
Polymer Testing 135 (2024) 108448

Available online 10 May 2024
0142-9418/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Improvement of butt-fusion welding procedure and performance evaluation 
method for thick-walled bimodal polyethylene pipes 

Zhenchao Wang a,b, Shijun Zhang b, Jichun Qie b, Qijiang You b, Lu Xu b, Qiuju Zhang a,* 

a School of Mechanical Engineering, Jiangnan University, Wuxi, 214122, China 
b Rothenberger (Wuxi) Pipe Technologies Co., Ltd., Wuxi, 214161, China   

A R T I C L E  I N F O   

Keywords: 
HDPE pipe 
Butt fusion welding 
Welding procedure 
Welding interface 
Performance testing 

A B S T R A C T   

High-density polyethylene (HDPE) pipes have been continuously improved by the progress made by the resin 
industry and pipe manufacturers. Together with the advanced technology of welding equipment in terms of 
structure reliability and automations, HDPE pipes have been gradually applied to higher pressure level, bigger 
diameter, and thicker walls in operations which have become the preferred piping system for nuclear safety 
application in transporting cooling seawater. There are substantial differences in parameter settings when 
applying heat and force during different welding procedures, as well as the complicated evaluation methods for 
mechanical properties, which causes communication barriers between engineers and researchers. Thus, it is 
necessary to comprehensively study the welding procedures and evaluation methods to standardize the evalu-
ation protocols in the industry. In this paper, based on the assumptions of temperature effect and molecular chain 
diffusion dynamics at the welding interface, the optimization of the welding procedure is proposed. Some well- 
established evaluation methods have been used for performance assessment and their feasibilities are discussed. 
The idea of creating crack along the weld interface is adopted as new method to evaluate the material ability of 
fracture resistance. Specimens with unilateral notch and weld interface crack are proposed and subjected for 
quasi-static axial tensile test. The fracture stress and fracture energy at the welding interface are used to 
differentiate the quality of the joint from different welding procedures. The fracture morphologies of the weld 
interface are analyzed. A complete picture is drawn for the mechanical fracture resistance of the weld interface. 
The method used in this paper can be corelated to the pipeline design conditions, therefore could be applied to 
the real-time engineering applications. Moreover, the evaluation method proposed in this paper is simple, 
reliable, and easy to implement.   

1. Introduction 

Polyethylene (PE) is the most widely used polyolefin, accounting for 
29 % global synthetic polymer production. Polyethylene materials are 
indispensable in people’s daily lives nowadays [1]. There are hundreds 
of different grades of polyolefins commercialized with a wide variety of 
material properties. Various metal catalysts can tailor the polymeriza-
tion states that control the key material parameters, such as molecular 
weight and molecular weight distribution [2]. Bimodal polyethylene is a 
blend of linear polyethylene and branched polyethylene, with a 
low-molecular-weight homopolymer folding the molecular chain neatly 
into the crystalline area for the material strength, good processing 
ability and elongation property. The copolymer part participates in 
crystallization and becomes a “tie molecule" through the crystal area, 

ensuring high toughness and mechanical crack resistance [3,4]. At the 
same time, bimodal polyethylene embodies the respective advantages of 
low molecular weight and high molecular weight, not only has good 
extrusion performance, but also has very good anti-"sagging" perfor-
mance, which lift the limitation of polyethylene material processing into 
large-diameter pipes, and the current extrusion thick-walled pipes can 
reach a diameter of more than 2500 mm or wall thickness of 100 mm 
[5]. Bimodal polyethylene has excellent resistance to slow crack growth 
(SCG), and the operating temperature has been increased from room 
temperature to 60 ◦C. This makes it the preferred material for pipes used 
in the high safety level nuclear power plants, especially for 
large-diameter pressurized pipes that transport seawater for cooling [6]. 

The most commonly used pipe connection method is the butt-fusion 
welding that can make the joint meeting or exceeding the mechanical 
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properties of the bulk material which is much desired in the large- 
diameter thick-walled piping. In particular, the well-known standard 
of American Society of Mechanical Engineers (ASME) only allows the 
use of butt fusion welding connections for nuclear-safe grade poly-
ethylene buried pipes [7]. However, the welding performance of poly-
ethylene pipes is affected by a variety of factors. The temperature and 
pressure applied during the fusion process can affect the performance of 
the fusion joint [8,9]. The welding process leads to a change in the 
molecular chain orientation of the polymer in the welding region, which 
affects the welding performance [10–12]. The viscosity and interaction 
forces of molten material at the weld interface affect the quality of the 
weld interface [13]. Tensile and rapid cooling of polyethylene melt 
affect crystallization behavior [14]. The tensile failure of the polymer 
interface is related to the welding time [15]. The deposition of a kind of 
powder at the weld interface can change the interface connection [16]. 
In addition, defects, welding bead, and stress concentrations introduced 
during the fusion process can also affect the performance of the fusion 
joint [17–19]. 

Fabian et al. [5] pointed out that brittle failure occurred at the welds 
of some thick-walled pipes, which led to a sense of uncertainty of using 
thick-walled pipes in the industry and customers. At the same time, the 
welding parameters for the thick-walled PE given in the DVS (Deutscher 
Verband für Schweiβen und verwandte Verfahren e.V.) [20] guidelines 
are extrapolated. At present, there is a lack of systematic experimental 
studies on wall thicknesses above 30 mm. Tarek et al. [21–23] investi-
gated the effects of butt fusion welding process and specimen thickness 
on the fracture toughness of polyethylene pipes, resulted that the frac-
ture toughness of all welded specimens was lower than that of the bulk 
material, and the fracture toughness of the material was decreased with 
the increase of the thickness of the specimen. Kalyanam et al. [6] found 
that the Pennsylvania Notch Test (PENT) for SCG resistance of welded 
joints under ASME system was only thousandth of that of bulk materials. 
Therefore, it is necessary to conduct in-depth research on butt fusion 
welding process to better understand the polymer welding physics, 
especially for bimodal polyethylene pipes with large diameter and thick 
wall [24]. 

At present, different countries in the world use different welding 
procedures for butt-fusion welding of PE pipes. Based on the process 
pressure and temperature, those procedures are summarized as three 
main types, namely a Single Low Pressure procedure (i.e., SLP, used by 
most countries, such as Germany DVS 2207–1, UK gas pipe GIS/PL2-3 
[25] and smaller diameter water pipe WIS 4-32-8 [26], China GB/T 
32,434 [27]), Single High Pressure procedure (i.e., SHP, mainly used in 
the United States, ASTM F2620 [28]), The Dual Low Pressure procedure 
(DLP, mainly used in larger diameter water pipes in the UK, WIS 4-32-8). 
These welding procedures are included in ISO 21307:2017 [29] as three 
standard procedures. 

There are several ways to evaluate the reliability of short-term me-
chanical properties for the effectiveness of these welding procedures. 
Validation of the ASTM F2620 procedure requires rapid tensile impact 
test indicated in ASTM F2634 [30], as well as manual flexure test [28]. 
WIS 4-32-08 requires the use of waist specimens for tensile test. The DVS 
system requests tensile test of DVS 2203–2 [31], and flexure test of DVS 
2203–5 [32], together with the test indicators specified in DVS 2203–1 
[33]. ISO 21307 requires tensile test of ISO 13953 [34] and rapid tensile 
impact test of ASTM F2634. The EU standard recommends flexure test of 
EN 12814–1 [35], tensile strength test of EN 12814–2 [36], and the 
breaking energy test of EN 12814–7 [37]. The evaluation method is 
crucial for ensuring correct judgement of the performance from welding 
procedures. They have already been studied over the years, and a variety 
of methods have been developed. The most commonly used method is 
tensile test [38–41]. 

Noted that the current researches on the butt-fusion welding per-
formance of PE pipes are mainly based on the empirical study of struc-
tural reliability. The tensile specimens used can be divided into two 
categories. The first one is the specimen with a long parallel section at 

the joint. Accordingly, there is no stress concentration at the joint caused 
by the shape of the specimen. The second is the waisted specimen with a 
tapering arc at the joint, which produces stress concentration at the 
waisted area. The specimens from EN 12174–7 and EN 12174-2 Annex C 
have a large stress concentration due to the small radius of the waist arc 
(r = 5 mm), which can ensure the fracture occur at the weld joint. 

Mike et al. [42] has used a variety of mechanical test methods to 
study the performance of contaminated butt-fusion joints in PE pipes. 
They found that some test methods were too poor to distinguish their 
quality, such as three-point flexure test, tensile test using a dumbbell 
specimen, the tensile impact test with an evaluation of breaking energy 
and a high-temperature hydrostatic pressure test. Above mentioned tests 
were unable to produce failures at the joint, resulted highly discrete test 
data. According to them, the most discriminating short-term perfor-
mance test was a tensile test using a thin waist specimen which could 
ensure that the fracture occur at the joint not at the bulk material. 
Moreover, they suggested that only the fracture energy value could be 
used to distinguish the fracture condition of joints. The same view was 
held by Muhammad, Kim and Tarek et al. [43–45]. 

The authors also strongly agree the use of thin waist specimens to 
evaluate fracture toughness through fracture energy. This method has 
been used by authors to test the welding character located at different 
points of wall thickness. However, the authors believe that there is a 
great disadvantage when using thin waist specimens to evaluate the 
performance of different welding procedures. The reason is that the 
width and shape of the molten zone (MZ) and the heat-affected zone 
(HAZ) at the joint are varied due to the differences of the shape and size 
of the joint created by thermo-mechanical coupling affected by welding 
procedures. The stress concentrations are different with specific loca-
tions in the joint which would be represented by the specimen prepared 
from the specific joints. 

The authors propose a new evaluation method in the paper. The 
purpose is to ensure fractures occur on weld interface by applying high 
stress concentrations. Therefore, the mechanical properties of the joint 
are characterized by evaluating the welded interface not the whole 
welded zone. This method can evaluate different welding procedures, as 
well as evaluate the influence of welding defects or environmental fac-
tors on the performance of welded interface. With this method, the 
fracture mechanics can be used to relate the experimental results to the 
allowed form and size of defects when considering short-term mechan-
ical properties in pipeline design. Tarek et al. have used a notched pipe 
ring segment to perform a three-point bending test to analyze the radial 
fracture toughness of welded and unwelded materials by the principle of 
fracture mechanics [23]. 

Except the tensile test, some other methods were reported for 
assessing the property of butt-fusion welded joints, such as the hydraulic 
axial tensile tests using entire pipes as specimens [46], the shaker table 
tests to check the effect of vibration on the joint [47], and the nano-
indentation tests to characterize the creep properties of joints [48]. 
These methods have enriched the researcher horizons and provided 
more possibilities to delve into the performance of weld joints. 

The performance of the butt-fusion joint is affected not only by the 
welding process parameters, but also by the welding equipment, the 
operators and the operating environment. In order to avoid these 
influencing factors, three units of fully automatic welding equipment 
were specially designed and manufactured in accordance with the pro-
visions of ISO12176 [49]. These welding equipment were used to carry 
out the welding operations in the room environment. 

The poor distributive mixing of carbon black masterbatch will have 
an impact on the mechanical properties of the pipe as well as welded 
joint [50–52]. In order to avoid its influence, the commercialized 
polyethylene compound which complies to the requirement of ISO 
4427–1 [53] is selected and the pipe is also produced in accordance with 
standard ASTM F 714 [54] by professional extrusion equipment. 

The presence of the welding bead has potential impact on the per-
formance of the welded joint. Haroon [55] conducted a thin film tensile 
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test and found that the initial deformation of the specimen with bead 
occur in the center of the molten zone (MZ), but the final failure 
occurred at the junction of the weld bead and the bulk material. For the 
film tested without bead, both the maximum deformation and rupture 
occurred in the center of the MZ. This was due to the stress concentration 
caused by pseudo notches created by the bead edges. Generally, the 
presence of the bead increases the stress concentration at the joint by 30 
% [43]. Some researchers believed that removing the bead could clearly 
characterize the performance of the weld joint [44]. At the same time, it 
is uncertain whether the bead shall be retained or removed in real op-
erations. This article aims to analyze the performance of the weld 
interface and will remove the effects of bead in the new method in order 
to better discuss the effects of the welding procedures. 

2. Experiment 

2.1. Materials 

The bimodal PE compound coded as Borstar HE3490-ELS-H 
（Borouge Pte Ltd, UAE）is selected. In which the PE accounts for more 
than 97.5 %, the content of carbon black is 2.3 % and its dispersion 
meets the requirement of ISO 4427–1. The outer diameter of the pipe is 
812.8 mm and the wall thickness is 74 mm (produced by Chinaust Group 
with Battenfeld -Cincinnati single screw extruder), which complies to 
the standard of ASTM F714. 

2.2. Welding equipment 

Three welding machines were designed by the authors to conduct the 
welding procedures automatically. They are capable of presetting the 

parameters and executing the required procedures. Those machines 
were manufactured by Rothenberger Wuxi (a Germany company oper-
ated in China). Those machines also comply to the standard of ISO 
12176. Welding of SHP is conducted by one machine called R1000CF 
SHP. Welding of SLP and New P are conducted by another machine 
named R1000CF SLP. The interface crack specimens and temperature 
measures are done by a small machine coded R110CF. 

2.3. Welding procedures 

The welding procedure refers to the process of applying required 
heat and force on the pipe ends to form a welding joint. The diagrams of 
the studied procedures can be seen in section 3.2.1. Some critical pa-
rameters are as follows. The heat soaking time is in the second (s), and 
the pipe wall thickness en is in millimeters (mm). 

For SHP, the procedure specified in ASTM F2620-2020 and ISO 
21307–2017, the temperature of heating plate is set at 215 ◦C, the heat 
soaking time is set as 11 × en and the net interfacial pressure is set as 
0.52 MPa. 

For SLP, the procedure specified in ISO 21307, the temperature of 
heating plate is set at 225 ◦C, the heat soaking time is set as 13.5 × en and 
the net interfacial pressure is set as 0.17 MPa. 

For NEW P, means the proposed welding procedure, the temperature 
of heating plate is set at 250 ◦C, the heat soaking time is set as 13.5 × en 
and the net interfacial pressure is set as 0.05 MPa. 

The BASE refers to the unwelded material of the pipe, also called as 
bulk material in the paper, which serves as a benchmark for welded 
material. 

Fig. 1. Graphical overview and sampling process (a) A schematic overview of the study process and method. (b) The actual photos of welding process and specimens.  
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2.4. Testing 

2.4.1. Mechanical property test 

2.4.1.1. Specimens with unilateral notch. Six specimens are extracted 
evenly around each studied joint for each test category. Unilateral V- 
shaped notch is machined to ensure the center line of V notch pass 
through the welding interface and be perpendicular to the long axis of 
the specimen. Neutral coolant is sprayed throughout the process to avoid 
heat influence. More information can be found in chapter 3. 

2.4.1.2. Specimens with weld interface crack. During the welding pro-
cess, thin iron sheet is placed and fixed in the center of the fusion 
interface to create surface crack. Six specimens are made for each test 
category. More information can be found in section 3. 

2.4.1.3. Specimens with circular notch for morphology study. Circular V- 
shaped notch is machined to ensure the center line of V notch pass 
through the welding interface and be perpendicular to the long axis of 
the round bar specimen. More information can be found in section 3. 

2.4.1.4. Axial tensile tests. The tensile tests are carried out after the 
specimens conditioned at 20 ± 2 ◦C for 12 h. Universal tensile testing 
machines are used. More information can be found in section 3. 

2.4.2. Physicochemical analysis 
The Rotational Rheometer (RR), Differential Scanning Calorimetry 

(DSC), Oxidative Induction Test (OIT) and Fourier Transform Infrared 
Spectroscopy (FTIR) are used for chemical character analysis. 

3. Results and discussions 

3.1. Theoretical analysis 

3.1.1. Graphical overview of the study 
Fig. 1(a) is a graphical overview of the research process and methods 

used in this paper. The research process includes welding, sample 
preparation, testing, and performance analysis, followed by improve-
ments to the welding procedure. Importantly, the welding procedure is 
automatically executed and controlled by specially designed welding 
equipment. And the mechanical properties are assessed by multiple 
methods. Fig. 1(b) are the actual photos showing that the pipe pieces 
with outer diameter of 812.8 mm and wall thickness of 74 mm are 
welded and some of the test specimens are made. 

3.1.2. Thermo-mechanical coupling effect 
The essence of polymer welding is that the molecular chains stretch 

under the action of heat, diffuse and entangle each other, and crystallize 
to form a new molecular chain structure during the cooling process. Kim 
and Wool [56] described the interdiffusion process at the 
polymer-polymer interface using the behavior of small chains and small 
enveloped chain ball. Polymer chain diffusion increases with time and is 

also related to molecular weight, as is shown (t) ≈ t
1
2M−

1
2. where l(t) is 

the average diffusion depth, M is the molecular weight, and t is the 
contact diffusion time. l(t) is positively correlated with chain unwinding 
and pulling out, which determines the mechanical properties of the 
polymer. 

According to the molecular chain diffusion model, diffusion time and 
molecular weight are important parameters. Higher fusion temperatures 
maintain long diffusion times and provide higher heat energy to drive 
greater molecular weight diffusion. In addition, in the welding process, 
it is necessary to apply the welding force that create large amount of 
energy to encourage the diffusion of the molecular chains and to prevent 
cracks and voids caused by the expansion and contraction of the mate-
rial during the crystallization process. However, the greater welding 

force can extrude the molten material out of the weld area, resulting in 
less melted material at the weld interface for the polymer molecule 
diffusion and entanglement. Therefore, obtaining an optimal thermo-
dynamic coupling state can promote the activity of the molecular chain 
and increase the depth of diffusion for good mechanical properties at the 
welding interface. 

3.1.3. Mechanical property evaluation methods 
Before the polymer chain breaks, all the covalent bonds in the 

polymer chain in front of the crack are stretched close to the limit of 
elongation. The breaking of the polymer chain breaks only one covalent 
bond in the polymer chain but dissipates the elastic energy stored in all 
the bonds in the polymer chain. That is, when it breaks, the anterior 
fibers are destroyed, releasing all the elastic energy in the fibers around 
the crack tip [57]. If the crack tip has a strong softening ability, the 
toughness and fatigue threshold of the polymer will be increased [58]. It 
is conceivable that the tensile fracture of polymers should be the result 
of the rupture or untangling of its interfacial molecular chains. There-
fore, the diffusion, entanglement and crystallization of molecular chains 
at the polymer welding interface will affect its fracture properties. 

The establishment of the mechanical constitutive model of semi- 
crystalline materials generally requires short-term and long-term per-
formance evaluation. Short-term properties are generally analyzed by 
tensile stress and deformation. The stress-strain curve is used to obtain 
information of yield strength, tensile strength, and modulus, which are 
used to determine material’s is ductility or brittleness. This method is 
also used to analyze the properties of welded joints. However, due to the 
continuous improvement of the weldability of the material, the yield and 
tensile strength are gradually approaching to the bulk material, and the 
fracture status of the joint is basically ductile. The use of these metrics to 
evaluate the performance of joints has gradually become meaningless. 
However, joints are still the weak link of the piping system. It is crucial 
to improve the resistance to defects of joints to maintain the structural 
reliability of the entire piping system. 

When evaluating the mechanical properties of welded joints, weld-
ing factors are generally used to describe them. One welding factor is the 
ratio on tensile strength or yield strength (EN 12184–2), i.e. fs = aw

ar
. 

where aw is the arithmetic mean of the tensile strength or yield strength 
of the weld specimens, ar is the arithmetic mean of the tensile strength or 
yield strength of the non-weld specimens. The other welding factor is the 
ratio on energy to break (EN 12184–7), i.e. fe = Ew

Eγ 
. Where, Ew is the 

arithmetic mean of the energy to break of the welded specimens, Eγ is 
the arithmetic mean of the energy to break of the non-welded specimens. 
The welding factor is used for performance comparison in this paper 
based on the fracture stress (stress when the yield or fracture happens) 
and fracture energy (the area under force-displacement curve). 

It is described by the Linear Elastic Fracture Mechanics (LEFM) that 
the crack will propagate once the actual stress intensity factor K at its tip 
exceeds the critical stress intensity factor of the material KC. K =

σN(πa)
1 /2f

(
a/W

)
, where σN is the nominal stress value, a is the crack 

length, and f(a/W) is the shape correction function. Although poly-
ethylene material is a viscoelastic material, short-term fracture char-
acter can still be analyzed by LEFM. During the proposed tests (Type I), 
with the tensile deformation increased, the stress intensity factor KI is 
gradually increased. When KI is greater than the critical stress intensity 
KIC of the material, the fracture happens. 

3.1.4. Material ability of fracture resistance 
Polymer materials with good crack blocking ability first induce 

crazing when the notched tip is stressed intensively, which is the result 
of the extension of the tie molecules and the tearing of the amorphous 
region after the material lattice is stretched. After the expansion of the 
crazing, the tie molecules at the front end of the notch are gradually 
elongated, and then broken. As the result, the fracture energy barrier is 
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gradually reduced, and the tie molecules at the back end are gradually 
sheared and fractured. 

Fig. 2 presents the status of fracture at the notch area during the 
unilateral notched specimen test. Fig. 2(a) and (c) show the fracture 
process on the frontal view of the notch of a non-welded and a welded 
specimen respectively. Fig. 2(b) and (d) exhibit the fracture process on 
the lateral view of notched. ABAQUS finite element simulation is 

conducted to replace the actual photos to clearly explain the stress to 
fracture situation. For the non-welded specimen, the width of the notch 
is stretched with the increase of displacement, while the notch depth 
changes slowly showing strong crack blocking ability. But for welded 
specimen, a small number of cracks are observed in the early tensile 
stage, then the crack propagates rapidly along the depth indicating that 
the molecular chain at the weld interface is pulled out, untied and 

Fig. 2. The fracture process of the specimens for non-welded and welded specimens. (a) frontal view of non-welded specimen (b) lateral view of non-welded 
specimen (c) frontal view of welded specimen. (d) Lateral view of welded specimen. 

Fig. 3. Processes and values for pressure and temperatures of the studied procedures. (a) Program curves of pressure and temperature over time (b) Envelope curves 
of temperature and pressure. 
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broken, through that the energy quickly passes through the energy 
barrier of the molecular chain. 

Inside bimodal PE, the high-molecular-weight copolymer part par-
ticipates in crystallization and becomes the “tie molecule" that runs 
through the crystal region. The tie of high-density molecular weight 
components requires large breaking energy, provides greater fracture 
resistance, and has high mechanical crack resistance and toughness. In 
the experiment, the bulk material shows superior fracture resistance, 
which is consistent with the molecular structure of bimodal poly-
ethylene. The fracture behavior of the welded specimen is quite different 
from that of the bulk material under the condition of prefabricated V- 
shaped notch, which indicates that the physical properties of the ma-
terial at the weld interface have changed. Obviously, the material at the 
welded interface does not inherit the excellent mechanical properties of 
the bimodal polyethylene material, and the depth and number of mol-
ecules at the welded interface may be hindered, and the strength of the 
molecular chain entanglement is affected. Therefore, it is necessary to 
improve the state of the welded interface. 

3.2. Welding procedure improvement 

3.2.1. Review of welding procedures 
The heat and force are applied to the two faces of pipe end by the 

butt-fusion welding equipment. The material on the faces experiences 
phase changes and then cooled and forms a fusion interface by recrys-
tallization. Fig. 3 presents the diagrams and main parameters of three 
procedures from ISO 21307 and the proposed new procedure. Fig. 3(a) 
shows the curves of pressure and temperature over time. Fig. 3(b) 

demonstrates the envelope plots of the heat source temperature and 
interfacial pressure required. It can be seen that there is a significant 
difference in pressure and temperature among these procedures. The 
pressure and temperature range of SHP are 0.42–0.62 MPa and 
200–230 ◦C, respectively. The pressure and temperature range of SLP 
are 0.15–0.19Mpa and 215–235 ◦C, respectively. DLP is special to other 
procedures as there is two pressure stages of 0.15 MPa and 0.025 MPa. 
The purpose of DLP maybe to reduce the joining pressure. However, the 
effect to interface temperature of this procedure is similar to SLP due to 
the similar pressure applied at the stage of 0.15Mpa, and the difference 
in force control logic and ability of butt-fusion equipment may cause the 
execution of this procedure biased. Therefore, DLP will not be discussed 
in this article. The authors suggest a new procedure (NEW P) for the 
improvement of the welding interface temperature by increasing the 
heat source temperature and lowering the joining pressure. The idea is 
similar to DLP. The diagram of pressure and temperature used is similar 
to that of SLP and SHP. The pressure and temperature range of NEW P is 
0.04–0.06Mpa and 245–255 ◦C, respectively. 

3.2.2. Maintain hot weld interface 
Fig. 4 shows the results of RR testing. Fig. 4(a) is for the double 

logarithmic data obtained at different temperatures. Fig. 4(b) presents 
the negative correlations between viscosity and temperature or shear 
rate for several typical temperature points. Fig. 4(c) illustrates the 
negative correlations between the loss modulus and temperature or 
positive relations with shear rate. The storage modulus has the same 
character with the loss modulus, as can be seen in Fig. 4(d). Obviously, 
the viscosity, loss modulus and storage modulus of the studied material 

Fig. 4. RR (Rotational rheology) test for the studied material. (a) Viscosity – shear rate double-log diagrams (b) Viscosity – shear rate double-log diagrams for 
selected temperatures (c) Storage modulus – shear rate double-log chart for selected temperatures (d) Loss modulus – shear rate double-log chart for selected 
temperatures. 
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all decrease with the rise of temperature when the material is in molten 
status. 

During soaking stage of the welding process, heat is transferred along 
the pipe wall by heat conduction or radiation from a heat source 
(heating plate) and decreases in gradient along the axis. The initial 
temperature distribution is affected by the heat source temperature and 
the heat soak time. Fig. 5 shows the temperature gradient of different 
fusion procedures, which is simulated by COMOSL thermal software. For 
the sake of analysis, the influence of thermal radiation and the envi-
ronment is ignored. It can be seen that the interfacial temperature and 
the temperature distribution width along the pipe wall of NEW P are all 
the highest. Comparatively, SHP is the smallest and SLP is in between. 

The pressure applied to the pipe end causes the molten material flow 
through shearing. When the flow of molten material stops, the values of 
the viscosity, loss modulus, and storage modulus of the material are 
balanced with the applied interfacial pressure. Therefore, the values of 
the viscosity and modulus of the material are corresponded to its tem-
perature. Since the temperature is distributed in a gradient along the 
pipe wall, the temperature of the weld interface is highest within the 
pipe wall. It can be seen that the greater the pressure exerted by the 
welding equipment, the lower temperature obtained for the weld 
interface, and vice versa. Fig. 6 illustrates the temperature conditions of 
the welding interface and its distribution when the joining pressure is 
established. It can be seen the NEW P acquired hottest weld interface the 
largest molten zone, but those two features are smallest for SHP and 
somewhere in between for SLP. During the welding process, the actual 
temperature was measured for three welding procedures by inserting 
three thermocouples at different locations between the two pipe ends. 
The positions of the sensors within weld interface are shown in Fig. 7. 
The highest temperature detected is the real weld interface temperature. 
The conclusion can be made that the temperature of the weld interface is 
ranking as NEW P > SLP > SHP, which validates the previous analysis. 

The welding joint structure of the HDPE pipe is shown as Fig. 8(a), 
where BASE corresponds to the non-welded material. BEAD is the 

molten material extruded outside the pipe wall. HAZ is on behalf of the 
zone where the heating temperature rising but not reaching the melting 
point or even above melting point but not deformed during joining. MZ 
represents the zone where the material is in molten status and been 
deformed during joining process. WL stands for weld interface, which is 
the physical interface of the connection of the two welded pipe ends 
with a thickness at the grade of nanometer, where chain diffusion, 
entanglement, and recrystallization occur. The specimens made by the 
three welding procedures were machined and the MZ inside the fusion 
joint could be observed after milling, as is shown in Fig. 8(b). For clarity, 
the molten zones are drawn manually, as is shown in Fig. 8(c). 
Measuring the width of MZ along the axial direction yields the result of 
NEW P > SLP > SHP, seen in Fig. 8(d), (e) and (f). The width of MZ is 
positively related to the heat source temperature and soaking time, and 
inversely proportional to the welding pressure applied during the 
welding process, which confirms the thermomechanical coupling anal-
ysis in the previous section. 

3.2.3. Physicochemical analysis and procedure validation 
As we all know, the microstructure of a material determines its 

mechanical properties. After the welding procedure, the material at the 
welding interface may have undergone a chemical change. DSC was 
used to test the thermal-oxygen properties of the welded interface, and 
the representative curves are shown in Fig. 9(a). The crystallinity of the 
material was calculated, as is shown in Fig. 9(b). It can be seen that there 
is a change in the degree of crystallinity of the material in the weld area, 
which are ranked as BASE > NEW P > SLP > SHP. The crystallinity test 
data are in good agreement with the results obtained by the proposed 
evaluation in later section, indicating that the fusion procedure affects 
the crystallinity by the welding interface temperatures. The OIT test 
result is presented in Fig. 9(c), and the nearly identical thermal- 
oxidative aging temperature of the bulk material and the welding 
interface of the three welding procedures are shown in Fig. 9(d). This 
shows none of the studied weld procedures have undergone significant 

Fig. 5. Simulated diagrams of temperature distribution at the stage of heat soaking completed for one pipe end, the other end is the mirrored. Black box represents 
the MZ. (a) SHP (b) SLP (c)NEW P. 

Fig. 6. Simulated diagram of temperature distribution at the stage of welding pressure established. The area inside black box represents the MZ. (a) SHP (b) SLP (c) 
NEW P. 

Z. Wang et al.                                                                                                                                                                                                                                   



Polymer Testing 135 (2024) 108448

8

oxidative degradation. FTIR tests shows in Fig. 9(e) that there are no 
new chemical groups introduced during the welding process. In sum-
mary, the proposed welding procedure is effective and feasible. 

3.3. Mechanical character test with existing methods 

3.3.1. Tensile strength and fracture status judgement 
ISO 21307 specifies ISO 13953 as one of the welding procedure 

validation methods. The type B specimen is used for wall thickness 
beyond 25 mm and the procedure is validated if the ductile fracture 
happened from the tensile test. This specimen has also been used by 
some researchers to evaluate the performance of weld joints, as well as 
being used by the authors to evaluate welding procedures in the study. 
Fig. 10(a) shows the dimensions of the specimen and the test parame-
ters. Fig. 10(b) is the representative force-displacement curve for each 
welding procedure. Through the tensile curve and fracture surface state 
of the tested specimens, the authors have made the conclusion that all 
the welding procedures had been validated as ductile fracture occurred. 
Fig. 10(c) shows the calculated tensile strength and the welding factor 
calculated from it. The order of performance is ranked as NEW P > BASE 
> SHP > SLP. Fig. 10(d) exhibits the obtained fracture energy and the 
welding factor calculated based on it. The performance can be ranked as 
BASE > SLP > NEW P > SHP. In the process of tensile testing, the au-
thors observed that the yield of all specimens occurred in the middle of 
the axial direction. For BASE specimens, the yield strain gradually 
spreads to the grips and finally breaks at the arc of the specimen. For all 
welded specimens, the strain of middle point is continuously increased 
while the strain is smaller on outer sides of the specimen which are 
constrained by the weld beads. Then the notch formed by the angle of 

weld bead and the pipe wall begins to deform, and been gradually 
enlarged and final teared, resulting in a rapid decrease in tensile force. 
As a result, the following strain is much smaller than BASE, which can be 
seen from Fig. 10(b). The authors believe it is not appropriate to use this 
specimen for the evaluation of welding performance, because the real 
tensile strength of the welded specimen may be amplified due to the 
influence of weld beads, on the contrary, the actual fracture energy may 
be greatly lessened. Beside, the size of weld joint areas and beads are 
different due to the effect of different welding procedures which may 
cause the extra influence on the performance evaluation. 

3.3.2. Tensile impact test and fracture status judgement 
Tensile impact test specified in ASTM F2634 is required by both ISO 

21307 and ASTM F2620 to evaluate the short-term mechanical prop-
erties. If the state of fracture is in ductile the welding procedure is 
acceptable. The use of rapid tensile impact testing can reflect the 
behavior of a material when it is subjected to drastically varied external 
forces, such as seismic waves. Authors have used this method to test the 
performance of BASE, SHP, and SLP. Fig. 11(a) shows the shape and size 
of the specimen, as well as the test parameters. Fig. 11(b), (c) and (d) are 
the force-displacement curves of the BASE, SHP, and SLP acquired 
during the test respectively. According to the test results, all the speci-
mens showed ductile fracture, and the average impact stress obtained 
are basically the same. However, for SHP specimens, the force- 
displacement curves are very discrete of each test. Also, it was 
observed that the fracture points of the welded specimens are discrete, 
some fracture at bead notches and some fracture on the bulk material. 
This may be due to the narrow melting zone MZ of SHP, as well as the 
presence of the weld bead. Therefore, the authors believe this method is 

Fig. 7. Measured temperatures on the weld interface during joining process. (a) Indication of the experiment (b) SHP (b) SLP (c) NEW P.  
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not appropriate to be used for welding procedures performance evalu-
ation. Which is consistent with the opinion from some literatures which 
have been described in the introduction section. 

3.3.3. Fracture energy test with waisted specimens 
As can be seen in the introduction section, tensile testing using waist 

specimens is a widely accepted method for evaluating the performance 
of welded joints. The waisted specimen is used in this study too. Fig. 12 
(a) presents the dimensions of the specimen and test parameters. Fig. 12 
(b) is the representative force-displacement curves extracted from the 
testing. When using tensile strength to calculate the welding factor, it is 
found that the result is as SLP > BASE > SHP = NEW P, as is seen in 
Fig. 12(c). When the fracture energy is used for the assessment, the 
result is ranked as BASE > NEW P > SLP > SHP, as is seen in Fig. 12(d). 
Since the weld joint uses a circular arc with a radius of 5 mm for stress 
concentration, it can ensure the fracture occur at the joint. This kind of 
specimen is good to distinguish the properties between the welded 
material and the non-welded material. However, when the arc is used to 
concentrate the stress on the weld interface, the weld interface is still 
affected by the material properties of the surrounding molten zone or 
heat-affected zone. While, different shapes and widths of the molten 
zone (MZ) and heat-affected zone (HAZ) are created by different weld-
ing procedures. Therefore, the weld interface properties from different 
procedures cannot be accurately characterized. This has been confirmed 
by the difference between tensile strength and fracture energy. 

3.4. Tests of the proposed evaluation method 

3.4.1. Unilateral notched specimen test 
Notched specimens are used in linear elastic fracture mechanics to 

test material fracture toughness, and is also used to test the fracture 
toughness of polymeric materials by researchers, as is mentioned in the 
introduction section. In view of this, a unilateral notched specimen is 
designed by the authors and is applied for quasi-static axial tensile test to 
evaluate the fracture resistance of the welded interface material to de-
fects. The specimen designed is able to concentrate the stress through 
the weld interface by locate the notch tip at the weld interface, so that 
the fracture can occur at the welded interface during tensile. The specific 
dimensions and test parameters of the specimen used are shown in 
Fig. 13(a). The force-displacement curves acquired during the test is 
given in Fig. 13(b). The data in Fig. 13(c) compares the short-term 
mechanical properties of several welding procedures, and the welding 
factors are calculated on the maximum fracture stress. It can be seen that 
the welding factors is ranked as BASE > NEW P > SLP > SHP. Among 
them, SHP is 11.3 % lower than BASE, and SLP is 4.9 % lower than BASE. 
NEW P is 10.9 % higher than SHP and 4.5 % higher than SLP. The data in 
Fig. 13(d) represents the energy consumed during the fracture process 
that is used to calculate the welding factors to compare those welding 
procedures. It can be seen that BASE > NEW P > SLP > SHP, which is 
consistent with the comparison of the maximum fracture stress. The 
conclusion is also made that the performance gap of the welding factor is 
increased by using energy calculation, in which SHP is 73.5 % lower 
than BASE, and SLP is 53.8 % lower than BASE, while NEW P is 50.7 % 
higher than SHP and 31 % higher than SLP. This evaluation method is 
able to distinguish the mechanical properties of different welding 

Fig. 8. The observation of MZ inside the welding joints for different welding procedures. (a) Diagram of different zones existed at the welding joint (b) Actual profile 
of the welded joint (c) Manual separation drawing about MZ (d) MZ width of SHP （e）MZ width of SLP (f) MZ width of NEW P. 
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programs, and show that the recommended welding procedure has the 
best performance. 

3.4.2. Weld interface crack specimen test 
The current research on the welding performance of polyethylene 

pipes is to study the entire joint area as a whole. However, as can be seen 
from Fig. 8(a), there are different zones at the weld joint. The material 
properties at the welded joint may differ in MZ, HAZ and WL. The 

centerline of the V-notch of the specimen used in this paper is approx-
imately passing through the fusion interface WL, but there may still be 
deviations during sampling. Therefore, a thin circular iron sheet is 
placed on the pipe end during joining process to further make a crack on 
the welding interface. Which is also used to simulate the welding defects 
may occur. Detailed dimensions and test parameters are specified in 
Fig. 14(a). Fig. 14(b) is the representative force-displacement curves 
acquired during the test. The data in Fig. 14(c) compares the short-term 

Fig. 9. The physicochemical property analysis. (a) Representative diagram from DSC test (b) Crystallinity calculated from DSC test (c) Representative diagram from 
OIT test (d) Oxidation induced temperature calculated from OIT test (e) Representative diagram from FTIR test. 
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Fig. 10. Tensile test with the method of ISO 13953 and type B specimen. (a) Specimen dimensions (full wall thickness) and test parameters (b) Representative forece- 
displacement curve of each producedre (c) Tensile strength and welding factors (d) Fracture energy and welding factors. 

Fig. 11. Tensile impact test by the method of ASTM F2634. (a) Dimension of specimens and test parameters (b) Forece-displacement of BASE (c) Forece- 
displacement of SHP (d) Forece-displacement of SLP. 
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mechanical properties of several welding procedures using the 
maximum fracture stress, and welding factors are calculated accord-
ingly. It can be seen that the performance is as the sequence of NEW P >
SLP > SHP. Among them, NEW P is 39 % higher than SHP and 17 % 
higher than SLP. The data in Fig. 14(d) represents the energy consumed 
during the fracture process and is used to calculate the welding factors. It 
can be seen that NEW P > SLP > SHP, in which NEW P is 225 % higher 
than SHP and 116 % higher than SLP. Obviously, all values are still 
ranked as NEW P > SLP > SHP. This result is consistent with that for the 
V-notch specimen testing. It approves that the mechanical properties of 
the weld interface can be analyzed by using tensile test with the speci-
mens having unilateral V-shaped notched or surface crack across the 
welding interface. But the performance gap among three welding pro-
cedures is further enlarged by using interface crack with both fracture 
stress and energy. Which may also indicate that the defects from welding 
process maybe more danger to the pipe system. 

3.4.3. Fracture status and morphology study 
Photographs of the fracture surfaces of the test specimens are taken 

from the unilateral notched specimens (chapter 3.4.1), shown in Fig. 15. 
It can be seen that the fracture surface morphology is quite different 
among bulk material and welding procedures. The BASE shows typical 
characteristics of ductile with strong toughness. The ligament is largely 
stretched before break then sheared during fracture process. The frac-
ture surface of NEW P shows longer bulges first and then sheared. The 
fracture surface of SHP exhibits small bulges at beginning and then large 
bulges afterwards, which shows the ligament is not stretched long 
enough during fracture. The elongation of ligament of the SLP specimen 
is between SHP and NEW P. The morphology differences indicate that 
the ductility performance can be ranked as BASE > NEW P > SLP > SHP, 
which are in good agreement with the data from the tensile test. 

In order to avoid the influence of uneven stress and tensile strain rate 

of unilateral notched specimens on the observation of the fracture 
morphology, the circular notched round bar specimens are used and 
subjected for fast and slow tensile tests. The specific dimensions of the 
specimen and test parameters are shown in Fig. 16(a). Fig. 16(b) and (c) 
are the force-displacement curves acquired for test speed of 50 mm/min 
and 0.5 mm/min respectively. Fig. 16(d) exhibits all the normal photos 
and microscope cloud images taken for all the fractured surface. It can 
be seen that the bulges of BASE are much higher both at the tensile rates 
of 50 mm/min and 0.5 mm/min, and the NEW P is very close to it. The 
SHP has the least bulges at both 50 mm/min and 0.5 mm/min, basically 
suggesting the brittle rupture state at a tensile rate of 50 mm/min. The 
bulges of SLP are longer than SHP at both tensile rates, but still shorter 
than BASE and NEW P. The displacement curves are also in good re-
lations with the fracture surface morphologies. The cross-sectional 
morphological characteristics of these specimens can also confirm the 
rationality of the new proposed evaluation method. 

3.4.4. Test method validation analysis 
At present, the tensile strength test of fusion joints is basically 

empirical, and it is difficult to use the test data for the reliability design 
and calculation of pipeline structures. The thin waist fracture energy test 
is actually a type of defect fracture test, but it is difficult to correlate the 
test results with the allowable defects. The unilateral notched specimens 
recommended by the authors mimic the stress concentrations caused by 
external forces such as sharp stones, or pipe misalignment and welding 
bead. Weld interface crack specimens can simulate the defects existed on 
the weld interface, such as the coating peeling from the hot plate. Other 
defects introduced during the welding process, such as cold welding, 
over heat, as well as water, oil stains, soil, etc. may cause incomplete 
fusion, material degradation, bubbles, inclusions, etc. which may cause 
the similar failures as the weld interface crack. It enables the experi-
mental data to be correlated to the types and sizes of defects allowed in 

Fig. 12. Tensile test with the arc waisted specimen (a) Specimen size and test parameters (b) Representive force-displacement curves (c) Result of tensile strength 
and welding factors (d) Result of fracture energy and welding factors. 
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Fig. 13. Tensile test with the unilateral notched specimens (a) Specimen size and test parameters (b) Representive force-displacement curves (c) Result of fracture 
stress and welding factors (d) Result of fracture energy and welding factors. 

Fig. 14. Tensile test with weld interface crack specimens (a) Specimen size and test parameters (b) Representive force-displacement curves (c) Result of fracture 
stress and welding factors (d) Result of fracture energy and welding factors. 
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the design of the piping system by means of stress intensity factors, 
maximum failure stresses or energies. 

For the unilateral notched test, we have performed two additional 
sets of experiments on BASE and SHP materials. The specimens of group 
1 have the same shape and size, but different notch ratio. The specimens 
of group 2 have the same shape and notch ratio, but different sizes. The 
specific specimen dimensions and test parameters are shown in Fig. 17 
(a). Fig. 17(b) and (c) are the values of fracture energy and fracture 
stress of BASE and SHP specimens from the group 1 respectively. It can 
be seen that the fracture energy and fracture stress values of the welding 
material are lower than those of the bulk material. With the increase of 
the notch ratio of the specimens, the fracture energy of the specimens 
shows a downward trend, but the fracture stress basically remains the 
same. Fig. 17(d) and (e) show the fracture energy and stress values of 
BASE and SHP specimens of the group 2 respectively. It can be seen that 
the fracture energy and stress values of the welding material are much 
lower than those of the bulk material, and with the increase of the 
overall size (cross-sectional area) of the specimens, their fracture stress 
shows a downward trend while the trend of fracture energy is reversed. 

Together with the test results shown in the previous sections, it can 
be seen that the material properties of the weld interface have changed 
significantly compared to the bulk material. Based on the viscoelastic 
characteristics of HDPE, the fracture resistance to defect will also be 
nonlinear, that is, the critical stress intensity factor (KIC) of type I defects 
is nonlinear for the polyethylene weld interface. Correlating the fracture 
stress, fracture energy, and stress intensity factor shall also take into 
account the shape of the defects and their location and size in the ma-
terial. In order to establish a more accurate relationship between ma-
terial defect failure and provide a theoretical basis for practical 
application, it is also necessary to consider the test rate, temperature, 
time and other factors. When analyzing the welding performance of 
thick-walled polyethylene pipes, it is necessary to use large-size speci-
mens for analysis. In authors’ opinion, the cross-section of the specimen 
should be at least the values of full wall thickness in two dimensions, and 
specimens should be subjected to the tests of notched and interface 
cracks from multiple defect dimensions to gain a more comprehensive 
understanding of the impact of welding procedures and defect condi-
tions on the mechanical properties of piping systems. 

4. Conclusions 

In this study, the authors have used several well-established test 
methods and the proposed method to evaluate the mechanical proper-
ties of welded joints of thick-walled pipes under different fusion pro-
cedures. An improved butt fusion welding procedure has been proposed 
and experimentally verified. The welded interface properties of thick- 
walled polyethylene pipes are affected by the thermal-mechanical 
coupling status, and the mechanical properties can be varied by 
changing the welding parameters. The defect-based specimens can 

imitate the actual defect state, which not only can distinguish the in-
fluence of different welding procedures, but also quantitatively establish 
the design basis for the allowable of welded defects in pipeline appli-
cation process.  

1. The improved performance of fracture resistance from the proposed 
welding procedure in comparison to SHP and SLP can be verified by 
the proposed evaluation method.  

2. Higher welding interface temperature and the width of the melting 
zone can be obtained by increasing the temperature of the heat 
source, prolonging the soaking time and reducing the welding force.  

3. The interfacial temperature and the width of the melt zone 
contribute to the ability of the welding interface to resist the failure 
of notches or cracks.  

4. The shape of unilateral notch specimen and weld interface crack 
specimen can ensure the fracture occur at the weld interface, so that 
the fracture resistance of the weld interface can be evaluated.  

5. The influence of specimen shape and size on the test results should be 
considered when analyze the welding performance of large-diameter 
thick-walled pipes.  

6. Multi-dimensional testing of notched or cracked specimens can 
provide accurate data to establish quantitative metrics on the design 
matrix of defects in the piping system. 

In order to accurately reflect the performance of weld joints, the tests 
performed in this paper are still insufficient, such as the test of larger 
specimens, and the long-term performance test based on the time 
dimension. The authors expect more research data and analytical 
methods reported to enrich the dimensions of understanding and 
application optimization of welding process of HDPE pipes. 
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Fig. 15. The fracture morphology of unilateral notched specimen tests. (a) BASE (b) NEW P (c) SLP (d) SHP.  
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Fig. 16. Morphological analysis for circular notched round bar specimens. (a) Specimen size and test parameters (b) Force-displacement curves at 50 mm/min (c) 
Force-displacement curves at 0.5 mm/min (d) Photos of all fracure surface. 
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