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Abstract 

High-density polyethylene (HDPE) is increasingly used for pipe applications owing to 

its lower cost and higher resistance to chemical corrosion and biological attack 

compared with metallic materials. Hence, HDPE with improved mechanical properties 

for pipe application were developed. In addition, additives are used to improve the long-

term performance of PE pipes. Carbon black (CB) is one of the most widely used 

additives in PE pipes due to its low cost and absorption of UV which contributes to the 

resistance to photo degradation. However, it is difficult to achieve good homogenisation 

of HDPE and additives by the single-screw extrusion method. Insufficient 

homogenisation is observed as black (where HDPE and CB are well mixed) with white 

striations (only HDPE without CB); the white striations are called “windows”. It has 

been shown that windows could lead to reduction of HDPE pipe performance and 

several methods have been developed to detect them. However, there is lack of study 

on the effect of windows on the integrity of butt fusion joints and there is only one 

method reported in open literatures which can quantify the window. However, this 

method causes material wastage.  

The aim of this study was to investigate the influence of windows on the mechanical 

integrity of HDPE pipe butt fusion joints and the failure mechanism at microscale, and 

to determine the threshold value of window level below which the mechanical integrity 

is sufficient for industrial applications. The main objectives were: 1) to develop a 

method for quantifying the window levels that does not waste the pipe materials; 2) to 

investigate the mechanical performance of butt fusion joints containing different levels 

of windows under the loads of tension, bending and high-speed tension to establish a 

correlation of each property with the window level; 3) to determine the threshold 

window level in HDPE pipe joints; 4) to study the failure mechanisms at the 

microscopic scale. The study was primarily conducted by mechanical testing and 

material characterisation using optical microscopy, scanning electron microscopy 

(SEM). Key findings are as follows. 

Thin slices extracted from a HDPE pipe containing high level of windows were 

observed under transmission light and polarised light using an optical microscope. The 

results revealed that there is a thin and grey interphase, between window area and 

surrounding black areas, with different crystallite structure. 

Tensile, bending, and tensile impact tests were conducted to evaluate the performance 

of HDPE pipe butt weld joints containing different levels of windows, which was 

quantified as window percentage area by image analysis of ribbon samples generated 

in the trimming stage of butt fusion welds. The results showed that all the three 

mechanical properties decreased with the increase of window level. 

For the tensile tests, tensile ductility and toughness of test specimens reduced with the 

increase of window level. The “energy to break” parameter was selected to determine 
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the threshold level of windows owing to its sensitivity to the window level and this 

property is required as a threshold in the water supply pipe industry. The results showed 

that the threshold window percentage area was 0.5%. Optical microscopy and SEM 

have revealed that high window level caused brittle fracture. Microtome slice extracted 

perpendicular to the fracture surface showed that windows were aligned layer by layer 

parallel to the weld interface in the melt zone. One layer of window with a thin layer of 

grey material above was observed under all the main crack initiation regions. The crack 

initiated at the weld region from around the mid-thickness where the highest level of 

windows was found and the crack grew toward weld beads. Craze remnant was 

observed from the crack initiation region and stable crack growth region, indicating that 

the fracture was initiated form the crazing initiated from the interphase (the grey layer) 

between the windows and the adjacent black HDPE material.    

For the tensile impact tests, impact ductility and toughness of test specimens reduced 

with the increase of window level. For each specimen, a shear band out of the weld 

region was observed before necking occurred. Vertical cracks adjacent to vertical 

windows were observed during the necking stage for specimens containing high level 

of windows. The more and larger windows existed in necking area, the faster the 

vertical cracks appeared. This has further proved that the grey interphase was the source 

of the fracture. Finite element modelling result showed that stress concentration should 

appear at the corner of weld bead with parent pipe. This indicated that, under tensile 

impact load, the weak boundary between heat affect zone and parent pipe is more 

dangerous than the stress concentration point.  

For the bending tests, the number of the specimens of each window level that developed 

cracks before being deformed to a right-angle shape increased dramatically with the 

increasing of window level. In addition, average crack length increased with the 

increasing of window level, and average time to failure decreased with the increasing 

of window level. What is more, from the fracture surface of a further broken specimen, 

a large window going across a large crack was observed. These indicated that the higher 

the window level, the more and the weaker interphase exist in weld region, and the 

interphase result in failure.  

All the results in this study indicate that insufficient homogenisation during HDPE pipe 

extrusion, which was observed as windows, result in a thin interphase between window 

area and surrounding black areas with different crystallite structure. The interphase 

resulted in the failure appeared in all the three mechanical tests. The worse the 

homogenisation of the pipes, the more and weaker the interphase in the pipes and weld 

region, the worse the mechanical properties of their butt fusion joints. 
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Chapter 1: Introduction  

1.1 Background and state-of-the-art 

Nowadays high-density polyethylene (HDPE) is being increasingly used for pipe 

applications. When compared with metallic materials, HDPE is cheaper and much more 

resistant to chemical corrosion and biological attack [1]. Furthermore, HDPE is also 

highly resistant to fatigue and has longer service life [2]. Owing to these advantages, 

HDPE is ideal for producing pipes used to assemble water supply pipelines with almost 

no need of maintenance [1]. In addition, HDPE is used in gas pipelines and is starting 

to be used in non-safety critical applications in the nuclear industry [2, 3]. As a result, 

a large amount of effort has been made to research in HDPE for pipe applications with 

better performance. The mechanical properties of HDPE in pipe applications, especially 

for long-term creep resistance, have been significantly enhanced owning to the 

development of HDPE from PE 63 to PE 80 and PE 100, by broadening the molecular 

weight distribution (MWD), applying short chain branching (SCB), and bimodal 

molecular weight distribution [4–8]. Additives are also applied to improve the long-

term performance of PE pipes. Carbon black (CB) is one of the most widely used 

additives in HDPE pipes due to its low cost and absorption of ultraviolet light (UV) 

which highly increases the resistance of PE pipes to thermal and photo degradation [9–

16].  

However, along with the benefits brought by using additives and the improved HDPE 

material, challenges are also introduced into the manufacture of HDPE pipes, which is 

commonly achieved by the extrusion technique, in which HDPE pellets and additives 

are conveyed by relative movement between a rotating screw and a motionless barrel, 

melted by the heating of a heating brand and the friction between materials and the 

barrel’s inner wall, and mixed by the flowing of the melt in screw channels [2, 17–22]. 

During the extrusion of PE pipes, fine scale additives tend to aggregate together, and 

the high molecular weight part of the wide MWD HDPE tends to self-segregate and 

float in the melt of low molecular weight part due to a dramatic viscosity difference 

[23–26]. Hence it is very difficult to achieve the homogenisation of HDPE and additives 

by the compounding of screw extrusion without additional assistance such as adding 

mixing elements into the screws [24, 26]. One of the currently used manufacturing 

processes of commercial HDPE pipes, in-line extrusion, is widely used in whole North 

America for gas and water transportation and some other countries (including China) 

for non-gas applications [27]. The in-line extrusion process has been proved to result 

in insufficient homogenisation of HDPE and CB [9]. The insufficient homogenisation 

of CB and HDPE in the extrusion of HDPE pipes has been observed as black and white 

striations corresponding to regions with high and low CB concentration respectively [9, 

26]. The white regions are called ‘windows’ (or ‘white spot’ if the white regions are in 

spot shape) [9, 26, 28]. As an example, Figure 1-1a shows a HDPE pipe containing 
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windows which seems totally black by naked eye. However, as shown in Figure 1-1b, 

windows as black and white striations can be seen clearly in the mid thickness of a thin 

ribbon sliced out from the end of the pipe. Furthermore, the existence of windows has 

been shown to cause reduction of the mechanical properties of HDPE pipes [9, 29–31]. 

Several methods of evaluating this kind of defect in HDPE pipes have been proposed 

[23, 32], however, none of them is based on non-destructive testing techniques. Hence 

current methods of evaluating windows will result in the waste of pipe materials when 

they are applied in the pipe industry. 

      

Figure 1-1. Windows in an HDPE pipe: (a) a black HDPE pipe containing windows; (b) a thin 

ribbon (100 µm thick) sliced out from the end of the HDPE pipe showing windows. 

Although some studies have been performed on how insufficient homogenisation of 

HDPE and CB can affect the HDPE pipe mechanical performance, there is little 

research about how this insufficient homogenisation influences the joining and joint 

performance of HDPE pipes, which is important to achieve the structural integrity of 

PE pipelines. Butt fusion welding is commonly used to join HDPE pipes because of its 

accurate controlling of the welding surface alignment and welding temperature, and 

ability to weld components with complex geometries [33, 34].  

1.2 Research questions 

Will windows in HDPE pipes affect the mechanical integrity of the butt fusion joints?  

If the mechanical integrity of HDPE pipe butt fusion joints is affected by windows, then 

what is the magnitude of the influence, and what are the failure mechanisms at meso- 

and micro-scales? 

Is there a critical value of the window area concentration below which the mechanical 

properties of the HDPE pipe butt fusion joints are not affected?  

Is there a window quantification method which does not result in the waste of pipe 

material? 

 

 

50mm 

windows 
a b 
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1.3 Aim and objectives 

The aim of this study was to investigate the failure mechanism at the microscale of how 

windows influence the mechanical integrity of the HDPE pipe butt fusion joints and to 

determine a critical window concentration level below which the mechanical integrity 

of the butt fusion joints is sufficient for industry applications.  

The objectives of this study are as follows:  

- To perform a state-of-the-art literature review in this field 

- To develop a method for quantifying the level of windows in PE pipes which 

does not result in the waste of pipe materials 

- To determine the mechanical performance and properties in tension, bending and 

high speed tension by conducting the following three types of tests, and to 

establish a correlation of each property with the level of windows:  

a) Static tension by waisted tensile specimens 

b) Bending by guided side bend configuration 

c) High speed tension by tensile impact specimen 

- To determine the threshold level of windows in HDPE pipes below which the 

mechanical properties of butt fusion joints will only be affected marginally and 

be sufficient for industrial applications 

- To investigate the failure mechanisms at the microscopic scale by tracing the 

crack initiation and crack growth trajectory using scanning electron microscopy 

(SEM)  

1.4 Thesis structure 

Chapter 2 is a literature review mainly focusing on the homogenisation of CB and PE 

in pipe extrusion, mechanical tests of HDPE pipe and pipe joints, and how the 

insufficient homogenisation could affect the performance of PE pipes. Suggestions of 

non-destructive tests which have potential to be used to evaluate the windows are 

presented as well. In addition, the mechanism of how windows may influence the butt 

fusion joining of PE pipes was studied in terms of a review of typical defects in butt 

fusion welding, the influence of windows on PE pipes, the window distribution in butt 

fusion joints and the fracture mechanism of PE pipe and pipe joints.  

Chapter 3 presents the experimental methods, covering the materials, specimens, 

mechanical tests, and characterisation methods. Results are presented in Chapters 4-7. 

Chapter 4 reports the material characterisation results, from the quantification of 

windows to the window distribution in the HDPE pipe specimens and joints welded 

using the HDPE pipe specimens. 

Chapter 5 reports the tensile properties as results of testing the waisted tensile 

specimens and fracture surface analysis by SEM to trace the crack initiation and crack 
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growth trajectory to reveal the failure mechanism, and a discussion of how the tensile 

properties are influenced by the level of windows. 

Chapter 6 reports the impact properties as results of testing the tensile impact specimens 

with a fracture analysis and a discussion of how the impact properties are influenced by 

the level of windows. 

Chapter 7 reports the bending properties as results of testing the guided side bend 

specimens with a fracture analysis and a discussion of how the bending properties are 

influenced by the level of windows. 

Chapter 8 summarises the key findings and conclusions. 

Chapter 2: Literature review 

2.1 Manufacturing of Polyethylene (PE) pipes 

2.1.1 Commercial PE for pipelines 

The service environment of a PE pipeline for gas or water transportation is being 

subjected to relatively low pressure for a long period, which is similar to the condition 

of being subjected to a low stress for a long time for slow crack growth (SCG) to occur 

[35]. So, to ensure long service life of a PE pipeline, high resistance to SCG is necessary 

[6]. SCG is a specific crack initiation and growth process of polymers as a result of 

being subjected to a load which is much lower than the yield strength of the material 

for a long time. When SCG occurs in ductile polymers, it results in a brittle fracture. 

There are two stages in SCG, i.e. the initiation of craze, followed by the stage of crack 

growth. The rate of the crack growth stage dominates the rate of SCG, whilst the rate 

of the crack growth stage is governed by the disentanglement rate of tie molecules [36]. 

Therefore, to improve the resistance to SCG, the amount of tie molecules and the 

efficiency of the tie molecules’ entanglement need to be enhanced [37]. A tie molecule 

(chain) is a polymer chain not only folded and crystallise in at least two crystalline 

regions but also with parts of it in amorphous region between the crystalline regions to 

link them together. Hence a tie chain needs to be a long chain with high molecular 

weight. The tie chains between crystalline regions are illustrated in Figure 2-1 [8]. The 

blue arrow in Figure 2-1 [8] points toward a molecular scale void where a craze crack 

is likely to be initiated. The direction of the subsequent crack propagation is shown by 

the yellow arrow.  
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Figure 2-1. Schematic of tie molecules between crystalline regions [8].  

2.1.1.1 PE 80 

To increase the amount of high molecular weight tie chains, a new generation of HDPE 

(PE 80) with much broader MDW was developed. The broader the MDW, the higher 

the amount of high molecular weight polymer chains, the higher the possibility of the 

tie chains to exist. In addition, in general, impact fracture toughness increases with the 

increasing of the length of polymer chains[38–40]. Hence the resistance to rapid crack 

propagation (RCP) caused by external impact (commonly happens during 

transportation and assembly of PE pipes) can also be improved by wider MWD. 

Therefore, the slow crack growth resistance (SCGR) and rapid crack propagation 

resistance (RCPR) of PE 80 was significantly improved comparing with the previous 

generation of HDPE (PE 63), whilst, the processability is maintained by the low 

molecular weight chains. Short chain branching (SCB) is also introduced into PE 80 to 

enhance SCGR because the SCB on long polymer chains can force them into 

amorphous regions and generate more tie chains to link crystalline regions while the 

SCB on generated tie chains can enhance their entanglement [7, 41, 42]. However, for 

PE 80, most of short chain branches are introduced into short polymer chains [7].  

2.1.1.2 PE 100   

To overcome the problem (introducing SCB into short polymer chains) of PE 80, a 

bimodal HDPE (PE 100) was developed. Figure 2-2 [23] shows the MWD of a typical 

bimodal polyolefin. The MWD in Figure 2-2 [23] has two peaks, one on the left 

represents the low molecular weight part of this polyolefin, the other on the right 

represents the high molecular weight part of this polyolefin. The large amount of long 

polymer chains in the high molecular weight part of PE 100 bring high SCGR while 

the short polymer chains with low viscosity in low molecular weight part maintain a 

good processability [23, 43].  

direction of crack 

propagation 

craze initiation region 



18 

 

 

Figure 2-2. typical molecular weight distribution of bimodal polyolefin [23]. 

The manufacture of bimodal PE can be achieved in two ways, one is blending a high 

molecular weight HDPE with a low molecular weight HDPE, another one is 

synthesising the high molecular weight and low molecular weight HDPE separately in 

two sequential reactors [7, 8, 23]. The latter way gives a better homogeneity of high 

molecular weight and low molecular weight molecules, but it is more expensive than 

the blending method [44]. Short chain branches are introduced during the synthesis of 

the high molecular weight part of PE 100 to ensure all the branches are introduced into 

long polymer chains [7, 8, 23]. Hence SCGR of PE 100 (sustaining hoop stress of 10 

MPa for 50 years at 20℃) is further improved than PE 80 (sustaining hoop stress of 8 

MPa for 50 years at 20℃) [5, 7]. However, melt viscosity of polymer is highly 

dependent on molecular weight according to equation 2-1 [45]:  

η=kMw
3.4                         (2-1) 

where, η is melt viscosity, k is a constant, Mw is weight average molecular weight. 

Using the molecular weight values at the two peaks (102.9 and 104.5) in Figure 2-2 to 

represent the molecular weight of the low molecular weight part of PE100 and that of 

the high molecular weight part of PE100, according to equation 2-1, the melt viscosity 

of the high molecular weight part is 105.4 times that of the low molecular weight part. 

This huge difference in melt viscosity can complicates the mixing of PE100 during 

extrusion.  

In conclusion, both PE 80 and PE 100 improve their performance by broaden their 

MWD. PE 100 is better than PE 80 because the short chain branches in PE 100 are all 

concentrated in long chains and the molecular weight of polymer chains in PE 100 are 

concentrated only in very high molecular weight region and very low molecular weight 

region. However, this significant difference in molecular weight can bring huge 

difference in melt viscosities which complicates the homogenisation of PE during 

compounding process [23]. This is discussed in detail in section 2.        
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2.1.2 Extrusion of PE pipes 

Extrusion is one of the most widely used processing technique for polymers. Single and 

twin-screw extruders are most commonly used in extrusion [17, 46]. Fitting with 

different downstream parts, single and twin-screw extruder can be used for a lot of 

application such as extrusion of pipes, films and profiles [17, 18]. All kinds of solid 

wall PE pipes can continuously be extruded through an annular die [2]. In addition, 

compounding of PE with additives can also be achieved during the extrusion process 

of PE pipes [24, 26]. 

2.1.2.1 Single screw extrusion 

Figure 2-3 [17] illustrates the structure of a typical single screw extruder. In a single 

screw extruder, a screw inside a barrel keeps rotating to convey materials toward 

extruder exit by the friction between materials and the barrel’s inner wall which is 

generated from the relative movement between the screw and the barrel. A typical screw 

has three sections, called feeding zone, compression zone and metering zone [20].  

Normally, materials are fed into feeding zone through a feeding hopper via gravity [19]. 

Screw depth in feeding zone is the highest and the screw in this region conveys the 

materials to compression zone without too much pressure generation. In compression 

zone, the materials are compressed and compacted significantly with the gradually 

decreasing of the screw depth to the lowest [18, 19]. High pressure generated in this 

process result in strong friction and shearing between the materials and barrel wall. 

Substantial amount of heat generated by the friction and shearing melts all the materials 

before they enter metering zone [19, 20]. In metering zone, the screw depth doesn’t 

change and the melted materials are mixed by shear flow and spiral flow in screw 

channel [17, 18, 24]. Material melt is conveyed towards a die which gives an extrudate 

a specific shape. Heater bands are fitted surround the barrel and heating it up. The 

heated barrel wall transfers heat to materials inside the extruder to assist the melting 

process [20].  

 

Figure 2-3. Illustration of the structure of single screw extruder [2].  

2.1.2.2 Twin-screw extrusion 

Similar to single screw extruder, the twin screw extruder consists of one screw barrel 

and two screws. The two screws can be parallel or conical, intermeshing, partial 

intermeshing or non-intermeshing [47]. Each design has its specific function. As shown 

in Figure 2-4 [19], the two screws can rotate in same direction (corotating screws) or 
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opposite direction (counterrotating screws), different rotation mode give different ways 

of flow and mixing in an extruder [19, 47]. 

 
Figure 2-4. Corotating and counterrotating screws [19].  

Although materials in twin-screw extruder are also conveyed, melted and mixed base 

on screw rotation, the movement of materials in twin-screw extruder is much different 

in contrast to single screw extruder. Figure 2-5 [19] shows how materials move in 

corotating screws and counterrotating screws. In corotating screws, as shown in Figure 

2-5 (a) [19], materials are forced toward the region between the two screws from the 

left screw. Materials are accumulated in this region and high pressure is generated, 

then the right screw stretches the materials in the middle away. This process can 

generate strong shearing which can assist mixing. The materials move in an eight shape 

along the screw channels of the two screws [4, 48]. In counterrotating screws, two 

screws convey materials into the region between them, materials are combined in this 

region and then be separated, this process can also generate high shear stress and the 

combining and separating of the materials can improve mixing as well [18, 19].  

 

(a) corotating screws         (b) counterrotating screws 

Figure 2-5. Materials motion in twin screw extrusion [19].  

Overall, the compounding and mixing of materials in single screw extrusion is achieved 

by shearing and spiral flow in metering zone, while strong shearing only occurs in the 

compression zone during the melting of materials under high pressure. By comparison, 

in twin-screw extrusion, the region between two screws can generate high pressure and 

strong shearing to both solid materials and melted materials. Hence twin-screw 

extrusion is more capable for compounding. However, both of these two extrusion 

techniques are not capable enough for the compounding of wide MWD or bimodal 

HDPE and fine additives such as CB [23, 24, 26, 28, 49]. Additional mixing procedures 

or mixing elements need to be applied to accomplish sufficient compounding [18–20, 

50]. Owing to lower cost, single screw extrusion is widely used for HDPE pipe 

extrusion.  
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2.2 Challenges and imperfections in melting and mixing in extrusion 

The melting and mixing of polymers in extrusion are challenging due to polymers’ low 

heat conduction and high melt viscosity [19, 26]. The compounding of polymers and 

additives is even more complex because of the agglomerate of fine additives and the 

interaction between additives and polymers[23]. Hence it is very usual for an extrusion 

line to give products with insufficient homogenisation of materials. For the extrusion 

of PE, insufficient homogenisation of CB has been shown to reduce the weathering 

resistance and mechanical properties of extruded products [9, 12, 30, 49, 51]. So, it is 

important to understand how materials are melt and mixed in extrusion and how to 

achieve the sufficient homogenization of materials. 

As shown in Figure 2-6 [26], there are two modes of mixing of different materials, one 

is dispersive mixing, another is distributive mixing. Dispersive mixing is an action in 

which the agglomerate size of the minor component is broken down to its ultimate 

particle size[19, 24, 26]. This is usually achieved by strong shearing, such as the 

breaking down of CB agglomerates in PE [24, 26]. Distributive mixing is an action in 

which the minor component is randomly distributed throughout the whole volume of a 

matrix without changing the particle size of the minor component [19, 24, 26]. This is 

usually achieved by keeping disturbing and separating the minor component in the 

matrix. These two modes of mixing are essential to achieve sufficient homogenisation 

of different materials. Many studies also indicated that increasing the residence time of 

materials in extrusion, which increases the time of the materials under strong shearing 

and under the melt flow which promotes disturbing and separating additives, can give 

better products’ homogeneity [28, 52–55].  

 

Figure 2-6. Dispersive mixing and distributive mixing. (A) bad distributive and dispersive 

mixing (B) bad dispersive mixing and good distributive mixing (C) good dispersive mixing and 

bad distributive mixing (D) good distributive and dispersive mixing [26].  
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2.2.1 Without additives 

The melting and mixing occurs in the compression and metering zone in single-screw 

extrusion. The whole melting process is shown in Figure 2-7 [19]. As materials moving 

along screw axial direction in compression zone, with the reducing of channel depth, 

materials are compacted to a dense bulk, called solid bed. The rough barrel wall keeps 

scraping the solid bed and generate a lot of heat. This process generates a thin layer 

of melt between the solid bed and barrel wall [18, 21]. Then the melt layer is dragged 

backward by the barrel wall against pushing flight. Because the thickness of the melt 

layer is very low, when the melt layer is being dragged, the shearing rate of this layer 

is very high and this viscous shearing process can also generate large amount of heat 

and keep melting the solid bed. Because the screw depth keeps reducing in 

compression zone, the thickness of the thin melt layer does not increase and the high 

shearing rate is maintained [19]. As a result, new melt is generated between the solid 

bed surface and barrel wall surface and dragged against the pushing flight continuously. 

The melt dragged away from the thin layer accumulate nearby the pushing flight and 

forms a melt pool gradually [21]. Because of the absence of leakage between the 

barrel and the flight, all the melt against the pushing flight must be pushed downwards 

to the solid bed along the screw channel bottom, hence a rolling melt pool is formed 

[24]. As a screw channel moves forward with reduced channel depth, the melt pool 

becomes larger and larger and the solid bed becomes smaller and smaller until all the 

polymer is melted.  

 
Figure 2-7. The melting process in compression zone. [20] 

Although the spiral flow in the rolling melt pool during the melting process can to some 

extent give an effect of mixing, the mixing process mainly happens in metering zone. 

The mixing in metering zone is achieved by a spiral flow different from that in 

compression zone. This process is shown in Figure 2-8 (a) [19]. In step one, the melt is 

dragged by barrel wall against a pushing flight, then in step two, the melt gets in touch 

with the pushing flight, being pushed down to the channel bottom and flow toward the 

trailing flight in a pressure flow mode. After that, in step 3, the melt gets in touch with 

the trailing flight and flows upward, followed by being dragged down by barrel wall 

toward the pushing flight again. This process repeats over and over in screw channel 

and gives the spiral flow shown in Figure 2-8 (b) [19, 22]. The flow speed profile 

(Figure 2-9 (a) [56]) of metering zone in transverse direction is a rolling mode with a 

drag flow near the barrel wall and a pressure flow near the bottom of the screw channel. 

Hence the polymer melts keep rolling in the metering zone to achieve homogenisation. 
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In the direction along the screw channel (shown in Figure 2-9 (b) [56]), the melt pushed 

back by the back pressure from a extrusion die reduce the output rate of extrusion and 

increase the residence time, which further help the homogenisation of polymers.  

 
(a)                                             (b) 

Figure 2-8. Spiral flow in metering zone [19].  

 

   

(a)                                 (b) 

Figure 2-9. The flow speed profile in (a) transverse direction of screw channel and (b) along 

screw channel in metering zone. [55] 

However, such an ideal process is almost impossible to be accomplished to achieve the 

melting and homogenisation of HDPE materials in the extrusion of PE pipes. In 

compression zone, when a solid bed is getting thinner and thinner, it is likely for the 

solid bed to break into pieces [18, 19]. These pieces float inside the melt and cannot be 

subjected to the viscous shearing. So, the pieces can just be melted by the heat 

conducted from surrounded melt and barrel wall [18, 19]. Because the heat transfer is 

very inefficient in polymer, these pieces of materials may not be melted until being 

extruded out of the die.  

To solve this problem, a special screw design, barrier screw was introduced. Comparing 

with a conventional screw, a barrier screw has an additional flight with slightly 

increased pitch (the distance between two adjacent flights) and a lower flight diameter, 

which allows leakage to occur between a barrier flight and a barrel [18–20, 50]. As 

shown in Figure 2-10 [19, 50], during the melting of polymers, the barrier flight 

separates a screw channel into a solid channel and a melt channel. As extrusion is in 
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process, solid materials in the solid channel are melted and dragged into the melted 

channel with the reducing of the width of the solid channel and the increasing of the 

width of the melt channel. This ensure a solid bed is subjected to compression from two 

directions by the decreasing of both channel width and channel depth thus hinder the 

breaking of the solid bed.  

 

 
Figure 2-10. Schematic of a barrier screw. (a) a typical barrier screw (b) the section of a screw 

channel in a barrier screw along axial direction [19, 50].  

In addition to the difficulty of melting, there is a great difficult in the mixing of pipe 

grade HDPE as well. As mentioned in section 1, both PE 80 and PE 100 have a wide 

MWD which result in a large viscosity difference in extrusion. Hence the mixing of 

pipe grade HDPE is to some extent like the blending of different polymers, in which 

the high viscosity components tend to self-segregate and float in a low viscosity matrix 

as a sea island structure [23]. This prevent the high viscosity regions to be sheared and 

eliminated. In metering zone, in terms of the speed profile shown in Figure 2-9 [56], 

polymer melt flows in a rolling mode by viscous drag force near the barrel wall and the 

pressure flow near the screw bottom. The lower viscous melt is easier to be dragged or 

pushed, hence the low viscosity melts tend to stay in the high flow speed region near 

screw barrel, screw flights and screw bottom, the high viscosity melts tend to 

agglomerate and stay in the low flow speed region far away from the screw barrel, 

screw flights and screw bottom (in the middle of a screw channel). Due to the friction 

between the relatively stable high viscosity melt and the low viscosity melt with high 

flow speed, the low viscosity melt at the interface or close to the interface between the 

high viscosity part and low viscosity part is subjected to higher shear rate than the low 

viscosity melt away from the interface. This can result in a layer of material in which 

the polymer chains are to some extent stretched and disentangled or even fully stretched 

and oriented when a critical strain rate is reached [57]. This layer of material, in other 

word, the interphase between the high viscosity melt and low viscosity melt may 

influence the quality of extrudate due to the significant changed micro-structure in this 

interphase.   

(a) 

(b) 
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Fortunately, in mixing of HDPE, only one polymer is applied, and the high viscosity 

regions are miscible with the low viscosity regions. So the high viscosity regions can 

be gradually dissolved by the low viscosity regions with the increasing of viscosity in 

low viscosity regions and the reducing of viscosity in high viscosity regions if suitable 

screw design and sufficient mixing time are used [23, 58]. The homogenisation of pipe 

grade HDPE during extrusion can be achieved by accelerating the dissolving process 

by increasing the interface area between low viscosity and high viscosity regions and 

stirring the high viscosity melts in the middle of screw channel to distribute the high 

viscosity melts throughout the low viscous matrix [59, 60]. This can be achieved by 

applying additional shear and stir to the high viscosity melts via special screw design 

or mixing elements such as a barrier screw or pinned stirring-type screw tips [61–63]. 

What is more, the optimising of the energy input for mixing is also important, too low 

energy input may result in the insufficient melting of materials, while too high energy 

input may cause too strong melting of the low viscosity regions and increase the melt 

viscosity difference [23].         

2.2.2 With additives 

The compounding of polymers with solid additives is even more difficult than that of 

only polymers because the conditions of mixing polymers with additives in extrusion 

are opposite to those ideally required [64]. Table 2-1 shows the required ideal conditions 

and the practical mixing conditions in extrusion [64]. In general, the finer the additives, 

the better the properties. For example, the best particle size for CB for UV resistance 

was proved to be 20 nm [12, 65]. However, the polymer pellets for extrusion are usually 

with a diameter of about 3 mm [26]. Additives, such as CB, are usually polar and 

hydrophilic, while polymers, such as PE, are usually nonpolar and hydrophobic. 

Polymers commonly have high melt viscosities which makes mixing difficult. Hence 

effort on designing better screws, mixing elements or even better materials were made 

to achieve sufficient homogenization of additives and polymers.  

Table 2-1. Ideal conditions for disperse additives in polymers and the reality [64].  

 

For twin-screw extrusion, Yamada et al. [28] achieved sufficient homogenization of CB 

powder and PE 100 by applying a mixing element which gave high shear stress and 

designing a screw which accomplished long residence time in the mixing element.  

For single screw extrusion, which provides a cheaper way of compounding, Gale [26] 

investigated the melting and mixing process in extrusion of polypropylene (PP) with 

calcium carbonate (CaCO3) powders, shown in Figure 2-11 [26]. In compression zone, 
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a fragile bulk of calcium carbonate powders and PP was formed because the CaCO3 

powders in the gaps between PP pellets prevent the formation of a compact solid bed.   

Due to the strong compaction in compression zone, the CaCO3 powders between PP 

pellets agglomerated together and formed a dense coating on the surface of PP pellets. 

This CaCO3 coating prevent the wetting between PP pellets and barrel wall, as a result, 

the fragile bulk of CaCO3  powders and PP can only be melted by heat conduction 

without strong friction from the barrel wall. In the metering zone, the melted PP and 

agglomerates of CaCO3  were subjected to the rolling flow and extruded out. The 

additive agglomerates were just maintained in the extruded product and can act as stress 

concentration points to decrease the product’s mechanical properties[23].  

         
Figure 2-11. Melt and mixing of CaCO3 fillers in PP and the formation of agglomerates [26].  

To solve this problem, a barrier screw was applied, but the additional shearing brought 

by barrier flights only deformed the coated pellet into platelets as shown in Figure 2-12 

[26]. No combination of the coated pellets was achieved. Many kinds of commonly 

used mixing elements, such as Maddock element, planetary gear mixing head and 

screw-tip-mixing devices were applied as well, none of them can break the additive 

agglomerates and bring good results [26, 29].  

 
Figure 2-12. Deformation of coated pellets in barrier screw [26].  

Due to the difficulty of dispersing solid additives in polymers, masterbatches were 

introduced to achieve good dispersive mixing of additives before compounding in 

extrusion [26]. A formulation of a blue masterbatch from BASF is given as an example 

[66] as: 25% ultramarine blue, 15% Luwax A or Luwax AL3, and 60% PE or PP 

granules. In this formulation, the ultramarine blue is a pigment, the Luwax A and Luwax 

AL3 are PE and PP wax respectively. A polymer wax is a polymer with a very low 

molecular weight. For instance, in general, a PE wax is PE which has a weight average 
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molecular weight lower than 3000 [67–69]. Hence a polymer wax usually has the 

viscosity and melting point lower than the normally used polymer. To produce a colour 

masterbatch, pigments with treated surface, which can increase the wettability of 

pigments and polymers, are mixed with polymer wax and polymer granules in a high-

speed mixer. With the progress of mixing, temperature is raised to only melt the 

polymer wax, then the pigments are mixed with the melted wax to give a well dispersed 

agglomerate-free wax. After that, the temperature of the mixer is further raised several 

degrees to reduce the wax’s viscosity and form a wax coating on the surface of the 

polymer granules.  

With the application of masterbatches, the only thing needs to be considered to achieve 

homogenisation is the sufficient distributive mixing. Gale [26] investigated the 

extrusion of CB masterbatch (CBMB) and HDPE for pipes and indicated that the 

additive coating of polymer pellets and the additive agglomerates which prevented the 

normal melting and mixing process in extrusion did not exist. However, as shown in 

Figure 2-13 [26], during the melting process, the melted CBMB was stretched out by 

the rolling melt pool to form black striations, which is the origin of windows in PE 

pipes. The striations were further stretched to be thinner and longer by the rolling flow 

in metering zone, but they cannot be eliminated.  

 

Figure 2-13. The CBMB striations in extrusion [26].  

To cut and distribute these striations throughout the PE melt, Gale [26, 29] tried many 

kinds of mixing elements with different screw speeds, only one kind of mixing element, 

cavity transfer mixer (CTM), achieved relatively good homogenisation at all the screw 

speeds. The results are shown in Figure 2-14 [26]. The successful homogenisation 

achieved by CTM indicated that this kind of mixing element can distribute the striations 

of melted CBMB much more effectively. According to Wily and Spencer’s system [59], 

when a striation was subjected to a circulation of being cut, turned and folded and being 

cut again, the effect of the distribution of the striations would be in power law with the 

times of cutting as shown in Figure 2-15. For the mixing elements except CTM, the 

striations of CBMB can just be subjected to simple cutting and stirring which is not 

effective enough for the distributive mixing of the CBMB strations. For CTM, the melts 

inside it experienced to a repeating of cutting, turning and folding similar to Wily and 

Spencer’s system [59].  
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Figure 2-14. Mixing effects of different mixing elements at different rotation speed [26].  

 

Figure 2-15. The circulation of cutting, turning and folding to distribute CBMB striations 

A CTM is a mixer which consists of a special designed rotor with hemispherical cavities 

overlapping with the hemispherical cavities in a stator [60]. When applying into 

extrusion, as shown in Figure 2-16 [60], the rotor is added to the end of a screw and the 

barrel around the rotor is changed to a barrel with hemispherical cavities.         

 

Figure 2-16. A CTM in an extruder [60].  
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Hindmarch [60] made a CTM with a transparent barrel and fed it with a liquid silicone 

polymer and a coloured polymer marker to observe how fluids flow inside the cavities. 

The observed flow mode is shown in Figure 2-17 [60]. When a striation was cut from 

the previous cavity to the current cavity, the striation was first folded and then turned 

and opened and deposited at the current cavity’s bottom. After that, more and more 

striations from the previous cavity were cut and deposited in the current cavity. Finally, 

when the stacked striations were cut and transported to the next cavity, a circulation of 

cutting, turning, folding was finished and this circulation kept repeating in the CTM to 

achieve high efficiency distributive mixing [60]. The comparison of the compounding 

by a conventional screw and a screw with CTM is shown in Figure 2-18 [60]. It is 

obvious from Figure 2-18 [60] that the conventional screw gave large area of windows, 

while the CTM gave no windows. 

 

Figure 2-17. The fluid flow mode in CTM [60].  

 

Figure 2-18. Comparison between the mixing from a plain screw (left) and a CTM (right) [60].  
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In addition to the CTM element, pre-compounding of CBMB and PE pellets in an 

internal mixer to prepare pre-mixed pellets to be fed into a pipe extruder is widely used 

in Europe to achieve sufficient homogenisation of CB in single-screw extrusion of PE 

pipes [9, 49, 70].  

In summary, due to the nature of polymers and additives and the melting and mixing 

process in extrusion, it is very difficult to achieve sufficient homogenisation of 

additives and polymers by only applying a conventional screw. To accomplish sufficient 

homogenization, special screw design, additional mixing elements or additional 

compounding procedures, such as the pre-compounding method, need to be applied. 

However, all these measures mean a higher cost in industry, hence, to compromise with 

the cost, out of Europe, many PE pipes are produced using in-line extrusion process. In 

this extrusion process, the dry mix of CBMB granules and PE material is directly fed 

into a single-screw extruder without the CTM to produce PE pipes. The pipes produced 

by this process are highly likely to accompany with inadequate homogenisation of 

materials. Deveci et al. [9] produced HDPE pipes using both the pre-compounding 

process and in-line extrusion process. The same extrusion parameters, same CBMB and 

HDPE material were used for the two pipe extrusion processes. The HDPE pipes 

produced using the pre-compounding process were sufficiently homogenized with no 

windows in pipe walls. In contrast, the HDPE pipes produced using the in-line extrusion 

process were insufficiently homogenized with large amount of windows in pipe walls. 

So, it is significantly important to develop test techniques which can evaluate and 

quantify the inhomogeneity of materials in PE pipes. To save cost, it is also necessary 

to develop a critical value of inhomogeneity which still gives acceptable quality to save 

the processing cost and develop a non-destructive test method to reduce the waste of 

specimens.  

2.3 Fracture of polymers and PE pipes 

2.3.1 Fracture of polymers 

A fracture of a material is normally a result of crack initiation from surface imperfection 

such as microscopic surface cracks [71], or from internal imperfection or defects. 

Different from inorganic materials, polymers cannot form relatively perfect crystals like 

metals because of polymers’ lone chain structure. All thermoplastic materials are 

amorphous or semi-crystalline materials with imperfect crystalline regions. When a 

polymer material is being subjected to a stress that is high enough to break it, the 

ultimate fracture is accompanied by breaking of the covalent bonds between carbon 

atoms in the polymer’s backbone [72]. The resistance of deformation is governed by 

the Van der Waals force between different polymer chains or chain segments folded 

back upon itself in a single chain (secondary bonds). Hence deforming a polymer needs 

relative motion between polymers chains and segments [72].  

At low temperature that is significantly lower than the glass transition temperature (Tg), 
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or high strain rate, there is insufficient mobility or insufficient time for the relative 

motion between polymers chains and segments to occur [71, 72]. As a result, in this 

condition, a polymer material is normally fractured in a brittle manner by chain scission 

aided by the imperfection (interior or surface crack-like defect) which generate stress 

concentration or the incompatible phases which bring weak interface between them.  

At the temperature above Tg, with sufficient mobility of the relative motion between 

polymer segments and chains, a polymer material tend to highly deform with the 

resistance from the secondary bonds between molecules and finally fracture in a ductile 

mode with high strain [71, 72].  

At intermediate temperature and low strain rate, a polymer normally experiences 

yielding before fracture. Yielding means the end of elastic region and the onset of 

irreversible deformation. There are two mechanism of irreversible deformation in 

polymer, one is nondilatational mechanism, which follows Poisson contraction, for 

example, shear yielding in ductile polymers, another one is dilatational mechanism, 

which resists Poisson contraction, such as stress microcracks, stress whitening and 

crazing [73]. 

When a polymer material is subjected to a shear stress above a certain value (octahedral 

shear stress) [74], shear yielding occurs. During Shear yielding, polymer chains slide 

with respect to one another appears as kink bands [71, 72]. Shear yielding is normally 

followed with cold drawing and necking which result in high strain before fracture. 

Shear yielding normally exists in ductile failure in ductile polymers. The dilatational 

irreversible deformation mechanism is the process of cavitation which is generated 

under the stress state of plane strain. Plane strain accompanies with the exist of triaxial 

stress which is normally the result of nonuniform distributed stress close to stress raisers 

(e.g. small cracks in materials or other defects) [73, 75]. During the cavitation process, 

the intrinsic molecular scale voids (free volume) between polymer chains in amorphous 

regions are opened up at the stress concentration regions under triaxial stress and the 

molecular scale voids generally become microvoids [73, 76]. Depends on the nature of 

the polymer, the microviods will grow into softened regions of microcracks, stress 

whitening and crazes [73, 76]. 

Microcracking mechanism is the dominant mechanism of highly cross-linked polymers 

and unsaturated polyesters (which are brittle), in which microcracks are generated at 

the regions close to stress raisers and spread quickly and result in brittle fracture [73]. 

Stress whitening is a term to describe a whitened and cloudy region in polymer under 

stress generated by microvoids with the diameter equal or larger than the wavelength 

of light. These microvoids result in change of localised refractive index and scatter the 

transmitted light. One of the situations results in stress whitening is the separation of 

fillers and polymer matrix in a resin matrix composite. Crazing also results in stress 

whitening which has a silvery appearance [73]. 
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Crazing plays an important role in the fracture in brittle thermoplastic [73]. When a 

polymer is yield by crazing, it normally fractured with a brittle crack and has much 

lower strain than that of shear yielding. Crazing normally initiates from surface 

microscale imperfections, such as fine scratches, or interior microscale imperfections, 

such as microvoids and additive agglomeration [77, 78]. Once the stress level in these 

localized stress concentration regions (regions with microscale imperfections) exceeds 

the craze criterion [79], the Van der Waal’s force between polymer chains in these 

regions is overcome. Then localized plastic deformation exists in these regions and 

generates microcavities. As the microcavities keep growing, a craze zone, an 

interconnected void network with aligned polymer fibrils (in diameter from 5 to 30 nm 

[71]) between the voids is formed. For a semi-crystalline polymer, cavitation starts from 

the area close to the stress raisers under triaxial stress in amorphous regions between 

crystalline lamellae (Figure 2-19 [80]). After that, the materials between the microvoids 

generated during cavitation start to experience much higher stress following with being 

subjected to plastic deformation. Lamellae are then broken to smaller pieces by the 

localised plastic deformation and then the fibrils in craze matter which contain both 

broken lamellae and amorphous regions in between are formed (Figure 2-19 [80]). 

 

Figure 2-19. Craze initiation and growth process in semi-crystalline polymer [80] 

Scanning electron microscope (SEM) image of a craze zone in polypropylene and PE 

are shown in Figure 2-20 a and b respectively [72, 81]. The aligned polymer fibrils can 

carry very high stress to prevent initiation of cracks.  

 

Figure 2-20. A SEM image of a craze zone in (a) polypropylene; (b) polyethylene [72, 81]. 

The craze zone grows by meniscus instability mechanism as shown in Figure 2-21 [82]. 

When a craze tip (can be as thin as 100 Å [71]) is advancing, the concave air–polymer 

interface between the plastic deformed region at craze tip and the interconnected void 

network is broken repeatedly to generate more aligned fibrils and interconnected voids. 

At the same time, the craze thickens as well with the elongation of the fibrils. New 

polymers are kept incorporated into the fibrils from craze interface during the 

void fibril 

a b 



33 

 

elongation of the fibrils to maintain the stress level at the fibrils constant.   

 

Figure 2-21. Crack tip growth by meniscus instability mechanism. (a) a wedge of plastic 

deformed polymer at craze tip following with previously formed fibrils and interconnected 

voids; (b)-(d) the forming of new fibrils and interconnected voids during the advancing of crack 

tip by the breakup of the concave air–polymer interface (shown in xz section) [82]  

When the fibrils in the craze zone fractured, a crack is generated, new craze zone forms 

at the crack tips (Figure 2-22 [72]) to prevent the growth of the crack until the fibrils in 

the new craze zone fractures again. As a result, in craze-crack growth, the growth and 

propagation of a crack is accompanied by gradually coalescing the voids in craze zone 

within a crack tip, which is a stable crack growth mode.  

 

Figure 2-22. Craze zone at crack tip [72]. 

Figure 2-23 [72] shows the SEM image of the fracture surface of a polypropylene 

fracture toughness specimen with craze-crack growth. The microvoid coalescence with 

significant ductility can be seen clearly in this image. What is more, the craze-crack 
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growth can be unstable as well. In the unstable craze-crack growth (stick/slip crack 

growth), when the length of the craze zone at crack tip increases to a certain value, the 

whole craze zone fractures, the crack arrests, following with the formation of new craze 

zone at new crack tip [72, 83]. Whether a craze-crack growth is stable or not depends 

on the toughness of the material. 

 

Figure 2-23. Fracture surface of a polypropylene specimen fractured by craze-crack growth 

[72]. 

Although cavitation usually exists in brittle polymers, it can also exist in ductile 

polymers with no interior and surface imperfections under the plane strain and triaxial 

stress brought by other factors. If interior or surface imperfections exist in ductile 

polymers under plane strain, craze may exist close to the imperfections. In addition, as 

plane strain promotes the initiation of craze but limits the growth of craze, if the area 

under plane strain is too large, the ductility of the craze matter may be significantly 

reduced [73]. Large thickness is one of the factors which result in plane strain in a 

material. As shown in Figure 2-24 [84], for a thin plate subjected to tensile force along 

y-axial/longitudinal direction, the stress state in this plate is plane stress, which means 

the 𝜎𝑧 along the plate thickness is zero. With the increasing of plate thickness, 𝜎𝑧 in 

the plate get increase as well. The highest 𝜎𝑧 exist in the middle thickness of the plate. 

When a certain thickness is reached, 𝜎𝑧 in the middle thickness reaches a critical value 

(𝜎𝑧=𝜇(𝜎𝑥 + 𝜎𝑦), 𝜇 is the Poisson’s ratio of the material, 𝜎𝑥  is the stress along the 

plate’s width direction, 𝜎𝑦 is the stress along longitudinal direction) for plane strain 

[84]. As a result, the stress state in the middle thickness changes to plane strain. As the 

thickness further increase, more and more regions are in plane strain from the middle 

thickness towards the two ends of the plate. When the thickness is large enough, most 

of the plate thickness will be in plane strain. 
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Figure 2-24. Illustration of how stress state changes with plate thickness, modified from [84]. 

Taghipourfard [85] carried out finite element analysis (FEA) modelling to predict the 

stress triaxiality along the thickness of the waisted tensile specimens made from PE 

sheet with different thickness. The results showed that the stress triaxiality was the 

highest in the middle thickness for all kinds of specimens. The higher the thickness, the 

higher the highest stress triaxiality in the middle thickness, the broader the highest stress 

triaxiality distributed along the specimen thickness. The further waisted tensile test 

showed that the ductility of the waisted tensile specimens reduced with the thickness of 

the specimens, which proved the FEA modelling results. Figure 2-25 [85] shows the 

fractured PE specimens with different thickness and different ductility. An X-ray 

photography of the fracture surface of the thicker specimens shows the voids generated 

by cavitation. 

 

Figure 2-25. Fracture surfaces of tensile specimens of PE to verify the FEA results. (a) fracture 

surfaces of a thin specimen and a hick specimen; (b) an X-ray photography of the fracture 

surface of the thicker specimen which showed voids [85]. 
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Geometry change in a material, such as necking in a tensile test and a introduced notch, 

is another factor which can result in plane strain and cavitation in ductile polymer. Duan 

and Williams [81] conducted tensile test of medium density polyethylene (MDPE) 

using circumferentially deep notched tensile bars and craze was observed inside the 

notched area as shown in Figure 2-20 b. Ognedal et al. [86] conducted tensile test of 

the tensile bars made of HDPE with arcuate notches with different notch radii (Figure 

2-26 [86]). The smaller the notch radii, the higher the stress triaxiality at notch tip. The 

results ( Figure 2-27 [86]) showed that, with the reducing of the notch radii from 2mm 

to 0.8mm, the amount of the voids at fracture surfaces generated by cavitation increased 

significantly with the reduction of ductility.  

 
Figure 2-26. A tensile bar made of HDPE with arcuate notches [86]. 

 
Figure 2-27. Fractured tensile bars. (a) the tensile bar with notch radii of 2 mm; (b) the tensile 

bar with notch radii of 0.8 mm [86]. 
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In addition, for PE, a brittle-ductile-brittle craze-crack growth was observed under the 

conditions of plane strain and reduced ductility. Duan and Williams [81] conducted 

three point bending of a MDPE specimen with a machined notch in the middle of the 

specimen at the side of tension and found that a brittle craze-crack initiation region with 

fine dimples (broken voids or cavities in craze matter) and fibrils is formed behind the 

notch tip following with a melt like stable crack growth region with limited ductility 

and a final brittle rapid crack growth region (Figure 2-28). Marlus et al. [87] carried out 

full notch creep test (FNCT) of HDPE and some of the specimens were moved out 

during the test and being frozen by liquid nitrogen. Then the frozen specimens were 

broken by hammer impact and the fracture surface was observed using Laser scanning 

microscopy. The results (Figure 2-29 [87]) showed the brittle craze-crack initiation 

region with fine dimples, melt like stable crack growth region and brittle rapid crack 

growth region as well.  

 

Figure 2-28. Fracture surface of a sharp notched three point bending test specimen made from 

MDPE. (a-b) notch tip; (b-c) craze-crack initiation region; (c-d) stable crack growth region; (d-

e) rapid crack growth region [81] 

 

Figure 2-29. A frozen FNCT specimen of HDPE broken by hammer impact. (a) the whole 

fracture surface; (b) SEM image of crack initiation region [87] 

notch tip 
craze-crack 
initiation 
region 

rapid 
crack 
growth 
region 

stable crack growth 
region 

a b 



38 

 

What is more, except the defects and plane strain stress state in polymer, the intrinsic 

problem in polymer, free volume, can result in fracture as well. Due to the long chain 

structure of polymers, they cannot be produced at their maximum packing density. In 

the disordered amorphous regions, molecular scale voids (free volume) between 

polymer chains result in nonuniform stress distribution in polymer chains and chain 

segments. When being subjected to a relatively low load (significantly lower than 

material’s yield strength), the polymer chain or chain segments close the molecular 

scale voids may experience a disproportionate load which is high enough to overcome 

the intermolecular and intramolecular second bonds and being straightened gradually 

[72, 73]. Then the molecular scale voids are redistributed by the movement of polymer 

chain or chain segments to form micro cavities and then the cavitation process is started 

and finally result in fracture [73]. However, this process needs a long time to result in 

fracture and this is described in detail in 3.2.  

2.3.2 Fracture of PE pipes 

PE pressure pipes are required to sustain a certain relatively low pressure (internal 

pressure up to 2.5MPa [88]) for at least 50 years [89–92]. This is the service condition 

to assure slow crack growth (SCG) if cracking occurs and therefore, as mentioned in 

Section 1.1.2, PE 100 was developed to produce HDPE pipes to sustain the hoop stress 

of 10 MPa for 50 years at 20oC. SCG has been proved to be the dominant fracture 

mechanism of PE pipes under low hoop stress for long time in many studies [77, 93–

96] and it is highly related with the crazing mechanism. 

The widely accepted mechanisms of SCG include craze initiation, crack initiation and 

crack propagation [77, 93, 97]. Similar as the crack growth process mentioned in 

section 3.1, in PE pipes, localized stress concentration at chemical imperfections such 

as catalytic residues or physical imperfections such as additive agglomeration, fine 

surface scratches, trapped air void and even the molecular scale voids between polymer 

chains initiates plastic deformation in amorphous region following with breakup of 

crystal lamellae and slightly chain unfolding. Then a craze zone is initiated with the 

structure of oriented fibrils and interconnected microvoids.  

The difference starts from the fracture of polymer fibrils in the craze zone. As shown 

in Figure 2-30 [96], at the craze initiation stage in SCG, the tie molecules and other 

polymer chains (such as cilia and loose loop) in the amorphous region between crystal 

lamellae are fully entangled. During the elongation of the craze fibrils, because the 

stress in the craze zone during SCG is lower than the materials yield stress, there is no 

chain scission occur until the fibrils fracture. Instead, disentanglement of the tie chains 

and other polymer chains in the amorphous region proceeds gradually until these 

polymer chains are fully disentangled and the tie molecules are oriented along the 

elongation direction. After that, the tie molecules are stretched until they slip out from 

the crystal lamellae which result in the fracture of the craze fibril. Hence the fracture 

surface of SCG in macroscale is flat and smooth like a brittle fracture [97]. However, 
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when observing a SCG fracture surface using SEM, many tiny microfibers are observed, 

which indicate the disentangled polymer chains slip out from crystal lamellae. 

Figure 2-31 [96] shows the images of the fracture surface of a PE specimen fractured 

by SCG from macroscale to microscale, it is obviously that with the increasing of 

magnitude, the fracture surface changed from a flat surface to a surface with a lot of 

microfibers. 

 

Figure 2-30. The fracture of a craze fibril during slow crack growth (SCG): (a) fully entangled 

polymer chains between crystal lamellae under no elongation; (b) disentanglement of 

polymer chains between crystal lamellae during elongation; (c) fully disentangled polymer 

chains; (d) tie molecules slip out from crystal lamellae [96]. 

  
Figure 2-31. Fracture surface of a PE specimen as result of slow crack growth (SCG), images 

at (a) macroscale, (b) intermediate scale, (c) micro scale [96]. 

a b c 

d 

a b 

c 
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As mentioned in Section 1.1, the disentanglement rate governs the rate of SCG because 

the disentanglement of the polymer chains, especially the tie chains which connect two 

or more crystal lamellae, in the amorphous region resists the fracture of craze fibrils. 

Hence PE 100 which contain long polymer chains (increasing the amount of tie chains) 

and SCB in the long chains (increasing the amount of tie chains and enhance the 

entanglement of the tie chains) was developed to enhance the SCGR of HDPE pipes. 

Fawaz, Deveci and Mittal [98] produced HDPE materials with different molecular 

weight and content of co-monomer and found that the SCGR of the materials increased 

with the increasing of molecular weight and co-monomer content. Men, Rieger and 

Strobl [99] found that the PE material with better SCGR shown longer craze fibrils 

before crack growth which was owed to higher amount of tie chains and higher tie chain 

entanglement efficiency.    

2.4 Characterization and testing of PE pipes 

2.4.1 Characterisation methods of windows 

Because carbon black (CB) is commonly used in the manufacture of PE pipes, the 

homogeneity of CB can be used to represent the homogeneity of additives and PE in a 

PE pipe. Hence many methods have been developed for evaluating the so-called 

“windows” (manifested as white striations with no CB found in CB pigmented PE pipes) 

and white spots (spots with no CB found in CB pigmented PE pipes) [23, 32]. However, 

many of them are not quantitative test and none of them is based on non-destructive 

testing technique. In this section, currently used and potential non-destructive methods 

for evaluating the homogeneity of CB in PE pipes are reviewed.   

2.4.1.1 Optical microscopy 

All the currently applied methods to evaluate the homogenisation of CB in PE are based 

on using the optical microscope. These methods are summarised in Table 2-2 [23, 32].  

Table 2-2. Currently used standards to measure the homogenisation of CB in PE [23, 32].  

Method Characteristics 

ISO standard 184553 Measuring agglomerate size and grading the agglomerates’ 

distribution of 6 specimens 

GKR Measuring the dimension of the biggest uncoloured particles of 6 

specimens 

WSA Measuring the percentage of the uncoloured spots area 

ISO standard 18553 [32] contains two different grading standards of CB homogeneity. 

One is based on the amount and size of CB agglomerates, in which the allowed amounts 

of the agglomerates with size from 51 µm to 60 µm, from 41 µm to 50 µm, from 31 µm 

to 40 µm are up to 1, 3 and 6 respectively. The agglomerates larger than 60 µm are not 

allowed to exist. Another one is based in the appearance of specimens’ windows 

patterns, in which the micrographs of specimens are compared with the standard 

micrographs with the grades from A to D which represent the homogenisation level 

from high to low. The appearance of a specimens is not allowed to be worse than grade 

B ([32]).  
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Figure 2-32. Grade B of a windows pattern in ISO 18553 [32].  

The GKR allows the biggest dimension of a white spot up to 0.02 mm2 and the WSA 

measures the percentage area of white spots in the whole investigated area. For example, 

Heidemeyer and Pfeiffer [23] improved the screw design of a twin-screw extruder and 

conducted compounding of CB powders and PE pellets with the unimproved and 

improved extruders. The WSA result of the improved extruder (0.83%) was much lower 

than that of the unimproved extruder (8%). The observed specimens from the improved 

and unimproved extruders are shown in Figure 2-32 [23]. Yamada et al. [28] did a 

similar study and also found that the WSA was significantly reduced by a better screw 

design. Deveci et al. [9] evaluated the windows patterns of black PE pipes manufactured 

by pre-compounding and in-line compounding using the ISO 18553 [32] standard and 

found that the homogeneity grade of pre-compounded pipes (A1-A1) was much better 

than that of in-line compounded pipes (B-C2). What is more, Deveci et al. [9] also 

measured the windows area using a gray scale threshold based on Otsu’s method [100]. 

This method, which is not listed in Table 2-2 [23, 32], has potential to be a standard to 

accurately quantify the homogeneity of a CB pigmented PE pipe. The micrographs of 

the specimens (extracted along the pipe’s transverse direction) whose windows areas 

were measured are shown in Figure 2-34 c.          

Although these test methods can satisfy the demand of quantifying the homogeneity of 

PE pipes, limited by the sample preparation technique of optical microscopy, all these 

methods are destructive. Hence the development of non-destructive testing achieving 

the same target is necessary. 

 

 

Figure 2-32.Observed specimens of the WSA measurement. (a) unimproved extruder (8%); (b) 

improved extruder (0.83%) [23].  

(a) 

(b) 



42 

 

Figure 2-34. Micrographs of the specimens with measured window areas indicated in 

brackets as percentage of the ribbon sample area: (a) pre-compound specimen with screw 

speed 70 rpm (0%); (b) in-line compounded specimen with screw speed 70 rpm (9.86%); 

(c) in-line compounded specimen with screw speed of 57 rpm (5.78%); (d) in-line 

compounded specimen with screw speed 42 rpm (4.29%) [9].  

2.4.1.2 Phased array ultrasonic testing 

Ultrasonic testing is widely used for defect detection by transmitting an ultrasonic beam 

through a specimen and receiving the signal come back from the specimen [101]. 

Normally a transmitter and a receiver are touched with a specimen as shown in Figure 

[101], the transmitter generates an ultrasonic beam to access the specimen, the receiver 

collects all the signals reflected from defects inside the specimen to give an A-scan 

curve, in which y-axis represents the intensity of the reflected echo and x-axis 

represents the time taken to receive the reflected signal. Figure [101] shows a typical 

plot of an A-scan, in which the peaks with high intensity of reflection corresponds to a 

defect and the abscissa of the peaks represent the depth of the defects because the deeper 

the defect, the longer the time for a reflected signal to travel to a receiver. Conventional 

ultrasonic inspection is a good non-destructive characterisation technique to detect and 

locate defects in a product. However, due to the limitation of transmitter and receivers, 

many groups of transmitters and receivers with angle wedges are needed to increase the 

cover area of ultrasonic beam or achieve the inspection of a product with a complex 

geometry.  

a b 

c d 
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Figure 2-35. Commonly used transmitter and receiver [101].  

 

 

Figure 2-36. A typical ultrasound A-scan curve [101].  

Comparing with conventional ultrasonic inspection, phased array ultrasonic testing 

(PAUT) is a much more flexible technique which can conduct different kinds of 

inspections from one location and give a rapid scan at different locations of a sample 

without moving a transducer [102]. This is achieved by separating one transducer to 

many small elements to give an array of a large number of transducers. Each element 

can both transmit ultrasonic beam and receive reflected signals. The arrangement of 

transducer elements can be 1-D, 2-D, annual or other complex shapes [102]. 1-D linear 

arrays are most widely used in industry [102, 103]. A typical arrangement of 1-D linear 

arrays is shown in Figure 2-33 [102], when doing an inspection, the elements can 

individually transmit ultrasonic beams one by one to scan a sample in different locations 

and superpose the A-scan results to generate a B-scan profile map. Moving a transducer 

to cover an area of a sample can even give C-scan top view of the defects. Furthermore, 

by accurately controlling of the mistiming of the beam transmitting from different 

elements, the transmitted ultrasonic waves can be in-phased, or out-of-phased, in order 

to achieve constructive or destructive interference thus achieve the focusing of beams 

in one point (Figure 2-34 (a) [102]) or the changing of beam direction (Figure 2-34 (b) 

[102]) without an angle wedge. This significantly expand the scan modes of PAUT.  
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Figure 2-33. A typical linear 1-D array [102].  

  
Figure 2-34. Different scanning mode of PAUT. (a) focusing of beams; (b) changing of beam 

direction [102].  

For PE pipes and pipe joints, currently, most studies of PAUT are focus on the welding 

of pipes. However, an equipment designed by Hagglund, Spicer and Troughton [104] 

to do a normal linear scan of the electrofusion welding of two PE pipes has potential to 

be applied to inspect a PE pipe. The equipment and linear scan are shown in Figure 2-

35 [104]. In this inspection, a transducer was fitted with a frame which can move along 

the axial direction and the circumference of the electrofusion fitting. Transmitted beams 

from transducer elements were focused on the weld region between the pipes and the 

electrofusion fitting. A B-scan at one position of the whole circumference before 

welding is shown in Figure 2-36 [104], in which the wires and the pipes’ surface under 

the wires were clearly presented. This equipment is also suitable for the scan of a pipe 

because of its ability to move a transducer along both axial and circumference directions 

to do both B-scan and C-scan. If windows in PE pipes can give good response to 

ultrasonic wave, PAUT will have great potential to be applied to evaluate the 

homogeneity of CB in PE pipes.    

  
Figure 2-35. A scan of the electrofusion of two PE pipes using PAUT. (a) the equipment used 

to support and move a transducer; (b) a linear scan focus on the welding region between the 

electrofusion fitting and pipes [104].  

(a) (b) 

(a) 

transducer 

wires 

focused 
beam 

electrofusion fitting 

pipe pipe 

(b) 
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Figure 2-36. An ultrasound B-scan of the fitting and pipes before welding [104].  

2.4.1.3 Nanoindentation  

Nanoindentation test is a technique similar to conventional hardness test with indenters 

(Figure 2-37 [105]) of nanoscale to micron scale which penetrate a sample’s surface by 

a negligible depth [105]. Hence nanoindentation is regarded as a non-destructive test. 

Comparing with conventional hardness test, there is no measuring of residual contact 

area based on optical imaging which brings large errors [106–109]. Instead, the contact 

area is calculated automatically based on the penetration depth and geometry of the 

indenter [105]. There are two loading modes in nanoindentation test. One is load control 

mode, in which the maximum testing load is set, and the testing load is applied from 

zero to the maximum load in a constant loading rate. The other is depth control mode, 

in which the maximum penetration depth is set and the testing load is increased in a 

constant loading rate until the penetration depth reaches the maximum value [105]. 

During a nanoindentation test, the applied load and penetration depth are monitored and 

recorded [105, 110]. After the maximum load or penetration depth is achieved, the load 

is gradually unloaded in a constant unloading rate and then a load-displacement curve 

is generated. A typical load-displacement curve for a plastic specimen is shown in 

Figure 2-38 [110]. In nanoindentation test, the most commonly measured properties are 

the indentation hardness and modulus [105, 110, 111]. The indentation hardness is 

calculated by dividing the test load by the contact area of the indenter. The indentation 

modulus is the slope of the unloading part of the load-displacement curve.  

The heterogeneity of a material can result in non-uniform mechanical properties 

through the material’s surface which can be measured by nanoindentation. Iqbal et al. 

[106] conducted nanoindentation test to different polymers and found that semi-

crystalline polymers brought large deviation of test results because of the heterogeneity 

of crystalline regions in amorphous regions. For PE pipes, the nanoscale CB powders 

are highly likely to act as crystal nucleus during the extrusion process and change the 

crystallinity of PE. Many researches indicated that, with a good dispersion of CB, the 

wires pipe surface under the wires 
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tensile properties of PE increased with the increasing of CB concentration up to a 

certain value [9, 112–114]. Hence the window regions and the regions with high 

concentration of CB in a PE pipe are highly probable to exhibit different properties in 

a nanoindentation test. So nanoindentation can be a potential non-destructive test to 

evaluate the level of windows in PE pipes. 

 

Figure 2-37. Typical indenters of nanoindentation test [105].  

 

Figure 2-38. A typical load-displacement curve for a plastic material [110]. 

2.4.1.4 Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) is a characterization technique for microstructure 

in nanoscale. Generally, during a SAXS test, a beam of X-ray with constant wavelength 

is illuminated to a sample. The intensity of the scattered X-ray due to the difference of 

electron cloud density in the sample is recorded by a detector as a function of scattering 

angle. A 2D scattering pattern can also be obtained to give more details. 

During the extrusion of a PE pipe, the molten PE is subjected to shear flow and 

extensional flow which result in alignment and orientation of polymer chains. The 

alignment and orientation of polymer chains significantly influence the nucleation and 

crystallisation of polymers [115–118]. As a result, the alignment and orientation of 

polymer chains of PE is highly likely to occur during pipe extrusion and this may 

influence the crystallisation of the extruded PE pipe. As the scattering angle of SAXS 

is commonly in the range of 0.1 to 5, it is suitable for measuring long-range order 

changes such as lamellae and their stacking [119, 120]. So SAXS is an appropriate 

technique to measure the microstructure generated by the effects of flows during 

extrusion of a PE pipe. 
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What is more, the theory by de Gennes [121] suggested that, in flow condition, there is 

a critical strain rate above which a coil of a polymer chain can be fully extended. The 

higher the molecular weight of a polymer chain, the lower the critical strain rate for 

fully extension of a coil [122, 123]. Heeley et al. [57] used SAXS to measure the relative 

orientation of the lamellae in extruded LDPE tapes stretched with different haul-off 

speeds. As shown in Figure 2-39 [57], the full width half-maximum (FWHM) of the 

peaks in azimuthal scans of the LDPE tapes decreased rapidly with the increasing of 

haul-off speed and became stable above the haul-off speed of 28 m/min. This indicated 

that the relative orientation of the lamellae in the LDPE tapes became stable above the 

haul-off speed of 28 m/min. This means that at the haul-off speed of 28 m/min, the 

critical strain rate for all polymer chains with different molecular weights was reached. 

Thus, all polymer chains were fully extended. Further increasing of the haul-off speed 

cannot increase the extent of orientation anymore.  

 

Figure 2-39. (a) Azimuthal scans from SAXS data of LDPE tapes stretched with different haul-

off speeds; (b) plot of FWHM versus haul-off speed at different distance away from extrusion 

die [57].   

As the extrusion of HDPE pipes commonly use PE100 which is a bimodal polymer 

consists of a high molecular weight part and a low molecular weight part, the high 

molecular weight part is easier to be extended and have higher extent of orientation 

along extrusion direction. In addition, the high molecular weight part with higher melt 

viscosity is more difficult to be dyed with CB, therefore the window area is highly likely 

with higher molecular weight and higher extent of orientation along extrusion direction 

and the black regions are highly likely with lower molecular weight and lower extent 

(a) 

(b) 
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of orientation. Hence it is potential to use SAXS to get a map of windows directly based 

on the difference between the alignment of polymer chains and lamellae in window area 

and the black regions. 

2.4.2 Mechanical test methods  

To investigate how the windows could influence the mechanical performance of HDPE 

pipes and to obtain a critical value of window area which gives PE pipes acceptable 

qualities and integrity under service loads, mechanical testing of PE pipes need to be 

combined with the characterisation of the window areas. For example, an empirical 

method was developed to establish the relationship between the flaw size and 

mechanical properties of welded PE pipes [124]. As shown in Figure 2-40 [124], the 

sizes of the flaws inserted into the welding regions of PE pipes and the corresponding 

mechanical properties of the welding were plotted in one diagram on a logarithmic scale. 

The acceptable mechanical property for a PE pipe was labelled in the diagram and the 

corresponding critical flaw size was extrapolated from the curve of the flaw sizes and 

mechanical properties. The same method can also be used to find the critical level of 

window areas. For example, for creep test (a long-term test) of PE pipes containing 

windows, the flaw size is the concentration of windows in the PE pipes, the time to 

failure is the failure time of the creep test. For tensile test (short-term test) of PE pipes 

containing windows, the flaw size is also the concentration of windows in the PE pipes, 

the short-term property can be tensile strength, tensile modulus, elongation to break and 

so on.   

 

Figure 2-40. Plots of the empirical method to extrapolate a critical value of flaw size for an 

acceptable mechanical property of the welding of PE pipes. (a) long term test; (b) short term 

test [124].  

(a) 

(b) 
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2.4.2.1 Short term tests 

Although short term mechanical properties are more relevant to the transportation and 

installation of PE pipes, short term tests are also valuable for understanding how 

windows can affect the properties of compounded materials for PE pipes.  

Dumbbell specimen tensile test is one of the most commonly used short term 

mechanical tests.There are many kinds of dumbbell tensile specimens in different 

standards. As mentioned in Section 4.1.1, Deveci et al. [9] not only quantified windows 

percentage area of the PE pipe samples but also conducted tensile test and high speed 

tensile test of these samples by employing the ISO 527-2 Type 1B [125] and ISO 8286 

Type 3 dumbbell tensile specimens (Figure 2-41 [9]). The results indicated that the 

elongation of both the tensile test and high speed tensile test decreased with the 

increasing of window percentage areas [9]. They also took pictures from one side of the 

tensile specimens during tensile tests and found that cracks in the specimens were 

initiated from the interfaces between the window region and the black region during 

the test [9]. The initiation of a crack in a tensile specimen is shown in  

Figure 2-42 [9].  

 

  
Figure 2-41. Dumbbell tensile specimens: (a) ISO 527-2 Type 1B specimen; (b) ISO 8286 Type 

3 specimen [9]. 

 

Figure 2-42. Initiation of cracks in tensile specimens during stretching with red arrows pointing 

to the windows regions and a yellow arrow pointing to the interface between a window and 

surrounding black region adapted from [9] 

Ring hoop tension test is another popular short term test for pipes because the applied 

(b) (a) 
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hoop tension in this test is similar to the stress condition of pressure pipes in service. 

As shown in Figure 2-47 [126, 127], in the ring hoop tension test of a pipe section, 

normally a full ring or notched ring is cut from the pipe, then the ring is stretched by 

two clevises to failure to obtain a hoop tensile strength. For example, El-Bagory et al. 

[128] conducted ring hoop tension test and tensile test of PE 100 pipes to investigate 

the relationship between the tensile strength and hoop tensile strength and found that 

the tensile strength and hoop tensile strength of the PE pipes were highly correlated 

with each other, i.e. (the tendency of how the yield strength changed with crosshead 

speed of the ring hoop tension test was similar to that of the dumbbell tensile test).  

In addition, other types of short term tests, such as the Charpy impact test and three 

point bending test have also be used to test the short-term mechanical properties of PE 

pipes [129, 130]  

 
 

 
Figure 2-43. Schematic of test samples and fixtures for a ring hoop tension test: (a) full ring 

sample; (b) notched ring sample; (c) clevises to apply hoop tension [126, 127].  

2.4.2.2 Long term tests 

In a long term test , a load which is suspected impossible to result in failure in the test 

specimen in a short time period (e.g. a load significantly lower than the yield strength 

of the material used to produce the specimen) is applied to the specimen and the load 

is held until the failure occurred and failure time is recorded. Hence, the long term test 

(a) (b) 

(c) 
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condition is closer to the service conditions and more similar to the fracture mechanism 

(slow crack growth) of PE pipelines, because in practice, all PE pipes, no matter for gas 

or water transportation, are subjected to a constant relatively low pressure for a long 

time. Hydrostatic test is one of such tests, in which the ends of a pipe are clamped/fixed 

by end caps and the pipe specimen is subjected to a certain hydrostatic pressure by 

filling in the pipe with water (normally at 80 oC) [131]. This highly simulates the work 

condition of pressure pipes. Hence it is very suitable for the long term test for PE pipes.  

Except from the whole pipe test like the hydrostatic test, long-term tests of PE pipes 

using coupon test specimens with sharp notches milled from the pipes were conducted 

as well to investigate their SCG behaviour. Chudnovsky et al. [132] used stiff constant 

K specimen (as shown in Figure 2-44 [31]) with a constant tensile load to investigate 

the SCG behaviour of HDPE pipes at different temperatures. As shown in Figure 2-45 

(a) [132], at the test temperature of 80 oC, a stick/slip crack growth with crack arrest 

striations propagated along the crack growth direction occurred. In contrast, as shown 

in Figure 2-45 (b) [132] at the test temperature of 23 oC, a continuous crack growth with 

dimples which size reduced slightly and gradually along the crack growth direction was 

observed. In addition, the fibrils in the fracture surface were stretched roughly along 

the crack growth direction. 

 

Figure 2-44. A stiff constant K specimen. (a) 3D image of the stiff constant K specimen; (b) 

right side view of the 3D image [31]. 

 

a 

sharp notch sharp notch 

b 
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Figure 2-45. Fracture surfaces of the stiff constant K specimens made from HDPE pipes. (a) 

fractured at test temperature of 80 oC; (b) fractured at test temperature of 23 oC [132]. 

Wee et al. [31] used stiff constant K specimen with different levels of fatigue tensile 

loads to investigate the SCG behaviour of HDPE pipes with and without windows. 

Under the same level of fatigue load (maximum stress intensity factor of 1.4 MPam0.5), 

the SCG rate of the specimen machined from the HDPE pipe without windows was 

10
-4

mm/s. However, the SCG rate of the specimen machined from the HDPE pipe with 

windows was 10
-3

mm/s. The significant increasing of the SCG rate was ascribed to the 

windows in the pipe walls. As shown in the SEM images in Figure 2-46 [31], the 

window area at the fracture surfaces of the fatigue tests showed flatter surface feature 

a 

b 
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and brittleness which meant SCG did not occur in this area. The brittle crack in window 

areas accelerated the crack growth in the specimens made from the pipes with windows. 

Comparing with whole pipe, the coupon specimen with sharp notches accelerated SCG 

and reduce test time. For example, the maximum test duration in the study of Wee et al. 

[31] was 8.9 hours, while the minimum test duration of the hydrostatic test in BS EN 

12201-2 [133] is 100 hours. However, for coupon specimens, the residual stress in pipe 

is released and the load condition is not similar to the service condition.    

 

Figure 2-46. Optical microcope images and SEM images of the fracture surface of fatigue test 

of specimens made from HDPE pipes[31]. 

Overall, destructive tests based on optical microscopy to quantify the homogenisation 

of CB in PE pipes were developed. However, this can result in waste of pipe materials 

in industry. PAUT, nanoindentation test and SAXS have potential to be applied for the 

evaluation of the CB homogenisation as non-destructive methods. The combination of 

destructive evaluation of windows and mechanical tests was tried by Deveci et al. [9] 

and high correlation between the level of window areas and tensile properties of HDPE 

pipes was found. In addition, the SCGR of HDPE pipes was found to be weakened by 

windows [31]. Hence it is worth to develop a quantification method of windows which 

does not result in the waste of pipe materials and combine the quantification method 

with mechanical tests of PE pipes to investigate how mechanical properties of the PE 

pipes changes with the level of windows and obtain the critical window level of a 

qualified PE pipe.  

optical 

microscope 

SEM 



54 

 

2.4.3 Characterisation of fracture surface 

The characterisation of fracture surface helps to find out the location of fracture 

initiation and trace crack growth. It also provides the information about the stress state 

during the crack initiation, crack growth and final fracture [73, 75]. For ductile 

polymers, comparing with the analysis of totally ductile fracture surface, the analysis 

of the fracture surface with brittle cracks may be more valuable because the appearing 

of brittle cracks in a ductile polymer means the exist of unacceptable imperfection or 

defects in it. In addition, for a fracture with brittle cracks, the crack initiation and growth 

are easier to be traced. 

Optical microscope is commonly used to do the preliminary examination of fracture 

surfaces. The advantage of using optical microscope is that the sample of optical 

microscopy examination is unaltered because no sample preparation is needed. What is 

more, the location of crack initiation in a fracture surface can usually be identified using 

an optical microscope [73]. 

SEM is frequently used for fracture surface examination with the magnification much 

higher than that of an optical microscope. Due to the high depth of field provided by 

SEM, SEM is especially useful in observing rough surface such as the fracture surface 

for polymers [73, 75]. However, because most of polymers are insulator, the polymer 

sample to be examined needs to be coated with a thin layer of conductive material, such 

as gold. If the features which can be covered by the coating, such as colour, are 

important, optical microscopy examination must be carried out before doing SEM. In 

addition, preliminary optical microscopy examination helps to select the most 

important features to be observed, which saves the time of doing SEM. 

There are many representative fracture surface features which can be used to trace the 

crack initiation and growth of polymers. Mirror zone (Figure 2-47 [73]) is a region as 

flat as a mirror which corresponds to the crack initiation stage which generates flat and 

smooth surface and the beginning of slow and stable crack growth stage. The mirror 

zone may be the same region being described as the region with fine dimples and fibrils 

correspond to crack initiation region in the notched specimens mentioned in 3.1. Mist 

region (Figure 2-47 [73]) is a flat region with a bit roughness like a fine mist 

surrounding the mirror zone. The mist region corresponds to the slow and stable crack 

growth stage which generates a flat surface with limited ductility. The mist region may 

be the same region being described as the melt like regions correspond to stable crack 

growth region in the notched specimens mentioned in 3.1. The boundary of mist regions 

means the end of stable crack growth following with a sudden acceleration of crack 

growth rate. Because mist region does not exist in all of the fracture surfaces of 

polymers, the boundary of mirror zones also represents the end of stable crack growth 

when there are no mist regions surrounding the mirror zones. Figure 2-47 [73] shows 

the fracture surface of a polycarbonate (PC) specimen after an Izod impact test. The 

mirror zone at the bottom of the fracture surface and the adjacent mist region can be 
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seen clearly. 

 

Figure 2-47. Fracture surface of a polycarbonate (PC) specimen after an Izod impact test [73]. 

As craze is the precursor of the brittle cracks in many polymers, craze remnants can 

usually be found in the brittle fracture surface of polymers. Craze remnants can not only 

be the fine dimples and fibrils but also the dimples only (Figure 2-48 a [134]), the 

dimples with some region overlap other regions like petals (Figure 2-48 b [134]) and 

the dimples with materials being torn or stretched out (Figure 2-23 [56]) depends on 

the ductility of the polymer and craze matter. It also depends on the stage of crack 

initiation and growth. As mentioned in 3.1, normally the crack initiation region shows 

the high brittleness and the flattest surface texture because crazes are very thin and 

planar defects. So, the mirror zone should have the craze remnant with high brittleness. 

For example, a craze remnant with fine dimples only. In the stable crack growth region, 

the fracture surface has higher ductility. This may because the stress triaxiality is 

reduced by the reducing remained specimen thickness during crack growth. As a result, 

the craze matter in the mist region should have higher ductility than that in the mirror 

zone. For example, a craze remnant with fine dimples and materials stretched out.  

 

Figure 2-48. SEM images of craze remnants. (a) dimples only; (b) dimples with some region 

overlap other regions like petals [134]. 

mirror zone mist region 

a b 
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Hackle region exist in the place where the stress field changes rapidly or the when the 

stress state changes from plane strain to plane stress, accompanied by the rapid crack 

growth, which is much more drastic than the stable crack growth [73]. For example, 

when the crack in a three point bending test specimen keeps growing and approaching 

the compression region, the stress in this region rapidly changes from compression to 

tension. As a result, rapid crack growth gets start and a hackle region is generated. 

Another example is the Izod impact test. With the rapid decreasing specimen thickness, 

the stress state in the specimen changes rapidly from plane strain to plane stress. Figure 

2-49 [73] shows the hackle region in the fracture surface of a Izod impact specimen 

made of PC. 

 
Figure 2-49. Hackle region in the fracture surface of a Izod impact specimen made of PC [73] 

During the stretching of a solid material, the elastic strain energy in the material 

increases more and more rapid with the continuously increasing strain. Rapid crack 

growth helps to release the elastic strain energy faster by rapidly generating new 

fracture surface. When the increasing velocity of crack growth reaches the limiting 

crack growth velocity of the material, other mechanisms must be introduced to dissipate 

the excess elastic strain energy. One of the mechanisms is creating additional fracture 

surfaces by crack branching. As shown in Figure 2-50 [73], when one crack branches 

to more smaller cracks on different crack planes and height, more fracture surfaces are 

generated. Comparing with inorganic materials like glass, the size of crack branching 

in polymer is much smaller. The branched cracks keep propagating and diverge into 

more branched cracks until fracture. 

 
Figure 2-50. Crack branching in hackle region [73]. 
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Another mechanism to dissipate the excess elastic strain energy is the plastic 

deformation at the side boundary of each branched crack plane. During the crack 

branching process, the side boundary of each branched crack plane is subjected to shear 

stress, following with a plastic shear yielding at the side boundary. Hence, tearing at the 

side boundary of a branched crack plane which overlap the adjacent branched crack 

plane can frequently be observed in a hackle region. So, normally, in a hackle region 

(corresponds to the rapid crack growth region), hackle marking exist as branching lines 

with limited plastic deformation along the direction of crack growth as shown in the 

upper half part of Figure 2-47 [73]. Figure 2-51 [73] shows the hackle region in Figure 

2-47 [73] in a larger magnification (65 times). 

 

Figure 2-51. The hackle region in Figure 2-51 in a larger magnification (65 times) [73]. 

A rib marking exists at the front of a growing crack when the crack is arrested. It is 

called rib marking because it looks like a rib bone. Figure 2-52 [73] shows a rib marking 

existed at a crack arrest of the fracture surface of a PE pipe. The crack initiation point 

is in the area perpendicular to the concave side of the rib marking. A rib marking also 

exists at the location from where the velocity of crack growth is dramatically changed, 

which in some cases indicate the beginning of rapid crack growth. However, the rib 

marking generated by the change of crack growth velocity is not as obvious as that 

generated by crack arrest. 

 
Figure 2-52. A rib marking existed at a crack arrest of the fracture surface of a PE pipe [73]. 
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The parabolic marking, whose shape is similar to a parabola, is formed when a growing 

main crack passes one or more secondary cracks just initiated ahead of the main crack. 

The convex side of the parabolic marking points towards the crack initiation direction. 

Figure 2-53 [135] shows the parabolic markings in the fracture surface of a styrene-

acrylonitrile water-filter housing in which the direction of the main crack initiation is 

indicated clearly by the convex side of the parabolic markings. Hence the direction of 

the white arrow in Figure 2-53 [135] shows the crack growth direction. 

 

Figure 2-53. The parabolic markings in the fracture surface of a styrene-acrylonitrile water-

filter housing [135]. 

Wallner lines are formed when the front of a growing crack intersects with the stress 

waves reflected from the edge of the specimen. The appearance of wallner lines is faint 

ridged lines with periodic spacing as shown in the sector region in Figure 2-54 [73]. 

The concave side of the wallner lines points toward the crack initiation region.  

 

Figure 2-54. Fracture surface of a Izod impact specimen made of PC which shows wallner lines 

[73]. 

wallner lines 
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For SCG, as mentioned in 4.2.2, at high temperature, the concave side of the crack 

arrest striations (rib marks) points towards the crack initiation region. At room 

temperature, with the continuous growing of the crack, the dimple size at the fracture 

surface gradually decreased. Hence the size change of the dimples at the fracture 

surface can be used to trace the crack growth. What is more, the fibrils in the fracture 

surface were stretched roughly along the crack growth direction. So, the direction of 

the fibrils stretched out can be used to indicate the crack growth direction as well. 

2.5 Welding and failure of butt fusion welded PE pipes 

In addition to investigate how windows affect the quality of PE pipes, it is also 

important to assess how this imperfection can influence the welding joints on PE pipes 

which is important for the structural integrity of PE pipelines. In this section, the 

principle of butt fusion welding is briefly reviewed. Although there is lack of the study 

of the relationship between windows and the butt fusion welding properties of PE pipes, 

potential imperfections caused by windows are evaluated by associating them with the 

typical defects in the butt fusion welding of plastic pipes.   

2.5.1 Butt fusion welding of PE pipes: the process and theory 

As shown in Figure 2-55 [136], there are five stages in butt fusion welding of PE pipes. 

In the first stage, pipe ends to be welded are trimmed by a rotating trimmer to make 

sure both welding surfaces are clean, flat and even. A check of the alignment of the 

pipes is then done by push the trimmed pipe end together. In the next stage, the pipe 

ends are pushed to a hot plate under high pressure (i.e. the bead up pressure) to make 

sure full contact between the pipe ends and the hot plate. Under the bead up pressure 

and high temperature (around 220 oC), materials at the pipe ends start to melt and the 

melted materials are squeezed out resulting in the formation of weld beads around the 

circumference of the pipe ends. After the dimension of weld beads increases to a certain 

value, the pressure to push the pipes are reduced to a very low value to avoid too much 

materials to be squeezed out, then the welding enters the heat soak stage, in which the 

heating of pipe ends is maintained under the low pressure for a certain time (heat soak 

time) to conduct heat to deeper position from the pipe ends. After a sufficient heating 

process, the pipe ends are separated, and the hot plate is removed as soon as possible to 

avoid too much cooling before the joining of the pipes. Finally, the two pipe ends are 

pushed together under a relatively high pressure (joining pressure) and the pressure is 

maintained until the welding region cools down. During the final stage, polymer chains 

inside the two pipe ends interpenetrate and diffuse into each other and the strong relative 

flow and shear flow between the melts of the two pipes ends generated by the push of 

joining pressure further increases the mobility of polymer chains and further promotes 

the polymer chains’ diffusion [136, 137]. The diffused polymer chains are entangled 

with each other and recrystallise together during cooling to form a solid weld joint [137].  
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Figure 2-55. Butt fusion welding process. (1) to (5) trimming stage; (6) to (7) bead up stage and 

heat sock stage; (8) removal of hot plate; (9) welding and cooling stage [136].  

2.5.2 Failure of butt fusion weld joints and potential imperfections brought by 

windows 

2.5.2.1 Structure and Properties of materials in weld region 

During the butt fusion welding process, the heat applied to pipe ends results in the 

change of micro-structure and properties of the region adjacent to the weld interface 

comparing with those of the parent pipes. The region affected by the butt fusion welding 

process is divided to two zones, melt zone (MZ) and heat affected zone (HAZ) as shown 

in Figure 2-56. In MZ, which is closest to the hot plate, the material is melted in the 

heating stage and cooled and solidified in the welding stage. In HAZ, which is adjacent 

(4) (3) 

(2) (1) 

(9) 

(7) (8) 

(5) (6) 
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to MZ, the heat transferred to this region is insufficient to melt the material but still 

sufficient to cause the change of the material’s micro-structure such as the structure of 

crystallites. 

 

Figure 2-56. Melt zone and heat affected zone in pipes and pipe joints during heating stage and 

welding stage. 

Galchun et al.[138] made butt fusion welded joints using one PE 80 pipe and one PE 

100 pipe for each side of a joint. The thermal properties of the material in the weld joint 

and the material in parent pipes were investigated by using differential scanning 

calorimetry (DSC). The results showed that the crystallinity of the material in the weld 

joint (53%) was higher than those of the material in the PE 80 (42%) and PE 100 (51%) 

parent pipes. The melt point of the material in the weld joint (138 oC) was higher than 

those of the material in the PE 80 (133 oC) and PE 100 (136 oC) parent pipe as well. 

Wide angle X-ray scattering (WAXS) was carried out to investigate the crystalline 

structure of the material in the weld joint and those of the material in parent pipes. The 

results showed that both the crystallinity and crystallite size of the material in the weld 

joint (66% and 8nm) were higher than those of the materials in the parent pipes (56% 

and 7.2nm for PE 80 parent pipe, 57% and 7.2nm for PE100 parent pipe). These results 

indicated that the material in the weld joint experienced a heat history which resulted 

in a higher crystallinity and crystalline regions with a higher degree of order. The tensile 

tests of the weld joints using dumbbell specimens with the weld joint in the middle were 

carried out to exam the tensile properties of the joints. All the tensile specimens were 

fractured out of the weld joint due to the higher crystallinity and crystallite size of the 

material in the weld joint. However, the better tensile performance of the weld joint 

may because of the higher cross-sectional area provided by the weld bead as well. In 

addition, stress concentration at the corner between the weld bead and parent pipe (just 

locates at the margin of the weld joint) may be another reason. 

Muhammad et al. [34] cut a microtome slice which covered the MZ and HAZ from the 

butt fusion welded joint made from PE 100 pipes (Figure 2-57 [34]) and observed the 

microtome slice using transmission light microscope (TLM) with polarised light. Due 

hot plate 

parent pipe HAZ HAZ parent pipe 

MZ 

parent pipe HAZ HAZ parent pipe 
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to the orientation of the polymer chains in MZ as a result of the strong shearing during 

butt fusion welding process, the MZ is shown clearly in the TLM image under polarised 

light as shown in Figure 2-58 [34]. Nanoindentation with indents spaced 100 µm apart 

was carried out along the HAZ and MZ of a polished weld joint specimen as shown in 

Figure 2-57 [34]. The results were overlapped with the TLM image under polarised 

light (Figure 2-58) to show how the hardness and elastic modulus changed along the 

HAZ and MZ. In MZ, the highest hardness and elastic modulus existed at the weld 

interface (0.053GPa and 1.41GPa respectively) and then dropped to the lowest 

(0.052GPa and 1.37GPa) when approaching the end of MZ. When approaching the 

boundary of HAZ, the hardness and elastic modulus significantly increased to the value 

(0.055GPa and 1.42 GPa) higher than those of the weld interface and then gradually 

decreased to a stable value when approaching parent pipes. The hardness and elastic 

modulus of MZ were higher or equal to those of the parent pipes (0.052 GPa and 1.34 

GPa respectively). The hardness and elastic modulus of HAZ were higher than those of 

the MZ. 

 

Figure 2-57. A part of a butt fusion welded joint which contain MZ, HAZ and parent pipe 

region machined for TLM slices, DSC slices and nanoindentation test [34]. 

Nanoindentation 

region 
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Figure 2-58. The TLM image under polarised light overlapped with the results from 

nanoidentation test [34]. 

The thermal properties of a microtome slice extracted from the MZ and a microtome 

slice from the parent pipe (as shown in Figure 2-57 [34]) were investigated by using 

DSC. The result (Figure 2-59 [34]) showed that both the crystallinity (67.8%) and melt 

point (129 oC) of the MZ were higher than those of the parent pipe (63.8% and 127 oC). 

Again, this indicated that, comparing with the parent pipe, the melting and cooling 

process during butt fusion welding process resulted in higher crystallinity and 

crystalline regions with a higher degree of order in MZ. This contributed to the higher 

hardness and elastic modulus of MZ comparing with those of the parent pipe. Although 

no DSC specimen was extracted from the HAZ, the higher hardness and elastic modulus 

of HAZ (comparing with MZ) indicated that annealing occurred in HAZ and resulted 

in the further growth of crystalline region. The onset (80 oC) of the melt peak of the 

parent pipe indicated that the structure change of crystalline region in PE 100 pipe 

started from 80 oC. Hence, in this study, based on temperature, the region in the PE 100 

pipes with temperature range from 80 oC to 127 oC at the end of the heating stage was 

defined as HAZ.  

Because the boundary between HAZ and the parent pipes cannot be observed in the 

TLM image, the position at where the hardness and elastic modulus dropped to the same 

value of the parent pipe was defined as the boundary. Hence the thickness of the HAZ 

was measured as 4.8mm. Assuming the thickness of HAZ did not change along the pipe 

thickness, the image of the distribution of MZ and HAZ in the butt fusion welded joint 

is shown in Figure 2-60 [34]. Figure 2-60 showed that the boundary between HAZ and 

the parent pipe was just at the corner between the weld bead and parent pipe which can 
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result in stress concentration. The existing of the micro-structure change and the stress 

concentration brought by the geometry of butt fusion welded joint at the same location 

(the boundary between HAZ and the parent pipe) may be another reason of the fracture 

out of the weld joint of the tensile specimens in the study of Galchun et al. [138] In 

addition, Barber and Atkinson [139] reported the fracture just adjacent to the weld bead 

of dumbbell tensile specimen made from the butt fusion welded joint made from PE 

pipes. Chen et al. [140] reported that the crack of the whole pipe fatigue test of butt 

fusion welded joint made from PE pipes initiated at the outer weld bead. These results 

proved the supposed weak point of butt fusion welded joint which was the location of 

both the corner between the weld joint and parent pipe and the boundary between HAZ 

and parent pipe.    

 
Figure 2-59. DCS results of the microtome slices extracted from parent pipe and the MZ in 

weld joint [34]. 

 
Figure 2-60. Supposed distribution of MZ and HAZ based on the width of HAZ measured from 

the nanoindentation results [34]. 
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Schmachtenberg and Tüchert [141] studied the structure of MZ in detail by observing 

the MZ in a microtome slice cut from the butt fusion welded joint of polypropylene (PP) 

pipes using TLM under polarised light. A six-layer structure in MZ was given and 

shown in Figure 2-61 [141]. Layer 1 was a thin layer of linear arranged spherulites 

along weld interface crystallised from the interpenetrated polymer chains. Layer 2 was 

a layer of large size spherulites due to the relatively higher temperature and slower 

cooling rate comparing with the region further away from the weld interface. From 

layer 2, no spherulite was crystallised from the interpenetrated polymer chains. Layer 

3 was a layer of small size spherulites due to the relatively lower temperature and faster 

cooling rate in this region. Layer 4 was the last layer of totally melted PP and layer 5 

was the layer of incompletely melted PP. Hence, the melted PP in layer 4 experienced 

the shear flow with the highest shear rate. This result in the orientation of polymer 

chains and crystallites along the shear flow direction which can be seen obviously as 

parallel lines (which was called flow lines) in the TLM image. The orientation of the 

polymer chains in layer 5 had a lower degree of orientation which can be observed as 

short oblique lines in an angle to the shear flow direction due to the lower shear rate in 

this region. Stretched spherulites were generated in layer 5 because the partially melted 

spherulites were sheared and crystallised again during the fast cooling in the layer. 

Layer 6 was another layer consisted of large size spherulites which means the onset of 

HAZ which experienced annealing which can result in further growth of spherulites. 

 
Figure 2-61. A six-layer structure in the MZ of a butt fusion welded joint of PP shown in a TLM 

image under polarised light [141]. 

Swartjes [142] studied the crystallisation of melted PP under different temperature and 

flow conditions. The TLM images taken under polarised light of the quiescent 

crystallization of melted PP at 152 oC and 140 oC and the crystallization of melted PP 

under high shear rate and low shear rate are shown in Figure 2-66 [142]. The PP 

crystallised at 152 oC showed spherulites with larger size (Figure 2-66a) comparing 
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with the PP crystallised at 140 oC (Figure 2-66b [142]). The PP crystallised under high 

shear rate showed highly oriented crystallites with shish-kebab structure (Figure 2-66c 

[142]). The PP crystallised under low shear rate showed oriented elliptical crystallites 

(Figure 2-66d [142]). Because the crystallisation condition of PP in Swartjes’ study 

[142] was similar to that of PP in the butt fusion welding process, the crystalline 

structures in Figure 2-66a to d [142] can be perceived as the crystalline structures in the 

layer 2 and 6, layer 3, layer 4 and layer 5 respectively. This result can be used to explain 

the results from the study of Muhammad et al. [34]. The region closer to weld interface 

experienced higher temperature and lower cooling rate which is a better crystallisation 

condition for polymer. Hence the material at the weld interface had the best mechanical 

properties in MZ. With the increasing of the distance from the weld interface, the 

temperature decreased while the cooling rate increased. Hence, the crystallisation 

condition got worse and worse along the direction from the weld interface to the end of 

MZ. This result in the keep reducing mechanical properties from the weld interface 

towards the end of MZ. The worst mechanical properties were supposed to exist at the 

layer 4 where micro-structure of the crystallites changed significantly from spherulites 

to highly oriented shish-kebab structure. When approaching to the annealed HAZ, the 

mechanical properties dramatically increased and then gradually decreased until 

approached the parent pipe unaffected by the heat generated during butt fusion welding 

process. The crystallites with high degree of order and higher crystallinity in MZ 

indicate that the crystallisation condition during butt fusion welding process is better 

than that during the pipe extrusion process. 

 
Figure 2-62. The TLM images taken under polarised light of the crystallization of melted PP 

under different conditions. (a) quiescent crystallization at 152 oC; (b) quiescent crystallization 

at 140 oC; (c) crystallised under high shear rate; (d) crystallised under low shear rate [142].  

c d 

a b 
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In addition, Schmachtenberg and Tüchert [141] also conducted medium tensile creep 

test of the butt fusion welded joint of PP pipes to investigate the joints’ SCGR. The 

specimen was immersed in in a 2% water solution of a non-ionic tenside (Arkopal N 

100) at 95oC. The result shows that the crack existed at the interface between the layer 

3 (small spherulite region) and layer 4 (highly oriented region) or in the layer 4. This 

proved the hypothesis that the worst mechanical properties may exist at the layer 4 due 

to the dramatically changed crystalline structure which can result in non-uniform 

distributed stress which is the source of plane strain leads to craze initiation. What is 

more, the disentanglement of the polymer chains at high shear rate region as mentioned 

in 2.1 may result in amorphous regions of loose chain entanglement with more free 

volume which make this region easier to be penetrated by the solution. This can reduce 

the creep property of polymer in chemical agent which is called environmental stress 

cracking. Other studies also mentioned the correlation between the properties of butt 

fusion welded joints and the chain orientation in MZ. Nonhof [143] mentioned that the 

highest shear rate at the interface between the melted material and solid material 

oriented the polymer chains in this region and normally result in fracture at this 

interface in mechanical test. Kalyanam [144] also suggested that the change of polymer 

chain orientation contributed to the reduction of SCGR of the butt fusion joints made 

from PE pipes.     

For butt fusion welded joint of PE pipes containing windows, Deveci [134] machined 

a microtome slices from a weld joint made from PE 100 pipes with high level of 

windows along the pipe’s longitudinal direction (Figure 2-63 [134]). As shown in 

Figure 2-63, the windows out of MZ were roughly aligned along the pipe’s longitudinal 

direction due to the shear flow in extrusion die. The windows in MZ were aligned 

parallel to each other along the pipe’s transverse direction due to the strong shear flow 

during butt fusion welding process. As mentioned in 2.1, during the extrusion of 

bimodal PE such as PE 100, the low molecular weight part with low viscosity tend to 

flow surround the high molecular weight and high viscosity part agglomerate in the 

middle of the screw channel. So, for an insufficiently mixed PE 100 pipe, the 

agglomerated high viscosity part should stay in the middle of the pipe thickness. As 

shown in Figure 2-63, there was no windows in the regions close to the top and bottom 

of the pipe thickness while all large-scale windows were concentrated in the middle of 

the pipe thickness. Hence, windows are supposed to be mainly consists of the high 

molecular weight and viscosity part of PE 100 while the black regions are supposed to 

be mainly consists of the low molecular weight and viscosity part of PE 100. As a result, 

the supposed interphase with to some extent stretched and disentangled or even fully 

stretched and oriented polymer chains between the high molecular weight part and low 

molecular weight part of PE 100 may exist in the region between windows and 

surrounded black regions. What is more, the strong shear flow in layer 4 may further 

promote the shearing between the windows and surrounded black regions and therefore 

promote the chain disentanglement in the interphase. As windows in MZ were aligned 
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parallel to each other along the pipe’s transverse direction, the consequent weak 

interphase along the pipe’s transverse direction may significantly influence the 

mechanical properties of the welded joint when being subjected to the load along the 

pipe’s longitudinal direction. This concern was proved by the waisted tensile tests of 

the butt fusion welded joints made from PE 100 pipes without windows and those made 

from PE 100 pipes containing high level of windows carried out by Deveci et al. [134]. 

All specimens from the joints without windows were fractured in ductile mode, while 

all specimens from the joints containing high level of windows were fractured in brittle 

mode. This indicated the reduction of the ductility of butt fusion welded joints brought 

by windows.  

 

Figure 2-63. Microtome slice machined from a weld joint made from PE 100 pipes with high 

level of windows along the pipe’s longitudinal direction [134]. 

In summary, the material in a butt fusion welded joint has better mechanical properties 

due to its higher crystallinity and crystalline regions with higher degree of order 

comparing with those of parent pipes. However, the layer 4 in MZ which result in a 

sudden change in crystallite structure and the boundary between HAZ and parent pipe 

which just located at the corner between weld beads and parent pipes may be the weak 

points of a butt fusion welded joint. For poor mixed pipe with windows, the parallel 

windows and the consequent weak interphases in MZ were supposed to reduce the 

ductility of butt fusion welded joints. The weakest interphase may exist in the layer 4. 

weld interface 

large-scale 
windows 

longitudinal 
direction 

large white line along 
pipe transverse direction 
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2.5.2.2 Failure of butt fusion weld joints 

Under the same service conditions as the PE pipes, slow crack growth (SCG) is the 

dominant failure mechanism of butt fusion joint of HDPE pipes as well. Many studies 

have shown that although well-welded butt fusion joints of HDPE pipes performed as 

good as their parent material in pipes in the short-term mechanical test such as tensile 

test and bending test, the slow crack growth resistance (SCGR) of the pipe joints was 

significantly lower than that of the parent material pipes [145–147]. Li et al. [148] 

conducted test of cracked round bar (CRB) specimen made of parent PE100 and butt 

fusion welded PE100 and found that the SCGR of the butt fusion welded PE100 was 

lower than that of the parent PE100. Two reasons were given to explain the difference 

in SCGR: (a) defects were introduced into the butt fusion weld during the welding 

process, (b) the shorter fibres at the fracture surface of the butt fusion welded specimens. 

Two different defects were observed from the SEM images (Figure 2-68 [148]) of the 

fracture surface of butt fusion welded specimens. One is micro voids (might due to the 

entrapped air during welding), another is sphaerocrystal (might be due to some fine 

dusts introduced into the welding region). These two defects can result in localised 

stress concentration which promote the initiation of craze. As mentioned in Section 3.2, 

longer fibrils in craze zone before crack initiation represent higher resistance to chain 

disentanglement. The shorter fibres indicate that the chain entanglement in the butt 

fusion welded joint was not as strong as that generate during the mixing in pipe 

extrusion process due to the layer 4 in MZ (mentioned in 5.2.1).    

In addition, as mentioned in 5.2.1, the material in weld region had higher crystallinity 

comparing with that in parent pipe, which means there are less polymer chains in 

amorphous regions between lamellae and this can result in weaker chain entanglement 

which provide the resistance to SCG.  

 

Figure 2-64. Defects at the fracture surface of butt fusion welded specimens made of PE 

material [148]. 

In summary, there are two supposed reasons which result in the lower SCGR and the 

similar short-term properties of butt fusion welded joints comparing with those of the 

parent pipes. One reason is the contamination introduced during butt fusion welding. 

a b 
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Although measures such as the dummy welding and trimming of pipe ends are carried 

out before doing butt fusion welding to eliminate contamination and trapped air, it is 

impossible to completely avoid introducing contaminations to butt fusion welded joints. 

The introduced contaminations may be too small to influence the short-term properties 

such as the tensile properties or impact properties. However, as mentioned in 3.1, even 

the molecular scale voids (free volume) between polymer chains or chain segments can 

result in SCG. Hence, the small contaminations which does not influence the short-term 

properties may influence the SCGR the pipe joints. Another reason is that the short-

term properties are dominated by crystalline regions in polymers, while the SCGR is 

dominated by the chain entanglement in amorphous regions in polymers because the 

load for SCG to occur is much lower than the material’s yield strength. As mentioned 

in 5.2.1, the material in butt fusion welded joints has higher hardness and elastic 

modulus (comparing with those of parent pipe) due to its higher crystallinity and 

crystallite size. However, the higher crystallinity reduces the amount polymer chains in 

amorphous regions and may therefore weaken the entanglement of polymer chain in 

amorphous regions. In addition, the high shear rate in the layer 4 (mentioned in 5.2.1) 

in MZ may result in disentanglement of polymer chains. Both of these two factors 

which weaken polymer chain entanglement can reduce the SCGR of a butt fusion 

welded joint. 

2.5.2.3 Potential imperfections brought by windows 

During the final welding and cooling stage of butt fusion welding, under the high 

pressure, melted materials are further squeezed out. As shown in the cross section 

(Figure 2-65 [149]) of a pipe joint made from HDPE pipes with different colours along 

the pipe wall thickness, during butt fusion welding, the melts in the inner and outer pipe 

walls are pushed into the weld beads and the MZ is composed of the melts in the middle 

of the pipe walls where the high viscosity melts tend to stay during the extrusion of PE 

pipes. As a result, as shown in Figure 2-63 [134],the large-scale windows in the middle 

of PE pipe walls constitutes the MZ. The windows inside the MZ may influence the 

weld quality and integrity under loads. In open literature, there is only one study [134] 

(mentioned in 5.2.1) investigated how tensile properties of butt fusion joints changed 

with the level of windows in HDPE pipe walls. The tensile test result in this study [134] 

showed that the energy to break and displacement to break of the butt fusion joints 

significantly decreased with the increasing level of windows in the HDPE pipes which 

had been used to make the butt fusion joints. However, the exact microscale mechanism 

of how windows result in the reduction of the ductility of the butt fusion joints was not 

given. Hence potential imperfections brought by the windows and the speculations of 

the mechanism of how windows result in the reduced mechanical properties of the butt 

fusion welding of HDPE pipes are given by relating windows with the typical defects 

in industry of butt fusion welding which leads to brittle failure summarised below[124, 

150].   
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⚫ Cold fusion (incompletely fused joint); 

⚫ Fine particulate contamination (airborne dust); 

⚫ Planar flaws (caused by fingerprints, oil and grease, perspiration, rain droplets, etc); 

⚫ Coarse particulate contamination (sand, grit, dirt)   

 

Figure 2-65. The cross section of a pipe joint made from HDPE pipes with different colours 

along the pipe wall thickness [149]. 

As mentioned in Section 2.2, insufficient homogenisation of polymer and additives can 

result in the agglomeration of additives. So, in PE pipes containing windows, the 

insufficient homogenisation of PE and CB may result in the agglomeration of CB and 

the agglomeration may act as the particle contamination (fine or coarse depends on the 

agglomerate size). The particle contamination can result in stress concentration and 

therefore induce the cavitation which influence both the short-term and long-term 

(SCGR) properties of butt fusion welded joints. However, for black PE pipes made from 

PE and CBMB, (as mentioned in 2.1) the agglomeration of CB should not exist. As 

mentioned in 2.1 and 5.2.1, the weak interphases with stretched or even oriented 

polymer chains were supposed to exist between windows and the surrounded black 

regions. In addition, as windows were aligned along the pipe’s transverse direction 

parallel to each other in MZ, the consequent weak interphases were supposed to be 

aligned in the same way like planar imperfections (cold fusion and planar flaws) in MZ 

of butt fusion welded joints. The sudden change of micro-structure due to the stretched 

or even oriented chains in the weak interphase can result in non-uniform stress 

distribution which influence both the short-term and long-term (SCGR) properties of 

butt fusion welded joints. The chain disentanglement caused by the chain stretching can 

reduce the SCGR of butt fusion welded joints. What is more, windows themselves may 

introduce stress concentration to the butt fusion welded joints. So, windows are highly 
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likely to deteriorate the properties of a butt fusion joint (e.g. strength and crack growth 

rate), and it is necessary to combine the mechanical tests of butt fusion joints and the 

evaluation of windows to investigate how windows affect the structural integrity of butt 

fusion joints of PE pipes.      

2.6 Characterization and testing of butt fusion joints 

Since the window quantification methods for parent PE pipe materials in Section 4 can 

also be applied to evaluate the level of windows in butt fusion joints, there is no need 

to discuss the quantification of windows in butt fusion welded joints. Hence this section 

is focus on the characterisation of window distribution in butt fusion welded joints. In 

addition, mechanical tests and the characterisation of the fracture surface of the butt 

fusion welded joints of PE pipes are discussed. 

2.6.1 Characterization of window distribution in weld region 

Deveci et al. [9, 134] has investigated the window distribution in both parent pipes and 

butt fusion welded joints by cutting microtome slices along both pipe longitudinal and 

transverse direction. The windows distribution in a parent pipe along the pipe transverse 

direction and that along the pipe longitudinal direction are shown in Figure 2-34 b [9] 

and Figure 2-66 respectively. As shown in Figure 2-34 b [9], because the melted 

materials were subjected to the spiral flow in pipe extruder, the distribution of windows 

and the black regions in the parent pipe along the pipe transverse direction looked like 

black and white concentric ellipses with more thick white ellipses (windows) 

concentrated in the central position. As shown in Figure 2-70, due to the friction 

between the flowing melted materials and the extrusion die, the windows in the pipe 

longitudinal direction were to some extent aligned along the same direction like 

concentric parabolas.  

 

Figure 2-66. The windows distribution in a parent pipe along the pipe longitudinal direction [9]. 

The windows distribution in the butt fusion welded joint (mentioned in 5.2.1) along the 

pipe longitudinal direction and that along the pipe transverse direction are shown in 

flow direction 
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Figure 2-63 and Figure 2-67 [134] respectively. As shown in Figure 2-67, the windows 

which had been aligned along the pipe longitudinal direction in the parent pipe were 

aligned along the pipe transverse direction in MZ after experiencing the strong shearing 

during butt fusion welding. In addition, the large-scale window just located at the centre 

parent pipe thickness was melted and sheared to a large white line along the pipe 

transverse direction. This large white line was shown in Figure 2-67 [134] (a microtome 

slice cut at the weld interface) as a large white area in the centre position which 

indicated that the large-scale window was sheared and ground unevenly along radial 

direction in the weld interface. Hence the window concentration in the weld interface 

(21.9%) was higher than that in parent pipe (9.86%). The large white area was 

surrounded with some deformed white concentric ellipses with the same outline, which 

indicated that, besides the window in the centre pipe thickness, other windows in the 

middle pipe thickness were sheared and ground unevenly along radial direction. Figure 

2-68 [134] shows the cross sections at the weld interface and along the pipe longitudinal 

direction of a butt fusion welded joint without a large-scale window in the centre 

position and therefore there were only deformed white concentric ellipses at the weld 

interface. Some deformed white ellipses with some blurred light grey regions in both 

Figure 2-67 and Figure 2-68 b indicated that further diffusion and shearing between the 

windows and black regions occurred during butt fusion welding. This resulted in more 

CB penetrating into the interphase and making the interphase wider, thinner and grey. 

Hence, the white concentric ellipses (windows) got thinner and therefore the window 

concentration in the weld interface shown in Figure 2-72 b (4.39%) was reduced and it 

was lower than that in parent pipe (5.78%) [134].   

 

Figure 2-67. The microtome slice extracted from the weld interface of the butt fusion welded 

joint shown in Figure 2-67 [134]. 
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Figure 2-68. The cross sections along (a) the longitudinal direction and (b) the weld interface 

of a butt fusion welded joint without a large-scale window in the centre position [134]. 

2.6.2 Short term tests 

Because windows are aligned parallel to each other along the pipe’s transverse direction 

in MZ, the load along the pipe’s longitudinal direction (perpendicular to the parallel 

windows) is supposed to break the welded joint much easier than the load along other 

directions. Hence, the mechanical tests which apply the load along the pipe’s 

longitudinal direction are potential to differentiate the mechanical properties of the butt 

fusion welded joints made from PE pipes containing different levels of windows by 

using samples containing weld joint regions. For example, tensile impact test for impact 

properties, three point bending test for bending properties (which generate tensile force 

perpendicular to the weld interface at the side under tension) and tensile test using 

dumbbell specimen or waisted specimen for tensile properties. Although hoop stress 

can generate the axial stress along the pipe’s longitudinal direction, the tests using hoop 

stress is not suitable for butt fusion welded joint made from pipes containing windows. 

a 

longitudinal 
direction 

weld interface 

b 
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As shown in Figure 2-69, in parent pipe, the hoop stress is applied along the direction 

perpendicular to windows (windows are aligned along pipe’s longitudinal direction in 

parent pipes), while, in weld joint region, the axial stress is applied along the direction 

perpendicular to windows (windows are aligned along pipe’s transverse direction in 

parent pipes). For a thin pipe, the value of hoop stress is twice the value of axial stress. 

Hence under hoop stress, a butt fusion welded joint tends to fracture in the parent pipe 

region in which the hoop stress is applied perpendicular to windows instead of 

fracturing in weld joint region in which the axial stress is applied perpendicular to 

windows.  

 
Figure 2-69. Hoop stress and axial stress in weld joint and parent pipe. 

Previous studies [124, 151]applied all the potential tests (high speed tensile test, three 

point bending test and tensile tests using dumbbell and waisted specimens) to 

investigate how contaminations (micronized talc) and bad welding parameters (too high 

welding pressure and too low welding temperature) influence the welding quality of PE 

pipes. For tensile impact test, all specimens fractured (specimens with no micronized 

talc applied and specimens with any concentration of micronized talc applied) in parent 

pipe as shown in Figure 2-70 [124]. For three point bending test, no fracture or crack 

exist in the specimens (specimens welded in both standard parameters and bad 

parameters)[151]. For tensile test using dumbbell specimens, no specimens fractured 

until the maximum displacement of the test machine and yielding occurred in parent 

pipe region for all the specimens (specimens welded in both standard parameters and 

bad parameters) [151]. As mentioned in section 5, it is common for mechanical test 

specimens of butt fusion welded joints fracturing in parent pipes instead of in weld 

joints. However, the tensile test using waisted specimen (waisted tensile test) 

differentiated the quality of butt fusion joints welded under the different conditions 

(different levels of contamination and different weld parameters) [124, 151]. For a 

waisted tensile specimen, two semi-circular notches are machined in the middle of the 

specimen from each side (shown in Figure 2-71 [124]). Hence for a waisted tensile 

specimen of a butt fusion welded joint, the notches are machined in the weld joint 

region. The most discriminable properties from the waisted tensile test were energy to 

break and elongation to break. This may because the semi-circular notches in the middle 

of the specimens result in plane strain which can induce craze initiation in the weld 

joint region. In addition, the reduced cross-sectional area brought by the semi-circular 

notches helped to concentrate the applied stress to the weld joint region. Hence the 
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waisted tensile test is supposed to be the most suitable mechanical test to measure the 

tensile properties of the butt fusion welded joint of PE pipes containing different levels 

of windows. The other test mentioned are still potential because for the butt fusion 

welded joints of pipe containing windows, windows in weld joints are aligned parallel 

to each other along the direction perpendicular to the stress applied to the test specimens. 

Removing weld beads may be a good choice because it helps to reduce the cross-

sectional area of the weld joint region.   

 

Figure 2-70. Tensile impact specimen fractured in parent pipe [124]. 

 

Figure 2-71. A waist specimen for tensile test [124].  

2.6.3 Long term tests 

For the hydrostatic pressure test which simulates the work conditions of pressure pipe 

lines, Besides the short-term tests, Troughton and Hinchcliff [151] conducted  

hydrostatic pressure test (immersed in 80 oC water under a constant hoop stress of 

5.4MPa) to the butt fusion welded joints of PE pipes welded under the three different 

welding parameters (standard welding parameters, welding with too high welding 

pressure and welding with too low welding temperature) as well. None of the welded 

joints failed until 1700 hours which was more than ten times the 165 hours required by 

the test standard (BS EN 12201-2 [133]). This indicated that the hydrostatic test is not 

suitable as the long term mechanical test to differentiate the long-term properties of butt 
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fusion joints made from PE pipes containing different levels of windows although the 

test condition of this test is similar to the work condition of pressure pipe lines. Mike 

and brown [152] did further study of the how the welding parameters influence the 

long-term properties of butt fusion welded joints made from PE pipes by carrying out 

whole pipe tensile creep rupture test (immersed in 80 oC water under a constant tensile 

stress of 5.5MPa ) and coupon creep rupture test (immersed in 80 oC water under a 

constant tensile stress of 5.5MPa ) according to ISO 1167-1 [131]. In a whole pipe 

tensile creep rupture test (illustrated in Figure 2-72 [124]), a constant axial tensile load 

is applied to a whole pipe joint immersed in high temperature water  [153], while in a 

coupon creep rupture test (illustrated in Figure 2-73 [124], a constant axial tensile load 

is applied to a coupon specimen (immersed in high temperature water) machined from 

the whole pipe joint. Both the two long-term tests discriminated the long-term 

properties of the butt fusion joints welded using the standard parameter, using too high 

welding pressure and using too low welding temperature. This may because, comparing 

with the hydrostatic pressure test, in the whole pipe tensile creep rupture test and the 

coupon creep rupture test, the test load are directly applied along the direction 

perpendicular to the weld joint, which result in a much higher stress perpendicular to 

the weld joint. However, the two long-term tests showed different tendency of how the 

creep properties changed with the different weld parameters. Considering the 

machining of a coupon specimen results in the release of residual stress, whole pipe 

tensile creep rupture test is more suitable as the long term mechanical test to 

differentiate the long-term properties of butt fusion joints made from PE pipes 

containing different levels of windows.  

 
Figure 2-72. Whole pipe tensile creep rupture test of a butt fusion welded pipe [124].  
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Figure 2-73. Coupon creep rupture test of a coupon specimen machined from a butt fusion 

welded joint [124]. 

2.6.4 Characterization of fracture surface 

To trace the crack initiation and growth in butt fusion welded joints, the same features 

during crack initiation and growth of polymers mentioned in section 3 and 4.3 can be 

used. For example, as shown in the optical microscope image (Figure 2-74 a [134]) of 

a butt fusion welded joint made from PE pipes containing windows, the flat and smooth 

region 2 is supposed to be the craze-crack initiation zone (mirror zone), the flat and 

rougher (comparing with region 2) region 1 is supposed to be the stable crack growth 

region (mist region) with limited ductility. The SEM images of the region 2 and 1 

(shown in Figure 2-74 b and c respectively) showed tiny dimples (craze remanet in 

crack initiation zone) in region 2 and larger dimples with materials stretched out (craze 

remanet in stable crack growth region) in region 1. This proved that the crack initiated 

in region 2 and growth towards region 1 as shown by the arrow in Figure 2-74 a.  

 
Figure 2-74. Optical microscope image and SEM images of a fracture surface of a butt fuison 

welded joint made from HDPE pipes containing windows. (a) optical microscope image; (b) 

SEM image of region 2 in (a), (c) SEM image of region 1 in (a) [134]. 

a 

b c 
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For fracture surface of butt fusion welded joints experienced SCG, Lu et al. [154] 

investigated the SCG in butt fusion welded joints made from PE pipes and the SEM 

image of the fracture surface of their test specimen is shown in Figure 2-75 [154]. 

Similar as the fracture surface of HDPE pipes experienced SCG as mentioned in 4.2.2, 

the fracture surface of SCG was featureless. The only feature which can roughly point 

out the crack growth direction is the direction of the fibrils stretched out. As shown in 

Figure 2-75 the fibrils were stretched along the crack growth direction shown by the 

arrow.  

 

Figure 2-75. SEM image of the fracture surface of a butt fusion welded joint made from PE 

pipes fractured due to SCG [154]. 

2.7 Summary 

In summary, the widely used in-line extrusion process of PE pipes result in poor mixing 

of materials in pipe walls which present as windows in black PE pipes. Some studies 

of PE pipes containing windows have proved that windows in pipe walls result in the 

reduction of mechanical properties of PE pipes and a destructive quantification method 

of windows has been developed. However, a quantification method of windows which 

does not result in the waist of pipe material has not been developed. For butt fusion 

welded joint of PE pipes, in open literature, there was only one study investigated how 

tensile properties of butt fusion joints changed with the level of windows in HDPE pipe 

walls (using the destructive quantification method of windows) and this study proved 

that the tensile ductility of butt fusion welded joints was reduced by windows. However, 

the exact microscale mechanism of how windows result in the reduction of the ductility 

of the butt fusion joints was not given. So, it is important to investigate the mechanism 

of how windows influence the mechanical properties of the butt fusion welded joints 

made from PE pipe containing windows. In addition, it is also important for the pipe 

industry to develop a window quantification method which does not result in the waste 

of welded joints and pipe material.  

Based on the studies mention in this review, the supposed weak point of a butt fusion 
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welded joint without imperfections or defects for long-term properties is the highly 

oriented layer in MZ while that for short-term properties is at the corner between weld 

beads and parent pipes where is supposed to be the location of the boundary between 

HAZ and parent pipes. A supposed simplified window distribution in pipe walls as 

black and white concentric cylinders resulted in windows aligned parallel to each other 

along the pipe’ transverse direction in weld joint region. In addition, the supposed 

disentangled or even oriented interphases between windows and the black regions are 

consequently aligned in the same way as the windows in weld joint region. The parallel 

windows and the interphases along the pipe’s transverse direction in weld region may 

reduce both the short-term and long-term properties of the butt fusion welded joints. 

Chapter 3: Materials and experimental methods 

3.1 Materials 

Five sets of laboratory made PE100 pipes were provided by Borouge Pte Ltd Innovation 

Centre, with an outer diameter of 110 mm, a wall thickness of 22 mm and a length of 

2000 mm. All the pipes were cut to pipe sections with a length of 500 mm to fit with 

butt fusion welding machine. They were all made of PE100 resin (BorSafe HE3490-

LS) and the same carbon black masterbatch (CBMB) using the same pipe extruder, a 

single-screw extruder (Reifenhäuser, Germany) with a four-channel spiral die.  

Two extrusion procedures were used. One was pre-compounding extrusion process 

aimed to produce pipes with sufficient homogenization (i.e. no windows). In this 

extrusion process (shown in Figure3-1 a), before extrusion, a black pre-compounded 

HDPE material was prepared by pre-compounding PE100 powder with the CBMB 

granules (consisting of 60% carrier resin and 40% carbon black), and antioxidants using 

a counter-rotating continuous mixer (Kobe Steel, Japan). Then the black pre-

compounded HDPE granules were fed into the pipe extruder to produce the pipes. 

Another was in-line extrusion process (as shown in Figure 3-1 b). In this extrusion 

process, an un-pigmented HDPE material was prepared by compounding the same 

PE100 powder and antioxidants using the same mixer before extrusion, then the un-

pigmented HDPE and the CBMB granules were dry mixed using a tumbler mixer. After 

that, the dry mixture of the un-pigmented HDPE and the CBMB granules were directly 

fed into the pipe extruder to produce pipes, and the melting and mixing of CBME and 

HDPE was done by the pipe extruder. Hence this extrusion procedure is expected to 

produce pipes with windows in the pipe walls.  

The pre-compounding extruded pipe PC115 had extrusion output rate of 115 kg/h, no 

windows were expected in the pipe walls. The in-line extruded pipes IE70, IE95 and 

IE115 were extruded using the in-line extrusion procedure with extrusion output rate of 

70kg/h, 95 kg/h and 115 kg/h, respectively. Pipes IE70, IE95 and IE115 were expected 

to have increased level of windows in their pipe walls from low to high because of their 

increased extrusion output rate which gave decreased mixing time for the un-pigmented 
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HDPE and the CBMB granules. Finally, pipe IE115B was extruded using the same 

conditions as pipe IE115 but with a breaker plate added at the end of the extruder to 

enhance the mixing. Hence this pipe set was expected to have a level of windows which 

is also high but a bit lower than that of pipe IE115. The material, extrusion output rate 

and extrusion procedure for each pipe set are given in Table 3-1. All other extrusion 

parameters were kept constant.  

An additional set of pipes (pipe IEC) was commercial pipes provided by an American 

PE pipe manufacture (in-line extruded using a different pipe extruder) with an outer 

diameter of 324 mm, a wall thickness of 29.5 mm and a length of 1000 mm. This set of 

pipes was expected to have high level of windows. 

In order to see the location and distribution of windows along the pipe circumference, 

for each pipe set, a ring with an approximate thickness of 0.35 mm was cut from the 

end of a pipe using a lathe. As examples, rings from pipes IE115 and pipes IEC are 

shown in Figure 3-2, where it can be seen that, for the lab made pipes IE115, high level 

of windows were concentrated in roughly four equidistant positions around the 

circumference due to the extrusion die design (four channel spiral die), for the 

commercial pipes IEC, high level of windows were uniformly distributed around the 

circumference because these pipes were made using a different extrusion die as they 

were made following commercial manufacturing procedures. The distortion of these 

rings may be the result of residual stress in the pipe walls. During the cooling stage of 

a plastic pipe extrusion process, the material in outer pipe wall always experiences 

faster cooling comparing with the material in inner pipe wall, and this results in residual 

stress in the pipe walls. The shrinkage of the outer pipe wall may be restricted by the 

inner pipe wall. When a thin layer of material is cut off along the pipe circumference, 

the residual stress may be released due to the low thickness and therefore release the 

shrinkage of the outer pipe wall and result in distortion.    
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Figure 3-1. Schematic of the PE pipe manufacturing procedures: (a) using pre-compounded 

resin, (b) with the dry mixture of un-pigmented HDPE and CBMB pellets (adapted from [9]). 

Table 3-1. Description of pipe samples. 

Pipe 
number 

Extrusion 
procedure 

Material Extrusion 
output rate 
(kg/h)  

Expected 
Windows 
level 

PC115 Pre-compounded Black pre-compounded HDPE 115 No windows 

IE70 In-line extruded Mixture of un-pigmented 
HDPE and CBMB pellets 

70 Low  

IE95 In-line extruded Mixture of un-pigmented 
HDPE and CBMB pellets 

95 Medium 

IE115 In-line extruded Mixture of un-pigmented 
HDPE and CBMB pellets 

115 High 

IE115B In-line extruded 
with a breaker 
plate 

Mixture of un-pigmented 
HDPE and CBMB pellets 

115 High 

IEC In-line extruded 
(commercially 
made) 

Mixture of un-pigmented 
HDPE and CBMB pellets 

N/A High 

(a) 

Compounding  

Black pre-compounded 
HDPE 

Pipe extrusion 

HDPE 
powder 

CBMB pellets Antioxidants 

(b)     

Compounding  HDPE 

powder 

Antioxidants 

CBMB pellets Dry mixer 

Pipe extrusion 

Non-pigmented compound 
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Figure 3-2. Two rings of 0.35 mm thick cut from the end of pipes IE115 and IEC respectively. 

The distortion of these rings may be the result of residual stress in pipe walls.  

3.2 Butt fusion welding 

The general process of butt fusion welding is shown in Figure 3-3 and described as 

follows. During butt fusion welding, the pipe ends are first trimmed to produce a clean 

weld surface, then the pipe ends to be joined are pressed on to a hot plate, which is at a 

temperature above the melting point of PE, at a fixed pressure (bead-up pressure). Weld 

beads are generated at the pipe ends in this bead-up stage as the pipe ends melt. The 

pressure is then reduced to almost zero (heat soak pressure) so that the pipes are only 

held against the heater plate and a greater volume of melt is produced at the pipe ends. 

At the end of this heat soak stage the melted pipe ends are pulled away from the hot 

plate, the hot plate is removed, and the melted pipe ends are pushed together. The joint 

is held under pressure (fusion pressure) until it has cooled down after which it can be 

removed from the welding machine. 

 

Figure 3-3. General butt fusion welding process (where “F” indicates the force): (a) pipes 

pushed onto heater plate; (b) weld bead forms on pipe ends during heat soak stage; (c) heater 

plate removed; (d) pipes are pushed together to produce a weld and allowed to cool.   
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In this study, two standard butt fusion welding procedures were used for welding to 

compare the integrity of the joints made by these two procedures. One is the welding 

procedure in accordance with DVS 2207-1 [155], another one is in accordance with 

ASTM F2620 [156]. The key welding parameters are given in Table 3-2. Using the 

DVS standard as an example, when carrying out a butt fusion welding, the hot plate 

temperature is set at 220℃. Once the set temperature is reached and kept steadily, the 

pipe ends to be welded are pushed toward the hot plate under the bead-up pressure of 

22 psi (151.7 KPa) until the weld bead height reaches 2.5 mm. Then the pressure 

pushing the pipe ends towards the hot plate is reduced to 1.5 psi (103.4 KPa) following 

with holding this pressure for 220 seconds. After that the hot plate is removed and the 

melted pipe ends are pushed together under the fusion pressure of 22 psi (151.7 KPa), 

within 10 seconds from the removing of the hot plate, and then the pipe joint is cooled 

down under this pressure for 1680 s before being removed from the welding machine. 

The main difference between the DVS standard and ASTM standard is that the ASTM 

standard does not define the end of bead-up stage based on a certain bead height. It is 

just stated in the ASTM standard that the bead-up stage should be kept until a slight 

melt is observed around the pipe circumference. In this case, during the welding of first 

joint according to the ASTM standard, the time to generate a weld bead with a bead 

height of 0.5 mm was recorded as bead-up time (35 s). In addition, the ASTM standard 

defines the end of heat soak stage based on the bead height of 5 mm instead of a heat 

soak time, which means that in heat soak stage, when the bead height reaches 5 mm, 

the heat soak stage finishes and then the hot plate is removed. 

For pipes provided by Borouge, for tensile property tests, six butt fusion joints were 

made from each set of PE pipes for producing the waisted tensile (WT) test specimens 

(which will be described in Section 3.4); three were made in accordance with DVS 

2207-1 [155] and three were in accordance with ASTM F2620 [156]. For bending 

property and impact property, six butt fusion joints were made from each set of PE pipes 

as well for both guided side bend (GSB) test specimens and tensile impact (TI) test 

specimens (which will be introduced in 3.4); three were made in accordance with DVS 

2207-1 [155] and three were in accordance with ASTM F2620 [156]. For creep property, 

four butt fusion joints were made from pipe PC115 with no windows and Pipe IE115B 

with high level of windows respectively for whole pipe tensile creep rupture test 

specimens. Two butt fusion joints of pipe PC115 were made in accordance with the 

DVS standard and another two of pipe PC115 were made in accordance with ASTM 

standard and the same for pipe IE115B. In addition, for pipe IEC, two butt fusion joints 

were made for waisted tensile specimens, one was made in accordance with the DVS 

standard and another in accordance with ASTM standard. Unfortunately, due to the time 

limitation and the mismatching of the butt fusion welded joints and the test machine, 

the whole pipe tensile creep rupture had to be given up. The welding standard and pipes 

used for each joint, and what specimen the joint was made for are given in Table 3-3.   
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Table 3-2. Key parameters used for butt fusion welding process versus two welding standards   

Welding parameter ASTM F2620 DVS 2207-1 

Heater plate temperature (⁰C) 218 220 

Bead-up pressure (psi) 75 22 

Bead height at the end of Bead-up time (mm) N/A 2.5 

Heat soak pressure (psi) 0 1.5 

Heat soak time (s) N/A 220 

Bead size at the end of heat soak stage (mm) 5 N/A 

Maximum heater plate removal time (s) 15 10 

Fusion pressure (psi) 75 22 

Fusion/cooling time (s) 572 1680 

Table 3-3. The welding standard and pipes used for each joint, and specimen type (WT= waisted 

tensile specimen,  TI= tensile impact specimen, GSB= guided side bend specimen) 

Joint number Specimen geometry Welding standard Pipe number 

PC115-WT-BF01-03 WT  DVS2207-1 PC115 

PC115-TI, GSB-BF04-06 TI, GSB 

PC115-WT-BF10-12 WT  ASTM-F2620 

PC115-TI, GSB-BF13-15 TI, GSB 

IE115-WT-BF19-21 WT  DVS2207-1 IE115 

IE115-TI, GSB-BF22-24 TI, GSB 

IE115-WT-BF25-27 WT  ASTM-F2620 

IE115-TI, GSB-BF28-30 TI, GSB 

IE95-WT-BF31-33 WT  DVS2207-1 IE95 

IE95-TI, GSB-BF34-46 TI, GSB 

IE95-WT-BF37-39 WT  ASTM-F2620 

IE95-TI, GSB-BF40-42 TI, GSB 

IE70-WT-BF43-45 WT  DVS2207-1 IE70 

IE70-TI, GSB-BF46-48 TI, GSB 

IE70-WT-BF49-51 WT  ASTM-F2620 

IE70-TI, GSB-BF52-54 TI, GSB 

IE115B-WT-BF55-57 WT  DVS2207-1 IE115B 

IE115B-TI, GSB-BF58-60 TI, GSB 

IE115B-WT-BF64-65 WT  ASTM-F2620 

IE115B-TI, GSB-BF66-68 TI, GSB 

IEC-WT-BF69 WT DVS2207-1 IEC 

IEC-WT-BF70 ASTM-F2620 

Commercial pipes, such as pipe IEC, have a print line on their outer surface, which 

gives details about the pipe material and the relevant standards. Normally, during butt 

fusion welding, the print line on one pipe is aligned with the print line on the other pipe. 

This means that, for pipes containing windows, the window concentrated regions at the 

pipe ends are also normally aligned together during butt fusion welding.  
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However, the pipe samples provided by Borouge (pipes PC115, IE115, IE95, IE70 and 

IE115B) had no print lines and therefore in order to align the four window concentrated 

regions at one pipe end with those at another pipe end, the window concentrated region 

with the highest level of windows at each pipe end was determined from the ribbons 

produced during the trimming stage of the BF welding process and these were aligned 

during welding. The procedure used to achieve this is shown in Figure 3-4. Before the 

trimming stage, two holes with different diameters (3mm and 1.5mm) and same depth 

(3mm) were drilled at a pipe end next to each other in the upper one third of pipe 

thickness. During the trimming stage, a length of ribbon (with thickness of 250 ± 50 

µm and a length of at least equal to the pipe circumference) was taken from the pipe 

end and viewed using a light box to find the window concentrated region with the 

highest level of windows. This region was then marked on the ribbon and the ribbon 

was attached back to the pipe end where it was taken from. The relative location of the 

large and small holes prevented the inversing of the ribbon when it was attached back. 

The location of the window concentrated region with the highest level of windows was 

then marked on pipe surface. This procedure was applied to the other pipe to be welded 

and the marks on the two pipes were aligned before welding. The remaining holes were 

trimmed away before welding. In addition, as all the pipes to be welded were pipe 

sections (500 mm long) being cut from 2000 mm long pipes, for each pipe section, a 

ribbon of whole pipe circumference was observed to check whether the window 

distribution as four window concentrated regions was constant along pipe length (2000 

mm).   

                        

                                 

(a) 

(b) 
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Figure3-4. Procedure used to align the highest window concentrated regions of two pipes before 

the butt fusion welding: (a) drilling two holes and trimming out ribbons from the pipe end; (b) 

finding the highest window concentrated region from the ribbon and marking it; (c) attaching 

the ribbon back to the pipe end and mark the region with the highest window level on the pipe 

surface; (d) repeating the same procedure to the other pipe. 

3.3 Quantification of windows   

As mentioned in chapter 2, Phased Array Ultrasonic test (PAUT), nanoindentation and 

Small Angle X-ray Scattering (SAXS) are three non-destructive test techniques which 

have potential to be used to develop a method for quantifying the level of windows 

which does not result in the waste of pipe material. Trial PAUT tests of a IE115 pipe 

and a IE115B pipe have been done in TWI [157] with a transducer scanning along the 

whole pipe circumference. Although an ultrasound C-scan of the IE115 pipe showed 4 

areas of shadows at roughly four equidistant positions around the circumference 

(corresponded to the four window concentrated regions), the C-scan of the IE115B pipe 

showed no shadows. This was probably because the windows were broken to smaller 

pieces by the breaker plate. In addition, a trial nanoindentation test of a microtome slice 

(0.1mm thick) extracted from a IE115 pipe was conducted at Coventry University [158] 

and the results showed that the indentation hardness and modulus of the window regions 

and black regions were almost the same. Hence, these two techniques are considered 

being unsuitable to be used to quantify windows. For SAXS, unfortunately, due to the 

pandemic, there was no available beam time for this study and therefore this test had to 

be abandoned. However, an alternative method to achieve the same goal based on using 

(c) 

mark of the window concentrated region with the 
highest level of windows on pipe surface 

the window concentrated region with the 
highest level of windows at pipe end 

(d) 
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the ribbons generated during the trimming stage of butt fusion welding was attempted 

and is described below. 

For pipes provided by Borouge, a 20 × 20 mm square sample was cut from the highest 

window concentrated region from the ribbons that had been used for aligning the 

window concentrated regions for the butt welding (Section 3.2). For pipe IEC, a 20 × 

20 mm square sample was cut from the mid-thickness at the print line position. The 

samples were then put between a cover slip and a glass slide and photographed using a 

digital camera (Canon EOS 800D) with a light box underneath. To ensure the consistent 

relative position between the sample and the camera, a camera support (Kaiser RS 1 

Copy Stand with RA 1 camera arm) was used to locate the samples and the camera at 

constant position during the photographing of all samples. The apparatus is shown in 

Figure 3-5 (the digital camera, light box and camera support).  

 

Figure 3-5. The apparatus used for the photographing of the samples for window quantification. 

Figure 3-6 shows the image analysis procedure. A 10 × 10mm analysis area containing 

the highest level of windows was cropped from each grey-scale photograph. Then each 

pixel in this square was converted to a black or white pixel using a grey scale threshold 

of 60. In a grey scale image such as the one shown on the left hand side of Figure 3-6, 

a completely black pixel has a grey scale value of 0 and a completely white pixel has a 

grey scale value of 255. So, a grey scale threshold of 60 means that a pixel with a grey 

scale value higher than 60 is converted to completely white and a pixel with a grey scale 

value less than or equal to 60 is converted to completely black. Because halo appeared 

in the photographs with thick windows, to eliminate the effect of halo, grey scale values 

camera 

light box 

camera 
support 
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of 30, 45, 60, 75, 90 were tried. A value of 60 was chosen because it was found to give 

the pure black and white window pattern most consistent with the window pattern 

observed by naked eye. The window percentage was taken as the percentage of white 

pixels in the 10 × 10mm analysis area. A python code was used to carry out the image 

analysis procedure automatically. 

Figure 3-6. The image analysis procedure for window quantification. 

3.4 Mechanical tests 

As mentioned in Section 2.6.2, as the windows are aligned in parallel to each other 

along the pipe transverse direction in melt zone, the applied tensile load along the pipe 

longitudinal direction (perpendicular to the parallel windows) should break the weld 

joint much easier than loading on other directions; in other word, the longitudinal 

direction is the weakest in terms of mechanical performance. Hence, the longitudinal 

direction loading can test the load bearing capability of the welded joint, and therefore 

the mechanical tests along the pipe longitudinal direction are potential to differentiate 

the mechanical properties of the butt fusion welded joints made from PE pipes 

containing different levels of windows. As a result, three kinds of mechanical tests 

along the pipe longitudinal direction were used to evaluate three kinds of mechanical 

properties (tensile, impact, and bending properties) which are considered to be most 

important to compare the mechanical performance between the pipe joints made from 

the HDPE pipes containing different levels of windows in their pipe walls. As 

mentioned in Section 3.2, the whole pipe tensile creep rupture test had to be abandoned 

due to the time limitation and the mismatching of the butt fusion welded joints and the 

test machine. 

3.4.1 Tensile property by waisted tensile specimen 

Tensile properties are one of the most tested mechanical properties for materials. In a 

HDPE pressure pipes line (internal pressure up to 2500 KPa [88]), when the pipe joints 

are in service, except hoop stress, there is always a longitudinal stress along the pipe 

longitudinal direction perpendicular to the welding interface which tends to pull welded 

pipes apart. What is more, in transportation and installation, it is unavoidable for butt 

fusion pipe joints to be pulled along pipe longitudinal direction. Considering the size 

of HDPE pipes used for pressure pipes is normally very large, the tension in 

transportation and installation cannot be ignored. So, it is important to compare the 

scale bar of 
grey scale 
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tensile properties (under the load along pipe longitudinal direction) of the butt fusion 

joints with different levels of the windows.  

It has been proved that Waisted tensile test can successfully differentiate the tensile 

performance of the butt fusion joints of HDPE pipes with and without windows, and 

with and without weld flaws [124, 134] due to the reduced cross-sectional area and the 

semicircular notches in the weld region that enabling to concentrate on the tensile 

failure load in the weld region. 

For the butt fusion joints made from the pipes provided by Borouge, two waisted tensile 

specimens (according to BS EN 12814-7 [159]) were machined from each butt fusion 

joint made for waisted tensile specimens, one at the window concentrated region with 

the highest level of windows (12 o’clock position) and the other at 180⁰ around the 

circumference (6 o’clock position) to ensure that both specimens were extracted from 

the window concentrated regions (due to the 4-channel spiral die, the areas of 

concentrated windows were at four equidistant positions around the circumference). 

The positions from which the tensile specimens were extracted and the geometry and 

dimension of the tensile specimens and are shown in Figure 3-7 and Figure 3-8 

respectively. For pipe IEC, five waisted tensile specimens, according to BS EN 12814-

7 [159], were machined equidistantly around the whole circumference with the first 

specimen extracted at the print line position, from each butt fusion joint. 

 

Figure 3-7 Positions from which the waisted tensile specimens were extracted from a pipe with 

butt fusion weld joint (pipes provided by Borouge). 

window concentrated region 
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Figure 3-8 Geometry and dimension of waisted tensile specimens, unit: mm. 

The specimens were tested using a 50 kN Hounsfield H50KC universal test machine 

(TWI No. PJDW/11) which used an electronic screw-drive to produce a crosshead 

displacement speed of 5mm/min. The time, load, and crosshead displacement values 

were logged every 0.5 seconds until specimen failure. A load-extension curve was 

plotted for each specimen using the recorded data points, and the extension was 

measured as the crosshead displacement. The extension to break and maximum load of 

each load-extension curve were recorded. Energy to break of each specimen was 

calculated by calculating the area under the load-extension curve. The area was 

calculated by doing rectangular integration of the curve using all data points.  

3.4.2 Evaluation of impact property using tensile impact test specimen 

A material can give significantly different mechanical performance when being 

subjected to low strain rate (such as quasi-static load) and high strain rate (impact load). 

For a ductile polymer like HDPE, when it is subjected to a quasi-static load, it’s 

distortion and fracture normally includes segment motion, chain extension and 

orientation and chain unfolding in lamella [160, 161]. When subjected to an impact load, 

because of the high strain rate, these is much less time for these processes to happen, 

hence the energy to break is significantly reduced; a ductile polymer can even fracture 

in brittle mode. So, it is important to compare the impact properties (under the load 

along the pipe longitudinal direction) of the butt fusion joints with different levels of 

windows.  

To test impact property along the pipe longitudinal direction, the best way is to conduct 

tensile impact test. Comparing to other simple impact test, such as Charpy impact test 

and drop weight impact test, tensile impact test directly applies the load along the pipe 

longitudinal direction to the butt fusion joint. In addition, tensile impact test gives much 

more details, such as the strain-stress curve as a tensile test and failure mode under 

impact load. What is more, as a tensile test using dumbbell specimens cannot 

differentiate the tensile performance of the butt fusion joints of HDPE pipes with high 

weld quality and low weld quality [4], tensile impact test is an alternative way to induce 
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brittle failure in the butt fusion joints with low weld quality.   

Two tensile impact specimens (ASTM F2634-10 [162]) were machined off from each 

butt fusion joint (made from pipes provided by Borouge) made for both tensile impact 

specimens and guided side bend specimens, at the 12 o’clock position and the 6 o’clock 

position around the circumference to ensure that all specimens were extracted from the 

window concentrated regions. The positions from which the tensile impact specimens 

were extracted and the geometry and dimension of the tensile impact specimens are 

shown in Figure 3-9 and 3-10 respectively.       

The specimens were tested using a 500 kN Instron 8500 universal test machine with a 

crosshead displacement speed of 152 mm/s until failure. The time, load, and crosshead 

displacement values were logged every 0.001 seconds until specimen failure. A load-

extension curve was plotted for each specimen using the recorded data points, and the 

extension was measured as the crosshead displacement. The extension to break and 

maximum load of each load-extension curve were recorded. Energy to break of each 

specimen was calculated by calculating the area under the load-extension curve. The 

area was calculated by doing rectangular integration of the curve using all data points. 

The average tensile impact test speed and documented type of rupture (brittle or ductile) 

and its position were recorded. 

 

Figure 3-9. Positions from where the tensile impact specimens were extracted from a pipe with 

butt fusion weld joint (pipes provided by Borouge): (a) the left view of the pipe with butt fusion 

weld joint and the specimens to be extracted; (b) the 3D drawing of the pipe with butt fusion 

weld joint and the specimens to be extracted. 
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Figure 3-10. Geometry and dimension of tensile impact specimens, unit: mm                            

3.4.3 Evaluation of bending property using guided side bend specimen  

Although the bending of pipe joints is the situation which is tried to be avoided, in 

practice, because the large size and high weight of pipes, it is unavoidable for a butt 

fusion pipe joint to be subjected to bending force in transportation and installation. 

Moreover, one side of the bending region is under tension perpendicular to the weld 

interface. Hence it is important to evaluate the bending property of the butt fusion weld 

of the pipes with and without the windows.   

According to ASTM F3183-16 [163], a guided side bend specimen is extracted along 

the pipe longitudinal direction (direction of specimen length) and radial direction 

(direction of specimen width) from a butt fusion weld joint (Figure 3-11 [163]). In this 

study, two guided side bend specimens were machined off from each butt fusion joint 

(made from pipes provided by Borouge) in which the tensile impact specimens had 

been extracted, at 3 and 9 o’clock positions to ensure that all specimens were extracted 

from the window concentrated regions. The positions from which the guided side bend 

specimens were extracted and the geometry and dimension of the guided side bend 

specimens are shown in Figure 3-12 and Figure 3-13 respectively.  

 
Figure 3-11. Extracting of a guided side bend specimen according to ASTM F3183-16 [163]. 

 
(a) 

A 

A 

Weld beads 

 

 

 

A-A weld beads Weld beads A-A 



94 

 

  
Figure 3-12. Positions from where the guided side bend specimens were extracted from the butt 

fusion joints in which the tensile impact specimens had been extracted (pipes provided by 

Borouge): (a) the left view of the butt fusion joint in which the tensile impact specimens had 

been extracted and the guided side bend specimens to be extracted; (b) the 3D drawing of the 

butt fusion joint in which the tensile impact specimens had been extracted and the guided side 

bend specimens to be extracted. 

 

Figure 3-13. Geometry and dimension of guided side bend specimens, 152-216 mean a length 

range, unit: mm. 

Guided side bend test was selected to evaluate the bending property of the butt fusion 

joints because this test is the only kind of bend test regulated in welding qualification 

specifications. For guided side bend test, the specimens were tested using the 50kN 

Hounsfield H50KC universal test machine (TWI No. PJDW/11) with a specially 

manufactured guided side bend test rig as shown in Figure 3-14. The test specimen is 

centered on the rollers and the loading nose is brought slowly in contact with the surface. 

The weld beads were used to visually align the centerline of the butt fusion joint with 

the loading nose. Dimensions of the test rig is shown in Figure 3-15 a. The tests were 

conducted at a loading nose movement rate of 76 ± 25 mm/min, at a constant, steady 

and uniform rate as specified in the standard. The test is to be stopped when the 

specimen reaches a bend angle of 90⁰ (shown in Figure 3-15 b) or if the specimen fails 

before reaching 90⁰, and the time is recorded. The time, load, and crosshead 

TI specimen 

 
GSB specimen 

 

(a) 
the 12 o’clock position 

 

weld 
beads 

the 12 o’clock position 

 
TI specimen 

 

(b) 

weld beads 

weld beads 



95 

 

displacement values were logged every 0.025 seconds until the end of the test. A load-

loading nose displacement curve was plotted for each specimen using the recorded data 

points. The loading nose displacement was measured as crosshead displacement. The 

maximum load and loading nose displacement until the end of each test was recorded. 

To measure the loading nose displacement at the 90⁰ bending angle, a protractor was 

attached to the guided side bend test rig, and a laser pen was attached each end of the 

guided side bend specimen as shown in Figure 3-16. The loading nose kept pushing the 

specimen until both of the two red light points pointed at 45⁰ on the protractor. Then 

the loading nose was stopped, and the loading nose displacement was recorded as the 

loading nose displacement for 90⁰ bending. As shown in Figure 3-17, during a guided 

side bend test, a mirror was put at the bottom of the test rig to see whether a crack 

existed at the bottom of the specimen. If a crack was observed from the bottom of the 

specimen before 90⁰ bending, the test would then be stopped. An example of an 

observed crack from the mirror is also shown in Figure 3-17.      

 

Figure 3-14. Test rig and set up of the guided side bend test  

 

Figure 3-15. Illustration of bending a specimen to 90⁰: (a) starting of a bending test with 

dimension of the test rig; (b) a specimen bent to 90⁰ (unit for distance: mm; for radius and 

diameter: mm).  
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Figure 3-16. Measuring of the loading nose displacement for 90⁰ bending. 

 
Figure 3-17. Observing of the bottom of the specimen during the guided side bend test using a 

mirror and an example of an observed crack. 

3.5 Characterization of fracture surfaces and microstructures 

Fracture surfaces were examined for all specimens in the mechanical test programme 

that is described in Section 3.4. The purpose of the fracture surface examination is to 

investigate the crack initiation locations and mechanism, and to establish a correlation 

between the failure mechanism and the windows. For tensile impact test and guided 

side bend test specimens, only digital camara images were taken. For waisted tensile 

specimens, fracture surfaces were characterized in detail with more imaging techniques 

because the mechanical properties in tensile test were much more sensitive to the level 

of windows. 

3.5.1 Characterization of fracture surfaces 

3.5.1.1 Digital camera imaging 

Fracture surfaces of each fractured tensile specimen were photographed together using 

a digital camera fixed in the camera support as mentioned in Section 3.3 to see their 
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surface features (Figure 3-18). Then two typical fractured tensile specimens made from 

the pipe joints (BF 56 and BF 65) of pipes IE115B with fracture surfaces with high 

flatness were selected for photographing with more details. One fracture surface from 

each of the two fractured tensile specimens was photographed using the same apparatus 

mentioned Section 3.3. However, the camera was fixed closer to the fracture surface to 

get an image which contain the fracture surface only with higher resolution. In addition, 

the camera was controlled using a software (Helicon remote) to get an overlapped 

image of 8 photos taken with different focusing depth to see the surface feature clearer 

in order to trace the crack initiation and growth trajectory. The procedure of the 

photographing of the two selected fracture surfaces is shown in Figure 3-19. 

 

Figure 3-18. Illustration of the photographing of the two fracture surfaces of each fractured 

waisted tensile (WT) specimen: (a) WT specimen; (b) fractured WT specimen by tensile load; 

(c) an example of the imaging faces which contain both fracture surfaces.  

 

Figure 3-19. The procedure of photographing of the selected fracture surfaces: (a) one half of 

fractured WT specimen selected for photographing; (b) overlapping of eight photos taken with 

different focus depth; (c) an example of the overlapped image of the fracture surface area. 
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3.5.1.2 Optical microscopy 

For the two fracture surfaces selected for the overlapped digital camera imaging, some 

regions from the fracture surface from BF65 were selected for further investigation 

using a stereoscopic microscope (Leica-M125, shown in Figure 3-20) with 

magnification of 20 times to see more details.  

 
Figure 3-20. stereoscopic microscope used for the optical microscopy imaging of selected 

fracture surfaces. 

3.5.1.3 Scanning electron microscopy 

Some smaller areas in the regions selected for the stereoscopic microscopy imaging 

were further investigated using a scanning electron microscope (SEM) (ZEISS Sigma 

500 VP Field Emission Scanning Electron Microscope, Coventry University) with 

magnification of 50, 250 and 1000 times to see the microscale details in order to trace 

the crack initiation locations and crack growth trajectory.  

3.5.2 Characterization of window distribution in parent pipe and weld joint 

Two pipes from pipes IEC were used to investigate the window distribution in parent 

pipe. One 28 × 15 × 10 mm cuboid was extracted from each of the two pipes at the mid-

thickness with one side at pipe end (Figure 3-21 a). A 28 × 10 mm microtome slice 

along the pipe longitudinal direction and a 15 × 10 mm microtome slice along the pipe 

transverse direction with the thickness of 0.025 mm were sliced from each cuboid 

(Figure 3-21 b). The microtome slices were then fixed between a cover slip and a glass 

slide and photographed using the digital camera and the camera support with a light 

box underneath. Some areas in the microtome slices were selected to be observed with 

higher magnification (100× and 400×) using an optical microscope (Brunel SP250P) 

under transmission light and polarised light to see more details at the interphase 

between windows and the surrounding black regions. For the Brunel SP250P optical 

microscope, to generate polarised light, a polariser in this microscope was pushed to a 

position above light source. Then, only polarised light can go through the sample at 

higher position following with being magnified and observed.     
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Figure 3-21. Illustration of extracting the microtome slice along the pipe longitudinal direction: 

(a) left and front views and 3D sketch of the pipe and the cuboid location; (b) sketch of the 

extracted cuboid.  

To investigate the window distribution in the butt fusion welded joint, for the fracture 

surface selected for the overlapped digital camera imaging from BF 56, the fracture 

surface was first polished to get a flat surface. Then 11 microtome slices (Slice 1 to 

Slice 11) with thickness of 0.1mm were sliced one by one from just beneath the fracture 

surface to deeper positions. The depth of the polishing was kept as small as possible in 

order to ensure first microtome slice was sliced immediately beneath the fracture 

surface. Then the microtome slices were photographed using the same procedure of 

taking digital camera images of the microtome slices from the cuboid to see how the 

window pattern (along pipe transverse direction) in the welding region changed during 

the welding process. After that, image of the microtome slice closest to the fracture 

surface (Slice 1) was overlapped with the overlapped digital camera image of the 

fracture surface to determine whether there is a correlation between features in the 

fracture surface and the window pattern beneath the fracture surface.  

For the half of the waisted tensile specimen with the fracture surface opposite to the 
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fracture surface selected for the overlapped digital camera imaging and SEM imaging 

from joint BF 65, this half was cut to two pieces along the pipe longitudinal direction 

as shown in Figure 3-22 a. Then an overlapped digital camera image of the separated 

fracture surface was taken as shown in Figure 3-22 b. After that, one microtome slice 

(Slice 12) was cut from Side 1 of the larger piece, in the longitudinal direction (shown 

in Figure 3-22 c) to see the window distribution along the longitudinal direction in the 

welding region beneath the fracture surface. Then the separated fracture surfaces (Sides 

2 and 3 in Figure 3-22 c) were polished and microtome slices were cut beneath each 

fracture surface (Slice 13 from Side 2, Slice 14 from Side 3) in the transverse direction. 

The depth of the polishing was kept as small as possible in order to see the distribution 

of windows immediately beneath the fracture surface. The Slices 12, 13 and 14 were 

then photographed using the same procedure. The images of Slices 13 and 14 were 

superimposed on the overlapped digital camera image of the separated fracture surface 

to determine whether there was a correlation between the features in the fracture surface 

and the window pattern beneath the fracture surface.   

                                         

Figure 3-22. Illustration of the microtome slice extraction from one half of WT specimen from 

BF65: (a) cutting of the specimen along the pipe longitudinal direction; (b) overlapped image 

of the separated fracture surface; (c) locations where Slices 12, 13 and 14 were extracted.  
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Chapter 4: Characterization of the windows 

4.1 Window distribution in parent pipe and weld joint 

Images of the 0.35mm thick rings cut from the end of the pipe for each set of pipes are 

shown in Figure 4-1 As expected, the pre-compounded pipe PC115 showed no windows 

and the in-line extruded pipe IE70 showed no visible windows due to the thicker ring 

and the low magnification of the image. Pipe IE95 showed low level of windows, and 

pipes IE115 and IE115B showed high level of windows (quantitative results are given 

in Section 4.2). For pipes IE95, IE115 and IE115B, since they were made using a four-

channel spiral die, windows were concentrated roughly in four equidistant positions 

around the circumference separated by areas with no visible windows. The ribbons 

(mentioned in Section 3.2) with length of whole pipe circumference trimmed from each 

pipe section (IE95, IE115 IE115B) showed the same window distribution as the rings 

shown in Figure 4-1, which indicated that, the window distribution as four window 

concentrated regions around the circumference was constant along pipe length. For the 

commercial pipe IEC, high level of windows were uniformly distributed around the 

whole circumference because these pipes were made using a different extrusion die. 

For those pipes that showed windows, windows were concentrated roughly in the 

middle of the pipe wall thickness where the high molecular weight part of PE100 tend 

to agglomerate during pipe extrusion. 
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Figure 4-1. Rings cut from the pipe end for investigation of the location and distribution of 

windows around the pipe circumference (PC= pre-compounded pipe, IE= in-line extruded 

pipe, IEC= in-line extruded commercial pipe) 
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The investigation of window distribution in parent pipes was only carried out for the 

commercial pipes IEC, because the laboratory made pipes used in this study were the 

same as those studied by Deveci et al. [9, 134], who have investigated the window 

distribution in these pipes (as reviewed in Section 2.4.1.1 and 2.6.1). For the laboratory 

made pipes, as shown in Figure 2-34 and 2-70, in a localised window area, the window 

pattern along the pipe transverse direction was observed as an irregular concentric black 

and white ellipse due to the spiral flow in the metering zone. The window pattern along 

the pipe longitudinal direction was observed as a concentric black and white parabola 

along the same direction due to the friction between the flowing melted materials and 

the extrusion die. For the IEC pipes, the microtome slices, cut from the cuboid 

machined from one of the pipes along the pipe transverse direction and longitudinal 

direction (as mentioned in Section 3.5.2) are shown in Figure 4-2. Due to the spiral flow 

in the metering zone and the using of a breaker plate in pipe extrusion, many small 

white irregular concentric ellipses were observed in the pipe transverse direction (Fig. 

4-2a); some of the concentric ellipses contain large amount of windows agglomerated 

in the center. The upper position of the microtome slice had far fewer windows because 

this position was farther away from the mid-thickness where the high molecular weight 

part of PE 100 may tend to agglomerate. As shown in Figure 4-2b (the longitudinal 

direction), similar to the result of Deveci et al. [9], due to the friction between the 

flowing melted materials and the extrusion die, the windows in the pipe longitudinal 

direction were aligned along the same direction like concentric parabolas. Because the 

using of the breaker plate, one concentric parabola was separated to some narrower 

concentric parabolas.  

 
Figure 4-2. Microtome slices cut from one of the IEC pipes (a) across the pipe transverse 

direction; (b) along the pipe longitudinal direction. 
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Based on the result shown in Figure 4-2 and the result of Deveci et al. [9], the window 

distribution in both the laboratory made pipes and the commercial pipes is basically 

irregular concentric ellipses along the pipe transverse direction and concentric 

parabolas along the pipe longitudinal direction. The number and size of the concentric 

ellipses and parabolas depend on whether a breaker plate is fitted in the pipe extruder. 

Based on this, the window distribution on the pipe transverse direction can be simplified 

as concentric ellipses, and for most of windows, their distribution along the pipe 

longitudinal direction can be simplified as parallel lines along the same direction. A 3D 

localised window distribution as a black and white concentric elliptic cylinder (along 

the pipe longitudinal direction) in middle thickness of a pipe wall gives the same 

simplified window distribution along the pipe transverse direction and pipe longitudinal 

direction.    

To simplify the 3D illustration of window distribution in a parent pipe, as shown in 

Figure 4-3, only one localised window area was drawn in middle thickness of a black 

PE pipe wall as a black and white concentric cylinder. The examples of the localised 

window area in Figure 4-3 are shown in Figure 4-4. As mentioned in Section 2.6.1, as 

Deveci et al. [134] found that a thick window just located at the centre of a parent pipe 

wall was sheared to a huge window area in weld interface during welding. Hence, a 

special localised window area with a window distribution as a black and white 

concentric cylinder with a large-scale window in the centre position is illustrated in 

Figure 4-4a. A normal localised window area with a window distribution as a black and 

white concentric cylinder without a large-scale window in the centre position is shown 

in Figure 4-4b. The width of the concentric cylinders was set to be 22 mm, which is the 

same as the thickness of the laboratory made pipes. 

 

Figure 4-3. Schematic illustration of simplified window distribution as black and white 

concentric cylinders in a localized window area in a parent pipe wall. This simplified window 

pattern is based on the microtome evidence in Fig. 2-34, 2-70 and 4-2, which will help 

understanding of windows in welded joints. 
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Figure 4-4. Examples of the localised window area in Figure 4-3: (a) the special localized 

window area with a large-scale window in the centre; (b) the normal localized window area 

without a large-scale window in the centre.  

For the welded joints, as shown in the window distribution study by Deveci et al. [134] 

reviewed in Chapter 2 (Figures 2-67, 2-71 and 2-72), in weld region during butt fusion 

welding, along the pipe transverse direction, the windows as an irregular concentric 

ellipse was sheared unevenly along radial direction. In addition, along the pipe 
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longitudinal direction, parallel windows along the same direction were sheared along 

the pipe transverse direction. Hence, to simplify the illustration of window distribution 

in a weld joint, (along the pipe transverse direction) the uneven shearing of the windows 

as irregular concentric ellipse along radial direction was simplified as even shearing of 

windows as concentric circles along radial direction. Based on this simplification, an 

illustration of window distribution in a weld joint (so-called Simplified joint 1) of a 

special localised window area and a normal localised window area was constructed and 

shown in Figure 4-5. The thickness of the melt zone was set to 1.6 mm, which is the 

same as the melt zone thickness in Deveci et al. [134] (Figures 2-67 and 2-72). 

 

Figure 4-5. Schematic illustration of simplified window distribution pattern in a welded pipe 

joint constructed from the special localised window area and a normal localised window 

area (Simplified Joint 1). 

As shown in Figure 4-5, in weld region, the ends of the two concentric cylinders (special 

and normal window areas) were sheared evenly along the radial direction, as a result, 

the weld interface from the upper concentric cylinders (with a larger-scale window in 

the centre) shows a large window area in the centre surrounded by some black and white 

concentric cylinders, which is similar to the pattern shown in Figure 2-71. Because the 

simplified window distribution has much less black and white cylinders than that in a 

real pipe in quantitative terms, the black and white cylinders in the simplified weld 

interface are much thicker than those shown in Figure 2-71. The section along the pipe 
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longitudinal direction (going through the axis of symmetry of the concentric cylinders) 

shows parallel windows along the pipe longitudinal direction in parent pipes, and the 

parallel windows were melted and sheared to align along the pipe transverse direction 

in melt zone. As a result, each window cylinder (except the one in the center) shows 

two symmetrical ‘L’ shaped white lines in the section. This is similar to the window 

pattern shown in Figure 2-67.  

An illustration of window distribution in a weld joint (Simplified joint 2) of two normal 

localised window areas is shown in Figure 4-6. For the Simplified joint 2 (welded from 

two normal localised window area), due to the absence of the large-scale window in the 

centre, the simplified weld interface and section along the pipe longitudinal direction 

shows similar window pattern as in literature, Figure 2-72. Hence, the simplified 

window distribution in the weld joints showed high similarity to the real window 

distribution in both the transverse and longitudinal directions.  

 

Figure 4-6. Schematic illustration of simplified window distribution pattern in a welded pipe 

joint constructed from two normal localised window area (Simplified Joint 2). 

Figure 4-7 shows some individual window and black layers in half of a melt zone of a 

simplified weld joint being pulled out along the pipe longitudinal direction, and how 

the end of each cylinder in weld region was sheared during welding process is shown 

clearly. It is obvious from Figure 4-7 that this window distribution structure provides 
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large window area, black area and the interface area between them along the pipe 

transverse direction. 

 

Figure 4-7. Schematic illustration of individual window and black layers in the melt zone of a 

simplified weld joint being pulled out along the pipe longitudinal direction.  

Different from the way of cutting microtome slices in the study of Deveci et al. [134], 

in this study, instead of cutting a microtome slice from the weld interface in an untested 

tensile specimen, to see the window distribution under the fracture surface of a weld 

joint, 11 microtome slices (100µm thick) were cut one by one from the position just 

beneath the fracture surface of a waisted tensile specimen from the joint BF56 (shown 

in Figure 4-8 in an orange frame) to deeper position away from the fracture surface as 

mentioned in Chapter 3.3.3. The first three (Slice 1 to 3) and the last three (Slice 9 to 

11) microtome slices are shown in Figure 4-9, showing that the window pattern got 

from the microtome slice under the fracture surface is different from that got from the 

weld interface shown in Figure 2-71 and Figure 2-72. However, Slice 1 to 3 still showed 

small amount of windows like distorted ellipses in the middle pipe thickness and some 

distorted ellipse shape windows which were sheared and opened from the middle pipe 

thickness toward the outer pipe wall. Slice 9 to 11 showed large amount of windows in 

the middle pipe thickness like distorted ellipses, and the window patterns were similar 

to that in their parent pipe as shown in Figure 4-10. One concentric ellipses which took 

up the whole image as shown in Figure 2-34 did not exist in the slice 9 to 11 because 

Pipes IE115B was extruded through a breaker plate and therefore the large concentric 

ellipses were separated to smaller pieces. The overlapping image (Figure 4-11) of Slice 

1 and the fracture surface (the overlapped image of 8 digital camera images taken with 
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different focus depth as mentioned in Chapter 3.5.1.1) shows little correlation between 

the window pattern in Slice 1 and the cracks in the fracture surface. All these details 

indicated that the polishing work before cutting the microtome slices removed most of 

the melt zone. Hence it was suspected that even Slice1, which was the microtome slice 

closest to the fracture surface, was cut from the end of the melt zone away from the 

fracture surface. What is more, the large difference of the microtome slice thickness 

(Slice 1 to 11 are 100µm thick, while the thickness of the microtome slices in the studies 

of Deveci et al. [9, 134] is just 15µm) might be another reason for the different window 

patterns. 

 
Figure 4-8. A fractured tensile specimen made from joint BF56 (refer to Section 3.5.1.1). 
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Figure 4-9. microtome slices cut under the fracture surface as shown in Figure 4-5 in the area 

in the orange frame: the first three (No. 1-3) and the last three (No. 9-11) slices. 
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Figure 4-10. window pattern observed from a ribbon cut from one of the parent pipe ends of 

joint BF 56. 

 

Figure 4-11. overlapping of the microtome Slice 1 with the fracture surface where the slice 

was cut from. 

To verify whether the polishing work had removed too much material, a microtome 

slice (Figure 4-12), Slice 12, was extracted along the pipe longitudinal direction from 

another fractured tensile specimen with the thickness of 60 µm (the slice was cut from 

the Side 1 of joint BF 65 as mentioned in Section 3.5.2). As shown in Figure 4-12, to 

get a flat surface from a fracture surface of a tensile specimen, most of the melt zone 
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with parallel aligned windows have to be removed. In addition, the window pattern, as 

a combination of the microtome slices (100µm thick), Slice 13 and 14, cut from beneath 

the fracture surface from the Side 2 and Side 3 (mentioned in Section 3.5.2), is shown 

in Figure 4-13a. This window pattern is similar to that in the parent pipe shown in 

Figure 13b, proving that Slices 1 to 11 were cut from the end of melt zone adjacent to 

the parent pipe. So, the microtome slices cut beneath the fracture surfaces cannot reflect 

the real window distribution beneath the fracture surfaces. 

 

Figure 4-12. Slice 12 cut along the pipe longitudinal direction from a fractured waisted tensile 

specimen made from joint BF65 (refer to Section 3.5.2). 

 
Figure 4-13. Comparison of window patterns in Slice 13 and 14 cut under a fracture surface of 

the waisted tensile specimen made from joint BF65 with that extracted from the end of a parent 

pipe: (a) combination of Slice 13 and 14; (b) ribbon cut from end of a parent pipe. 
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Slice 12 shown in Figure 4-12 is a section cut along the pipe longitudinal direction 

which is different from that shown in Figure 2-67. The window distribution in this 

section was used to further verify the similarity between the simplified window 

distribution and the actual one. The location of these two sections is shown in Figure 4-

14a using an intact tensile specimen and half of it as an example. As shown in Figure 

4-14a, although both two sections are along the pipe longitudinal direction, comparing 

with the section (white) in Figure 2-67, the section in this study (blue) does not go 

through the axis of symmetry and it is perpendicular to the white one. The geometry of 

the microtome slices are shown in Figure 4-14b in fluorescent green. Using the 

Simplified Joint 2 to represent the window distribution in parent pipe and weld region 

of the tensile specimen, location of the same sections in the Simplified Joint 2 and the 

window pattern in the blue section is shown in Figure 4-14c. As shown in Figure 4-14 

c, most of the windows in the blue section in the melt zone are like parallel white lines 

without the connection with the windows in parent pipe (in other word, the flowing of 

windows from the parent pipe to the melt zone as an ‘L’ shape does not exist in the blue 

section), which is similar to the window pattern shown in Figure 4-12. The thickness of 

the windows in the melt zone shown in Figure 2-67 and Figure 4-12 were measured 

using Image J. Most of the windows in the melt zone in Figure 2-67 were thinner than 

50µm, and the thickest window was 100µm thick. For Figure 4-12, the thickest window 

in the melt zone was 50µm thick. So, if microtome slices along the pipe transverse 

direction with the thickness of 100µm are cut one by one in the melt zone, the window 

pattern will change a lot in each microtome slice. As a result, although the Slice 1 to 3 

were cut from the end of the melt zone, they still show significant difference. The cross 

sections 100µm, 200µm and 300µm above the weld interface in the upper half melt 

zone of the Simplified joint 1 and 2 are shown in Figure 4-15 a and Figure 4-15 b 

respectively. It is obvious that the window pattern changed significantly every 100µm 

above the weld interface. All these results indicated that the simplified window 

distribution is highly similar to the real window distribution in the parent pipe and weld 

joint. 
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Figure 4-14. Location of planes for microtome slice extraction in literature (Figure 2.67) and 

Slice 12 in this study extracted from the white and blue planes respectively: (a)two planes in an 

intact tensile specimen and one half of it; (b) microtome slices extracted from the white plane 

and blue plane shown in (a); (c) locations of the white and blue planes in the Simplified joint 2 

and the window pattern on the blue plane.  
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Figure 4-15. cross sections of 100µm, 200µm or 300µm above the weld joint interface in the 

upper half melt zone of (a) the Simplified Joint 1, (b) Simplified Joint 2. 

The simplified pattern of window distribution has indicated that large number of 

windows and black layers almost parallel with the pipe transverse direction exists in 

the melt zone, which means that large area of weak interphase with partially 

disentangled polymer chains (mentioned in chapter 2.5.2.1 and 2.6.1) between the black 

and white layers exists as well. This may significantly influence the mechanical 

property of the weld joint when it is subjected to the load along the pipe longitudinal 

direction. In addition, as mentioned in Section 2.5.2.1, in the melt zone, the highly 

sheared layer 4 (which was supposed to be a weak region in a butt fusion weld joint 

without windows) was located in the middle one third from weld interface to end of 

MZ (as shown in Figure 4-16, which was modified from Figure 2-65 [141] and Figure 

2-67[134]). Hence, for the Simplified joints 1 and 2, 300µm distance above the weld 

interface is just in the layer 4, and this layer has large number of windows as shown in 

Figure 4-15. This indicate that the weakest region in a butt fusion weld joint may be the 

weakest interphase between a window and a black region in the layer 4. Hence, when a 

butt fusion weld joint is being subject to load perpendicular to the joint interface, the 

first craze region can initiate at the weakest region and therefore result in the first crack. 

After that, the crack may grow and initiate other cracks from the weak interphases in 
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the same horizontal plane (along the pipe transverse direction) or in the adjacent 

horizontal planes.    

 
Figure 4-16. Illustration of a highly sheared layer 4 in a butt fusion weld joint (modified from 

Figure 2-65 [141] and Figure 2-67 [134]). 

As shown in Figure 4-17 [134], windows in a weld joint made from pipes containing 

high level of windows (Figure 4-17a) are much thicker and denser than the windows in 

a weld joint made from pipes containing low level of windows (Figure 4-17b). Hence, 

for a weld joint made from pipes containing high level of windows, many of the weak 

interphases will exist in the horizontal plane where the weakest region is located or in 

the horizontal planes adjacent to it, which may result in a brittle fracture with flat and 

smooth brittle area throughout the whole fracture surface.  

 

Figure 4-17. Comparison of windows and window distribution in melt zone in different weld 

joints: (a) joint with high level of windows [134]; (b) joint with low level of windows [134]. 

p
ip

e 
tr

an
sv

er
se

 d
ir

ec
ti

o
n
 

melt 
zone 

weld 
interface 

end of 
melt zone 

highly 
sheared 
layer 4 

melt zone 

a 

b 



117 

 

In practice, it is impossible for the window distribution in pipe walls to be as perfect as 

the simplified pattern constructed in this study. As shown in Figure 4-18a, for the 

Simplified joint 2, the layer 4 (between dashed lines) in upper melt zone is mainly 

composed of the material being sheared from the symmetrical red frames in the upper 

parent pipe. Because the simplified window distribution is symmetrical, both of two 

regions between red lines in the upper melt zone have the same window distribution as 

large amount of parallel windows along the pipe transverse direction without thick 

black areas between them). As a result, most of the layer 4 in the upper melt zone have 

the same window distribution. This window distribution may result in brittle fracture 

because it result in the weak interphases densely packed along the pipe longitudinal 

direction in the layer 4. However, in the real joint shown in Figure 4-18b (modified 

from Figure 4-17a), different from the left side of the layer 4, the right side of the layer 

4 is mainly composed of material being sheared from parent pipe material with a thick 

black area as shown in a red frame on the right. The thick black area resulted in a large 

black layer (along the pipe transverse direction) with a relatively large thickness in the 

layer 4. The length of the large black layer is almost half of weld interface length, and 

the material in the large black layer may has high ductility. Because there is no weak 

interphase in this large black layer, if it is in the same horizontal plane or the adjacent 

horizontal planes where the weakest region is in, it may result in an area with high 

roughness in fracture surface, or it may even result in a ductile fracture. In addition, 

another large black layer was observed in lower part of the melt zone. Hence, although 

the possibility is low, for a joint with large amount of windows, it is possible that there 

is only small area of the weak interphase in the horizontal plane where the weakest 

region is located (or in the horizontal planes adjacent to it). This may result in an area 

with high roughness in a brittle fracture surface, or even result in a ductile fracture. 

However, the higher amount of windows in a butt fusion joint, the more and denser the 

weak interphases tend to exist in the layer 4, the lower the possibility of the large black 

layer to exist in the same horizontal plane or the adjacent horizontal planes where the 

weakest region is in. Hence, the possibility of brittle facture to occur in butt fusion weld 

joints should increase with the increasing of window level. So, for the joints with high 

level of windows, in most cases, brittle facture should occur. For the joints with low 

level of windows, due to the small amount of the weak interphase in the layer 4, in most 

cases, ductile facture should occur. For the joints with medium level of windows, due 

to the medium amount of the weak interphase in the layer 4, the possibility for ductile 

facture to occur and that for brittle facture to occur should be similar to each other.  
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Figure 4-18. Comparison of window distribution in the Simplified Joint 2 and the joint with 

high level of windows: (a) Simplified joint 2 with illustration of the layer 4; (b) the joint in 

Figure 4-17 (a) with illustration of the layer 4 [134].   

4.2 Window quantification result  

As mentioned in Section 4.1, the window distribution along the pipe transverse 

direction changes a lot even in every 100 µm above or below the weld interface (the 

distance should be smaller because most of the window layers in the melt zone were 

thinner than 50 µm). In addition, because the layer 4 was calculated to be 267µm (~ 

one third of the 800µm thick melt zone), which can contain at least five windows and 

black layers, so it is difficult to predict in which horizontal plane the first crack will be 

initiated. As a result, it is not suitable to use the window quantification result from a 

microtome slice taken from the melt zone to represent the window concentration in the 

horizontal plane which results in fracture. In comparison, although the window 

quantification from a parent pipe end, which will be welded, cannot represent the 

window concentration which may result in fracture, the window pattern in the parent 

pipe end does not change in a much longer distance (500µm) comparing with that in 

the melt zone. As shown in Figure 4-19, the three ribbons with thickness of 250 ± 50 
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µm, trimmed layer by layer from a IE115 pipe end, shows almost the same window 

pattern. This makes the sampling for window quantification much easier. For example, 

within 500 µm from the pipe end, anywhere is suitable for taking a slice, and the 

thickness of the slice can be much thicker up to 500 µm (in case all sample slices are 

same thick). In this case, even a lathe can be used to extract a whole ring as a window 

quantification sample. As mentioned in Section 4.1, the higher the level of windows in 

parent pipes, the higher the possibility for the weld joint to fracture in a brittle fracture 

mode. So, quantifying windows using a sample machined from the parent pipe end has 

a potential to be used to predict the mechanical property of weld joints. Furthermore, 

sampling from pipe end avoids destroying hence wasting a weld joint. Because pipe 

ends must be trimmed off 2 to 3 mm thickness to get a clean and flat surface for welding 

operation anyway, in this study, samples for window quantification were taken from 

ribbons generated during the pipe end trimming stage (as mentioned in Sections 3.2 and 

3.3) to avoid wasting pipe material. The pressure of pushing the pipe ends to the 

trimmer was set to a constant value of 1200 kPa to extract the ribbons with constant 

thickness of 250 ± 50 µm. 

 
Figure 4-19. three ribbons trimmed off layer by layer from a IE115 pipe end. 

4.2.1 Pipes IE115, IE95, IE70 and IE115B 

Because pipe PC115 contained no windows, for the laboratory made pipes, window 

quantification was carried out only for pipes IE70, IE95, IE115 and IE115B. 

Representative window quantification images of a 10 × 10 mm2  analysis area are 

shown in Figure 4-20 and the average window percentage (AWP) for each pipe set is 

given under the image. 

       
Figure 4-20. Representative images and average window percentage (AWP) values for pipes 

IE70, IE95, IE115 and IE115B  

The pipe end 250µm from the pipe end 500µm from the pipe end 

AWP: 0.2±0.1% 

pipe IE70 

AWP: 2.6±1.7% 
pipe IE95 

AWP: 20.3±7.1% 
pipe IE115  

AWP: 18.4±4.6% 
pipe IE115B 
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As shown in Figure 4-20, part of the distorted concentric ellipses can be seen in the 

analysis area of pipes IE115 and IE95. Some broken distorted concentric ellipses can 

be seen in pipe IE115B due to the using of a breaker plate in pipe extrusion. Again, 

these can support the simplified window distribution model in the parent pipes that is 

developed by this project. The average AWP values suggest that increasing the 

extrusion output rate (i.e. by decreasing the residence time which reduces the time to 

achieve the distributive and dispersive mixing) has reduced the homogenization of the 

CB and PE resin in these pipes and increased the AWP values from 0.2±0.1% to 

20.3±7.1%. Comparison of pipes IE115 and Pipes IE115B suggests that the inclusion 

of a breaker plate in the extruder disrupts the window pattern but has a negligible effect 

on the AWP, suggesting that the use of a breaker plate does not effectively enhance the 

mixing of CB and PE resin. The large variation in the AWP values is probably due to 

the variation in thickness of the ribbons and also the fact that the areas with the highest 

level of windows were determined by eyes. In addition, the mixing in pipe extrusion is 

complex, therefore, instead of getting different exact AWP values, changing the 

extrusion output rate also contributed to the observed AWP value range which did not 

overlap with each other. Hence, although the variation of the AWP values is large, the 

different extrusion output rate is the main reason for the different AWP value ranges 

which can be classified as high, medium and low levels of windows. For example, the 

lowest AWP value of pipes IE115 and IE115B (12.4%) is more than twice the highest 

AWP value of pipe IE95 (5.6%). The lowest AWP value of Pipes IE95 (0.75%) is more 

than twice the highest AWP value of pipe IE70 (0.3%) as well. So, as expected, the 

pipes IE115 and IE115B are classified as pipes with high level of windows, the pipes 

IE 95 and IE70 are classified as pipes with medium level of windows and low level of 

windows, respectively.    

4.2.2 Pipes IEC 

Representative image of a 10 × 10 mm2  analysis area from pipe IEC is shown in 

Figure 4-21 with an AWP value of 13.9%. As mentioned in Section 4.2.1, pipe IEC was 

classified as having high level of windows. Because only four IEC pipes were used in 

this study, deviation from the mean values was not calculated.  

Because the pipe diameter is too large, the welding had to be done in McElroy (welding 

machine supplier) and the ribbon thickness could not be controlled. As a result, the 

ribbons for image analysis were much thicker (> 350 µm) than those laboratory made 

pipes (PC115 to IE115B, average thickness 250 ± 50 µm). Therefore, the results of pipe 

IEC will not be compared with the laboratory made pipes. 
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Figure 4-21 Representative image and average window percentage (AWP) value for pipe IEC.  

4.3 Microstructure of windows 

The microstructure of the polymer chains in windows in a parent pipe was investigated 

by observing the microtome slices shown in Figure 4-2 and another two microtome 

slices along the pipe transverse and longitudinal directions (cut from another cuboid 

machined from another IEC pipe as mentioned in Section 3.5.2) using an optical 

microscope under the transmission light mode and polarized light mode. The basic 

theory of using polarized light is illustrated in Figure 4-22. When the nature light, which 

is isotropic, goes through a polarizer, only the light along a certain direction is left. This 

kind of light is called polarized light. When polarized light goes through an anisotropic 

structure, such as a spherulite or highly oriented polymer chains, birefringence will 

occur and generate two refracted lights perpendicular to each other. The interference of 

the two refracted lights will then result in the changing of the light colour. Therefore, 

in the same observation area, by comparing observation under the transmission light 

mode, when regions with different colours are observed under the polarized light mode, 

it can reveal polymer crystallites or highly oriented polymer chains in the observation 

area.   

 

Figure 4-22. Illustration of basic theory of using polarized light to observe polymer sample. 

Figure 4-23 shows optical microscope images of a microtome slice (the one shown in 

Figure 4-2a) cut along the pipe transverse direction under the transmission light mode 

and polarized light mode and include higher magnification zoomed views. Figure 4-
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23a shows the same microtome slice as in Figure 4-2a, where the region in the red 

square is enlarged in Figure 4-23b under the transmission light and polarized light 

modes with 100× magnification. In the image under transmission light, most of the 

window area is transparent while some blurred grey area along the interface between 

the window area and black area was also observed. This indicates that there is an 

interphase between the window area and black area. In the image under polarized light, 

the window area was filled with indigo particles which indicate that large amount of 

spherulites were generated in the windows. However, at some areas along the interface 

between the window area and black area, none of the indigo particle was observed and 

these areas were transparent. This was observed more clearly with the magnification of 

400× as shown in Figure 4-23c-d, which corresponds to the red and purple square region 

in Figure 4-23b. In the areas pointed by arrows, there is no colour changing (the indigo 

particle), which indicate that no spherulites were generated in this area. In addition, 

these areas are overlapped with blurred grey area along the interface between the 

window area and black area. This indicates that the microstructure of the polymer 

chains at some regions between the window area and black area is different with that in 

the windows. This further proves that the suspected weak interphase may exist between 

the windows and black regions. In addition, as mentioned in Section 2.6.1, in the 

microtome slices cut from the weld interface (Figures 2-71 and 2-72b), the blurred light 

grey regions in the distorted white concentric ellipses indicate that further shearing 

between the window and black areas during the butt fusion welding made the weak 

interphase wider and thinner along the pipe transverse direction. So, the butt fusion 

welding may make weak interphase weaker.  
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Figure 4-23. Optical microscopy images of a microtome slice (the slice shown in Figure 4-2a) 

cut along the pipe transverse direction under the transmission light and polarized light modes: 

(a) the same microtome slice shown in Figure 4-2a; (b) enlarged images of the red square in (a) 

at 100×; (c) 400× enlarged images of the red square region in (b); (d) 400× enlarged images of 

the purple square region (b). 

The same phenomenon was observed in another microtome slice cut along the pipe 

transverse direction as shown in Figure 4-24a, where transparent windows with blurred 

grey area along the interface between the window area and black area are observed in 

the image under the transmission light mode with 100× magnification (Figure 4-24b, 

which shows the red square area in Figure 4-24a). As shown in Figure 4-24c, at 400× 

magnification, under transmission light, the blurred grey area was observed more 

clearly. Under the polarized light, the indigo particles were observed more clearly than 

those shown in Figure 4-23c-d, and the particles shows the shape like spherulites. 

transparent areas with no colour changing along the interface between the window area 

and black area were observed again. As mentioned in Sections 2.5.2.1 and 2.6.1, it was 

suspected that the weak interphase experienced higher shear rate during pipe extrusion 

comparing with the polymer chains in windows, which may result in the highly oriented 

crystallites with shish-kebab structure or oriented elliptical crystallites. As shown in 

Figure 2-66 [142], the size of the elliptical crystallites is much smaller than that of the 
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spherulites. The suspected spherulites were already very small even in the view of the 

image with 400× magnification shown in Figure 4-23 and Figure 4-24. So, it is 

speculated that, the oriented elliptical crystallites existed in the interphase between the 

window and black areas due to the higher shear rate in this region and the high shear 

rate may result in the polymer chains in amorphous region being disentangled to some 

extent. However, the optical microscope used in this study was not capable of observing 

the elliptical crystallites. This is not only because that the highest magnification can be 

used is 400×, but also because that the optical microscope does not have the cross 

polarized light mode which highly increase the contrast between the isotropic structure 

(amorphous region) and the anisotropic structure (such as polymer crystallites and 

highly oriented polymer chains). In the cross polarized light mode, an analyzer which 

only allows the light perpendicular to the polarized light generated by the polarizer is 

added between the sample and eye lens. As a result, only the birefringent light can go 

through the analyzer. Hence, all amorphous regions are totally dark under the cross 

polarized light mode and the only thing that can be observed is the anisotropic structure 

such as the spherulite with Maltese Cross. 

Figure 4-24. Optical microscopy images of another microtome slice cut along the pipe 
transverse direction under the transmission light and polarized light modes: (a) image of the 
microtome slice; (b) 100× enlarged image of the red square region in (a); (c) 400× enlarged 
images of the red square region in (b).  
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Figure 4-25 shows optical microscope images of a microtome slice (the one shown in 

Figure 4-2b) cut along the pipe longitudinal direction under the transmission light mode 

and polarized light mode and include higher magnification zoomed views. Images taken 

under transmission light mode are similar to the microtomes along the pipe transverse 

direction showing the transparent windows with blurred area along the interface 

between the window area and black area. However, images taken under polarized light 

mode are different from the microtome slices along the pipe transverse direction; the 

indigo particles are distributed uniformly in whole window area. The transparent 

interphase was not observed. The same phenomenon was observed in another 

microtome slice cut along the pipe longitudinal direction as shown in Figure 4-26. As 

mentioned in Section 4.1, the window pattern along the pipe longitudinal direction was 

formed when the polymer melt was flowing through the extrusion die. Hence, the 

reason for the disappearing of the transparent interphase may be that the shear rate at 

the interface between the window and black areas when the polymer melt was flowing 

through the extrusion die was much lower than that in the strong spiral flow in the 

metering zone. As a result, along the pipe longitudinal direction, the shear rate at the 

interface was not much higher than that within the windows. Hence the microstructure 

of the polymer chains close to the interface was not different from that of the polymer 

chains within windows, or the difference was not large enough to be observed by the 

optical microscope. 

 

Figure 4-25. Optical microscopy images of a microtome slice (the slice shown in Figure 4-2b) 

cut along the pipe longitudinal direction under the transmission light and polarized light modes: 

(a) same microtome slice as in Figure 4-2b; (b) enlarged images (100×) of the red square region 

in (a); (c) enlarged images (400×) of the red square region in (b). 

10mm 

a 

0.5mm 

b 

0.5mm 

transmission 

light 

polarized 

light 

100X 

0.1mm 0.1mm 

c transmission 

light 

polarized 

light 

400X 



126 

 

 

 

Figure 4-26. Optical microscopy images of another microtome slice cut along the pipe 

longitudinal direction under the transmission light and polarized light modes: (a) image of the 

microtome slice; (b) enlarged images (100×) of the red square region in (a); (c) enlarged images 

(400×) of the red square region in (b). 

4.4 Summary 

Windows tend to agglomerate in the middle thickness of the pipe walls, where 

corresponds to the middle of the screw channels, where the high molecular weight part 

of PE100 tends to agglomerate. The window distribution pattern in the parent pipes was 

modelled (or idealized) as black and white concentric cylinders which were sheared 

along the pipe transverse /radial direction in the pipe weld joint, which has resulted in 

large area of the interphase between the windows and black areas along the pipe 

transverse direction. This simplified window distribution was proved to have high 

similarity to the actual window distribution found by microscopy examinations.  

The average window percentage value in the HDPE pipes increased dramatically with 

the increasing of extrusion output rate due to the reduced homogenization of materials 

in pipe extrusion.  

polarized light 

10mm 

0.5mm 0.5mm 

a 

b 

transmission light 100X 

400X 0.1mm 0.1mm 

c 

transmission light polarized light 



127 

 

Along the pipe transverse direction, the interphase between windows and black areas 

with the microstructure (suspected to be the oriented elliptical crystallites) different 

from that (suspected to be spherulites) within windows was observed. This indicated 

that the mechanical properties of the weld joint may be influenced by the different 

microstructure of polymer chains in the interphase.  

In next chapter, the tensile test result will be introduced and discussed. 

Chapter 5: Tensile test results of butt fusion weld joints 

5.1 Data analysis of tensile test  

5.1.1 Specimens made from pipes PC115, IE70, IE95, IE115 and IE115B 

As mentioned in Section 4.2, for the laboratory made pipes, PC115 had no windows, 

IE70 were classified as pipes with low level of windows, Pipes IE 95 were classified as 

having medium level of windows, IE115 and IE115B were classified as having high 

level of windows. Representative test measured load vs. extension curves of the 

specimens (60 specimens in total, 12 specimens for each pipe set) made from the weld 

joints of the laboratory made pipes are shown in Figure 5-1, where each curve 

represents curves showing same failure behaviour of each pipe set. As shown in Figure 

5-1, some curves showed ductile failure behaviour (i.e., specimens did not fail in the 

elastic region or fracture did not suddenly occur just after yielding). However, the 

typical curve shape of a ductile polymer cannot be seen in Fig. 5-1, e.g., curves with 

sharp yield point followed by long cold drawing and even strain hardening. Instead, 

representative features of the curves showed ductile failure behaviour in Fig. 5-1 

showed a gradually developed yielding process without a peak, and a sharp but 

continued drop of load after yielding without a sudden fracture. Hence the specimens 

showed this kind of curves were classified as ductile fracture specimens.  

The result in Fig. 5-1 is similar to the work of Taghipourfard [85]. As mentioned in 

Section 2.3.1, Taghipourfard carried out finite element analysis (FEA) to model the 

stress triaxiality in the width reduced section of the waisted tensile specimens made 

from PE sheet with different thicknesses. In addition, Taghipourfard also designed a 

modified geometry for waisted tensile specimen which can reduce the stress triaxiality 

in the width reduced section. As shown in Figure 5-2 [85], the nominal stress vs. 

deformation curve (blue) of the “standard” specimen made from the butt fusion joint of 

thick pipes is similar to the curve of the ductile fracture specimens in Figure 5-1 with 

no sharp yield point and cold drawing. In comparison, the “modified” specimen made 

from the same joint shows a gradual drop of nominal stress after yielding with higher 

deformation at break rather than a steep drop of nominal stress after yielding. What is 

more, from the study of Ognedal et al. [86], the force-displacement curves of the tensile 

bars made of HDPE with arcuate notches with notch radii of 2mm and 0.8mm showed 

similar tendency (as mentioned in Section 2.3.1, the smaller the notch radius, the higher 

the stress triaxiality). Comparing with the force-displacement curve of the specimen 
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with 2mm notch radius, which showed obvious cold drawing after yielding, the curve 

of the specimen with 0.8mm notch radius showed almost no cold drawing. These results 

indicates that the shape of the load vs. extension curves (which showed ductile failure 

behaviour as shown in Figure 5-1) of the waisted tensile specimens in this study are the 

result of the high stress triaxiality in the width reduced section brought by large pipe 

thickness. This also indicates that the plane strain condition may occur in the width 

reduced section in the waisted tensile specimens and result in cavitation.   

 
Figure 5-1. The representative load vs. extension curves of the specimens from each pipe set. 

 

Figure 5-2. nominal stress vs. deformation curves of standard and modified waisted tensile 

specimens made from butt fusion weld joint of thick pipes [85]. 
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In this study, besides the ductile fracture specimens, specimens failed in the elastic 

region were classified as brittle fracture specimens as reflected in their load vs. 

extension curves. Specimens failed with a sudden fracture just after yielding were 

named as after- yield fracture specimens as reflected in their load vs. extension curves. 

Although the load vs. extension curves manifested as three different fracture modes, in 

the elastic region, all the curves overlapped with each other, and the maximum load in 

the curves are only marginally different from each other. This indicates that the stiffness 

of the specimens is not highly influenced by the level of windows in pipes. In contrast, 

the extension to break and the energy to break (the area under the load vs. extension 

curve), which represent the ductility and toughness, are highly different among the 

different specimens. As shown in Figure 5-1, for the PC115 specimens (no windows), 

ductile fracture is the dominant failure mode. For the IE70 specimens (low level of 

windows), apart from one failure in the ductile fracture mode, the after-yield fracture 

was observed in another specimen, and the ductile fracture case shows higher extension 

to break and higher energy to break than that of the after-yield fracture. For IE95 

specimens (medium windows), all the three fracture modes exist, and the ductile 

fracture shows higher extension to break and energy to break than those of the after-

yield fracture, the mixed curve shows higher extension to break and energy to break 

than those of the brittle fracture. For IE115 and IE115B specimens (high level of 

windows), the only fracture mode is the brittle mode. This supports the speculation 

mentioned in Section 4.1, the higher the level of windows in parent pipes, the higher 

the possibility for the weld joint to fracture in a brittle mode, the lower the level of 

windows in parent pipes, the higher the possibility for the weld joint to fracture in a 

ductile mode, and the medium level of windows in parent pipes will result in variable 

fracture modes of the weld joints because the possibilities of different modes of fracture 

to occur become similar to each other. This indicates that the ductility and toughness of 

the butt fusion weld joints are influenced by the different fracture modes result from 

different levels of windows. What is more, for the same fracture mode, the curves show 

the extension to break and energy to break decreasing with the increasing level of 

windows. For example, the ductile fracture specimen curve of PC115 specimens shows 

higher extension to break and energy to break than those shown by the ductile fracture 

specimen curve of IE70 specimens while the ductile fracture specimen curve of IE70 

specimens shows higher extension to break and energy to break than those shown by 

the ductile fracture specimen curve of IE95 specimens. As mentioned in the speculation 

in Section 4.1, the higher the level of windows, the higher the possibility for large 

amount of the weak interphases to exist in the horizontal plane where the weakest 

region is in (or in the horizontal planes adjacent to it). Hence, although fracturing in 

same mode, more and larger cracks tend to initiate in the layer 4 of the specimen 

containing higher level of windows and result in worse ductility and toughness. For 

example, for a brittle fracture surface, although most of the fracture surface is taken up 

by flat and smooth areas, the brittle fracture surface of a IE115 or IE115B specimen 
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may have more flat and smooth areas comparing with that of a IE95 specimen because 

more and larger cracks may initiate in the layer 4 of IE115 or IE115B specimen before 

fracture. In other hand, for the after-yield fracture, the fracture surface of a IE70 after-

yield fracture specimen may have less flat and smooth areas comparing with that of a 

IE95 after-yield fracture specimen. Hence it is speculated that windows may influence 

the ductility and toughness of the weld joints by influencing the size and amount of 

cracks initiated before fracture. This may result in the different fracture modes and 

different amount of flat and smooth areas in fracture surfaces of specimens fractured in 

same mode. In addition, all the laboratory made pipes experienced the recombining of 

4 melt strands because the polymer melt of each pipe was separated by the four-channel 

spiral die. Although Pipes PC115 and Pipes IE115 were extruded using same extrusion 

parameters, all PC115 specimens showed the ductile load vs. extension curves, all 

IE115 specimens showed the brittle load vs. extension curves. This suggests that the 

recombining/rewelding between melt strands during pipe extrusion does not influence 

the mechanical performance of the butt fusion weld joints. 

As shown in Figure 5-1, the elastic region of the load vs. extension curves of all 

specimens are highly overlapped (which means the Young’s modulus of all specimens 

are almost the same). Hence, this means that the stiffness of all the specimens is almost 

the same. Because the maximum loads in the curves of the different pipe sets are a bit 

different, the maximum loads of different pipe set specimens were compared. The 

extension to break and energy to break were analyzed to compare the tensile ductility 

and toughness of the weld joints with different level of windows. What is more, because 

the weld joints in this study were made according to two different welding procedures, 

the tensile properties of the joints made using the different procedures were compared 

with each other as well. Hence, the average maximum load, average energy to break 

and average extension to break of each pipe set specimens welded using the two 

welding procedures are shown in Figure 5-3 in the sequence from no windows to high 

level of windows. As shown in Figure 5-3, for each pipe set, the average maximum load 

of the joints made to the two welding procedures are almost the same. Comparing with 

the average max load, except IE70 and IE115 specimens, for each pipe set, the 

difference between the average extension to break of the joints made to the two welding 

standards is larger, and that is the same for the average energy to break. To estimate 

whether this difference is negligible or not, for each pipes set, the difference between 

the average energy to break of the pipe joints made to the DVS and ASTM standards 

was calculated as:  

[(higher value – lower value) / (lower value)] x 100% 

This also applies to the average extension to break. Average value of the difference 

between the average extension to break of the joints made to the two standards of all 

pipe sets was calculated as 8.4% and the same thing of the average energy to break was 

calculated as 9.7% (shown in Table 5-1). In addition, for each pipe set, the variation of 
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a parameter is calculated by:  

[(standard deviation) / (average value)] x 100% 

This applies to both the energy to break and extension to break. Then, for extension to 

break, average value of the variations of all pipe sets was calculated to be 21.4%. For 

energy to break, average value of the variations of all pipe sets was calculated to be 

17.8% (shown in Table 5-1). Because the average difference between the average 

energy to break of the joints made to the two standards and that between the average 

extension to break of the joints made to the two standards are much smaller than the 

overall average variations in energy to break and extension to break of the joints, the 

difference between the tensile properties of the butt fusion joints made to the DVS and 

ASTM standards is negligible. Therefore, for each pipe set, the DVS and ASTM data 

were averaged for further analysis.   

 
Figure 5-3. average values of (a) the maximum load, (b) energy to break and (c) extension to 

break, of the specimens from the weld joints of each pipe set welded using the DVS and the 

ASTM welding procedures. 

Table 5-1. Comparison of average difference between the ASTM and DVS specimens and 

average variation of all pipe sets on extension to break and energy to break. 

 Average difference between 

ASTM and DVS specimens  

Average variation of all pipe sets   

Extension to break 8.4% 21.4% 

Energy to break 9.7% 17.8% 
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From Figure 5-3, it is obvious that the average maximum loads of the weld joints with 

different level of windows are just slightly different, because the cross-sectional area of 

all the specimens are almost that same, this indicates that the tensile strength of the butt 

fusion weld joint is just slightly influenced by the level of windows in the parent pipes. 

The two tensile properties that could distinguish between the different pipe sets were 

average extension to break and average energy to break. Hence, only these two tensile 

properties were calculated using the combined data (ASTM and DVS data) for each 

pipe set (Figure 5-4). As shown in Figure 5-4, the ductility and toughness of the weld 

joints decreased dramatically with increasing levels of windows. Specimens from the 

PC115 weld joints (no windows) had the highest average energy to break (318 ± 38.1J) 

and extension to break (27.3 ± 3.2mm). Specimens from the IE70 weld joints (low level 

of windows), gave the best toughness and ductility (average energy to break of 281.6 ± 

31.6J and average extension to break of 26 ± 3.3mm) of the specimens containing 

windows, but the properties were still slightly lower than those of the PC115 specimens. 

Specimens from the IE95 weld joints (medium level of windows) had an average energy 

to break of 205.5 ± 62.3J and extension to break of 19 ± 5.8mm; lower than those of 

the IE70 specimens but higher than those of the IE115 and 115B specimens (average 

energy to break of 92.7 ± 26.3J and average extension to break of 9.9 ± 2.1mm for 

IE115 specimens; average energy to break of 79.3 ± 16.5J and average extension to 

break of 8.6 ± 1.2mm for IE115B specimens) containing high level of windows. 

Because all pipes IE115B were extruded through a breaker plate, which can to some 

extent enhance the distributive mixing, some of the thick black areas (mentioned in 

Section 4.1) in parent pipes may be separated by the breaker plate and therefore reduce 

the possibility of the large black layer to exist in the layer 4. This may result in more 

and larger cracks appearing in the weld region of IE115B specimens before fracture. 

Hence, this may be the reason why the tensile toughness and ductility of IE115B 

specimens are a bit worse than those of the IE115 specimens, although the average 

window percentage (AWP) value of IE115B specimens is a bit lower than that of IE115 

specimens.  

The average energy to break and average extension to break of all specimens with high 

level of windows (IE115 and 115B specimens) were calculated as 86 ± 22.5J and of 9.3 

± 1.8mm, respectively. As shown in Table 5-2, these values reduced by 73% and 65.9% 

respectively compared to the values of the PC115 specimens. These results agree with 

the work of Deveci et al [9, 134] (shown in Table 5-2), who investigated the tensile 

properties of the parent pipes (Pipes PC115, IE70, IE95 and IE115) and their butt fusion 

weld joints, and found that, the nominal strain at break, according to ISO 527-2 [125], 

of Pipes IE115 dropped by 66% compared to the Pipes PC115, the work to break and 

maximum displacement, according to ISO 13953 [164], of the weld joints made from 

Pipes IE115 dropped by 68.1% and 63.6%, respectively, compared to those of the weld 

joints made from Pipes PC115. Hence, same as the tendency shown in the load vs. 

extension curves, the tensile data also indicates that the tensile ductility and toughness 
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of the butt fusion weld joints decreases with the level of windows in the parent pipes. 

In addition, in terms of the speculation mentioned in Section 4.1, medium level of 

windows in the parent pipes will cause their weld joints to fracture in variable fracture 

modes. The variable fracture modes must result in mechanical properties with large 

variation. Hence, besides the load vs. extension curves, the high variation of the tensile 

data from IE95 specimens and the tendency of how the ductility and toughness of the 

specimens changed with the level of windows support the speculation mentioned in 

Section 4.1 as well.  

 

Figure 5-4. average extension to break and average energy to break of the specimens of each 

pipe set. 

Table 5-2. Comparison of mechanical property reduction from PC115 specimens to IE115 & 

115B specimens in this study and other studies. 

This study (weld joints) Energy to break Extension to break 

73% 65.9% 

The study of Deveci et al. [9] 

(parent pipes)  

 nominal strain at break 

 66% 

The study of Deveci et al. 

[134] (weld joints)  

Work to break Maximum displacement 

68.1% 63.6% 
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5.1.2 Specimens made from pipes IEC 

As mentioned in Section 4.2.2, although the commercial pipes IEC were classified as 

pipes with high level of windows, the ribbons extracted from the pipe for image analysis 

were much thicker (> 350 µm) than those from the laboratory made pipes (average 

thickness 250 ± 50 µm) due to the using of a different weld machine. In addition, the 

thicker pipe wall of the pipes IEC can result in higher stress triaxiality in the waisted 

tensile specimens. Due to the existing of two uncertain factors, which are the ribbon 

thickness and tensile specimen thickness, the waisted tensile results of pipes IEC cannot 

be compared with those of the laboratory made pipes in same diagrams.   

Due to the same reason mentioned in Section 5.1.1, the DVS and ASTM data were 

combined together to calculate the average tensile properties of IEC specimens. All 

specimens gave a brittle fracture curve (fractured in elastic region) as the representative 

one shown in Figure 5-5. The average energy to break and extension to break of the 

IEC specimens are 92.7 ± 22.1J and 8.1 ± 1.2mm, respectively. These results are similar 

to that of IE115 and 115B specimens. To remove the effect of larger cross-sectional area 

of the IEC specimens, the average energy to break of the IEC specimens and IE115 & 

115B specimens were divided by their nominal cross-sectional areas to calculate their 

nominal average energy to break per cross-sectional area (125.6 kJ/m2 and 155 kJ/m2, 

respectively). The lower nominal average energy to break per cross-sectional area and 

extension to break of the IEC specimens (comparing with IE115 and 115B specimens) 

may because of the thicker pipe wall which provides higher stress triaxiality or because 

the AWP value quantified from the thicker ribbon is lower than the real AWP (quantified 

from the ribbon 250 µm thick). Although it is difficult to judge whether the tensile 

results of IEC specimens are affected by the ribbon thickness or the specimen thickness 

when comparing with the tensile results of IE115 & 115B specimens, the results of IEC 

specimens prove that high level of windows in the commercial pipes dramatically 

reduce the ductility and toughness of the butt fusion weld joints and result in brittle 

facture under tensile load along the pipe longitudinal direction.   

 

Figure 5-5. a representative load vs. extension curve of the IEC pipe joint specimen. 
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5.2 Fracture surface analysis 

5.2.1 Digital camera image 

Figure 5-6 to Figure 5-9 show representative fracture surfaces of specimens made from 

weld joints of the laboratory made pipes. As mentioned in Section 5.1.1, all PC115 

specimens gave the load vs. extension curves showing ductile failure. As shown in 

Figure 5-6, same as the ductility shown by the curves, all PC115 specimens (no 

windows) fractured in a ductile mode with rough area throughout the whole fracture 

surface. The voids generated by the cavitation observed in the studies of Taghipourfard 

[85] and Ognedal et al. [86] existed almost all over the fracture surface and this indicates 

that almost the whole fracture surface experienced high stress triaxiality during the test.  

 

Figure 5-6. Representative fracture surface of the tested tensile specimens made from weld 

joints of pipes PC115. 

Eleven of the 12 IE70 specimens (low level of windows), which gave the load vs. 

extension curves showing ductile failure, also fractured in the ductile mode with similar 

voids as observed from PC115 specimens, however, a few localized flat and smooth 

cracks were observed (shown in Figure 5-7). The other IE70 specimen (one out of 12 

specimens), which gave the load vs. extension curve showing a fracture appeared just 

after yielding, fractured with a fracture surface with the localized cracks and some sub-

rough areas with the voids much smaller than those in PC115 and IE70 specimens 

(shown in the smaller picture in Figure 5-7.) Because this fracture surface is different 

from the fracture surfaces of the ductile fracture specimens and those of the brittle 

fracture specimens (introduced from IE95 specimens in next paragraph), the fracture 

mode of the specimens with this kind of fracture surface is named as mixed mode in 

this study.  

voids 
PC115 
Ductile mode 
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Figure 5-7. Representative fracture surfaces of the tested tensile specimens made from weld 

joints of pipes IE70. 

As shown in Figure 5-8, IE95 Specimens (medium level of windows) exhibited a wide 

range of failure modes; seven of the 12 specimens, which gave the load vs. extension 

curve showing brittle failure, fractured in a brittle mode with flat and smooth areas 

almost all over the fracture surfaces, one of the 12 specimens, which gave the load vs. 

extension curve showing a fracture appeared just after yielding, fractured in the mixed 

mode with more the localized cracks and the sub-rough areas comparing with the IE70 

specimen fractured in the mixed mode. Four of the 12 specimens, which gave the load 

vs. extension curves showing ductile failure, fractured in the ductile mode with the 

localized cracks a bit larger than those of the IE70 specimens fractured in the ductile 

mode.  

As shown in Figure 5-9, all IE115 and IE115B specimens (high level of windows), 

which gave the load vs. extension curve showing brittle failure, fractured in the brittle 

mode. These results indicate that the amount and area of cracks in the weld joints under 

the tensile load along the pipe longitudinal direction increases with the increasing of 

the window level in the parent pipes. This further proves the speculation (mentioned in 

Section 4.1) that, the more windows exist in the parent pipes, in the weld joint, the more 

the weak interphases (between the window and black regions) tend to exist in the same 

or adjacent horizontal planes where the weakest region (the weakest interphase in the 

layer 4) exists, the more and larger cracks will be initiated in the weld region before 

fracture. In addition, the amount of the sub-rough areas in the specimens fractured in 

the mixed mode also increased with the increasing of the window level. This indicates 

that the sub-brittle areas may be generated from the interphases a bit stronger than the 

Localized cracks 

Localized cracks 

Ductile mode 

Mixed mode 

Sub-rough area 

voids 

IE70 
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interphases which result in the cracks. Hence, windows may influence the ductility and 

toughness of the weld joints by influencing not only the area of cracks but also the 

amount of sub-rough areas initiated in the weld region, and this results in the different 

fracture modes of the weld joints and different ductility and toughness of the weld joints 

even fracture in the same mode. As a result, with the increasing of window level (no 

window to high level of windows), the fracture mode of the weld joints changed from 

100% the ductile mode to 100% the brittle mode, and for the specimens fractured in the 

same fracture mode, the specimen with higher level of windows had larger area of the 

localized cracks and more of the sub-rough areas than the specimen with lower level of 

windows.  

  

Figure 5-8. Representative fracture surfaces of the tested tensile specimens made from weld 

joints of pipes IE95.                                  
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Figure 5-9. representative fracture surfaces of the tested tensile specimens made from weld 

joints of: (a) pipes IE115; (b) pipes IE115B.  

As mentioned in Section 5.1.1, all IEC specimens gave the load vs. extension curve 

showing the brittle failure behaviour. Same as the brittleness shown by the curves, all 

IEC specimens (high level of windows) fractured in the brittle mode with flat and 

smooth areas almost all over the fracture surfaces as shown in Figure 5-10. This 

suggests that high level of windows in the commercial pipes can highly reduce the 

ductility and toughness of the butt fusion weld joints and result in brittle facture under 

tensile load along the pipe longitudinal direction.      

 
Figure 5-10. A representative fracture surface of the IEC specimens. 

Figure 5-11 shows the digital camera image of the fracture surface from a specimen 

from the joint BF65 made from pipes IE115B (the overlapped image of the images 
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taken using different focus depth as mentioned in Section 3.5.1.1) which was taken to 

see the surface feature clearer to trace the crack initiation and growth trajectory. As 

mentioned in Section 2.3.1, although cavitation and craze-crack growth usually exist in 

brittle polymers and result brittle fracture, cavitation can also exist in ductile 

thermoplastics under the plane strain condition and severely reduce their ductility. In 

addition, when interior or surface imperfection are introduced into the thermoplastics 

under plane strain, craze may appear close to the imperfections and result in craze-crack 

growth. As shown in Figure 5-6 to 5-8, the broken voids as the result of cavitation under 

plane strain can be observed and this indicates that all waisted tensile specimen were 

tested under the plane strain condition. The interphase between window and black 

regions with different microstructure of polymer chains (as mentioned in Section 4.3) 

may be the interior imperfection which result in craze-crack growth and therefore result 

in the flat and smooth cracks shown in the fracture surfaces of the specimens containing 

windows (Figure 5-7 to Figure 5-9, and Figure 5-11). 

As mentioned in Section 2.3.1 and 2.4.3, craze-crack growth normally occurs in three 

stages. In the first stage, crack initiation is preceded by a craze and it results in a flat 

and smooth mirror zone. The crack then starts to grow in a stable mode by the opening 

of the craze region at the crack tip, which results in a mist region with a flat surface a 

bit rougher than the mirror zone. Finally, the crack growth becomes unstable and rapid 

until complete fracture occurs. The rapid crack growth is usually accompanied by 

rapidly changed stress field or the changing of stress state from plane strain to plane 

stress, which result in a hackle region featured with a flat surface with hackle marks as 

branched crack planes and the plastic deformation at the boundaries between them. 

 
Figure 5-11. digital camera image of the fracture surface from a waisted tensile specimen from 

the joint BF65. 
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As shown in Figure 5-11, the fracture surface consists of large flat and smooth areas 

and a localized sub-rough area. Flat and smooth black regions, such as the Crack 1 to 

4, in the middle were suspected to be the mirror zone (crack initiation region). The crack 

growth of Crack 1 initiated from the left side of the specimen was filmed and a screen 

shot from the video (the video is oblique) is shown in Figure 5-12. The fractured fibrils 

and the unfractured fibrils in the craze region at crack tip are observed from this figure, 

which suggests that craze-crack growth occurred in this crack. As shown in Figure 5-

13a, when the video was being filmed, the camera was focused on the semicircular 

notch region. The observed machining lines, specimen’s right edge and the weld beads 

shown in Figure 5-12 were used to locate the crack in the video as the Crack 1 shown 

in Figure 5-11. As shown in Figure 5-12, two machining lines existed at the left part of 

the crack. The right edge of the crack went through the right edge of the specimen into 

the right weld bead. The same things were observed from Figure 5-13b, which is the 

left part of Figure 5-11. In Figure 5-13b, the only two machining lines can be seen in 

the semicircular notch region was located at the left part of Crack 1, and the right edge 

of Crack 1 went through the right edge of the specimen into the right weld bead as well. 

In addition, the ductile area behind the crack shown in Figure 5-12 existed behind Crack 

1 as the sub-rough area as well. These prove that the crack in the video is the Crack 1 

and therefore the Crack 1 is one of the crack initiation regions (mirror zone). Hence the 

other cracks (Crack 2 to 4) in the middle of the fracture surface are speculated to be the 

crack initiation regions as well. 

   

Figure 5-12. A screenshot of the video of crack growth of a crack in the specimen shown in 

Figure 5-11, which shows some unique features around the crack to help to locate the crack as 

Crack 1. 
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Figure 5-13. Illustration to prove that the filmed crack growth corresponds to the crack growth 

of the Crack 1: (a) the position of the view of the video; (b) features around the Crack 1 same 

as the features shown in Figure 5-12.  

The grey regions, above, below and to the right of the mirror zone of Crack 2 (as pointed 

by the yellow arrows in Figure 5-11), which seems rougher were suspected to be the 

mist regions correspond to the stable crack growth region of Crack 2. This indicates 

that the Crack 2 grew towards these three directions. The obvious rib marks to the left 

and to the right of the crack 2 (as pointed by the light blue arrows in Figure 5-11) 

indicates that the growth of Crack 2 to the left and to the right was stopped by the 

growing cracks adjacent to it, and the Crack 2 kept growing upward and downward to 

the outer and inner weld beads. When the cracks initiated in the middle kept growing, 

the remaining specimen thickness was kept reducing, which finally resulted in the stress 

state in the regions close to the outer and inner weld beads changes from plane strain to 
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plane stress. This indicates that the hackle region (rapid crack growth region) may exist 

in these regions. In addition, a shallower rib mark (as pointed by the orange arrow in 

Figure 5-11), which usually appears at the position where the crack growth rate is 

dramatically changed, was observed between the region close to the outer weld bead 

and the mist region above the mirror zone of Crack 2. This indicate that a large 

acceleration of crack growth may start from the shallower rib mark. So, the hackle 

regions were speculated to be in the regions close to the inner and outer weld beads (as 

shown in the blue frames in Figure 5-11) where some patterns seem like hackle marks 

were observed. Hence the surface features from Figure 5-11 indicate that, for this 

specimen, multiple cracks were generated at the middle of the specimen; these then 

grew radially. However, the crack growth of each crack to the left and right was stopped 

by the crack growth of adjacent cracks. Some of the cracks can still grew upward and 

downward because there was no restriction from these two directions. Finally, the crack 

growth developed to the rapid crack growth stage and left hackle regions in the regions 

close to the inner and outer weld bead. More details from the images with higher 

magnification are needed to prove this crack initiation and growth process.   

5.2.2 Stereoscopic microscopy images and microtome slices 

To see the surface features of the fracture surface more clearly, some regions were 

selected to be photographed using the Stereoscopic microscope with a magnification of 

20 times (as mentioned in Section 3.5.1.2). As shown in Figure 5-14b and c, which 

correspond to the yellow and blue regions in Figure 5-14a respectively, rougher surface 

in the speculated mist region adjacent to the mirror zone of the Crack 2 can be seen 

more clearly. As shown in Figure 5-14c, which corresponds to the blue region in Figure 

5-14a, similar to the Crack 2, a rougher mist region appeared to the right of the mirror 

zone of the Crack 3 and this indicates the stable crack growth of the Crack 3 from the 

mirror zone to the right. As shown in Figure 5-14 d, which corresponds to the red region 

in Figure 5-14 a, the mist region of the Crack 3 was stopped by the mirror zone of the 

Crack 4, which indicates that the stable crack growth of the Crack 3 to the right was 

stopped by the growing Crack 4. In addition, the same crack growth process was 

observed from Crack 4 as the crack growth to the right stopped by the adjacent crack. 

As shown in Figure 5-14e, which corresponds to the orange region in Figure 5-14a, 

some surface features like branched crack planes with plastic deformation at the 

boundaries between them were observed. This further supports that the regions close to 

the inner and outer weld beads are hackle regions.      
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Figure 5-14. Stereoscopic microscopy images of the selected regions from the fracture surface 

with a magnification of 20 times: (a) location of the selected localized regions; (b) stereoscopic 

microscopy image of the yellow region; (c) the blue region; (d) the red region; (e) the orange 

region.  
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To observe the sub-rough area, some regions in the sub-rough area containing some flat 

and smooth cracks like the Crack 1 were photographed. The stereoscopic microscopy 

images of the top, middle and bottom regions of the sub-rough area (corresponding to 

the red, blue and orange regions in Figure 5-15a, respectively) and the crack growth 

trajectory (illustrated by the yellow arrows) are shown in Figure 5-15b, c and d. As 

shown in Figure 5-15d, the Crack 1 grew to the right from the flat and smooth mirror 

zone to the sub-rough area. As mentioned in Section 2.4.3, the craze remnant surface 

ductility can be variable depends on the ductility of the polymer and the craze matter. 

In addition, the tensile specimens with no window and low level of windows have 

shown high ductility. Hence, the sub-rough area was speculated to be the stable crack 

growth region (mist region) with higher ductility and this mist region with higher 

ductility was suspected as a result of low level of windows or no windows under this 

localized area. The Crack 1 then further grew to the right and finally the crack growth 

was stopped by a small crack initiated on the right. In addition, the Crack 1 also further 

grew down after the sub-rough area (mist region with higher ductility), shown as hackle 

marks with branched crack planes with plastic deformation at their boundaries which 

can be clearly seen in Figure 5-15d. The crack then further grew down and the hackle 

marks became finer and finer to the size which cannot be seen clearly using this 

microscope. For the tip of Crack 1, as shown in Figure 5-15c, the crack first grew 

upward and to the right from the tip of Crack 1 to the adjacent sub-rough area, and then 

the crack growth was stopped by a new initiated crack on the right. After that, the new 

initiated crack further grew to the right to a flat mist region as shown in other flat and 

smooth cracks (high level of windows was suspected to exist in this flat mist region) 

and then it kept growing to the right until being stopped by the Crack 2. Similar to 

Crack 1, as shown in Figure 5-15 b, the new initiated crack (shown in Figure 5-15 c) 

also grew upward through a sub-brittle area to a hackle region with hackle marks shown 

as branched crack planes with plastic deformation at their boundaries which can be 

observed clearly before the crack further grew to the hackle region with much finer 

hackle marks. 
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Figure 5-15. Stereoscopic microscopy images of the selected localized regions from the sub-

rough area of the fracture surface with a magnification of 20 times: (a) location of the selected 

localized regions; (b) the stereoscopic microscopy image of the red region; (c) the blue region; 

(d) the orange region. 
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The other half of the fractured specimen shown in Figure 5-11 to Figure 5-15 was used 

for cutting the Slices 12 to 14 as mentioned in Section 4.1 to investigate the correlation 

between windows and crack initiation. Figure 5-16a shows the position (the red dash 

line) at which the specimen was cut into two pieces and the Side 2 and Side 3 of the cut 

pieces mentioned in Figure 3-22. The Side 1 and Side 2 in the larger piece (as mentioned 

in Figure 3-22) before cutting the Slice 12 and 13 are shown in Figure 5-16b, in which 

the bottom edge of Side 2 and the top edge of Side 1 are their common edge. Figure 5-

16c shows the Side 2 of the larger piece after the cutting of the Slice 12 from the Side 

1. Due to the nature of the microtome machine, the microtome slice must be cut with 

an angle from the larger piece. As a result, most of the tip of the Crack 1 left in the Side 

2 was lost, only a little bit of Crack 1 was left (pointed by the yellow arrow in Figure 

5-16c. 

 
Figure 5-16. Slice 12 to 14 as mentioned in Section 3.5.2: (a) the position (the red dash line) 

at which the specimen was cut into two pieces and the Side 2 and Side 3 of the cut 

pieces; (b) the Side 1 and Side 2 in the larger piece (before cutting the Slice 12 and 13; 

(C) the Side 2 of the larger piece after the cutting of the Slice 12 from the Side 1. 

Figure 5-17 shows the Slice 12 from Side 1, together with the associated fracture 

surface (Side 2), which shows the distribution of windows just beneath the fracture 

surface along the bottom edge of the Side 2 shown in Figure 5-16 c. The tip of Crack 1, 

Crack 2 to 4 and the new initiated crack mentioned in Figure 5-15 are marked in Figure 

5-17 and their crack growth direction are illustrated by the orange arrows. The red lines 
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in Figure 5-17 show the boundaries of the Crack 1, 2 and 3 (including both the mirror 

zone and mist region) in Slice 12. The light blue lines in Figure 5-17 show the 

boundaries of the sub-rough area, which was speculated to be the mist region with 

higher ductility, in the Slice 12. The orange dash lines in Figure 5-17 show the 

boundaries of the Crack 2 to 4 and the sub-rough area in the fracture surface in the Side 

2. Parallel white lines (windows along the flow direction in the weld region) can be 

seen under Cracks 1 to 4. The enlarged region in the red frames in Figure 5-17 are 

shown in Figure 5-18. 

 

Figure 5-17. The Slice 12 from Side 1, together with the associated fracture surface (Side 2). 

Figure 5-18a shows the enlarged image of the middle width region of the Slice 12. As 

pointed by the red arrows, some regions have a very thin blurry grey layer above the 

windows on the fracture surface was observed. Similar blurry grey layers have been 

observed in Figure 2-67, Figure 2-72 b and Figure 4-23 to Figure 4-26, and the 

difference between the microstructure of polymer chains in many of the grey layers and 

that in windows has been observed in Figure 4-23 and Figure 4-24. Hence the grey 

layers were speculated to be the weak interphases between the windows and black 

regions which result in cracks in the melt zone. The existing of the grey layer/interphase 

just on the fracture surface as shown in Figure 5-18a further proves this speculation. In 

some areas, it appears that a black region is at the fracture surface. However, because 

the grey layer was very thin and the contrast between grey and black is lower than that 

between grey and white, it is difficult to distinguish the grey layer above the black layer. 

Hence, for the black regions at the fracture surface, a thin grey layer was speculated to 

exist above them, and a thin grey layer with windows below was speculated to exist in 

the opposite fracture surface. 
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The enlarged image of the right edge of the Slice 12 is shown in Figure 5-18b. At the 

right edge of Figure 5-18b, a layer of windows with a thin grey layer above was 

observed (pointed by the red arrows). This area was just underneath the tiny bit of Crack 

1 left in the Side 2. This suggested that Crack 1 was initiated at the weak interface as 

well.  

Figure 5-18c shows the enlarged image of the left edge of the Slice 12, in which a layer 

of windows with a thin grey layer above was observed at the platform in the middle 

(pointed by a red arrow). This suggests that the flat and smooth region in the fracture 

surface corresponded to this platform was a crack initiation region as well (shown in 

Figure 5-17 pointed by the red arrow). The two platforms adjacent to the middle one in 

Figure 5-18c may be other two crack initiation regions because the window layer with 

the grey layer above may exist in the opposite fracture surface. The flat and smooth 

mirror zone in the fracture surface corresponded to these two platforms are pointed by 

the light blue arrows in Figure 5-17. 

 
Figure 5-18. The enlarged image of the regions in the red frames in Figure 5-13: (a) the middle 

width region; (b) the right edge region; (c) the left edge region; (d) the sub-brittle area. 
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Figure 5-18 d shows the enlarged image of the region in Slice 12 corresponds to the 

sub-rough area and the flat mist region adjacent to it. The sub-rough area and the flat 

mist region are speculated to be the mist regions with different ductility because the 

levels of windows beneath them are different. As shown in Figure 5-18 d, lager amount 

of windows exist just beneath the flat mist region, while no window exist beneath the 

sub-rough area until a certain depth below. This indicated the black region beneath the 

sub-rough area is the large black layer in the layer 4 with higher ductility (as mentioned 

in Section 4.1). Therefore, this further indicated that the sub-rough area in this fracture 

surface is the stable crack growth region (mist region) with higher ductility.  

Figure 5-19 shows the overlapped image of the fracture surface shown in Figure 5-11 

(Figure 5-13 to 5-15 as well) and the Slice 13 and 14 cut form the Side 2 and 3 as shown 

in Figure 4-13 a. Because the microtome slices have been proved that they only 

reflected the window distribution in the parent pipe, windows cannot be seen under 

over half of the crack initiation areas. However, based on the Slice 12 cut from the Side 

1 (Figure 5-17), large number of windows exists under the red dash line (Figure 5-19) 

between the middle pipe wall and the inner weld bead, which indicates that the windows 

in the middle of the pipe wall were sheared towards the inner and outer weld beads 

during the butt fusion welding. This may make the window area in the melt zone even 

larger than that in the cross section of the parent pipe wall. 

 

Figure 5-19. overlapped image of the fracture surface and the Slice 13 and 14 cut form the Side 

2 and 3. 
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5.2.3 SEM images 

The SEM images of the mirror zone and upper mist region of Crack 2 and the speculated 

hackle region with the magnification of 1000× are shown in Figure 5-20b, c and d, 

respectively (imaging regions are shown in the red frames in Figure 5-20a). As seen 

from Figure 5-20b, although the mirror zone of Crack 2 seems flat and smooth, when 

being observed under the magnification of 1000×, many tiny dimples (the craze 

remanent as broken voids) were observed. In contrast, the craze remanent with much 

larger broken voids was observed in the mist region of Crack 2 (as shown in Figure 5-

20c). In the speculated hackle region, the finest branched crack planes with plastic 

deformation at their boundaries was observed as shown in Figure 5-20d, which 

indicates that the regions close to the inner and outer weld beads are hackle regions. 

The SEM images of the mist region with higher ductility (sub-rough area) with the 

magnification of 250× and 1000× are shown in Figure 5-20e and f, respectively. As 

seen from Figure 5-20e, the broken voids in this mist region are much larger than those 

shown in Figure 5-20b and c because there are no windows under this area. In addition, 

the radial lines start from the centre of the broken voids indicates that the voids were 

expanded and opened by triaxial stress under plane strain. As seen from Figure 5-20 f, 

a whole broken void in this mist region is even too large to be shown in the SEM image 

with magnification of 1000×.  

Base on the results from Sections 5.2.1 and 5.2.2 and the SEM images shown in Figure 

5-20, for the waisted tensile specimens fractured in brittle mode, the proposed crack 

growth mode is craze-crack growth and the proposed crack initiation and crack growth 

path is that, multiple cracks were initiated at the mid-wall of the specimen from the 

weak interphases in the layer 4 (the highly sheared and oriented layer in melt zone); 

these then grew radially. However, the crack growth of each crack to the left and right 

was stopped by the crack growth of adjacent cracks. Many of the cracks can still grow 

upward and downward because there was no restriction from these two directions. 

Finally, the crack growth developed to the rapid crack growth stage and left hackle 

regions in the regions close to the inner and outer weld beads. 
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Figure 5-20. SEM images of selected regions in the fracture surface: (a) selected regions (or 

locations) in the fracture surface; (b) the mirror zone of Crack 2 with magnification of 1000×; 

(c) the upper mist region of Crack 2 with magnification of 1000×; (d) speculated hackle region 

with magnification of 1000×; (e) sub-rough area with magnification of 250×; (f) sub-rough area 

with magnification of 1000×.  
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Comparing with the stereoscopic microscopy and the digital camera images of the 

fracture surface, some areas show darker black (comparing with surrounding areas) in 

the digital camera image show bright and white colour in the stereoscopic microscopy 

images as shown within the blue and red frames in Figure 5-21a. These areas are 

suspected to be the weakest interphase in the layer 4 with a low thickness. Hence, 

although these areas should be grey, the low thickness made them almost transparent 

and the black region beneath them can be seen directly. The thickness of the grey 

interphase in the parent pipe shown in Figure 4-23 and the thinnest grey interphase in 

the Slice 12 as shown in Figure 5-18b were measured (using image J) as 10 µm and 5 

µm respectively. Hence it is possible that some grey interphases even thinner than 5 µm 

may exist on the fracture surface. As a result, these areas seem darker in the digital 

camera image. In addition, because these areas are suspected to be the weakest 

interphase, they may leave a surface even flatter and smoother than the mirror zones of 

other cracks, and these extremely flat surfaces may result in mirror reflection when the 

light source condition is changed and therefore result in the bright and white appearance 

in the stereoscopic microscopy image. As shown in Figure 5-21b, the same area in the 

fracture surface was photographed under nature light in different angles. The areas 

pointed by the white arrows exhibit different appearance same as the areas shown in 

Figure 5-21a. Hence, SEM images were taken from the regions within the blue and red 

frames in the stereoscopic microscopy image in Figure 5-21a to show more details.  

 
Figure 5-21. Comparison of the same areas in the fracture surface showed different appearance 

in different light source condition: (a) darker black (comparing with surrounding areas) in the 

digital camera image while showed bright and white colour in the stereoscopic microscopy 

images; (b) the same areas showed different appearance (the darker black and the bright and 

white colour) in the digital camera taken under different angles. 
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and white area within the blue frame) seems flatter and smoother than the region above 

the red dash line (corresponding to the black area within the blue frame). The center of 

the region under the red dash line (with in the orange frame in Figure 5-21a) was 

observed using the magnification of 1000× (shown in Figure 5-22b) and it shows a 

surface much flatter and smoother than the mirror zone in the Crack 2 (Figure 5-20b). 

What is more, as shown in Figure 5-22c, in the SEM image (magnification of 200×) of 

the region within the red frame, the region under the red dash line (corresponding to the 

bright and white area within the red frame) seems flatter and smoother than the region 

above the red dash line (corresponding to the black area within the red frame). The 

region within the red frame in Figure 5-22c was observed using the magnification of 

1000× (shown in Figure 5-22d) and it is obvious that the region below the red dash line 

has the flat and smooth surface similar to that shown in Figure 5-22b, while the region 

above the red dash line has the surface similar to the mirror zone of the Crack 2 (Figure 

5-20b) with craze remanent as tiny dimples. These results indicate that the areas showed 

the different appearance in the digital camera image and the stereoscopic microscopy 

image are the weakest interphase in the layer 4 with a very low thickness.  

 
Figure 5-22. SEM images taken form the regions in the red and blue frames in Figure 5-17 a: 

(a) region within the blue frame in Figure 5-17 a with magnification of 200×; (b) center of 

the region in the blue frame with magnification of 1000×; (c) the region within the red frame 

in Figure 5-17 a with magnification of 200×; (d) the region within the red frame in Figure 5-18 

c with magnification of 1000×.  
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5.3 How do windows affect the tensile properties of butt fusion welded joints  

The results from Sections 5.1 and 5.2 suggest that the amount of the cracks and the sub-

rough areas generated in butt fusion weld joints being subjected to the tensile load along 

the pipe longitudinal direction increases with the increasing of the amount of windows 

in the parent pipes. This results in the change of the fracture mode of the butt fusion 

welded joints from 100% ductile mode to 100% brittle mode when the window level in 

the parent pipes changes from no windows to high level of windows. The blurry grey 

layers (being speculated as the weak interphases) between windows and black regions, 

which have been observed and have been proved to have different microstructure of 

polymer chains (mentioned in Section 4), was observed on the fracture surface of a 

specimen with high level of windows. These results suggest that the cracks are initiated 

from the weak interphases and further supports the speculation that, the more windows 

exist in the parent pipes, in the weld joint, the more the weak interphases tend to exist 

in the same or adjacent horizontal planes where the weakest region (the weakest 

interphase in the layer 4) exists, the more flat and smooth areas and the sub-rough areas 

will appear in the fracture surface. However, because the window distribution in the 

parent pipes weld joints cannot be perfect as the window distribution model mentioned 

in Section 4.1, although the possibility is low, the cracks and sub-rough areas can appear 

in the weld joints with low level of windows while the sub-rough areas which has much 

higher ductility than the flat and smooth area left by the cracks can appear in the weld 

joints with high level of windows. These has been observed from the fracture surfaces 

shown in Section 5.2 and result in the variable facture mode of the weld joints with 

medium level of windows. 

The results from Section 5.2 to Section 5.3 suggests that, for a butt fusion welded joint 

containing high level of windows, due to the existing of both the highest stress 

triaxiality and large amount of windows in the middle pipe walls, when the weld joint 

is being stretched along the pipe longitudinal direction, multiple cracks will be initiated 

from the middle pipe wall region in the weld joint and then the cracks will grow radially. 

However, the growing of the cracks to the left and the right will be restricted by the 

adjacent growing cracks and many of the cracks will then grow towards the inner and 

outer weld beads because there was no restriction from these two directions. For the 

weld joints with lower level of windows, if there are large amount of the weak 

interphases existing in the same or adjacent horizontal planes where the weakest region 

is in, the crack growth trajectory may be the same. In addition, the high stress triaxiality 

in the specimens and the craze fibrils observed from the video of the crack growth of 

the Crack 1 suggest that, for the weld joints with windows, the cracks are initiated from 

craze and the crack growth mode is the craze-crack growth. 

Considering all the tested waisted tensile specimens experienced high stress triaxiality 

when being stretched as a result of the specimen geometry, and the dumbbell specimen 

made from the butt fusion welds with different levels of contamination and different 
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welding parameters showed no difference in tensile properties [124, 151] (mentioned 

in Section 2.6.2). It is suggested that, when a butt fusion welded joint with windows is 

being stretched along the pipe longitudinal direction with low stress triaxiality (e.g. 

under plane stress), the enhance of the materials in weld region due to the annealing 

brought by the butt fusion welding process [34, 138] (mentioned in Section 2.5.2.1) 

may offset the weakening brought by windows. When a butt fusion welded joint with 

windows is being stretched along the pipe longitudinal direction with high stress 

triaxiality (e.g. under plane strain), the enhance of the materials in weld region cannot 

offset the weakening brought by windows anymore and will reduce the tensile 

toughness and ductility of the weld joints. So, for thick pipes, which result in plane 

strain, the existing of windows in the parent pipes is a serious problem for their weld 

joints.  

5.4 Determination of acceptance criterion for windows 

For the waisted tensile specimens, the most discriminating mechanical properties are 

the energy to break and the extension to break. In terms of WIS 4-32-08 [165], which 

is the specification for the fusion joining of PE pressure pipe line system using PE100 

and PE80, the energy to break per cross-sectional area value of above 300 kJ/m² are 

expected to be satisfactory and the specimen must not break in brittle mode. The 

average energy to break per cross-sectional area was therefore chosen as the mechanical 

property on which to determine the acceptance criterion for windows, below which the 

mechanical properties of butt fusion joints will only be affected marginally and still be 

sufficient for industry applications. Figure 5-23 shows a graph of the average energy to 

break per cross-sectional area versus the AWP of specimens IE70, IE95, IE115 and 

IE115B.  

Using the 300 kJ/m² (the critical energy to break per cross-sectional area in WIS 4-32-

08) in the curve in Figure 5-23 results in an acceptance criterion for windows of 2.6%. 

However, as shown in Table 5-3, looking at the failure mode of the 20 waisted tensile 

specimens that had energy to break per cross-sectional area values higher than 300 

kJ/m², although 15 out of the 20 specimens fractured in the ductile mode, two specimens 

fractured in the mixed mode and three fractured in the brittle mode. Similarly, for the 

20 specimens that had AWP values lower than 2.6%, 14 specimens fractured in the 

ductile mode, one fractured in the mixed mode and five fractured in the brittle mode. 

This suggests that the 300 kJ/m² minimum level, and the corresponding 2.6% AWP 

value, still allows brittle failures.  

In order to find a more reliable critical window level value above which a tensile 

specimen will not show brittle failure, the highest value of energy to break per cross-

sectional area from all of the specimens that fractured in either the brittle or mixed mode 

was used: 427 kJ/m², because no specimen with the energy to break per cross-sectional 

area value higher than 427 kJ/m² fractured in the brittle or mixed mode. Using this value 

in the curve in Figure 5-23 results in an acceptance criterion for windows of 0.5%, and 
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no specimen with the AWP value lower than 0.5% fractured in brittle mode.  

 

Figure 5-23. average energy to break versus average window percentage (log scale) per cross-

sectional area of IE70, IE95, IE115 and IE115B specimens. 

Table 5-3. Comparison of number of specimens fractured in ductile, mixed or brittle mode 

above the energy threshold or below the AWP threshold using different threshold values. 

Fracture 

mode 

Specimens with 

the energy value 

above 300 kJ/m²   

Specimens with 

the energy value 

above 427 kJ/m²   

Specimens with 

AWP value below 

2.6% 

Specimens with 

AWP value below 

0.5% 

Ductile mode 15 11 14 12 

Mixed mode 2 0 1 0 

Brittle mode 3 0 5 0 

total 20 11 20 12 

5.5 Summary 

For butt fusion weld joints made from pipes containing high levels of windows, the 

possibility of large number of cracks to appear in the weld region was the highest, and 

this resulted in 100% brittle fracture. For butt fusion weld joints made from pipes 

containing medium level windows, the possibility of large number of cracks to appear 

in the weld region and the possibility of small number of cracks to appear in the weld 

region were similar to each other. As a result, the specimens with medium level of 

windows showed all the three fracture modes (brittle mode, ductile mode and mixed 

mode). For butt fusion weld joints made from pipes containing low level windows, the 

possibility of only a few cracks to appear in the weld region was the highest. As a result, 

except one specimen fractured in the mixed mode, other specimens all fractured in 

ductile mode. For butt fusion weld joints made from pipes with out windows, all 
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specimen fractured in ductile mode with no crack being observed from their fracture 

surfaces. Therefore, the tensile toughness and ductility (energy to break and extension 

to break) of the specimens reduced with the increasing of window level. 

For a specimen with high level of windows, the crack initiation and growth trajectory 

was observed. At the mid-wall of the specimen, multiple cracks initiated from craze 

regions. The cracks then grew radially. After that, the crack growth of each crack to the 

left and right was stopped by the crack growth of adjacent cracks, following with the 

further crack growing toward the inner and outer weld beads.  

The weak interphase as a thin layer of grey material was observed under crack initiation 

regions, which indicated that the cracks in the weld region were initiated from the craze 

regions which were initiated from the weak interphases.  

All the results in this chapter indicate that, the tensile toughness and ductility of the butt 

fusion weld joints decrease with the increasing of window level because of the weak 

interphase between windows and surrounding black areas. Considering all the 

specimens were subjected to high stress triaxiality during the tests, for the joints made 

from thick pipes, the weakening brought by windows may be more severe. 

In next chapter, the tensile impact test result will be introduced and discussed. 

Chapter 6: Results of tensile impact test of butt fusion welded joints 

A total of 60 tensile impact specimens (dumbbell shape) were made and tested (12 

specimens for each pipe set), however, the data of one IE115 specimen were not 

recorded during test. Specimen geometry and dimension are given in Section 3.4.2, the 

loading rate was 152 mm/s under the displacement control.  

For the PC115, IE95 and IE115 pipe joints, all specimens fractured in the parent pipe 

regions away from the weld joint. As mentioned in Section 2.6.2, a previous study using 

dumbbell specimens made from butt fusion welds with different levels of contamination 

and various welding parameters all fractured in the parent pipe regions and showed no 

difference in the tensile properties [124, 151]. As mentioned in Section 2.5.2.1, one of 

the suggested reasons was that the weld bead increased the cross-sectional area of the 

weld region. Another one speculated that the materials in weld region were enhanced 

due to the annealing effect brought by the butt fusion welding process which improve 

the properties of crystallite regions [34, 138]. So, to eliminate the effect of the increased 

cross section area, weld beads were removed from 50% of the IE70 specimens and 50% 

of the IE115B specimens before being tested, i.e., six IE70 specimens and six IE115B 

specimens were without weld beads outside the dumbbell shape. 

6.1 Load vs. extension relation 

Representative load vs. extension curves of the specimens from each pipe set are shown 

in Figure 6-1. Because all the tensile impact test specimens are thin in thickness, the 

stress state in the specimens during tests can be simplified as in the plane stress 
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condition. As a result, instead of the curves being like those in Figure 5-1 without the 

cold drawing stage, many specimens show ductile load vs. extension curves with an 

obvious cold drawing stage after the yielding point. Hence, for the tensile impact test, 

the load vs. extension curves with cold drawing are classified as ductile failure 

behaviour while the load vs. extension curves without cold drawing are classified as 

brittle failure behaviour. Although the ductile failure shows the cold drawing stage, 

none of the curves shows strain hardening after the cold drawing. This phenomenon has 

been identified as the result of the adiabatic deformation under high strain rate [166, 

167]. When a polymer tensile specimen is being stretched under a low strain rate, the 

heat generated by the plastic deformation is dissipated rapidly to the air and this kind 

of deformation is called isothermal deformation [166, 167]. However, when the strain 

rate is too high, the heat generated by the plastic deformation cannot be dissipated 

instantly and the accumulated heat can result in a temperature above 100oC in necking 

region of PE [166]. Hence, the softening due to the high temperature effect in the 

necking region offset the strain hardening. Deveci et al. [9] did high speed tensile test 

(ISO 8286 Type 3 specimen) for pipes PC115, IE70, IE95 and IE115 (parent pipes 

without weld joints), and got stress vs. strain curves with cold drawing and without 

strain hardening as well. In addition, the softening stage to some extent increased the 

ductility of the specimens. Hence, different from the brittle fracture in quasi-static tests 

shown in Figure 5-1, all the curves in Figure 6-1 show fracture after the yielding point 

including those showing brittle failure. In addition, for PC115, IE70 and IE95 (with no 

windows, low level of window and medium level of windows, repectively), all 

specimens gave the curves showing the ductile failure behaviour with cold drawing. 

The curves of PC115 specimens show large cold drawing. The curves of IE70 and IE95 

show similar cold drawing (medium cold drawing) which is shorter than that of PC115 

specimens. For IE115 (high level of windows), four of the 11 specimens gave the curve 

showing the brittle failure without cold drawing and other 7 specimens show the ductile 

failure curve. For IE115B (high level of windows), four of the 12 specimens show the 

brittle failure curve and other 8 specimens show the ductile failure curve. The brittle 

failure specimens of IE115 and IE115B show similar cold drawing (small cold drawing) 

which is shorter than those of IE70 and IE95 specimens. Comparing with the curves 

shown in Figure 5-1, the tensile impact test is not as discriminating as the tensile test 

due to the negligible difference between the IE70 specimens and IE95 specimens. This 

may because the softening brought by the adiabatic deformation offsets the negative 

effects brought by the limited increasing of the window level from low to medium (the 

increasing of the average window percentage, AWP, from 0.2% to 2.6%). However, it 

is still obvious from the curves that the impact ductility and toughness of the specimens 

were dramatically reduced with the increasing of window level.  

For all specimens, the elastic region, yielding point and the post yielding region before 

cold drawing in their load vs. extension curves are almost the same overlapping each 

other, which means the elastic modulus of all specimens are almost the same. This 
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indicates that, under high speed tension, the stiffness of the specimens is not influenced 

by the level of windows in the specimens and even the mechanical behaviour from the 

beginning of necking to the onset of cold drawing (reflected from the curves) is not 

influenced by the window level. Only one bead removed IE115B specimen gave a curve 

showing fracture just after yielding (shown as IE115B “extra brittle” in Figure 6-1). 

This indicates that, for the extra brittle specimen, almost no plastic deformation 

occurred until fracture. In contrast, the gradually declined load after yielding of the 

brittle failure curves and the cold drawing of the ductile failure curves indicate that, for 

other 58 specimens, obvious plastic deformation occurred before fracture. Hence, 

comparing with quasi-static tensile test in Chapter 5, the curves of all the tensile impact 

specimens (except the extra brittle one) show higher ductility comparing with the 

waisted tensile specimen. This may due to the much thinner specimen thickness of the 

tensile impact specimens. 

  

Figure 6-1. representative load vs. extension curves of the high-speed tensile test specimens 

from each pipe set.  

The specimens with or without the weld beads did not show load vs. extension curves 

which are obviously different from each other (except the extra brittle one). This 

indicate that the fracture of the specimens in the parent pipes is not the result of the 

weld beads. The extra brittle specimen may be the result of an accident in the machining 

work to remove weld beads, which result in surface defects like small notches. In 

addition, the fractures away from the weld region indicate that this test does not reflect 

the tensile impact properties of the butt fusion weld joints and removing of weld beads 

cannot solve this problem because most of the load vs. extension curves of the 
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specimens with and without beads are similar to each other. However, for the structural 

integrity of a pipeline, both the weld joints and parent pipes are important. Hence, for 

PE pipelines, the existing of windows can severely influence their tensile impact 

toughness and ductility. 

6.2 Fracture energy 

The extension to break and energy to break representing the ductility and toughness of 

the material are considerably different among the different specimens made of different 

pipes, as shown in Figure 6-2.  

Same as the quasi-static tensile test results in Chapter 5, for each pipe set, the tensile 

impact specimens from the weld joints made using the DVS and ASTM standards have 

similar tensile impact properties. So, for each pipe set, the DVS and ASTM data were 

combined to calculate the average properties. As mentioned in Section 6.1, the elastic 

region and yield point of the load vs. extension curves of all specimens are almost 

overlapped with each other. Hence, the most discriminating properties, average 

extension to break and average energy to break of each pipe set specimens are shown 

in Figure 6-2 in the sequence from no windows to high level of windows. Same as the 

trend shown by the load vs. extension curves, as shown in Figure 6-2, the tensile impact 

ductility and toughness of the specimens decreased dramatically with increasing levels 

of windows. Specimens from the PC115 weld joints (no windows) had the best ductility 

and toughness (average extension to break of 43.9 ± 4.2mm and average energy to break 

of 216.7 ± 23.8J). Specimens from the IE70 weld joints (low level of windows), gave 

the best ductility and toughness (average extension to break of 39.9 ± 5.2mm and 

average energy to break of 190 ± 30.1J) of the specimens containing windows, but the 

properties were still slightly lower than those of the PC115 specimens. Same as what 

the load vs. extension curves showed, specimens from the IE95 weld joints (medium 

level of windows) gave the ductility and toughness (average extension to break of 39.2 

± 6.4mm and average energy to break of 186.2 ± 33.8J) similar to those of the IE70 

specimen. This further supports that the negative effect brought by the limited 

increasing of AWP value can be offset by the adiabatic deformation in tensile impact 

test. Specimens from the IE115B weld joints (high level of windows with AWP value 

of 18.4%) gave the ductility and toughness (average extension to break of 31.1 ± 8.4mm 

and average energy to break of 147.9 ± 41.8J) much lower than those the IE70 and IE95 

specimens. Specimen from the IE115 weld joints (high level of windows with AWP 

value of 20.3%) showed the lowest ductility and toughness (average extension to break 

of 30.4 ± 6.6mm and average energy to break of 137.5 ± 41J) similar to those of the 

IE115B specimens. The high speed tensile test of specimens from PC115, IE70, IE95 

and IE115 pipes (parent pipes without welding) from the study of Deveci et al. [9] 

showed the same tendency that the PC115 specimens with no windows had the highest 

nominal strain at break, the IE70 and IE95 specimens with low and medium level of 

windows had same nominal strain at break lower than that of the PC115 specimens, the 
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IE115 specimens with high level of windows had the lowest nominal strain. This further 

indicates that the tensile impact test in this study was reflecting the properties of the 

parent pipes and this explain why the IE95 specimens in the tensile impact test did not 

show the variation much higher than that of other pipe sets as shown in the waisted 

tensile test. For a butt fusion weld joint, because the distribution of windows is not as 

perfect as the simplified distribution mentioned in Section 4.1 (i.e. the concentric black 

and white cylinders with symmetric distribution of windows and the window level 

gradually changes from highest to no windows from the center of the pipe wall 

thickness to the edges of the pipe wall), it is impossible to make sure the level of 

windows in the horizontal plane where the weakest region exist to be the same or similar 

as window level in the parent pipes. However, for the tensile impact test which actually 

tested the parent pipes, the possible mismatching of the window quantification result 

and the window level in the position where failure occurs was eliminated. This reduces 

the variation of the properties of the IE95 specimens. 

 
Figure 6-2. average values of extension to break and energy to break of specimens of each pipe 

set in the sequence from zero, low, medium to high window levels.  

To determine whether removing weld beads had an effect on the test results of IE70 and 

IE115B specimens, the average values of extension to break and energy to break, with 

and without weld beads, were calculated and presented (shown by the orange and grey 

bars in Figure 6-3). Since the extension to break and energy to break of the extra brittle 



162 

 

bead removed specimen (the load vs. extension curve is shown in Figure 6-1) was much 

lower (9.2mm and 45.7J) than those of the IE115B specimens (average values of 

30.4mm and 147.9J), the average energy to break of the specimens without weld beads 

made from IE115B specimens was also calculated excluding this value (shown by the 

yellow bar in Figure 6-3). As can be seen in Figure 6-3, for IE70 specimens, there is 

only slight difference between the average energy to break of the specimens with and 

without weld beads. Comparing with the IE70 specimens, the difference between the 

average energy to break and average extension to break of the normal IE115B 

specimens and those of the bead removed IE115B is higher. However, when the data of 

the extra brittle specimen is removed, the difference becomes negligible. Considering 

the extra brittle specimen is the only bead removed specimen (totally 12 bead removed 

specimens) which showed difference comparing with the normal specimens, it is 

speculated that some surface defects which are large enough to influence the test result 

were introduced to the extra brittle specimen due to the removing of weld beads. Hence, 

the extension to break and energy to break results further suggests that the weld beads 

have no effect on the tensile impact test and the weld beads is not the reason why the 

specimens fractured away from the weld region.    

 
Figure 6-3. average values of extension to break and energy to break of all IE70 and IE115 

specimens: (blue bar) over all; (orange bar) specimens with beads; (grey bar) specimens without 

beads; (yellow bar) specimens without beads which the “extra brittle” specimen In Fig. 6-1 was 

removed. 
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6.3 Fracture surface analysis 

As shown in Figure 6-4, all specimens experienced obvious plastic deformation during 

the tests and the necking occurred at the same position away from the weld region 

(above or below weld), except the IE115B extra brittle specimen that failed by brittle 

fracture. In addition, the whole stretching process of six IE115B specimens (three with 

and three without weld beads) and two IE70 specimens (one normal specimen and one 

bead removed specimens) were video filmed and some screen shots (Figure 6-5) from 

the videos show that the shear yielding (shear bands), which usually occurs before 

necking, occurred at the same position away from the weld region. Figure 6-6 shows 

that, the necking occurred at the position away from either the weld beads or the surface 

notches where the weld beads were removed, with or without weld beads. All these 

details indicates that it is not the weld beads resulting in the enhancement of the weld 

region in tensile impact test. Even some small surface notches were introduced into the 

weld region after removing the welding beads, the yielding and necking still occurred 

away from the weld region. This may suggest that, under tensile impact load, the weld 

region with windows and the weak interphases aligned perpendicular to the load is 

stronger than the parent pipe, or there is a weak region at the same position out of the 

weld region for all specimens which result in the shear yielding.  

For the craze yielding shown in the quasi-static tensile test (strain rate of 0.008/s), the 

yielding process is dominated by the plastic deformation in amorphous regions between 

the lamellae, which include the cavitation in craze initiation and the stretching of the 

fibrils (craze matter). However, for the tensile impact tests (strain rate of 15.2/s), the 

amorphous region was same as it had been frozen during the shear yielding process and 

therefore the yielding was dominated by the broken of crystallite lamellae. As 

mentioned in Section 2.5.2.1, the crystallite regions in the weld region were enhanced 

(crystallite regions with a higher degree of order and higher crystallinity) by the 

annealing during the but fusion welding process [34, 138]. So, for the crystallite region 

dominated yielding in tensile impact test, the enhancement brought by the enhanced 

crystallites regions in weld region maybe stronger than the weakening brought by 

windows and therefore result in the fracture in parent pipe. What is more, as mentioned 

in the study of Muhammad et al. [34], the boundary between the HAZ (heat affect zone) 

and the parent pipe is a weak region of butt fusion weld joints due to the change of 

crystallite structure from the parent pipe region to the HAZ. In addition, the boundary 

is perpendicular to the tensile impact load. Hence, the boundary between HAZ and 

parent pipe may be the region where shear yielding and necking occurred. Although 

Muhammad et al. [34] mentioned that the boundary was just at the same layer where 

the corners between the weld beads and parent pipe located in, due to the different weld 

procedure used in this study, during the welding process, the heat maybe transferred to 

a deeper position in parent pipes and result in a boundary of HAZ away from the weld 

region. So, due to both the enhancement of the weld region and the weak boundary 
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between the HAZ and parent pipe, for all the tensile impact specimens, the shear 

yielding and necking occurred at the same position away from the weld region. 

Although the specimens seem to be yielded and fractured in parent pipes, they actually 

yielded at the boundary between HAZ and the parent pipes.     

 

 

Figure 6-4. positions of necking in specimens with or without weld beads (details are given 

inside each photo).  
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Figure 6-5. position of shear band or shear yielding in the specimens with and without weld 

beads. 

 

Figure 6-6. relative position of the necking region and weld beads; note the small surface 

notches introduced by bead removing.  

Images of the representative fractured specimens from PC115 and IE70 pipe joints are 

shown in Figure 6-7. Images on left hand side were taken from the fractured specimens 

placed along the tensile impact load direction. The fractured specimens were then 

placed side by side to take the pictures on right hand side which show the fracture 

surfaces together with the necking regions. As shown in Figure 6-7, PC115 and IE70 

specimens shows two fracture modes which are classified as tearing mode and opened 

hole mode.  
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Figure 6-7. digital camera images of the representative fractured specimens from PC115 and 

IE70 specimens. 

The stretching process of an IE70 specimen fractured in the tearing mode was filmed 

and some screen shots of the filmed video and an illustration of the tearing mode 

fracture are shown in Figure 6-8. As shown in Figure 6-8a, during the stretching in the 

tensile impact test, first, the shear yielding occurred, following with the necking at the 

same position. After that, cold drawing started, and the necking region was stretched 

longer and longer until being torn apart from one side of the necking region due to 

surface micro-defects and stress concentration at the necking region. The illustration of 

this process is shown in Figure 6-8b. 

For the specimens fractured in the opened hole mode, there was no video being filmed. 

As shown in Figure 6-9, the opened hole fracture is speculated to initiate from an 

interior micro-defect, such as trapped air bubble with a spherical shape, in the middle 

width of the necking region. During stretching the round shape of the spherical micro-

defect resulted in lateral stress along the pipe transverse direction. Hence, as shown in 

Figure 6-9, in the region close to the interior spherical micro-defect, the material was 

subjected to both the tensile stress along the pipe longitudinal direction and the lateral 

stress. Because of the high homogeneity of the material in Pipes PC115 and the 

PC115 tearing mode PC115 opened hole mode 

IE70 opened hole mode IE70 tearing mode 
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relatively high homogeneity of the material in Pipes IE70, the strength of the material 

along different directions was similar to each other. Hence, the small spherical micro-

defect was gradually enlarged to a big void by the biaxial drawing. When the void is 

enlarged to a certain size, it penetrated the specimen thickness and therefore looked like 

an opened hole in the specimen, because the radius of curvature of the round hole is 

much smaller than that of the edge curve of the necking region, the larger stress 

concentration at the two tips of the round hole (as pointed by the yellow arrow) result 

in tearing fracture of the remanent necking region beside. This resulted in the shape of 

the fracture region (opened hole mode) shown in Figure 6-7. What is more, although 

the PE115 specimen and IE70 specimens fractured in the same modes, the lower tensile 

impact toughness and ductility of the IE70 specimens indicates that even a low level of 

windows can reduce the specimens tensile impact properties by introducing limited 

heterogeneity and the weak interphase.  

 

Figure 6-8. the stretching process of a specimen fractured in the tearing mode: (a) screen shots 

to show the stretching process and the shear stress during the stretching; (b) illustration of the 

fracture under the tearing mode. 
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Figure 6-9. illustration of the fracture under the opened hole mode 

As shown in Figure 6-10, for IE 95 specimens, 10 out of the 12 specimens fractured in 

the tearing mode and the opened hole mode, while other 2 specimens fractured in a 

ductile splitting mode as a vertical crack (along the pipe longitudinal direction) showing 

high ductility with fibrils being stretched out. Because there was no video being filmed 

for the specimens fractured in the ductile splitting mode, the fracture process was 

speculated based on the digital camera image shown in Figure 6-10 and illustrated in 

Figure 6-11. As shown in the image of the ductile splitting mode in Figure 6-10, 

windows adjacent to the vertical crack and windows like parabolas along the pipe 

longitudinal direction were observed (mentioned in Chapter 4, Figure 4-2 b). This 

indicates that the weak interphase along the vertical windows in the parabolas induce 

the vertical crack. As shown by the red arrows in Figure 6-8a, during stretching, 

material in the yielding region was subjected to shear stress about 20º to the pipe 

transverse direction. Hence, as shown in Figure 6-11, for the ductile splitting mode, it 

was speculated that, during stretching, a small vertical aligned window is subjected both 

the tensile stress and the shear stress. Then a vertical ductile failure was induced in the 

weak interphase adjacent to the small vertical aligned window. Under the subsequent 

shearing, the ductile failure region was finally opened as a vertical crack and the rough 

surface of the opened crack result in larger stress concentration and the subsequent 

tearing apart in the rough region adjacent to the crack. Because the vertical ductile 

failure region was gradually opened, no more stress concentration regions were 

generated instantly in the necking region and large amount of energy was absorbed 

during the opening of the ductile failure region. This gave the specimens fracture with 

the ductile splitting mode the tensile impact toughness and ductility similar to those of 

the IE95 and IE70 specimens fractured in the tearing and opened hole mode, owe to the 

adiabatic deformation softening and the limited window level. In addition, the ductile 
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splitting mode indicates that, the AWP value of the medium window level can provide 

the vertical weak interphase large enough to induce vertical failure, however, the 

negative effect brought by the weak interphase was offset by the adiabatic deformation 

softening.  

 
Figure 6-10. digital camera images of the representative fractured specimens from IE95 

specimens. 
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Figure 6-11. illustration of the fracture under the ductile splitting mode. 

The digital camera images of a representative fractured specimen (from joint BF67) 

from IE115B specimens are shown in Figure 6-12. Same as mentioned in Figure 6-7, 

the fractured specimens were placed along the tensile impact load direction and placed 

side by side to take the digital camera images. All IE115B specimens fractured in a 

brittle splitting mode. Screen shots from a video filmed during the tensile impact test 

of the specimen shown in Figure 6-12 is shown in Figure 6-13. As shown in the screen 

shots, during the stretching of the specimen, vertical aligned windows were observed 

from the necking region, then a vertical crack existed instantly with in the region where 

the vertical aligned windows were observed, and a vertical aligned window was 

observed adjacent to the crack on the left-hand side. After that, under further stretching, 

two necking regions were generated, and this brought more stress concentration regions. 

Then the necking region on the right was torn apart and the second vertical crack was 

generated in the necking region on the left, following with the fracture of the necking 

region on the left. As shown in Figure 6-12, in the images of the fractured specimen 

taken after the test, vertical aligned widows were observed adjacent to the first crack 

on the left-hand side. In addition, a window was observed adjacent to the second crack. 

The thick window existed in the crack tip of the first crack may be the end of the vertical 

aligned window which the crack initiated and grew along, and this indicates that the 

window and the weak interphase which induce the brittle crack in IE115B specimens is 

much thicker than that in IE95 specimens. These details further support the fracture 

process observed from the video. Hence, fracture process of the brittle splitting mode 

is speculated and illustrated as shown in Figure 6-14. Different from the ductile splitting 

mode, during stretching, because the weak interphase in the pipe with high level of 

windows is larger and weaker than that in the pipe with medium level of windows, 

under the shear stress, a large vertical aligned crack (initiated from the vertical aligned 
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weak interphase adjacent to the vertical aligned window) suddenly appeared in necking 

region. This instantly bring more smaller necking regions and more stress concentration 

regions, which makes the tearing apart of the remanent necking regions occurs quicker, 

and therefore result in the tensile impact toughness and ductility much lower than those 

of the IE95 and IE70 specimens. 

 

Figure 6-12. representative fractured specimen (from joint BF67) of IE115B specimens. 
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Figure 6-13. screen shots to show the whole fracture process of the specimen from joint BF67 

vertical 
windows 

vertical 
windows 

second 

crack 



173 

 

 

Figure 6-14. Illustration of the fracture under brittle splitting mode. 

The screen shots of the video filmed from another IE115B specimen (from joint BF68) 

with a more complicate fracture process is shown in Figure 6-15. As shown in the screen 

shots, the first crack initiated adjacent to a vertical aligned window, then the first crack 

was stretched longer and the remanent necking region on the right was started to be torn 

apart. At the same time, the vertical aligned window adjacent to the first crack was 

pulled upward. After that, second crack was initiated in the remanent necking region on 

the left and a window was observed adjacent to it (the window pointed by the red arrow 

at the bottom of the second crack). At the same time, a new necking region in the middle 

was generated following with the tearing apart of the left remanent necking region, and 

the window adjacent to the first crack was further pulled upward. Finally, the remanent 

middle necking region was torn apart and the window adjacent to the first crack and the 

window at the bottom of the second crack can still be seen in the fractured specimen. 

In addition, a window was observed beside the fractured right necking region.  
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Figure 6-15. screen shots to show the whole fracture process of the specimen from joint BF68 
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As shown from the digital camera image (Figure 6-16) of the fractured specimen placed 

along the tensile impact load direction, the windows observed in the video were 

observed from the fractured specimen as well. In addition, a vertical aligned window 

was observed beside the fractured middle necking region. The digital camera image 

(Figure 6-16) of the fractured specimen placed side by side shows the window at the 

bottom of the second crack which also goes through the right-hand side of the crack. It 

also shows that, the first and second crack are not the only cracks in this specimen, and 

there is a larger crack in front of the first and second cracks. Because the larger crack 

is a shallow crack and it did not penetrate through the whole specimen thickness, it was 

neglected when analysing the video.  

 

Figure 6-16. photos of the fractured specimen from joint BF67 
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To investigate the fracture process of this specimen more clearly, going back to Figure 

6-15, it can be seen that, at the same time when the first crack was generated, a shallow 

crack (which did not penetrate the specimen) as marked by the red parabola and a 

shallower deformation region marked by the blue parabola were generated, and the 

window in the deeper position behind the shallow cracks (the window at the bottom of 

the second crack) was revealed. The left edges of the shallow crack and deformation 

region were close to a vertical aligned window. Then, when the first crack was further 

stretched, a ‘v’ shape (marked by the yellow lines) deformation region was generated 

beside another vertical aligned window, and the red crack and blue deformation region 

were further enlarged. After that, when the second crack (marked by the green line) 

behind the shallow crack and deformation regions appeared, they were combined 

together and formed a large ‘v’ shape crack in front of the first and second cracks. 

Although the fracture process of this specimen was more complicated, it was still based 

on the brittle splitting mode with cracks initiated from the weak interphase adjacent to 

the vertical aligned windows. The brittle splitting fracture mode of the IE115B 

specimens indicates that when the level of windows in parent pipes is increased to the 

high level, the negative effect brought by the weak interphase cannot be offset by the 

adiabatic deformation softening any more. 

As mentioned in Section 6.1, the IE115B specimens gave two different kinds of load 

vs. extension curves, the curve showing ductile failure with cold drawing and the curve 

showing brittle failure without cold drawing. In addition, the length of the cold drawing 

of each specimen is different to each other. However, all IE115B specimens were 

fractured in the same mode. Hence, it is speculated that, whether the cold drawing 

appears, and the length of the cold drawing are depends on when the first vertical crack 

appears. If the first brittle vertical crack appears during the shear yielding or just at the 

beginning of necking, the fracture process will then be accelerated and maybe no cold 

drawing will appear. The later the first crack appear, the longer the cold drawing should 

be, the higher the energy to break should be, because the regions before the cold 

drawing in the load vs. extension curves of all specimens are almost overlapped. To 

confirm this speculation, the 6 videos of the IE115B specimens were analysed frame 

by frame to count the number of frames from the start of shear yielding to the appearing 

of the first vertical crack. Because the quality of the videos is 30 frames per second, 

one frame is equal to 0.033 seconds. For the specimen which the shear yielding and the 

first crack appeared with in one frame, the energy to break value is 129.7J, and no cold 

drawing appeared in its load vs. extension curve. For the specimens which the first 

crack appeared 2 and 3 frames after the shear yielding, the energy to break values are 

144.5J and 149.8J respectively. For the specimen which the first crack appeared 4 

frames after the shear yielding, the energy to break value is 160J. For the specimens 

which the first crack appeared 5 frames after the shear yielding, the energy to break 

values are 174.9J and 184.9J. These results suggest that, for the specimens fractured in 

the brittle splitting mode, whether the cold drawing appeared, and the length of the cold 
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drawing of were depend on how quick the first crack appeared. In addition, the window 

patterns of the specimen which the shear yielding and the first crack appeared with in 

one frame, the specimen which the first brittle crack existed 3 frames after the shear 

yielding and one of the specimens which the first brittle crack existed 5 frames after the 

shear yielding are shown in Figure 6-17. It is obvious from Figure 6-17 that, the more 

and larger the windows existed in the necking region, the quicker the first vertical crack 

exists. Hence, is it speculated that the weaker and larger the weak interphase existed in 

the necking region, the quicker the first brittle crack is initiated from it.     

 

Figure 6-17. screen shots to show the window patterns in the specimen which the brittle crack 

existed within one frame after shear yielding, the specimen which the brittle crack existed 3 

frames after shear yielding and the specimen which the brittle crack existed 5 frames after shear 

yielding (when necking was just started).  

For IE115 specimens, 8 of 12 specimens fractured in the brittle splitting mode. A 

representative IE115 specimen fractured in this mode is shown in Figure 6-18. As 

shown in Figure 6-18a (in which the specimen was placed along the tensile impact load 

direction), vertical aligned windows were observed adjacent to the vertical crack. From 

Figure 6-18b (in which the specimen was placed side by side), a thick tip of a parabola 

window can be clearly seen out of the necking region, which means the thick tip is in 

the region away from the weak boundary between HAZ and parent pipe. However, if 

the thick window tip exists in the boundary between HAZ and parent pipe, it may result 

in a crack initiated adjacent to it. As shown in Figure 6-18 c (in which the specimen 

was placed along the tensile impact load direction), from the other side, vertical aligned 

windows were observed adjacent to the vertical brittle crack as well. 
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Figure 6-18. The digital camera images of a IE115 specimen fractured in the brittle splitting 

mode: (a) the digital camera image of the fractured specimen placed along the tensile impact 

load direction; (b) the digital camera image of the fractured specimen placed side by side; (c) 

the digital camera image of the fractured specimen placed along the tensile impact load 

direction taken from another side. 

Except the 8 IE115 specimens fractured in the brittle splitting mode, other 4 specimens 

fractured in a lateral crack mode. Figure 6-19a and b show both sides of a IE115 

specimen fractured in the lateral crack mode. It is obvious that the fracture of the 

specimen was initiated from the thick window tip and the parabola window was 

separated to a parabola window tip in one fracture surface and two white lines in another 

fracture surface.  
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Figure 6-19. Representative IE115 specimen fractured in lateral crack mode: (a) digital camera 

images of a fractured specimen placed along the tensile impact load direction and placed side 

by side; (b) digital camera images of the same specimen taken from another side. 

Based on the features shown in Figure 6-19a and b, fracture process of the lateral crack 

mode was speculated and illustrated in Figure 6-20. In a specimen with a large parabola 

window whose thick tip is located in the weak HAZ boundary region, because the weak 

interphase adjacent to the window tip with a large radius of curvature is similar to a line 

segment along the pipe transverse direction, during the stretching along the pipe 

longitudinal direction, a lateral crack is initiated from the weak interphase. After that, 

due to strong stress concentration from the lateral crack tip, the remanent parts of the 

specimen are torn apart rapidly. As a result, the 4 specimens fractured in the lateral 

crack mode gave the load vs. extension curves with no cold drawing and their energy 
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to break values are the lowest of the 12 IE115 specimens. In addition, these four energy 

to break values (84.1J, 97.5J, 93.9J and 106.7J) are lower than the lowest energy to 

break value (116.7J) of IE115B specimens (except the extra brittle one). This is the 

reason why the tensile impact toughness and ductility of the IE115 specimen is worse 

than those of the IE115B specimens. As mentioned in Section 4.1, because all IE115B 

specimens were extruded through a breaker plate, the large parabola windows with 

thick tip and large radius of curvature at the parabola tip was separated to some 

narrower parabola windows with thinner tips and small radius of curvature at the 

parabola tip. Hence, there was no chance for a large weak interphase along the pipe 

transverse direction to exist in IE115B specimens. As a result, no IE115B specimen was 

fractured in the lateral crack mode.    

 

Figure 6-20. Illustration of the fracture under the lateral crack mode. 

6.4 Finite element modeling of weld bead effect on local stress 

To verify whether the weld beads have effect on the tensile impact test, finite element 

analysis (FEA) using the ABAQUS software package was carried out on a tensile 

impact specimen by a colleague [168]. Only the gauge section was modelled (44 x 10 

mm) which was under a quasi-static tensile stress of 10 MPa along the x axis. Elastic 

modulus of 1000 MPa and Poisson’s ratio of 0.45 (general properties of HDPE) were 

used in the model.  

The FE modelled stress distribution in Figure 6-21 shows that: (a) the weld beads have 

taken some stress from the gauge section, ~ 3-5 MPa which is 30-50% of the stress in 

the gauge section (10 MPa); (b) as a consequence of (a), the stress in the gauge section 

adjacent to the weld bead is reduced by ~50%; (c) there is a stress concentration site at 

the corner of weld bead with the parent pipe, where the highest stress is two times of 
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the average gauge section stress. So, the fracture should have initiated at this hot spot. 

However, the tensile impact tests have shown that the fracture started from a position 

away from the weld bead corner. This suggests that, due to the change of crystallite 

structure and polymer chain arrangement (as a result of cold crystallisation in HAZ) as 

well as residual stress (as a result of uneven cooling) at the boundary between HAZ and 

parent pipe, this position becomes more dangerous than the stress concentration site. 

As mentioned in Section 6.3, the high strain rate of the applied load and the 

enhancement of the crystallite regions in the weld region may also make contribution 

to the fracture out of the weld region. Considering the weld beads also to some extent 

fenhance the weld region, it is suggested that, for the tensile impact specimen made 

from joints with high level of windows, although the weld region contains large amount 

of parallel windows along the pipe transverse direction, it is impossible for the 

specimen to fracture in the weld region.  

 

Figure 6-21. Contour stress map from finite element modeling of one half of a tensile impact 

specimen made from HDPE. The model represents the gauge section and is subjected to quasi-

static stress of 10 MPa in the x-axis direction (unit: MPa).  

6.5 Summary: effect of windows on tensile impact properties  

The results of tensile impact test indicate that, all specimens tended to yield and fracture 

in the weak boundary outside the weld region irrespective of the number of windows 

in the parent pipes and the weld region. This is owing to the high strain rate of the 

applied load, the enhancement of the crystallite regions in the weld region and the weak 

boundary between the HAZ and the parent pipes. Test result indicates that the tensile 

impact properties of the butt fusion welded joints are not influenced by the number of 

windows. Since HAZ is generated by the butt fusion welding process (i.e., it never 

exists in the parent pipes that have not been welded), HAZ can be considered as an 

extension of the weld region, and the boundary of HAZ can be considered as the end of 



182 

 

the extended weld region. Although the tensile impact stiffness of the specimens was 

not influenced by the level of windows, the properties after yielding were highly 

influenced by the level of windows. The fracture mode at the boundary of HAZ was 

highly affected by both the number and the geometry of the windows in the boundary 

region. For the specimens with no windows or low level of windows, the fracture mode 

is the tearing mode (due to surface micro-defects) and the opened hole mode (due to 

interior spherical micro-defect) which allow the long cold drawing stage in the load vs. 

extension curves. For the specimens with medium level of windows, besides the tearing 

mode and the round hole mode, the ductile splitting mode with a vertical ductile failure 

initiated from the vertical aligned weak interphase was also observed. Due to the 

relatively low number of windows in the pipes and the adiabatic deformation softening, 

the vertical failure was gradually opened to a vertical crack under the shear stress. 

Therefore, this kind of fracture mode also allows long cold drawing to appear. For the 

specimens with high level of windows, the fracture mode of most of the specimens is 

the brittle splitting mode with an instantly opened large vertical crack initiated from the 

vertical aligned weak interphase which is weaker and larger than that in the specimens 

with medium level of windows. The instantly opened brittle vertical crack dramatically 

accelerated the fracture and result in shorter cold drawing or even no cold drawing, and 

this depends on how quick the first brittle vertical crack appears. What is more, it has 

been observed that, the more and larger the windows in the necking region, the quicker 

the first vertical crack appears. Besides the brittle splitting mode, for some specimens 

from the pipes with high level of windows which were not extruded through a breaker 

plate, when a large parabola window with a thick window tip with a large radius of 

curvature existed in the necking region, a lateral crack was initiated adjacent to the thick 

window tip and result in the lateral crack fracture mode with no cold drawing and the 

lowest tensile impact toughness and ductility. All these results indicate that, although 

not as discriminating as the waisted tensile results due to the adiabatic deformation 

softening, the tensile impact toughness and ductility of the end of the extended butt 

fusion weld region (the boundary between the HAZ and the parent pipes) was severely 

reduced by the increasing level of windows in pipes. 

In next chapter, the guided side bend test result will be introduced and discussed. 

Chapter 7: Bending test results of the butt fusion weld joints 

Bending properties of butt fusion weld joints of each pipe set were investigated by 

carrying out the so-called guided side bend test [163], which is the same as three point 

bending test. However, for the guided side bend test, instead of being bent to fracture, 

specimens are bent until the first crack is observed from the bottom, followed by 

immediately stop of the test. Hence, the guided side bend test assesses the bending 

resistance of the material in weld region by comparing the deflection of the centre of 

each specimen (same as the loading nose displacement) when the first crack initiates. 

The test setup is shown in Figure 7-1 a. When a specimen is bent to 90º (as shown in 
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Figure 7-1 b), if there is still no crack being found at the bottom of the specimen, the 

test will be stopped, because, in practice, it is impossible for a butt fusion weld joint to 

be bent to beyond 90º. Because no method of calculating bending properties is 

introduced in ASTM F3183-16 [163], flexural stress of some of the test specimens was 

calculated according to a three point bending test standard of plastics [169].  

 

Figure 7-1. Guided side bend test: (a) test setup showing a specimen and a protractor ruler for 

bending angle measurement, (b) a specimen being bent to 90 degrees during test.  

7.1 Fracture analysis 

Although 12 specimens were planned to be machined from each pipe set, due to 

accidents in specimen machining, for in-line extruded pipes IE70 (extrusion output rate 

of 70 kg/h) and IE115B (extrusion output rate of 115 kg/h through a breaker plate), only 

11 specimens were machined from each pipe set. Representative digital camera images 

of tested specimens of each pipe set are shown in Figure 7-2 to Figure 7-4. As shown 

in Figure 7-2, all specimens extracted from pipes extruded using the pre-compounding 

extrusion procedure with extrusion output rate of 115 kg/h (PC115) with no windows 

and all specimens extracted from pipes IE70 with low level of windows showed no 

crack until the specimens were bent to 90º.  

 

Figure 7-2. Representative images of tested PC115 and IE70 specimens.  

As shown in Figure 7-3, for specimens of pipes IE95 (medium level of windows), 10 

out of 12 specimens showed no crack, one showed a crack which was initially very 

small and gradually grew to a small crack that could be seen relatively clearly by naked 

eye. After the specimen was unloaded, the small crack was closed to a much narrower 

a b 
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crack (as shown in the rectangular frame in Figure 7-3) which could not be seen easily 

due to recovering of the elastic deformation of the material surrounding the crack. This 

kind of failure is classified as ductile failure in this Chapter. Another one of the 12 IE95 

specimens showed a much larger crack which suddenly appeared at the bottom of the 

specimen without a gradual crack growth process. This kind of failure is classified as 

brittle failure in this Chapter.  

 

Figure 7-3. Representative images of tested IE95 specimens. 

As shown in Figure 7-4, for specimens of pipes IE115B (high level of windows, 

extruded through a breaker plate), six out of 11 specimens showed no crack at 90o, one 

specimen showed the ductile failure, and four specimens showed the brittle failure. For 

specimens from pipes IE115 (high level of windows), six out of 12 specimens showed 

no crack, two showed the ductile failure, and four showed the brittle failure. All the 

cracks were initiated from weld region. Number of specimens showed no crack, the 

ductile failure and the brittle failure for each pipe set are summarised in Table 7-1, from 

which it is obvious that, with the increasing of window level, more specimens showed 

the ductile or brittle failure with cracks initiated from the weld before being bent to 90º, 

which indicates that the bending resistance of the butt fusion weld joints decreases with 

the increasing of window level.   
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Figure 7-4. Representative images of tested IE115B and IE115 specimens. 
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Table 7-1.  Summary of the bending test and failure modes.  

Pipe type 

 

No. of specimens 

(no visible crack) 

No. of specimens 

(ductile failure) 

No. of specimens 

(brittle failure) 

PC115 (no 

windows) 

12 0 0 

IE70 (low level of 

windows) 

11 0 0 

IE95 (medium 

level of windows) 

10 1 1 

IE115B (high level 

of windows) 

6 1 4 

IE115 (high level 

of windows) 

6 2 4 

7.2 Data analysis of guided side bend test  

Representative load vs. loading-nose-displacement curves of specimens that failed with 

no visible crack, or with so-called ductile failure and brittle failure are shown in Figure 

7-5a. These curves are referred as the load vs. displacement relation in this chapter. 

First, all the curves are overlapped with each other in the initial load stage until the first 

crack appeared. For specimens with the brittle failure, the first crack appeared just after 

the yield point (where the maximum load is in the load vs. displacement curve). In 

contrast, the load vs. extension curves of IE115 and IE115B waisted tensile specimens 

showed the elastic region only (Figure 5-1). The average maximum load of the guided 

side bend specimens from each pipe set is almost the same (as shown in Figure 7-6). 

What is more, the test results (the load vs. displacement curves) of all the specimens 

with no crack are almost the same no matter which pipe set the specimens were made 

from (shown in Figure 7-5b). 

 

Figure 7-5. Representative load vs. displacement curves: (a) specimens with no crack, with so-

called ductile failure and brittle failure; (b) IE70, IE95, IE115B and IE115 specimens with no 

crack.  
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Figure 7-6. Average maximum load of the guided side bend specimens from each pipe set. 

For guided side bend test, half of the IE115B and IE115 specimens showed no crack, 

and only about one third of the specimens showed the so-called brittle failure. However, 

for the waisted tensile test, in which the applied stress perpendicular to the weld 

interface is concentrated in the weld region and is uniformly distributed, all IE115B and 

IE115 waisted tensile specimens fractured in brittle mode. To find the reason, the tensile 

stress in the tensile specimen and the bending stress in the guided side bend specimen 

was compared. According to ASTM D790-03, the maximum bending stress (σb) of a 

three point bending specimen is calculated using equation 7-1 [169]: 

 σb =  
3𝑃𝐿

2𝑏𝑑2                             (7-1) 

where, P is the load applied to the specimen, L, b and d are the supporting span length, 

specimen width and thickness, respectively, as shown in Figure 7-7a. In three point 

bending, the material above the neutral plane (shown as dash line) is subjected to 

compression stress while the material below neutral plane is subjected to tensile stress 

[170]. Under pure bending, distribution of normal (or longitudinal) stress on the 

specimen cross section (shown as a dotted line), where is pushed by the loading nose 

during the test, is linear along the specimen thickness [170, 171], i.e., the normal stress 

at the neutral plane is zero, it increases linearly to the maximum at the top and bottom 

of the cross section with opposite signs [170, 171], as compressive stress and tensile 

stress as shown in Figure 7-7b. The bending stress is calculated as the longitudinal stress 

at the bottom of the beam along the beam span direction [169]. However, in three point 

bending, when bending strain is too large, the bending is not pure bending anymore, 

and shear stress in the specimen cannot be ignored. This result in non-linear stress 

distribution along the cross section and moving of the neutral plane [171, 172]. Hence, 

the upper limit of bending strain is 0.05 for equation 7-1 to be applicable [169], and the 

corresponding displacement was calculated as 7.9 mm (about the end of elastic region 

in the curves in Figure 7-5a), which means that, for the displacement larger than 7.9mm, 
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equation 7-1 is not suitable. There is no general equation for large bending strain. So, 

in this chapter, the bending stress at strain limit of 0.05 for each of the IE115B and 

IE115 specimens was calculated using equation 7-1. 

The average bending stress at strain limitation of the IE115B and IE115 specimens was 

calculated as 44.7 MPa. To compare with this result, the average tensile strength of the 

IE115B and IE115 was calculated from the waisted tensile specimens in Chapter 5 as 

23.5 MPa. Because the average bending stress at strain limit is almost double the tensile 

strength, for a guided side bend specimen with high level of windows, by the end of 

elastic region (displacement of 7.9mm), in the cross section, only the lower half of the 

beam height below the neutral plane was subjected to the tensile stress which might be 

large enough to break the specimen during the test. Hence, only about bottom one fourth 

of the cross section was subjected to the tensile stress higher than the tensile strength. 

Although the bending stress at yield point in the load vs. displacement curves must be 

larger than the bending stress at strain limit, it is still true that only a localized region 

close to the bottom of the cross section is subjected to the tensile stress which is higher 

than the tensile strength. Considering cracks in IE115B and IE115 waisted tensile 

specimens were initiated from regions with large area of the weak interphase (between 

windows and black areas), initiation of a crack in a guided side bend specimen may 

require enough area of the weak interphase to exist in the localized region close to the 

bottom of the cross section as well. As mentioned in section 4.1, in practice, the 

distribution of windows in a pipe cannot be as perfect as the simplified one with 

symmetrical and relatively uniform black and white layers. During butt fusion welding, 

a large black layer may flow to the plane where the first crack is initiated while the 

other areas in this plane may still have large area of windows and the weak interphase. 

For a guided side bend specimen, even though the specimen is with high level of 

windows, if insufficient windows and the weak interphase are distributed into the 

localized region close to the bottom of the specimen, no crack may appear at the bottom. 

This is supported by the specimen shown in Figure 5-17 in section 5.2.2. In Figure 5-

17, an area with no windows under the fracture surface was observed, and it showed a 

ductile failure with rougher surface comparing with the other areas with windows. If 

this area is in the localized region close to the bottom of a guided side bend specimen, 

no crack may appear at the bottom until the test is stopped. However, for a waisted 

tensile specimen, because the whole weld region is subjected to uniform tensile stress 

before fracture, for a brittle fracture to occur, it only requires enough area of the weak 

interphase to exist at the fracture surface and there is no requirement of distribution of 

the weak interphase. Hence, the waisted tensile specimen with the localized area with 

no windows was still fractured in brittle mode, because, besides the area with no 

windows, larger area of windows and the weak interphase was observed under the 

fracture surface. This may be the reason why, for the guided side bend test, much fewer 

specimens with medium and high level of windows showed the so-called brittle failure 

comparing with the waisted tensile test.        
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Figure 7-7. Illustration of three point bending test: (a) test setup and specimen dimensions, 

L=support span, b=specimen thickness, d=specimen thickness; (b) idealised stress distribution 

along the cross section in the middle length of the specimen. 

Figure 7-8 a and b show the load vs. displacement curves of the brittle failure specimens 

and ductile failure specimens which experienced low, medium and higher deflection to 

failure. Figure 7-8 a and b indicate that, for specimens showed crack before being bent 

to 90º, the deflection to failure was not affected by the failure mode (ductile or brittle). 

The load vs. loading nose displacement curve of the IE115 brittle failure specimen 

shown in Figure 7-4 is shown in Figure 7-8 c. For this specimen, because a large crack 

appeared just when the test was stopped, the curve is same as a load vs. displacement 

curve of a specimen with no crack. In addition, the average deflection to failure of the 

ductile failure specimens and brittle failure specimens were calculated as 20.9mm and 

20.2mm. As shown in Table 7-2, the reduction of the deflection to failure (3.3%) from 

ductile failure specimens to brittle failure specimens is much lower than the reduction 

of the extension to break (60.3%) from waisted tensile specimens fractured in ductile 

mode (average extension to break of 26.7mm) to those fractured in brittle mode 

(average extension to break of 10.6mm). These results further suggest that the failure 

mode does not affect the deflection to failure. Hence, it is speculated that, the deflection 

to failure depends on the strength of the weak interphase where the first crack is initiated 

from. Whether the failure mode is brittle or ductile depends on how large the area of 

the weak interphase where the crack is initiated from. For example, a guided side bend 
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specimen with large area of the weak interphase in the localized region close to the 

bottom tend to develop a large crack instantly and result in the brittle failure. However, 

the deflection when the large crack appears depends on the strength of the weak 

interphase. In contrast, the very small crack may be initiated from the weak interphase 

with a much smaller area in the localized region close to the bottom. Due to the lack of 

the weak interphase in the material surrounding the very small crack, the crack growth 

gets much slower in the surrounding material. The deflection when the very small crack 

appears depends on the strength of the weak interphase where it is initiated from. Hence, 

it is suggested that, for a ductile failure specimen and a brittle failure specimen with 

same deflection to failure, strength of the weak interphases where the cracks are 

initiated in the two specimens is the same, and their failure modes are results of amount 

of area of the weak interphase in the localized region close to the bottom of them. 

 

Figure 7-8. Comparison of load vs. displacement curves of different specimens: (a) brittle 

failure specimens which experienced low, medium or high deflection to failure; (b) ductile 

failure specimens which experienced low, medium or high deflection to failure; (c) a brittle 

failure specimen in which a large crack appeared when the test was stopped. 

Table 7-2. Comparison of the reduction of deflection to failure from the ductile failure GSB 

specimens to brittle failure GSB specimens and the reduction of extension to break from the 

WT specimens fractured in ductile mode to those fractured in brittle mode. 

 Average deflection to 

failure (GSB) 

Average extension to break 

(WT) 

ductile (failure/fracture) 20.9 mm 26.7 mm 

brittle (failure/fracture) 20.2 mm 10.6 mm 

reduction 3.3% 60.3% 
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Counting the deflection to failure of all the specimens with no crack as 29mm, the 

average deflection to failure of each pipe set specimens are shown in Figure 7-9 in 

sequence from no windows and low level of windows to high level of windows. When 

the homogenization of different materials during pipe extrusion gets better and better, 

concentration of windows tends to get lower and lower while the difference between 

molecular chain structure in the weak interphase and that in surrounding material 

(windows and black areas) tends to get smaller and smaller. Therefore, the strength of 

the weak interphase may increase with the decreasing of window level. As shown in 

Figure 7-9, the average deflection to failure decreases with the increasing of the window 

level. Hence, this result further suggests that, the deflection to failure depends on the 

strength of the weak interphase where the first crack is initiated from.  

Crack length of each specimen with a crack (on specimen surface, along the pipe 

transverse direction) was measured from its digital camera image (as the representative 

images shown in Figure 7-2 to Figure 7-4) using Image J. Counting the crack length of 

all the specimens with no crack as zero, average crack length of each pipe set specimens 

are shown in Table 7-3 in sequence from no windows and low level of windows to high 

level of windows. It is obvious from Table 7-3 that, the average crack length increases 

with the increasing of the window level. What is more, as mentioned in section 7.1 

(Table 7-1), the number of brittle crack specimen increased from zero to four when the 

window level increased from low to high. In addition, the average crack length of the 

ductile failure specimens (2.1mm) is much lower than that of the brittle failure 

specimens (7.6mm). These results further suggest that, with the increasing of window 

level, larger area of the weak interphase tends to appear in the localized region close to 

the bottom of a specimen and result in the brittle failure with large crack. Hence, this 

indicate that, whether the failure mode is brittle or ductile depends on how large the 

area of the weak interphase where the first crack is initiated from.  

  

Figure 7-9. Average deflection to failure of each pipe set in sequence of from no windows 

(PC115) or low level of windows (IE70), to medium level of windows (IE95) and high level of 

windows (IE115, IE115B). 
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Table 7-3. Average crack length of each pipe set specimens at the end of test. 

pipe number average crack length (mm) 

PC115 & IE70 (no windows, low level of windows) 0 

IE95 (medium level of windows) 0.7 

IE115 & IE115B (high level of windows) 3 

To further prove the speculation, the IE115 specimen with ductile failure and the 

IE115B specimen with brittle failure shown in Figure 7-4 were further bent by hand. 

The IE115B specimen with brittle failure was broken by the further bending. The 

fracture surface is shown in Figure 7-10 a. As shown by the dashed arrow, windows 

along the pipe longitudinal direction in parent pipe at middle specimen width were 

sheared toward the weld bead at the right of the image, passing through the large crack 

generated during the test. This indicated that large area of the weak interphase may exist 

just underneath the large crack in the brittle failure. This process is shown more clearly 

with images with higher magnification in Figure 7-10 b.       

 
Figure 7-10. Images of further bending of the IE115 specimens with brittle failure (a) fracture 

surface of the specimen being further bent by hands; (b) higher magnification to show the 

shearing of windows in the further bent specimen 
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For the IE115 specimen with ductile failure, as shown in Figure 7-11a, the specimen 

cannot be broken even it was folded. The further bending can just to some extent enlarge 

the small crack. As shown in Figure 7-11b, a window was clearly observed inside the 

enlarged small crack. This indicated that a small area of windows and the weak 

interphase existed in the small crack area, but the surrounding material was lack of 

windows. Hence, although the small crack was initiated from the weak interphase, the 

surrounding material was too strong to be broken. 

 

Figure 7-11. Images of further bending of the IE115 specimen with ductile failure: (a) fracture 

surface of the specimen being further bent by hands; (b) windows seen in a small crack being 

enlarged by the further bending.  
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7.3 Summary 

For the guided side bend test, sufficient area of weak interphase could have existed in 

regions close to the bottom plane of a specimen to lead a crack initiation before the 

specimen was bent to 90º. This has resulted in the test results being less discriminating 

among the various window levels when compared with the waisted tensile test in 

Chapter 5. All the cracks in this test were initiated from the weak interphase between 

windows and surrounding black areas. The lower the window level, the stronger the 

weak interphase, hence the higher deflection for a crack to initiate during the test. The 

higher the window level, the larger area of the weak interphase tend to exist in the 

region close to the specimen bottom (where the tensile bending stress is the highest), 

hence the larger the crack length. Therefore, both the number of specimens that showed 

a crack before test end and the number of specimens that showed brittle failure with a 

large crack before test end highly increased with the increasing level of windows. As a 

result, the average deflection to failure was reduced dramatically with the increasing of 

window level, while the average crack length increased dramatically with the increasing 

of window level. These findings indicate that, the bending resistance of the butt fusion 

weld joints decreases with the increasing of window level.     

The summary and conclusion of this study and suggestions of future work are given in 

the final chapter. 

Chapter 8: Conclusions and suggestions to future work 

8.1 Summary of the PhD Thesis 

This research was aimed at investigating the failure mechanism at the microscale of 

how windows influence the mechanical integrity of the HDPE pipe butt fusion joints 

and determining a critical window concentration level below which the mechanical 

integrity of the butt fusion joints is sufficient for industry applications, with the main 

objectives being to (a) perform a state-of-the-art literature review in this field, (b) 

develop a method for quantifying the level of windows in PE pipes which does not 

result in the waste of pipe materials, (c) determine the mechanical performance and 

properties in tension, bending and high speed tension by conducting mechanical tests 

and to establish a correlation of each property with the level of windows, (d) determine 

the threshold level of windows in HDPE pipes below which the mechanical properties 

of butt fusion joints will only be affected marginally and be sufficient for industrial 

applications, and (e) investigate the failure mechanisms at the microscopic scale by 

tracing the crack initiation and crack growth trajectory using scanning electron 

microscopy.  

First, a window quantification method was developed using waste materials trimmed 

off from butt fusion weld joints. In terms of the window quantification results, the level 

of windows in the HDPE pipes extruded using different extrusion parameters was 

classified as having no windows, low level of windows, medium level of windows, or 
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high level of windows. A simplified model of the distribution of windows in parent 

pipes as well as in butt fusion weld joints was developed; simulated window patterns 

and distribution have shown high similarity with those based on the microtome slices 

cut from butt fusion weld joints. In this model, window distribution in the parent pipes 

was simplified as black and white concentric cylinders which were sheared along the 

pipe transverse/radial direction in the butt weld joint. Spherulites were observed in the 

material in windows. However, between the windows and surrounding black areas, a 

thin layer of material with no spherulites was observed. This difference in the 

microstructure can result in uneven stress distribution and therefore local stress 

concentration. Hence, the thin layer of material was classified as a weak interphase 

between the windows and the black areas.   

Pipes with different levels of windows were welded by butt fusion, and specimens were 

extracted from these pipe joints for conducting mechanical tests. The five types of pipes 

were PC115 (no windows), IE70 (low window level), IE90 (medium window level), 

IE115 (high level window) and IE15B (high level window). Three types of specimens 

have been selected and tested for each pipe type, which are (1) waisted tensile 

specimens, (2) high-speed tensile specimens, (3) guided side bend specimens.    

Waisted tensile specimens were tested to investigate the tensile properties of butt fusion 

weld joints and the effect of various window levels. All specimens fractured in the weld 

region and they showed that the ductility and toughness (energy to break) of the butt 

fusion weld joints were severely reduced with the increasing level of windows. Digital 

camera images of fracture surfaces showed that, the higher the window level, the more 

cracks appeared in the weld region before fracture. Characterization results of a 

representative fractured specimen with high window level showed that multiple cracks 

were initiated from the weak interphase in the mid-thickness which was followed by 

crack growth toward the inner and outer pipe walls/weld beads. Craze remanent 

manifested as tiny dimples were observed from the SEM images taken from one 

fracture surface, which indicated that craze-crack growth had occurred during the 

tensile test due to the plane strain condition caused by large specimen thickness and 

semicircular notches in weld region. These findings have indicated that, under the 

tensile load along the pipe longitudinal direction, crazing tends to occur in the weak 

interphase and results in brittle fracture. The higher the window level, the larger the 

area of the weak interphase and the more brittle fracture may occur in the butt fusion 

weld joints under tension. Considering that all the tensile specimens were dominated 

by the plane strain condition during the tests, it is suggested that windows are more 

likely to lead to failure for the butt fusion weld joint made from thick pipes. Because 

waisted tensile test is the most discriminating mechanical test in this study, the 

parameter of “energy to break per unit cross-sectional area” was therefore used to 

determine an acceptance criterion for windows. A 0.5% window percentage area has 

been found to be the acceptance criterion for windows, below which no specimen failed 
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in brittle fracture mode. 

Tensile impact testing was carried out to investigate the impact dynamic properties of 

butt fusion weld joints and the effect of the various window levels. necking was 

observed in almost every specimen at almost the same position that was slightly away 

from the weld region, which was followed by subsequent fracture. However, a finite 

element modelling of a HDPE sheet with the same geometry of the tensile impact 

specimen has shown that fracture should occur at the corners between ‘double camel 

hump’ (geometry of weld beads) and flat region (geometry of parent pipe) as the stress 

concentration by a factor of 2. These findings indicated that, the necking at the same 

position away from the weld region was the result of enhancement of the crystallite 

regions in the weld region, high strain rate of the tensile impact test, and weak boundary 

between the heat affect zone (HAZ) and the parent pipes. For the majority of the 

specimens with high level of windows, during the test, vertical cracks of brittle nature 

suddenly appeared adjacent to vertically aligned windows in the necking region. For 

the other specimens with high level of windows, a lateral crack appeared adjacent to a 

thick window tip of a large parabola shaped window. The vertical and lateral cracks 

dramatically accelerated the fracture speed. For some specimens with medium level of 

windows, ductile vertical cracks appeared adjacent to vertically aligned windows. 

However, due to the adiabatic shaped deformation softening, the ductile vertical cracks 

opened slowly and therefore did not result in the accelerated speed of fracture as 

observed in the high window level specimens. As a result, the specimens with low level 

and medium level of windows had the impact toughness and ductility just slightly lower 

than those of the specimens with no windows, while the specimens with high level of 

windows had the impact toughness and ductility much lower than those specimens with 

low or medium levels of windows. Although all the specimens were fractured at the 

boundary of the HAZ away from the weld region, the boundary of the HAZ can be 

considered as the end of extended weld region. Hence, all the findings indicated that, 

although not as discriminating as the waisted tensile results in terms of window level 

effect, the tensile impact toughness and ductility of the end of the extended butt fusion 

weld region were severely reduced by the increasing level of windows.   

Guided side bend test was carried out to investigate the flexural properties of butt fusion 

weld joints and the effect of the window levels. The test was stopped when a specimen 

was bent to 90º or when the first crack appeared, whichever was the first. Hence, this 

test was designed to compare the bending resistance by comparing the deflection for 

the first crack to appear. In addition, because of the stress distribution in the cross-

section area directly under the loading nose, sufficient area of weak interphase must 

exactly exist in a localized region close to bottom of the cross-section area to let a crack 

being initiated before the specimen is bent to 90º. As a result, this test was not as 

discriminating as the waisted tensile test. All cracks in this test appeared in the weld 

region. Average deflection to crack initiation decreased dramatically with the increasing 



197 

 

of window level, while the average crack length increased dramatically with the 

increasing of window level. These findings have indicated that, the bending resistance 

of the butt fusion weld joints is reduced with the increasing of window level.      

8.2 key conclusions 

A window quantification method is developed based on image analysis according to an 

image taken from a piece of thin ribbon extracted during the trimming stage of butt 

fusion welding process to quantify window percentage area in the ribbon. HDPE pipes 

extruded with different mixing conditions were categorized as pipes with low, medium, 

and high levels of windows as expected. 

Results from the static tension, tensile impact and guided side bend tests have indicated 

that the tensile toughness and ductility, the impact toughness and ductility, and bending 

resistance of the butt fusion weld joints are all severely reduced with the increasing of 

window level in the parent pipes. 

Based on the static tensile test result (which was the most discriminating test), a 

threshold level of window percentage area in HDPE pipes was determined as 0.5%, 

below which the mechanical properties of butt fusion joints will only be affected 

marginally and still be sufficient for industrial applications. 

Based on the characterization results and mechanical test results, a thin layer of material 

(between windows and surrounding black areas) with a microstructure which is 

different from that in material in windows has been found. This thin layer of material 

has been classified as a weak interphase where a crack was initiated from when being 

subjected to a load perpendicular to it. This indicated that the mechanical properties of 

the butt fusion weld joints were reduced by the weak interphase.    

8.3 suggestions on future work 

For window qualifications, it is worth trying the Small Angle X-ray Scattering and the 

Raman spectrum as non-destructive method. It is suggested to carry out Small Angle 

X-ray Scattering to further investigate the polymer chain alignment in windows, the 

black areas, and the interphase between them.  

This PhD project has only examined the fracture surfaces of the tensile specimens failed 

under quasi-static load. Hence, it is suggested to do SEM imaging of the fracture 

surfaces of the tensile impact test and the guided side bend specimens to trace crack 

initiation sources and the crack growth trajectory and to relate the crack trajectory with 

window patterns in microtome slices cut from the fractured specimens.    
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