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Abstract

We investigate the aging behavior of High-Density Polyethylene (HDPE) pipelines, specif-
ically comparing the Pipe Body (PB) and Butt-Fusion Welded Joint (BFWJ) under thermal
oxidative and hydrothermal accelerated aging conditions. Our results indicate that the per-
formance disparity between PB and BFWJ diminishes as aging time increases. We also find
that the specimen type affects the quantity of polyethylene fibers, with hydrothermal aging
significantly affecting the cohesive force among these fibers in both PB and BFW]J. These
findings on differential aging processes of PB and BFWJ contribute to a deeper understand-
ing of HDPE pipeline durability and offer practical recommendations for mitigating degra-
dation risks associated with these disparities. This research underscores the importance of
considering specific aging behaviors in the maintenance and reliability assessment of HDPE
pipeline systems used in energy transport, industrial, and agricultural applications.

Keywords High-density polyethylene - Thermal oxidative accelerated aging -
Hydrothermal accelerated aging - Butt-fusion welded joint - Temperature - Scanning
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1 Introduction

High-density polyethylene (HDPE) represents revolutionary progress in the field of
pipelines, often described as “replacing steel with plastic” (Taheri 2013; Pinter and Lang
2003; Barker et al. 1983). With the steady development and growth of HDPE materials, its
market is gradually expanding. Specifically, HDPE pipelines exhibit excellent performance
in gas transportation (Ghabeche et al. 2019; Esaklul and Jim 2017; Erdmann et al. 2019).
HDPE possesses various advantageous properties (Oluwoye et al. 2015, 2016; Bracco et al.
2018; Badia et al. 2012), including cold-hardiness, chemical stability, toughness, mechanical
strength, dielectric properties, and resistance to environmental stress cracking.
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In actual engineering, the reliability of HDPE pipelines has become a critical concern
in scientific research and engineering applications. Long-term oil and gas pipeline relia-
bility is a major safety issue (Chaoui et al. 2008; Choi et al. 2005; Pospisil et al. 2003;
Hoang and Lowe 2008). The natural aging test provides relatively accurate results as its
materials are sourced from actual projects (Bhowmick and White 2002; Chen et al. 2019).
HDPE butt-fusion welded joints boast high tensile strength, strong corrosion resistance,
good sealing performance, and the ability to be quickly and easily installed (Frederick et al.
2010). Therefore, butt fusion welding is extensively used for pipeline connections on HDPE
pipeline construction sites (Zheng et al. 2015; Murch and Troughton 1998). The stress-strain
and oxidation induction time (OIT) curves of the samples decreased with the increase of ag-
ing time at thermal-oxidative aging temperatures of 80, 90, and 100 °C, for aging durations
ranging from 0 to 384 hours. However, significant variations were observed in the aging du-
rations selected for the three different thermo-oxidative aging temperatures, as reported by
Wang et al. (Wang et al. 2021). Whelton et al. observed significant changes in the properties
of polyethylene within 25 days under accelerated aging conditions (Whelton and Dietrich
2009).

The mechanical and chemical properties of polyethylene pipes in long-term service were
studied by scholars (Chen et al. 2023; Blivet et al. 2021). The results showed that the crys-
tallinity of polyethylene pipes increased over time. Dominant in the aging reaction were
branching-chain and cross-linking reactions of molecular chains. Some scholars also inves-
tigated the performance of polymers on a micro-scale under high temperature and pressure
conditions of thermal oxidative accelerated aging. Aging degradation of the polymer was
found to be primarily affected by aging time (AT), the minimum distance between fiber
surfaces, and oxygen pressure.

Some scholars analyzed the crystal orientation of the central axis of unwelded polyethy-
lene pipes. They found differences in elongation between the unwelded polyethylene pipe
and the butt joint (Leskovics et al. 2006). Some scholars also investigated the properties
of ordinary polyethylene pipes and proposed that the bending fatigue resistance of electric-
fusion butt joints and butt-fusion welded joints was lower than that of unwelded pipes (Chen
et al. 1997). In 1997, the tensile properties of polyethylene pipe welds were studied to find
that the tensile strength and toughness of the welded part were lower than that of the pipe
body (Murch and Troughton 1998). Scholars have conducted research on both the pipe and
butt-fusion welded joints of the pipe (Lai et al. 2022). They have identified several factors
that affect the accuracy of predicting the service life of the pipe during the production pro-
cess, such as high temperature, oxygen, microstructure, and material properties of the joint,
which differ from those of the pipe during the butt-fusion welded joint production (Konica
and Sain 2020; Kato and Osawa 1999; S et al. 2004). Remarkably, the impact of oxygen
and moisture on the performance of the pipeline are significant factors in the actual pipeline
application environment. The life of the butt-fusion welded joint plays a prominent role in
predicting pipeline life. Therefore, a comparative experimental study was conducted on the
effects of thermal oxidative accelerated aging and hydrothermal accelerated aging methods
on the performance of the pipe and butt-fusion welded joint.

In this study, Pipe Body and Butt-Fusion Welded Joint (PB and BFWJ) of PE100 were
the research objects, and they underwent accelerated aging tests at 80 °C during thermal-
oxidative aging and hydrothermal aging. PB and BFWJ underwent separate performance
tests, and the performance differences and the reasons for these differences between them
during different accelerated aging methods were compared and analyzed. The differences
in aging mechanisms between pipes and joints were studied. The results of this paper help
supplement the research on the difference in aging behavior between HDPE pipe and butt-
fusion welded joints.
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Fig.1 PE100 pipe body and
butt-fusion welded joint

Table 1 Information on the pipe body and butt-fusion welded joint used in the study

Grade Minimum Wall Thickness Density Nominal Diameter Standard Dimension
€min (Mmm) (g/cm3 ) (mm) Ratio
PE100 10 0.94 110 11

Table2 The details of the accelerated aging scheme

Specimen Materials Accelerated Aging Type Temperature Accompanying
Conditions
New pipeline - 23 £0.5°C -
2 New butt-fusion
welded joint
3 New pipeline Thermal oxidative aging 80 °C Oxygen
New butt-fusion
welded joint
New pipeline Hydrothermal aging Water

New butt-fusion
welded joint

2 Experimental
2.1 Material

In this study, PE100, produced by Yada Plastic Products Co., was selected as the experi-
mental raw material. For this examination, area ‘a’ is selected on the pipe body specimen,
while area ‘b’ is designated on the butt-fusion welded joint specimen in Fig. 1. Table 1 pro-
vides additional information about the testing of the PE100. Table 2 is the details of the
accelerated aging scheme.

2.2 Accelerated aging

In this study, we employed thermal oxidative accelerated aging and hydrothermal accel-
erated aging at the same temperature for accelerated aging. The PB and BFWJ of PE100
were aged for 240 h, 480 h, 720 h, and 960 h in drying and water bath boxes, both set at
80 °C respectively. Specimens were removed in batches according to various aging dura-
tions to ensure consistency in the experimental environment. Subsequently, the mechanical
and chemical properties of specimens with various aging times were tested.
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Table 3 The scheme for performance testing and chemical characterization

Test Type Sample Production and Testing Test Instrument  Test Temperature Sample Results

Chinese National International

Standard Standard
Impact testing ~ GB/T 1043.1 ISO 179-1 PTM2200 23+0.5°C Average of 5
(2008) (2010) parallel tests per
group
Tensile testing ~ GB/T 19810 ISO 13953 ETM204C
(2005) (2001)
Hardness GB/T 38119 - LX-D model Take the average
(2019) Shore of 18 test values
hardness per group.
tester
Vicat softening — ISO 2507-1 HVT302B - Average of 3
temperature (1995) parallel trials
per group
Oxidation GB/T 19,466.6 ISO 11357-6  DSC-500B -
induction time  (2009) (2013)

(OIT)

2.3 Test methods

Following the aging tests, we conducted impact tests, tensile tests, hardness tests, Vicat
softening temperature measurements, OIT assessments, attenuated total Fourier transform
reflection infrared spectroscopy, and scanning electron microscope (SEM) tests on the PB
and BFW]J. The performance tests and chemical characterizations meet current Chinese na-
tional or international standards. In this study, the selected pipes and joints were static for
a certain period of time. So, the performance of pipes and joints tends to stabilize after the
accelerated aging test. Moreover, the test results are the average of the five sets of parallel
measurements. In the five parallel experiments, each group of joints, both with and without
aging specimens, originated from the same joint. The specific test scheme is outlined in Ta-
ble 3. Shore hardness grades are adopted for the hardness test. Within each group, there are
three test pieces of the same type, from which six test points are selected for each test piece,
resulting in a total of 18 test values for the Shore hardness test results of this group of test
pieces. Figure 2 illustrates the schematic diagram of hardness measurement points on the
sample of PB and BFWJ. The accelerated aging test maintains consistency in this study by
controlling aging time as a single variable. Additionally, mechanical property measurements
and the preparation and handling of test samples adhere to relevant national or international
standards.

When PB and BFWJ were tested by Attenuated Total Fourier Transform Reflection In-
frared Spectroscopy (ATR FT-IR), the FTIR-650S, produced by Tianjin GangDong Sci-
entific and Technology Co., Ltd., was employed to characterize the microstructure of the
exposed surface of PB and BFWJ. The sample surface was kept clean before testing. A 400-
6000 cm ™! test band was selected, the scan rate was 32, and the resolution was adjusted to
4cm~L.

The micro-morphological changes of the specimen’s fracture surface during tensile fail-
ure were observed using the Helios5 CX scanning electron microscope from American Fei.
The sample was cut into cubes with a side length of 1 cm. These cube samples were cleaned
again, subjected to gold treatment, and left to stand for over 2 h before SEM examination.
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2 mm 10 mm

(a) Pipe (b) Butt-fusion welded joint

Fig.2 Schematic diagram of hardness measurement points on the sample

3 Results and discussion
3.1 Impact properties

Figure 3 displays the impact strength of PB and BFW] after undergoing various aging meth-
ods. The impact strength of both materials exhibits a decreasing trend with increasing AT
after different aging methods of PB and BFWIJ (Chen et al. 2023). The difference in impact
strength between the two unaged materials was 0.52 kJ/m?, and the decline curves were lin-
ear under thermal oxidative accelerated aging conditions. After 480 h, the impact strength of
the pipe body began to decrease more rapidly, while the butt-fusion welded joint exhibited
a slower rate of decline. By 960 h, the difference in impact strength between PB and BFWJ
was only 0.32 kJ/m?. The impact strength of the two materials tended to approach each other
with increasing thermal-oxidative aging time.

Under hydrothermal aging conditions, the impact strength difference between PB and
BFWI] remained stable before 240 h. The impact strength curve of the pipe body showed a
noticeable concavity compared to the butt-fusion welded joint at 240-600 h, and the differ-
ence between PB and BFWIJ decreased to 0.43 kJ/m? at 960 h.

With an increase in AT, the molecular long chains of PB and BFWJ undergo breaking
and cross-linking. Butt-fusion welded joint is a secondary processing product after high-
temperature treatment. When the PB and BFWI are not aged, their impact resistance differs.
This is because some high polyethylene molecular chains (HPMC) are cross-linked and
broken, and their spatial positions are altered. The trend of impact resistance in PB and
BFW] is inversely proportional to time.

3.2 Tensile properties

Figure 4 illustrates that the tensile strength of PB and BFWIJ is reduced as the AT in-
creases. During thermal-oxidative aging, the tensile strength of the pipe body decreased
by 4.81 kJ/m?. Between 720 and 960 h, the tensile strength of the pipe dropped from
21.77 kJ/m? to 19.04 kJ/m?, accounting for a total reduction of 56.76%.

In thermal-oxidative aging and hydrothermal aging, the change in tensile strength for
the butt-fusion welded joint and the pipe followed a similar pattern to the impact strength
discussed in Sect. 3.1. At 960 h under thermal-oxidative aging conditions, the difference
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in tensile strength between PB and BFWJ decreased from 0.44 kJ/m? to 0.30 kJ/m>. The
tensile strength of the pipe decreased by 4.81 kJ/m?, while that of the butt-fusion welded
joint decreased by 4.67 kJ/m?. It represents 22.98% and 22.26% reductions for the pipe and
butt-fusion welded joint, respectively. It indicates that the influence of aging on the tensile
strength is greater for the pipe than for the butt-fusion welded joint.

The molecular chain of PB and BFWJ changes along with AT. Microscopically, the rel-
ative position of HPMC has altered, and weak molecular bonds have absorbed energy. On a
macro level, the tensile strength of PB and BFWJ gradually decreases. It may be attributed
to two factors. Firstly, aging reduces molecular spacing and increases cross-linking density
(Ma et al. 2020). Secondly, molecular bonds absorb energy and break (Saba et al. 2016).
The fluidity of the molecular chains at the interface of HDPE fiber increases, leading to a
decrease in interfacial adhesion (Gong et al. 2021). A portion of the HPMC in the butt-fusion
welded joint is broken and cross-linked due to high-temperature treatment during fabrica-
tion. As a result, the tensile strength of the butt-fusion welded joint is lower than that of the
pipe. However, the molecules in the pipe body remain unchanged before aging, and more
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molecules per unit volume in the pipe can undergo aging reactions compared to the butt-
fusion welded joint. Consequently, the difference in tensile strength between PB and BFWJ
is diminishing. As the AT increases, the pipe body is more prone to aging reactions than the
butt-fusion welded joint. Therefore, the reduction in tensile strength of the pipe body dur-
ing thermal-oxidative aging and hygrothermal aging is greater than that of the butt-fusion
welded joint.

3.3 Hardness

Figure 5 illustrates the surface hardness of PB and BFWJ after undergoing different aging.
The results indicate that both the surface hardness of PB and BFW1J has increased. Specif-
ically, the surface hardness of the pipe body has increased by 17.96%, while the surface
hardness of the butt-fusion welded joint has increased by 16.88% during hygrothermal ag-
ing. The hardness curve of the pipe body exhibits a “‘convex shape” between 240 h and 720 h
after undergoing various accelerated aging methods. As AT progresses from 240 h to 480 h,
the molecular chain of the pipe body undergoes cross-linking and chain breaking. It leads to
a reduction in the relative distance between molecular chains and an increase in the relative
distance between macromolecular groups. Consequently, the pathways for water and oxy-
gen molecules to participate in chemical reactions within molecular groups are expanded,
resulting in an increased diffusion rate of water and oxygen molecules.

3.4 Vicat softening temperature

Figure 6 displays the Vicat softening temperature of PB and BFWJ after undergoing vari-
ous aging methods. Its Vicat softening temperature increases with the rise in AT. The Vicat
softening temperature lines of PB and BFW1J exhibit an upward convex trend. The increase
in Vicat softening temperature is pronounced in the pipe body compared to the butt-fusion
welded joint. From a statistical perspective, the Vicat softening temperature of PB and BFWJ
increased by 1.16 °C and 1.00 °C after 960 h of thermal-oxidative aging. During hygrother-
mal aging, the Vicat softening temperature of PB and BFWJ increased by 1.40 °C and 1.23
°C after 960 h. The period from O to 240 h represents the highest growth rate of the Vicat
softening temperature of PB and BFW] after undergoing various aging methods. The AT of

@ Springer



Mechanics of Time-Dependent Materials

Fig.6 The Vicat softening
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480 h serves as a turning point for the growth rate of the Vicat softening temperature of the
material, with the growth rate being higher before 480 h than after.

3.5 Oxidation induction time

The OIT test can determine the antioxidant content of the specimen during an AT, indirectly
reflecting the antioxidant activity of the sample. Figure 7 displays the OIT of PB and BFWJ
after undergoing various aging methods. The gradual consumption of antioxidants is evident
in the trend of PB and BFWJ during the two accelerated aging tests, indicating a gradual de-
cline in the sample’s oxidative resistance. Specifically, the OIT of PB and BFW] is reduced
by 27.80% and 30.37%, respectively, under thermal-oxidative aging conditions. After 960 h
of hygrothermal aging, differential scanning calorimetry tests revealed similar reductions of
27.80% and 30.37%, respectively. The turning point of the OIT slope for the sample occurs
at 480 h. Before this, the slope of the OIT for the pipe body was lower than that of the butt-
fusion welded joint, whereas, after 480 h, it was the opposite. Consequently, the pipe body
exhibits stronger anti-oxidation properties compared to the joint.

3.6 Attenuated total reflectance Fourier transform infrared spectroscopy

Figure 8 displays the infrared spectra of the pipe and butt-fusion welded joint after undergo-
ing different aging methods for 960 h. The four curves exhibit similar absorption peaks,
differing in absorbance intensity. These variations can be attributed to the aging of the
PE, leading to changes in the disappearance and formation of internal functional groups.
There are absorption peaks on both sides of 29010 cm ™', one at 1460 cm ™' and another near
720 cm™!; these are characteristic peaks of HDPE in the infrared spectrum. The absorp-
tion peaks on both sides of 2910 cm™! can be attributed to the symmetric and asymmetric
stretching motions of CH. Similarly, the absorption peaks on both sides of 1460 cm™! are
formed due to the bending action of CH. Additionally, the swing motion and deformation of
long-molecular chains, consisting of at least four CH,, have generated an absorption peak
near 720 cm~!.

During thermal-oxidative aging or hydrothermal aging, the molecular chain of PB and
BFW]I primarily undergoes cross-linking, chain breaking, and oxidation reactions. The oxi-
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dation of HDPE produces oxidation products, most of which are molecular chains containing
carbonyl and hydroxyl groups (Chen et al. 2023).

Table 4 presents absorption peaks corresponding to different functional groups. As ex-
amples, aldehyde, ester, and ketone groups (1710-1730 cm™!), carboxylic acid groups
(1700 cm™"), structures containing OH groups (3100-3700 cm™!, 1530-1640 cm™'), and
C-O-C groups (1130-1210 cm™!) are considered indicators of aging in PE. These groups
are collectively called functional groups associated with aging (Gong et al. 2021; Gedde and
Ifwarson 1990). Upon examining the three regions in Fig. 8a, b, and c, it becomes evident
that, for the bands between 3100-3700 cm—!, 1530-1730 cm ™, and 950-1200 cm ™!, the ab-
sorbance intensity of the pipe body is either lower or equal to that of the butt-fusion welded
joint, during both thermal-oxidative aging and hydrothermal aging. It indicates that the con-
tent of OH, C=0, and C—O—C groups in the pipe body is lower than that in the butt-fusion
welded joint.

During hydrothermal aging, at 1730 cm™!, the tensile vibration strength of the C=0
group in the pipe body is greater than that in the butt-fusion welded joint. Similarly, at
1640 cm™! during hydrothermal aging, the tensile vibration strength of the C=C group in
the pipe body is higher than in the butt-fusion welded joint. During hydrothermal aging,
the pipe body exhibits higher tensile vibration strength of the C-O group at 1050 cm™!
compared to the butt-fusion welded joint. These results suggest that the type of sample,
specifically the butt-fusion welded joint, plays a significant role in the aging process, and
the oxidation degree of the pipe body consistently remains lower than that of the butt-fusion
welded joint during both thermal-oxidative aging and hydrothermal aging. This finding im-
plies that the pipe body exhibits superior oxidation resistance, possibly due to variations in
material composition or structural integrity. The FTIR data indicates that the overall trend
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Fig.8 The infrared spectra of PB and BFWI after undergoing different aging methods at 960 h

of the samples remains consistent, regardless of whether they undergo thermal-oxidative ag-
ing or hydrothermal aging. It implies that the carbon skeleton of the PB and BFWJ remains
unchanged under both aging conditions.

3.7 Scanning electron microscope

Figure 9 displays the micro-surface morphology of fracture surfaces of PB and BEFWJ under
thermal-oxidative aging at various time intervals. At 960 h of thermal-oxidative aging, un-
dulations and depressions are observed on the fractures of PB and BFWJ. Additionally, the
number of small fibers at the end of the fiber is lower in the aging samples of the pipe body
compared to those in the butt-fusion welded joint during thermal-oxidative aging. Further-
more, the degree of depression at the fracture of the pipe body is significantly lower than in
the butt-fusion welded joint.

The disparity in fiber characteristics between PB and BFWJ arises because the butt-fusion
welded joint undergoes secondary processing. The high-temperature treatment experienced
by the pipe body at the interface during processing leads to the cross-linking of certain
molecular chains, oxidation of others, and the breaking or rupture of molecular bonds within
the chains due to energy absorption. Consequently, distinct variations in the micromorphol-
ogy of the fracture surface between PB and BFWJ are observed. In Fig. 9, panels a and
b show that the number of fibers in the pipe body is lower than in the butt-fusion welded
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Fig. 9 Micro-surface morphology of fracture surfaces of PB and BFWJ under thermal-oxidative aging at
different times: (a) pipe not aged, (b) butt-fusion welded joint not aged, (c) pipe at 480 h, (d) butt-fusion
welded joint at 480 h, (e) pipe at 960 h, and (f) butt-fusion welded joint at 960 h

joint, and the roughness of the fracture surface in the pipe body is comparatively reduced,
especially in the unaged samples.

Figure 10 illustrates the micro-surface morphology of fracture surfaces of PB and BFWJ
under hydrothermal aging at different time intervals. At the same AT, the maximum diam-
eter of the concave part of the pipe body during hydrothermal aging is smaller than in the
butt-fusion welded joint. For instance, in Figures ¢ and d of Fig. 10, it is evident that the
maximum diameter of the concave part of the pipe body (29.33 um) is 9.33 wm shorter than
that of the butt-fusion welded joint (38.66 wum) during hydrothermal aging. Moreover, as AT
increases, the surface undulation of the PB and BFW]J fracture becomes progressively more
apparent.

The molecular chains in the pipe body undergo an oxidation reaction, resulting in cross-
linking and chain-breaking. As the aging temperature (AT) increases, the intensity of the
oxidation reaction grows, leading to enhanced mobility of molecular chains at the interface
of HDPE fibers. This increased mobility reduces interfacial adhesion (Vijayan et al. 2016;
Yan et al. 2019). The microstructure of the fracture surface displays a greater degree of con-
cavity and convexity, along with a higher quantity of fibers, in the case of the pipe body.
Some molecular chains in the butt-fusion welded joint undergo alterations during produc-
tion. Additionally, in its unaged state, the butt-fusion welded joint exhibits a higher degree
of aging compared to the pipe body.
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Fig. 10 Micro-surface morphology of fracture surfaces of PB and BFWJ under hydrothermal aging at differ-
ent times: (a) pipe not aged, (b) butt-fusion welded joint not aged, (c) pipe at 480 h, (d) butt-fusion welded
joint at 480 h, (e) pipe at 960 h, and (f) butt-fusion welded joint at 960 h

As the AT increases, the oxidation reaction in the butt-fusion welded joint intensifies, re-
sulting in greater damage to the interface between fibers. It leads to decreased intermolecular
interactions and a lower adhesive strength between the fibers compared to the initial state
(Wu et al. 2021; Sun et al. 2022). The degree of concavity and convexity increases in the
microstructure of the fracture surface. It is accompanied by an increased quantity of fibers
for the butt-fusion welded joint. When viewed from a microscopic perspective with the same
aging time, the surface roughness and fiber quantity of the pipe body are lower than those of
the butt-fusion welded joint. Additionally, this difference tends to decrease with increasing
AT. There is a considerable influence of H,O in the aging of PB and BFW]J, intensifying the
aging reaction of the material and extending the aging reaction towards the interior of the
material.

Due to oxidation and hydrolysis degradation, the cross-linking and fracture among
polyethylene molecules intensify. It leads to the expansion and deepening of the damaged
area at the interface between fibers in polyethylene. Consequently, intermolecular interac-
tion decreases, and the bonding strength between fibers decreases significantly (Wu et al.
2021; Yang et al. 2015). A “pit” becomes evident at the fracture section of the specimen. It
is due to alterations in the molecular chains of the butt-fusion welded joint during processing
and manufacturing. When exposed to hydrothermal accelerated aging under identical condi-
tions, the degree of aging in the pipe body is lower than that in the butt-fusion welded joint.
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It is manifested microscopically by a smaller maximum surface diameter of the pipe fracture
compared to the butt-fusion welded joint. Under different aging methods, the microscopic
characteristics represented by SEM of PB and BFWJ are consistent with the mechanical
properties of PB and BFWJ in Sects. 3.1 and 3.2.

4 Ageing mechanisms discussion

Based on the above results, the regular aging trend and degree of PB and BFW]J can be
summarized. On the one hand, as the AT increases, the impact strength, tensile strength, and
OIT of PB and BFW] significantly decrease. In contrast, the hardness, Vicat softening tem-
perature, and concentration of aging radicals gradually increase. On the other hand, there
are initial differences in various mechanical properties between PB and BFW]J before accel-
erated aging. These differences exhibit a decreasing trend with extended AT exposure. It is
related to the concentration of groups in the material that have not undergone aging reac-
tions. After 960 h of accelerated aging under two distinct aging conditions, the aging degree
of PB and BFWJ did not reach a level similar to the actual working conditions. In actual en-
gineering, observable aging phenomena occur in high-density polyethylene pipelines used
for long-term operation (Wu et al. 2021). Figures 9(a) and 10(a) in Sect. 3.7 reveal variations
in the length and density of broken fibers when PB and BFWJ were not subjected to aging.
Additionally, Fig. 8(a) in Sect. 3.6 shows slight peaks, such as those around 950-1200 cm™!,
1530-1730 cm~!, and 3100-3700 cm™!, indicative of polyethylene aging.

Figure 11 illustrates the aging mechanism diagram of PB and BFWIJ subjected to thermal-
oxidative aging. Macroscopically, these changes are evident in heightened material brittle-
ness, reduced impact strength and tensile strength, and amplified hardness. On a micro-
scopic level, there is an augmentation in the presence of age groups within the material.
This process entails infiltrating oxygen molecules into the interior of PB and BFWJ. Subse-
quently, aging reactions occur between O, and polyethylene molecules, forming new molec-
ular groups that are both larger and more intricate compared to the unaltered polyethylene
molecules. As the AT rises, the degree of cross-linking in polyethylene advances, resulting in
an augmentation of cross-linked polyethylene molecular groups and an increase in the num-
ber of age groups like aldehyde and carboxyl groups. Furthermore, a significant increase in
the quantity of fibers was observed on the fractured material surface. It is essential to ac-
knowledge that inherent disparities in mechanical and chemical properties exist between the
pipe body and the butt-fusion welded joint, even before aging. These differences arise from
alterations in the internal molecular structure, spatial positioning, and molecular chain end
groups that transpire during the production process of the butt-fusion welded joint. Specif-
ically, during the high-temperature joining process, wherein both ends of the pipe are con-
nected, some polyethylene molecules in the heat-affected zone undergo cross-linking and
aging reactions with oxygen and water molecules in the atmosphere, forming age groups.
Prior to aging, the mechanical properties of the pipe body surpass those of the butt-fusion
welded joint. An SEM examination reveals a significantly lower quantity of fibers on the
fractured surface of the pipe body in contrast to the butt-fusion welded joint.

Figure 12 displays the aging mechanism diagram of PB and BFWJ under hydrothermal
aging conditions. In this environment, water and oxygen molecules penetrate the interior of
the test specimen, initiating aging reactions with polyethylene molecules. It leads to the for-
mation of aging groups containing aldehyde and carboxyl groups. The effects of hydrother-
mal aging are comparable to those of thermal-oxidative aging, resulting in an increase in the
degree of cross-linking, a greater number of cross-linked polyethylene molecular groups,

@ Springer



Mechanics of Time-Dependent Materials

CHO

i S 5
% ;f% o | = 2|
— ISP ad
e 3
—CHy~CHy~CHy~CHo—CHa—CHy—~CHo— Lp _CHZ_CHZ_CH2_§H_CHQ_CHQ_CHQ_
0-0
/ \ \ QH
7CH27CH27CH27C‘:0 _CHZ_CHQ_CHQ_(‘:‘_CHQ_CHQ_CHQ_ _CHZ_CHZ_CHQ_ﬁ_H —CHy—CHy—~CHy—~CH-—CHa—CHy—CHy—
H 0 0
+ + + +
—~0CH-CHy—CHy— -0H —CHy~CHy~CHg— -H

Fig. 11 The aging mechanism diagram of PB and BFWJ under thermal-oxidative aging

and an augmentation in aging groups like aldehyde and carboxyl groups. Notably, the de-
gree of cross-linking surpasses that observed in thermal-oxidative aging. During hydrother-
mal aging, at the microscopic level, a more intricate network structure forms through the
cross-linking of polyethylene molecules compared to thermal-oxidative aging. This height-
ened complexity arises from the increased involvement of water molecules in the aging
reaction of polyethylene, leading to a higher count of hydroxyl groups. Consequently, the
quantity of hydroxyl groups produced during hydrothermal aging exceeds that of thermal-
oxidative aging. Macro performance results closely mirror those in specimens subjected to
thermal oxygen aging. SEM reveals that the depression range on the fracture surface of the
pipe body is significantly lower than that of the butt-fusion welded joint.
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Fig. 12 The aging mechanism diagram of PB and BFWJ under hydrothermal aging

5 Conclusions

In this study, thermal-oxidative accelerated aging and hydrothermal accelerated aging meth-
ods were employed to evaluate the mechanical and chemical properties of the pipe body and
butt-fusion welded joint. Initially, the performance matrices, such as tensile strength and im-
pact strength for the pipe body and the butt-fusion welded joint, surpass those of the latter.
However, the hardness and Vicat softening temperature of the pipe body are relatively lower
compared to those of the butt-fusion welded joint. The OIT of the pipe body closely aligns
with that of the butt-fusion welded joint. The initial discrepancies in mechanical properties
between the pipe body and butt-fusion welded joint exhibit a decreasing trend with increas-
ing AT. In the spectral bands of 3100-3700 cm™!, 1530-1730 cm™!, 950-1200 cm~', and
700-780 cm™!, the absorbance intensity of the pipe body is either less than or equal to that
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of the butt-fusion welded joint. The number of functional groups like aldehydes, esters, ke-
tones, and carboxylic acids in the pipe body is lower than that in the butt-fusion welded
joint. The number of aging byproducts, such as aldehydes and carboxylic acids, produced
during the aging process of the polyethylene pipe is lesser compared to that of the butt-fusion
welded joint.
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