propagation. 
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Figure 12. Deceleration of craze propagation as a function of drawing speed for PP fibres. 
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Figure 13. (a)-(g) shows the propagation of five crazes with stretching speed value 0.41 
cm/sec during the duration 0, 10, 20, 30, 40, 50 and 60 sec, respectively. 

 
Using the filled contour method [29] with magnification 10×, the filled contours of crazes for fixed test dura-

tion 10 sec are presented in Figures 14(a)-(e). The estimated areas of the crazes were found to be 5.52, 11.32, 
15, 17.02 and 22.22 µm2, respectively. Figure 15 shows the relation between the propagation velocity of the 
crazes and their areas at constant test duration 10 sec. This Figure clarifies that the craze dimension has no effect 
on craze propagation velocity at room temperature 18˚C. 
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Figure 14. (a)-(e) shows the filled contour images of five crazes with stretching speed value 0.41 cm/sec. 
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Figure 15. The craze propagation velocity as a function of area of different crazes at constant duration 10 sec. 
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3.4. The Effect of the Temperature on the Craze Propagation Velocity at Constant 
Stretching Speed of PP Fibre Using a Microscopic Image Analysis System (MIAS) 

Williams and Marshall [30] have studied the effect of temperature on the craze propagation in different number 
of polymers. From experience, it has well demonstrated that temperatures act as accelerating deformation 
processes. In this work, the temperature of stretched PP fibres was raised gradually from 15˚C to 60˚C using the 
heating unit shown in Figure 3. Figures 16(a)-(j) present the binary optical micrographs showing craze propa-
gation for stretching speed value 0.41 cm/sec at test temperatures 15˚C, 20˚C, 25˚C, 30˚C, 35˚C, 40˚C, 45˚C, 
50˚C, 55˚C and 60˚C, respectively. The crazes propagation velocities at stretching speed values 0.41 and 0.45 
cm/sec, respectively through the previously mentioned temperatures are estimated and represented in Figure 17. 
From this figure it is noticed that at low temperatures from 15˚C to 40˚C, there are slight increasing in the craze 
propagation velocity. On the other hand at higher temperatures from 45˚C to 60˚C the velocity of craze propaga- 
tion multiplies several times. This clarifies the effect of temperature as accelerating factor which appears at high 
temperatures. This can be explained as: upon the raising temperature, the mobility of the molecular chains in- 
creases consequently, fibril voids structure of crazes began to flow. The increased flow of crazes is observed as 
increasing in its propagation velocity. Accordingly, increasing the test temperature results a faster propagation 
of crazes. Moreover, increasing the stretching speed results, a more flexible molecular chain which resist the 
propagation of crazes inside the structure of the drawn fibres. Accordingly, the stretched fibres require high 
temperature in order to increase the propagation speed of the crazes. This is in a good agreement with the ob- 
tained results shown in Figure 17. Owingto the drawing speed, the temperature required to accelerate the craze 
propagation increases with the craze density, taking into account that above a certain high temperature, the re- 
crystallization process will occur [12]. 

3.5. 3D Birefringence Profile and the Mean Birefringence of Crazed PP Fibres 
The samples of PP fibres were stretched with the stretching device [26] to initiate crazes and observed directly  
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Figure 16. (a)-(j) The binary transmission optical micrographs for craze propagation with 
stretching speed value 0.41 cm/sec at temperatures 15˚C, 20˚C, 25˚C, 30˚C, 35˚C, 40˚C, 45˚C, 
50˚C, 55˚C and 60˚C, respectively. 
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in the Pluta polarizing interference microscope in its fringe field mode. In this study, the areal craze density was 
calculated as a function of optical birefringence. Figures 18(a)-(e) show the non-duplicated microinterferograms 
captured with Pluta polarizing interference microscope for PP fibre stretched with fixed speed value 0.41 cm/sec 
and their areal craze densities were 0%, 35%, 42%, 52%, 62%, respectively. The birefringence profiles of this 
fibre using the non-duplicated image, taking into account the refraction of the incident beam by fibre layers 
given by the following equation [31]: 
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Figure 17. The craze propagation velocity as a function of temperature at stretching speed values 0.41 and, 0.45 cm/sec. 
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Figure 18. (a)-(e) shows the non-duplicated microinterferograms captured 
with Pluta polarizing microscope for a PP fibres stretched with speed value 
0.41 cm/sec with different areal craze densities 0%, 35%, 42%, 52%, 62%, 
respectively. 
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where R is the fibre radius, Q is the layer number, t is the layer thickness (t = R/Q), 𝑍𝑍𝑄𝑄  is the shift of the fringes 
due to the presence of a phase object, j is an integer runs from 1 to (Q − 1) and b is the interfering spacing. The 3D 
birefringence profile for PP fibres was shown in Figures 19(a)-(e). In all of the 3D birefringence profiles, it was 
noticed that, the inner layers have the maximum birefringence values. Also, the birefringence values decrease 
 

 
Figure 19. (a)-(e) shows the 3D birefringence profiles for a PP fibres stretched with speed value 0.41 cm/sec with different 
areal craze densities 0%, 35%, 42%, 52%, 62%, respectively. 
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for the outer layers. This implies that, the maximum orientation of the molecular chains to the fibre axial direc- 
tion was observed for the inner most layers. Consequently, mechanical stretching affects the inner layers of the 
fibre more than the outer layers. The mean birefringence value can be calculated by the following equation [32]: 

Zn
bt
λ∆

∆ =                                    (3) 

Figure 20 shows the relation between the areal craze density and the mean birefringence values. From Figure 
20, it is clarified that, an increase of the orientation of the molecular chains was observed during the mechanical 
stretching of the fibre even in the presence of crazes. 

4. Conclusions 
Craze propagation in stretched polypropylene (PP) fibres was monitored and quantified during a mechanical 
stretching process, using two beam polarizing interference Pluta microscope with the aid of microscopic image 
analysis system (MIAS). The uniform field mode of the Pluta microscope was used for this purpose because in 
the fringe field mode the MAIS was affected by the dark fringes as well as the crazes leading to less accurate 
results. According to the obtained results, it was found that, the areal craze density increased with the increasing 
of the drawing speed. Also surface active agent alpha brome naphthalene, (the immersion liquid), is acted as an 
accelerating factors for craze initiation and propagation. The areal craze density and drawing speed are greatly 
influenced the propagation of crazes. The crazes do not propagate at uniform velocity in presence of the surface 
active agent, alpha brome naphthalene. Decelerate of crazes was observed. The areal craze density and drawing 
speed decelerated the propagation of crazes. Results showed that the craze propagation is a temperature depen- 
dent phenomena, i.e. raising the ambient temperature causes the crazes to propagate at high velocities. Also 
from the 3D birefringence profiles it was noticed that the mechanical stretching affects the inner layers more 
than the outer layers of the fibre. 

Generally, the design of polymeric fibres with improved mechanical properties can lead to formation of unde- 
sired crazed structure. However, Pluta polarizing microscope was used to follow and monitor the crazes that 
occur on the surface of stretched polypropylene fibres in real time. This confirms the fact that, if a scanning 
electron microscope (SEM) is not available, polarizing light microscope can be applied with the aid of the mi- 
croscopic image analysis system (MIAS) and usually provides satisfactory results. 
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Figure 20. The mean value of birefringence as a function of areal craze density at fixed stretching speed value 0.41 cm/sec. 
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