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ARTICLE INFO ABSTRACT

Keywords: How to solve the divergence between natural and accelerated aging behavior is the core for the lifetime pre-
Pollyethylene pipes diction of polymeric materials, so special attention should be paid to the degradation mechanism and fitness of
Aging engineering-based characterization methods of materials in various conditions. In this paper, the degradation of
Nanoindentation

polyethylene (PE) pipes was evaluated by accelerated tests with exposure time up to 10,000 h. Meanwhile, the
aging behavior was also evaluated for PE pipes in operation after a long-term service. To characterize the effect
of thermo-oxidative aging on PE pipes, commonly used methods were performed such as tensile testing, scanning
electron microscopy, differential scanning calorimetry, infrared spectroscopy, as well as a new method- nano-
indentation. The results reveal that the degradation of polyethylene PE pipes under oxidative conditions pos-
sesses time-dependent properties and spatially heterogeneous oxidation profiles. Due to diffusion-limited
oxidation, PE pipes shows more distinct heterogeneous oxidation process in high temperature than that in service
condition. In addition, indentation depth is a useful parameter to characterize the long-term aging in samples,
especial the heterogeneity. Moreover, the result also elucidates that thermal oxidation stability of PE100 high
density polyethylene (HDPE) gas pipes is greater than that of PES0 medium density polyethylene (MDPE) gas
pipes. Furthermore, the current engineering-based prediction of PE pipe failure or lifetime lacks consideration of
diffusion-limited oxidation and in-depth discussion of degradation mechanism, which indicates it is too early to

Time-dependent properties
Heterogeneous oxidation

estimate the lifetime or the remaining lifetime of the PE pipes in operation.

1. Introduction

During recent decades, the lifetime prediction of polymers has al-
ways been a key concern for researchers, material manufacturers and
consumers [1-3]. The lifetime of polymers is closely related to the
long-term stability which is usually assessed by accelerated aging tests
such as exposure to ovens [4], disinfected water [5], and high oxygen
pressures [6]. Due to well-known specific properties, such as excellent
corrosion resistance, high flexibility, easy maintenance, etc. [7]., the
polyethylene (PE) pipes are prevailing in transportation of the medium
in lifeline engineering, such as urban water supply and drainage system,
gas supply system and so on. Some studies indicate that PE water pipes
will be degraded by chlorinated water [5,8,9] and PE gas pipes will
undergo thermo-oxidative degradation [10,11]. Incidentally, in terms of
the PE pipes for gas, the focuses should be predominantly laid on
thermo-oxidation under the internal pressure rather than
photo-oxidation or radiation degradation, since sunlight, as reported in
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the literature [12], is not generally involved when the PE pipes are
buried underground. Thereinto, the thermo-oxidative aging tests for PE
pipes rely on the fact that the degradation follows Arrhenius relationship
which has a strong temperature dependence [2,13,14]. To shorten the
test time, it is generally carried out by heating the oven to a temperature
close to the melting point of the PE material, such as 110°C. However,
excessive temperature will not only lead to alterations in the
morphology as well as in oxidation kinetics of polymer compared to the
operating temperatures [6,15,16], but also accelerate the evaporation,
migration, extraction of antioxidants or reduce their efficiency which
results in significant performance degradation in structures [6,17-21].
Furthermore, high temperatures might lead to the diffusion-limited
oxidation (DLO) of polymer which results in the inhomogeneous
degradation of materials [22-24]. So it is better to conduct aging tests in
relatively lower temperatures, but it means to take a longer time.
Although accelerated aging tests of PE materials at high oxygen pressure
can effectively shorten the aging time, they are mostly used for ranking
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materials and limited in significance of lifetime predictions [6,8,25]. As
a consequence, accelerated aging tests require an environmental factor
other than temperature or high oxygen concentration to provide suffi-
cient aging acceleration. Increasing the internal pressure of PE pipes
might be one possibility. Actually, relevant studies also show that it has
a great impact on the brittle fractures and thermo-oxidative degradation
of PE pipes [26-29]. One reasonable explanation is that there is a
chemo-mechanically coupled process in the aging of polymers, where
aging reactions lead to the deformation of polymers and conversely the
increased free energy caused by force increases the affinity which speeds
up chemical reactions [30-32]. Another explanation might be the crack
tip aging- the effect of material aging will be significantly enhanced near
the crack [33,34].

To characterize the thermo-oxidative behavior of PE pipe, commonly
used methods include infrared spectroscopy (FT-ATR), differential
scanning calorimetry (DSC), high-performance liquid chromatography
(HPLQ), or tensile tests [5,6,35,36]. Commonly evaluated performance
parameters include elastic modulus, elongation at break,
strain-hardening modulus, carbonyls or its derivatives, carbonyl or hy-
droxyl index, relative molecular mass, oxidation induction time (OIT) or
oxidation onset temperature (OOT), micromorphology of sample sur-
face, etc. [5,6,37,38].. The measurement of OIT by DSC is one of the
most popular methods to characterize the oxidation resistance because
of its simplicity [39-42], which can monitor the antioxidant consump-
tion of polymer. Besides, infrared spectroscopy (FT-ATR) is perhaps
another most widely used method due to its versatility in determining
composition, tacticity, conformation, crystallinity, among others, and
then can be used to characterize the thermo-oxidative degradation of
polymers [43-45]. Moreover, material performance will decay un-
doubtedly with the aging time and accurate measurement or charac-
terization of its changes under different conditions will determine the
precision of lifetime prediction of polymers. Evaluating a method or
series of methods that can be used to characterize the performance of
pipes in operation will be of great significance to estimate the lifetime or
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the remaining lifetime of the PE pipes.

The main objective in this paper is to investigate the aging behavior
of two PE pipes under elevated temperatures and ambient aging con-
ditions, and evaluate the fitness of characterization methods for in-
service PE pipes. Based on considerations of reducing test time and
DLO behavior, which aggravate with the temperature, aging tests were
carried out in the air at 80 °C. Additionally, to simulate the actual PE
pipe in operation and for safety considerations, 0.4 MPa air is applied
into PE pipes. For comparison, the aging behavior of two categories PE
pipes with various service life (15 and 25 years) was also evaluated. The
time of the hot air exposure was more than 12 months (over 10,000 h),
during which the test specimens were periodically sampled and
measured for the mechanical, physical properties and the chemical
characteristics to evaluate the extent and trend of aging or degradation.
It is worth noting that nanoindentation was chosen as a new method to
characterize the micro-mechanical properties of aged PE materials.
Furthermore, the degradation mechanism of PE pipes under high tem-
perature and actual operating environment was emphatically analyzed,
as well as the feasibility of these methods in lifetime prediction.

2. Experiment
2.1. Aging device

To study the thermo-oxidative aging of PE pipes under accelerated
conditions, a unique aging experiment setup was designed referring to
the previous investigation [46]. The basic structure of the setup is briefly
shown in Fig. 1(a). The setup is used for a parallel thermo-oxidative
aging test of multiple groups of PE pipes in high temperatures and
high pressures, which can shorten the aging time greatly. Aging media
for outer and inner surfaces are both heated air. The temperature can be
regulated to a set value (0~100°C) when pipes are exposed to the oven.
Otherwise, to control the internal pressure of PE pipes, an arithmetic
program is compiled. Stable pressures in pipes can be attained through

Fig. 1. (a) Structure of the aging device consist of Wheating oven, @air compressor, @programmable controller, (b) PE80 and PE100 pipe samples with end caps, (c)

two categories of PE pipes with service life of @ 15 years and @ 25 years.
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the cooperation between the sensor and the solenoid valve, whose
maximum value is 1.0 MPa. After the start of each operating cycle, all
parameters (temperatures and pressures) reach the specified value
within 5 min and stay at a constant level. These results confirm the
ability to adjust the equipment.

2.2. Materials

Two PE grades used for pipes were supplied by Nam Sok Building
Material & Plastic Products (Shenzhen) Co, Ltd. Material properties of
PE pipes in unaged conditions are summarized in Table 1. The ratio of
pipe diameter to wall thickness, i.e. the standard dimension ratio (SDR)
is 11 in this paper. Both PE materials were presumably stabilized with
0.1 wt.% Irganox 1010 and 0.1 wt.% Irgafos 168. Additionally, PESO
material also contained 5 wt.% carbon black and the polymeric material
might include 0.1 wt.% calcium stearate [47].

Referring to ISO1167-2006 [48], the type B end caps were fixed to
the ends of the PE pipe. The free length of the pipe between the end caps
was set as 400 mm, which is bigger than three times the pipe diameter in
accordance with ISO1167 as shown in Fig. 1(b). In addition, two cate-
gories PE pipes with various service life (15 and 25 years) was obtained
from Shenzhen Gas Group Limited, as shown in Fig. 1(c).

2.3. Aging test procedure

PES8O pipes were aged 672 h, 1344 h, 2352 h, 3024 h and 10,104 h at
80°C and 0.4 MPa in a hot air circulating oven, and for PE100 pipes aged
672 h, 1344 h, 2016 h, 2688 h and 10,104 h. The internal pressure of
pipe was selected according to the pressure rating of the urban gas
pipeline system in China (GB/T 50,028-2008). Due to the potential
accident caused by the high temperature and long-term operation of the
oven and the discussion in the introduction - lower temperature aging,
the heating destination was set as 80°C. The relatively lower tempera-
ture might cause lower aging rate, therefore, the higher pressure than
the standard operating pressure of city gas was applied to pipes for
saving time.

3. Characterization tests
3.1. Scanning electron microscopy

Surface morphology was characterized with scanning electron mi-
croscopy (SEM) ZEISS EVO18 (Carl Zeiss AG, Germany) equipped with
the energy dispersive spectroscopy (EDS) of Oxford. The outer surfaces
of the aged PE pipe samples were observed in this paper, as well as the
natural aged PE pipes. An approximate cubic block of 1 cm x 1 cm wall
thickness was cut for testing from unaged, aging 10,104 h PE80 and
PE100 pipes, as well as two kinds of PE pipes in service, respectively.
Owing to the lack of electrical conductivity of PE material, the outer
surfaces to be measured of the pipe must be sprayed with platinum for
scanning tests to observe the microscopic morphology. Additionally, the
composition of the surface products of some specimens was also
analyzed.

3.2. Tensile test
Tensile tests were performed at 23(+2)°C on a MTS CMT4000 (MTS,

Table 1
Material properties of the reference samples.
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USA). Specifically, the tensile tests were carried out on standard
dumbbell-shaped pipe samples using a crosshead speed of 50 mm/min,
in general accordance with ISO 6259-3 [49]. The corresponding control
program is programmed by a numerical control lathe to cut the pipe
sample into the tensile sample. The stress was measured based on the
initial pipe cross-section and the strain was measured relative to the
original parallel length. The extensometer measured the variation in
specimen length under the applied stress. The variation in tensile
strength (TS) and elongation at break (e,) was calculated by using
relative equations [50,51], of which the test results were the average of
three parallel specimens.

3.3. Nanoindentation

Nanoindentation testing was conducted at room temperature of 23
(£2)°C on PB1000 (NANOVEA, USA) equipped with a Berkovich tip.
One set of nanoindentation experimental schemes was designed: the
target load is set as 1000 pN, loading and unloading rate remained at
2000 pN/min. Typical load versus time curves of the nanoindentation
test (peak load equals 1000 pN, loading rate 2000 pN/min) would be
obtained. The pipe segments were taken at each scheduled aging time,
then, a 0.5 cm fan-shaped piece was cut out along the radial direction of
the pipe.

The cross section of the pipe specimen was continuously sanded with
sandpaper from p200 to p5000 eventually. To prevent rounded corners
on the inner and outer surfaces, the polish should be along the tangent of
the cross section. For each sample to be measured, seven points arranged
from the inner surface to the outer surface were test twice time, and the
distances from inner surface are 0 pm, 100 pm, 200 pm, 2660 pm, 5520
pm, 5620 pm and 5720 pm, sequentially.

3.4. Differential scanning calorimetry

The samples were subjected to oxidation tests with a differential
scanning calorimeter (DSC) of the type DSC 200F3 (NETZSCH Group,
Germany). To take their oxidation onset temperature (OOT), the sam-
ples were continuously heated up from 25°C to 300°C with a heating rate
of 20°C/min in a synthetic air atmosphere until they reached the onset of
the oxidation [5]. The calculation of the OOT was carried out by shifting
the baseline with 0.2 mW [52]. Moreover, the oxidation induction times
(OIT) were also determined, to confirm the correlation between OOT
and OIT in case of aging [5,53]. The OIT measurements were carried out
according to ISO 11,357-6:2018 at 200°C [54]. The testing results of
OIT or OOT were the average of three parallel specimens. In addition,
the material with 1 mm inner wall, middle layer, and outer wall of the
pipe specimen were cut and made into chips to facilitate the test,
sequentially.

3.5. Infrared spectroscopy

IR spectra were collected with an ATR-FTIR spectrometer, using a 4
em™! spectral resolution and 30 scans per specimen [55]. To charac-
terize potential changes in the chemical structure during the exposure
time, FTIR spectroscopy measurements were completed with a device of
the type Bruker VERTEX 70 (Bruker Corporation, Germany). The sample
preparation method is consistent with the dynamic oxidation test,
moreover, samples were wiped and cleaned properly before the

Nominal outside diameter Density [g/ SDR [-] Oxidation induction time Oxidation onset temperature Elongation at break [%]
[mm] cm®] [min] [°C]

PE80 (MDPE) 63 0.932 11 72 257 840450

PE100 63 0.961 11 79 261 870420

(HDPE)




S. Zha et al.

carbonyl index was measured. The ATR-FTIR for ranges from 400 to
4000 cm ™! was used to analyze the variation in functional groups of pipe
samples due to exposure to heated air [56]. The growth of the carbonyl
index as a function of exposure time was used as a measure of the degree
of oxidation. The carbonyl index was calculated from the ratio between
the integrated band absorbance of the carbonyl (C = O) peak from 1650
to 1850 cm ™! [5,51,57] and that of the methylene (CHy) scissoring peak
from 1330 to 1500 cm™ [5,51] (method 1) or from 1420 to 1500 cm ™!
[57] (method 2).

4. Result and discuss
4.1. Time-dependent properties

Variations in stress-strain curves of the PE pipes exposed to high
temperature and pressure environments are illustrated in Fig. 2. There is
no doubt that the extent of aging increases with exposure time, where
the value variations can also be extracted from the specific value shown
in Fig. 3. Compared to the unaged sample, stepwise reductions in tensile
strength and strongly decreased elongation at break were observed after
aging 10,104 h. Specifically, the PES0 showed more noticeable de-
creases in tensile strength and elongation at break as compared to the
PE100 pipe materials. Two types of PE materials show 10.5% and 6.1%
losses in tensile strength, however, 49.7% and 46.7% in elongation at
break respectively. It is noticeable that elongation at break is more
susceptible to the effects of thermo-oxidative aging than tensile strength,
and the material changes from tough to brittle gradually. In addition, as
shown in Fig. 3, the lower values in tensile strength and elongation at
break can also be seen in the actual operating pipes compared to unaged
samples, and their ¢p are only larger than that of the aging 10,104 h pipe.
Therefore, after a long period of operation, the strength of the PE pipe
may still be able to withstand the internal pressure of pipes and the
pressure of the soil, but its resistance to deformation is significantly
reduced. It may be more prone to fracture due to large deformation
loads, e.g. mechanical excavation, and the possibility of large-scale
failure and serious consequences increases.

The SEM surface images of the PE80 and PE100 samples are shown in
Fig. 4. Surface microfissures or voids are clearly visible in the surface of
PE80 after aging 10,104 h, highlighting material degradation to a
certain extent. However, surface cracks and voids were not detected in
the PE80 sample with 25 years of service and the PE100 sample after
aging 10,104 h or with 15 years of service, which indicates a relatively
smaller extent of degradation. Furthesrmore, the surface roughness in-
creases visibly and tiny particles after aging approximately 10,000 h,
thus there might be some oxidation product formation. But the origin of
the tiny particles is necessary to be confirm by other method. Fig. 5(A)
and (B) present some other SEM images and their EDS mapping results of
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Fig. 3. Changes in tensile strength and elongation at break of PE80 and PE100.

PES8O. It can be seen that after one year of exposure the PE8O surface is
degraded and it shows obviously microfissures, voids and particles
(Fig. 5(A)). Only the carbon and oxygen atom present in the mapping,
likely proving surface of sample to be rich in oxidation products content
and there is no calcium stearate. Nonetheless, it cannot rule out the
possibility that the oxygen atom originates from antioxidants rather
than oxidation products. Additionally, due to the existence of calcium
and silicon atom in Fig. 5(B), the appearance of spherical pulverized or
agglomerated particles are more likely some deposits which originate
from stabilizer (e.g. calcium stearate), soil or from carbonates in the
water. Thus, it seems not a feasible way to determine the degree of
degradation of PE pipes by surface composition analysis. At least, it is
difficult to determine the presence of oxidation products in particles
without exact knowledge in the initial concentration of stabilizers and
other additives in the pipe material. This is especially true for pipes that
have been buried for many years and where the original information of
material may be lost.

Combined with the previous tensile test results, the discovery of
microfissures and voids provides a plausible explanation for the signif-
icant decrease in elongation at break of the PE pipe samples under
tensile loading. It may be the stress concentration appears at the cracks
or voids of the PE pipe samples. Overall, thermo-oxidative aging resulted
in a significant decrease in elongation at break, confirming the occur-
rence of degradation of the polyethylene material. However, this
degradation needs to be confirmed in combination with other
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&

Fig. 4. SEM surface images of PE pipes: unaged PE8O (a), after 10,104 h (b), service 25 years (c) and unaged PE100 (A), after 10,104 h (B) and service 15 years(C).

characterization methods. In terms of lifetime prediction of PE pipes, as
analyzed above, the tensile test results contain information on potential
material defects and heterogeneous aging, which might lead to a decline
in the accuracy of lifetime prediction methods based on the elastic
modulus or tensile strength. The calibration of oxidation products on the
surface of PE pipes by SEM and EDS is also susceptible to external im-
purities and its own antioxidants, stabilizers and other substances.

Fig. 6(a) and (b) show typical nanoindentation loading and
unloading curves of the PE80 and PE100 samples at different exposure
times, respectively. The test position is located in outer surface of the
pipe wall. The depths at the peak loading (<1000 nm) were small
enough to eliminate the effect from the substrates (<10% of the thick-
ness of the sample which equals 0.5 cm) [58]. As shown in the inden-
tation test results, the PE samples show delayed response to indenter
unloading due to creep, hence, causes uncertainties in the measurement
of surface mechanical properties during the conventional indentation
[59]. Therefore, quantitative analysis of the hardness and the elastic
modulus would not be conducted in this paper. Instead, the maximum
indentation depth is selected as a parameter to characterize the aging
behavior of PE pipes. The indentation depth (displacement in the

indenting direction) decreased with aging time for all samples, which
indirectly elucidates the increment of the material hardness. In the
macroscopic scale, these changes in hardness suggest that the aging
process leads to a closer packing of the material, resulting in harder and
denser products [60]. As a semi-crystalline polymer, the structure of PE
consists of amorphous region (semi-crystalline region), the crystalline
region and the interzonal region. Many research indicated that thermal
oxidation only occur in the amorphous region, because the lower degree
of chain packaging and higher degree of voids in the semi-crystalline
region compared to the crystalline region increase the penetration and
diffusion of oxygen [12,61]. Therefore, the changes in the hardness of
the PE pipes presented in this paper should also be originated from some
kind of modifications in the amorphous region. In one respect, chain
scission caused by aging and degradation of the material can lead to
chemi-crystallization, which results in the reduction of indentation
depth [62]. The calculation of the crystallinity will be completed in the
section of IR spectra, and the change of crystallinity will be a strong
explanation for the reduction of the indentation depth. Moreover, due to
the penetration of oxygen into the amorphous region, the breakage of
molecular chains during thermo-oxidative aging at high temperatures



S. Zha et al.

Polymer Degradation and Stability 208 (2023) 110247

kev

Fig. 5. SEM surface images and EDS mapping of PE8O pipes: aged 10,104 h (A) and service 25 years (B).
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Fig. 6. Effect of aging time on load-depth curve of outer surface of PE8O (a) and PE100 (b) pipe.

destroys the entanglement network and produces small molecules with
strong mobility at their ends, which will occur along the outer edge of
the original grain for secondary crystallization, resulting in increased
crystallinity. Besides, the polar groups introduced by thermal oxidation
can interact through intermolecular dipolar forces or hydrogen bonds,
which allows further crystallization processes to take place [60,63]. But
up to now, secondary crystallization and re-crystallization have not been
detected in a measurable way, probably the increase in material crys-
tallinity is originating from chemi-crystallization. On the other hand,
cross-linking reactions also might be lead to increases in hardness,
which may be triggered by free radicals at high temperature. In general,
the result of decreasing indentation depth may be related to the
competition between oxidation and cross-linking processes. In addition,
it can be seen from Fig. 6 that the loading and unloading curves for the
PE80 sample with 25 years of service and PE100 sample with 15 years of
service in actual operation are relatively close to those of the pipes after
aged 10,104 h. But it does not prove that the both aging belongs to the
same level, which is due to the lack of raw data of the actual operating

pipes. Moreover, other testing methods are needed to further confirm
the both aging profiles.

Previous research indicates that the measurements of OIT and OOT
to monitor the loss of antioxidant have advantage and disadvantages in
case of accelerated aging experiments, respectively [5]. By contrast, a
further advantage of applying OOT instead of OIT is significantly
shortening testing time. In this context, both OIT and OOT tests were
carried out to result in a better resolution of the oxidative resistance of
aged samples over exposure time. Fig. 7(a) and (b) show the curves of
OIT and OOT values with aging time for two types of PE pipes, respec-
tively, including different test positions. Notably, the dotted line in the
figure represents the values of some parameter of the two pipes after
their service life, while the intersection point has no real meaning and is
only artificially added for comparing relative aging levels with the aged
pipes. Moreover, similar expressions are adopted in the subsequent data
plots. It is clear that the antioxidants in two categories of PE pipe sam-
ples were gradually consumed during the thermo-oxidative aging test,
and therefore the resistance to oxidation degradation of materials is
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Fig. 7. Comparison of OIT (a) and OOT (b) evolution over exposure time.

gradually decreased. In more detail, in terms of outer surface, Fig. 7(a)
shows a decrease of OIT by 69.12% and 68.93%, (b) shows that OOT
decreases from 257.1°C to 244.8°C and from 262.1°C to 246.8°C, which
is observed for the PE80 and PE100 pipe exposed to the oven after aging
around 10,000 h, respectively. Except for the OIT value on the outer
surface of the PE100 pipe with 15 years of service which is closer to the
result after aging 2688 h, other results including OIT of PE80 and OOT of
PE80 and PE100 are closer to the result after aging 10,104 h. In our case,
the oxidation temperature was determined through dynamic scans of
temperature. Also in this case the data indicates that the PE100 pipe has
stronger resistance against aging than the PE80 pipe. It should be noted
that the OIT did not decrease to zero even with an accelerated aging time
of more than 10,000 h, which might be related to the influence of sample
thickness for DSC tests and the migration of the antioxidant from the
middle layer to the surface of the pipe. In addition, the following anal-
ysis from the infrared spectrum also can obtained the speculation that
the antioxidant diffuses from the inside to the outside of the materials.

The FTIR spectra of the outer surface of the PE pipes with different
aging times are shown in Fig. 8. In addition, the aging degree of the two
PE materials was characterized using the two carbonyl index calculation
methods mentioned earlier, and the results are shown in Fig. 9(a). The
degree of crystallinity was calculated by using the method proposed by
Zerbi et al. [64], and the results are listed in Fig. 9(b). In Fig. 8(a) and
(b), it is noted that all curves present the same similar absorption peaks,
varying only in terms of intensity, which can be attributed to differences
in quality of sample [65]. As the general characteristics of the infrared
spectrum of high density polyethylene, all the infrared spectrum curves
obtained have two absorption peaks around 2900 cm ™! and one strong
absorption peak at 1460 cm™! and 720 cm ™! respectively. From Table 2,
the two peaks around 2900 cm ™! are formed by asymmetric stretching
and symmetric stretching movement of CHy. The absorption peak of
about 1464 cm™! is formed by -CH,- bending motion and bending
deformation. The absorption peak of about 720 cm ™! indicated the ex-
istence of -(CH3),,-, which was caused by rocking deformation and n > 4
[26]. As the PE pipes are oxidized under high temperature and pressure,
some new groups or new absorption bonds are gradually generated on
the outer surface of the pipes, and these groups are listed in Table 3.

It can be seen from the Fig. 8(a) and (b) that the intensities of the
three wide bands around the wavenumbers of 950~ 1225 cm ™!, 1500~
1800 cm™! and 3200~ 3700 cm ™! gradually increase from the virgin
sample to the aged samples, which represents the increase in hydroxyl,
carbonyl group and C—O-C bond, respectively. Table 3 shows the cor-
responding peaks of the carbonyl and OH bond in detail and Fig. 9(c)~
(f) show zoom-in view of the aging- related absorption peak region
(carbonyl region and C—O-C region). Based on free radical theory, PE

pipes primarily undergo the chain scission reaction and oxidation re-
action when subject to thermo-oxidative aging conditions, where the
majority of the oxidation degradation products are the carbonyl-
containing organics, including ester (1720~1770 cm™!, mainly 1740
cm ! [67]), ketone (commonly, 1715 em ! [67]), aldehyde (1725
cm™ ) and carboxylic acid (1705 cm ! [67]1). In addition, alcohol
structure including OH bond (1500~1650 cm ™! and 3200~ 3700 cm 1)
and C—O-C bond (1000~ 1200 cm™1) have already been reported as a
degradation indicator [12,66]. In this paper, the intensities of the three
wide bands around the wavenumbers of 1740, 1650 cm™! and 1040
cm™!, which represent the stretching vibration of the C = O of ester, the
C = C stretching vibration and the C—O stretching vibration in the
alcohol structure [12], respectively, gradually increase with aging time.
This phenomenon testifies the degradation mechanism of oxidation for
the PE pipes during the thermo-oxidative aging test, and the extent
monotonically increases with the aging time [12,69]. However, it is
worth noting that the main peak at approximately 1740 cm ™! might not
only be associated with the oxidation-induced formation of esters [70],
but also exhibits a characteristic absorption of antioxidant (e.g. the
absorption of Irganox 1010 is 1739 cm~! [61]). Thus, if the band near
1740 ecm™! is correspond to C = C on the aromatic ring of the additive
Irganox 1010, the migration of the antioxidant would be confirmed. In
addition, the OH bond might be generated by the following two aspects,
the first is a product of oxidation [71], the second possibility is that there
is water in the sample. The broad absorption band between approxi-
mately 1550 cm ™! and 1650 cm ™! is attributable to liquid water bound
within the samples since liquid water shows IR absorption bands be-
tween approximately 1550 ecm ™}, 1680 cm™!, 3000 ecm™!, and 3600
ecm ! [72]. A broadband peak of about 3400 cm~! was found, but the
intensity was not strong, which also confirmed the existence of water to
a certain extent. In addition, the C—O-C bond appeared at 1100 cm*
and its intensity increased obviously with the aging time. It can also be
speculated that the carboxylic acid, which may be the oxidation product,
was heated to produce anhydride and water. However, the proportion of
the OH bond caused by the oxidative degradation of the material and
originating from the impurity water is not easy to distinguish. In addi-
tion, the above speculation can also be corroborated by the gradually
flattening carbonyl index curve as shown in Fig. 9(a), and it is due to the
above mentioned chemical reactions that lead to the slow growth of the
relative carbonyl group. It is worth noting that the carbonyl index keeps
small in the PE80 or PE100 pipes with many years of service in natural
condition, and this is probably due to the transfer of some oxidation
products from the pipe surface to surrounding soil. Anyway, the great
variety of these oxidative relative products and containing some impu-
rities make it problematic to identify them precisely. Therefore, it is
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Fig. 8. FTIR spectrums of PE80 and PE100: (a) and (b) full range, (c) and (d) magnification of the band of 1500 cm *~ 1800 cm ! of PE80 and PE100, respectively,
() and (f) magnification of the band of 850 cm ™'~ 1225 cm ™! of PE80 and PE100, respectively.

more difficult to use these parameters to estimate the lifetime of PE pipes
in operation.

4.2. Spatially heterogeneous properties

Fig. 10 shows typical loading and unloading curves at different lo-
cations in the cross-section of the PE8O pipe aged 2352 h and the PE100

pipe aged 10,104 h at 80°C. It can be seen that the indentation depth in
the middle layer of PES0O and PE100 pipe is significantly larger than the
inner and outer surface of the pipe. Combined with the specific values in
Fig. 11(a) and (b), it can be found that the maximum indentation depth
in the middle layer, the inner and outer surfaces of the PE80O sample
decreases from the unaged to the aged 10,104 h, by 7.97%, 81.55% and
81.26% respectively, while the maximum indentation depth of the
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Table 2
IR adsorption frequencies of unaged PE8O and PE100.
Vibration(cm ™) Phase Assignment
~2912 CH, Asymmetric stretch
~2843 CH» Symmetric stretch
~1464 Crystalline CH, CH; bend
~720 Crystalline CH, CH; rock
Table 3
IR adsorption frequencies of aged PE80 and PE100.
Observed (cm™1) Published data Assignment
~3200-3700 3700 and 3200 [66,67] OH
~1650-1800 1650-1850 [5,57] CcC=0
~1500-1650 1500-1660 [66,67] OH
~950-1200 1000-1200 [68] C-0-C

PE100 sample decreases from the unaged to the aged 10,104 h, by
1.13%, 65.14% and 58.45% respectively. It can be seen from the above
data that the maximum indentation depth of the PE pipes during
exposure to hot air reflects a strong spatial non-uniformity. The afore-
mentioned non-uniformity can be further clearly seen by plotting the
corresponding data into cloud plots as shown in Fig. 11(c) and (d). The
greater decrease of indentation depth is concentrated close to the inner
and outer surfaces of the pipe as the color gets darker. And as aging
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proceeds, its red area representing the smaller indentation depth does
not expand rapidly toward the center of the material, but stays more or
less within 200 pm of the inner and outer surfaces. In addition, the
indentation depth profiles of the PE80 and PE100 pipes aged for 25 and
15 years in actual operation are also plotted in(c) and(d) using the same
legend. It can be visually seen that the red area representing the smaller
indentation depth of both actual operating pipes (PE80 and PE100) are
smaller than the corresponding area of the aged 10,104 h pipes, which
indirectly indicates the smaller degree of aging of operating pipes for
many years than that of pipes aged over one year. Overall, the whole
cross-section shows a clear DLO profile on the inner and outer surfaces,
and the degree of oxidative aging shows a higher increasing rate when
the inner and outer surfaces are exposed to more oxygen concentration.

It is well known that the thermo-oxidative aging of polymeric ma-
terials is controlled by the diffusion and the consumption rate of oxygen.
The generation of diffusion-controlled oxidation processes inevitably
leads to higher oxidation levels closer to the material surface, which in
turn results in heterogeneous aging described above. For accurate life-
time prediction, the heterogeneous degradation process must be char-
acterized by parameters. Compared with tensile tests, nanoindentation
can reduce the error caused by defects and is more promising to char-
acterize the heterogeneous oxidation of PE materials.

In terms of the spatial distribution of OIT and OOT, Fig. 7 also shows
the dynamic oxidation test results for the middle layer, inner and outer
surface of the two PE pipes compared to the results for the unaged pipes.
As can be seen in Fig. 7, the OOT and OIT near the inner and outer walls
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Fig. 10. Effect of position on load-depth curve of PE80 aged 2352 h(a) and PE100 aged 10,104 h(b).
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Fig. 11. Correlation of maximum depth and position (a) PE80 and (b) PE100, contour plot (c) PE80 and (d) PE100.

of the pipes decrease very significantly compared to the middle layer of
the material. Statistically, on the middle layer, outer and inner surface,
the OIT of the PE8O pipe decrease by 17.03%, 69.12% and 85.86%,
respectively, while for the PE100 pipe, they decrease by 14.67%,
68.93% and 70.13%, respectively. The OOT of the PE8O pipe decrease to
252.8°C, 244.8°C and 236.2°C, respectively, while for the PE100 pipe,
they decrease to 259.1°C, 246.8°C and 246.1°C, respectively. In more
detail, compared with the fact that the OIT and OOT decreases slightly

and gradually of the middle layer, the decrease extent of the OIT or OOT
of the inner or outer surface is four or five times, and reaches the
maximum rate in aged 10,104 h. Besides that, there is no visible dif-
ference in OIT or OOT values between the inner surface and the outer
surface, and no matter PE8O or PE100 pipes. In the past, OIT was chosen
as an attribute parameter to import equations based on Arrhenius re-
lations to estimate lifetimes [14,27,28], but lacks consideration for
spatially heterogeneous properties. Therefore, the method of predicting
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Fig. 12. FTIR spectrums of PE8O (a) and PE100 (b) in different position.
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the lifetime of PE pipes based on the OIT of the outer surface of the pipe
will be non-conservative and the results will be smaller than the actual
operating results.

Fig. 12 shows the IR spectra of the inner and outer surface of the PE
pipes after aged 10,104 h. The testing is performed by taking samples
from few pm of the inner or outer wall of the specimen, as the general
thickness of the oxide layer is less than 1.2 mm [8]. Similar to the spectra
in Fig. 8, it is evident that a series of oxidation products are formed from
the PE material under accelerated aging conditions. The materials closer
to the surface of the pipes exhibit increased absorption and have peaks
that broaden significantly and shift towards longer wavelengths. In
contrast, the IR spectral profile of the intermediate layers of the material
did not change significantly with aging. Both PE grades used for pipes
exhibit heterogeneous aging characteristics, with the degradation layer
extending from the inner and outer surface to the middle layer. The
carbonyl indexes of both materials were also calculated and plotted in
Fig. 13.It can be seen from Fig. 13 that the carbonyl index near the inner
and outer surface of the pipe increases significantly as the aging pro-
gresses. It is worth noting that the carbonyl index variation at the inner
and outer surfaces of the pipe is significantly higher than that of the
middle layer, which also indicates the non-uniformity of aging degra-
dation due to DLO. Research indicates that internal pressure speeds up
the aging process [14,27,28], but there is no definite evidence that the
pressurized side of the pipe will degrade more than the non-pressurized
side and vice versa because the location, as well as intensity of the ab-
sorption peaks, are similar on both inner and outer surfaces. The het-
erogeneous aging makes it difficult to predict the lifetime of in-service
PE pipes. At least, infrared spectroscopy (ATR-FTIR) is no longer a
non-destructive testing method because the middle layers need to be
detected for PE pipes.

4.3. Discussions

On the basis of the materials characterization results presented
above, the extent and trend of degradation of the PE80 and PE100 pipes
under the heated air exposure and natural conditions could be basically
acquired. On one hand, with the increase of the aging time, the me-
chanical properties including the tensile strength, the elongation at
break and the maximum indentation depth, as well as the thermal sta-
bility indexed by the oxidation induction time and oxidation onset
temperature decreased obviously and monotonically, but the carbonyl
index was markedly increased. On the other hand, PE pipes in operation
after a long-term service (PE80 in operation for 25 years and 15 years for
PE100) also show obvious aging, even if they do not reach the result of
the pipes after aged 10,000 h in the accelerated condition. If the original
parameters of the actual operating pipes are the same as those of the
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accelerated test pipes at 0 h, then it is entirely possible to conclude that
under the accelerated aging conditions of this paper (80 °C air and 0.4
MPa internal pressure), aging for 10,000 h is approximate equivalent to
operate 25 years for PE80 pipes and 15 years for PE100 pipes, sepa-
rately. However, using a few data points and relying on linear Arrhenius-
type extrapolations are too early to extrapolate the lifetime of actual
operating pipes.

So far, we have been working on exploring methods and selecting
key parameters to characterize performance for the lifetime prediction
applicable to in-service PE pipes [14,27,28]. However, the previous
extrapolation model seems to be less accurate and lacks in-depth dis-
cussion of the aging or degradation mechanism. In this paper, in terms of
tensile testing, the results of tensile test contain information on potential
material defects. The large decreases in elongation at break are not the
result of uniform aging of the material, but rather the result of stress
concentration at micro-cracks subjected to external loads due to
non-uniform aging. According to the results of other testing methods, it
is obvious that the material is subjected to the heterogeneous aging
process under thermo-oxidative aging. Therefore, it is apparently un-
reasonable as well as crude and unscientific to use these macroscopic
indicators and simply extrapolate the lifetime of the pipe in combination
with Arrhenius theory.

According to the previous analysis, the nanoindentation can be used
to characterize the heterogeneous aging profile by testing the micro-
mechanical properties of the PE material. But the indentation test re-
quires flat and smooth testing surface of the specimens which cut from
the pipe, so it is not possible to perform non-destructive characterization
of aging on pipes in-service. The OIT, OOT, carbonyl index and crys-
tallinity can characterize the oxidation resistance and the thermo-
oxidative degradation of polyethylene respectively, but it is difficult to
establish their time- and spatially dependent oxidative profile because of
the requirement for large number of replicate tests and the high testing
costs. Therefore, using the OIT or carbonyl index of the outer or inner
surface to predict lifetime will make the results non-conservative
because of the high oxidation resistance and low extent of degradation
inside the pipe material.

All characterization methods cannot be used in operating PE pipes
because the characterization of heterogeneous performance parameters
affected by DLO cannot be performed without destructive experiments.
The current prediction of PE pipe life lacks consideration of DLO
behavior and the relationship between the characterization methods and
the aging mechanism, which indicates it is too early to estimate the
lifetime or the remaining lifetime of the PE pipes in operation. A
growing number of studies have shown that finite element methods
based on the coupling of oxygen diffusion, dissolution, antioxidant
diffusion, depletion, and material chemo-mechanically are a potential
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Fig. 13. Carbonyl index change with the position of PE80 and PE100 by using method 1 (a) and method 2 (b).
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solution [29,30]. It not only solves the difficulties caused by DLO from
high-temperature aging tests for analysis but also reduces the time of
aging tests and the tediousness of parameter characterization tests. It is
conceivable that in the future, the accelerated aging test may become a
validation of the effectiveness by finite element calculation method
rather than all content of the prediction methods. As the review stated,
with the increasing modeling capabilities and suitable model calibration
parameters, it will be possible to predict local oxidative aging failure
[2].

5. Conclusion

The degradation of PE pipes under oxidative conditions possesses
time-dependent properties and spatially heterogeneous oxidation pro-
files. Both PE grades used for pipes exhibit heterogeneous aging char-
acteristics, with the degradation layer extending from the inner and
outer surface to the middle layer. Moreover, the non-uniform aging
mentioned is caused by diffusion-limited oxidation (DLO), which still
occurs even at a lower temperature of 80°C. The actual operating PE
pipes are also subject to non-uniform degradation, while the accelerated
aging of the PE pipes is more pronounced in the oxidative depth of 200
pm near the surface layer due to DLO. In other words, PE pipes show
more distinct heterogeneous oxidation process in high temperature than
that in service condition. Furthermore, the results also elucidated that
thermal oxidation stability of the PE100 was greater than that of the
PE80 under high temperature and pressure regardless of the duration.
There is no definite evidence that the pressurized side of the pipe will
degrade more than the non-pressurized side and vice versa. The het-
erogeneous aging makes it difficult to predict the lifetime of in-service
PE pipes.

All characterization methods cannot be used on operating PE pipes
because the characterization of heterogeneous performance parameters
affected by DLO cannot be performed without destructive experiments.
The current prediction of PE pipe failure or lifetime lacks consideration
of DLO behavior and in-depth discussion of the aging or degradation
mechanism, which indicates it is too early to estimate the lifetime or the
remaining lifetime of the PE pipes in-service. A possible approach,
however, is to use accurate modeling capabilities to simulate the aging
process of PE pipes based on increased large-scale computing capabil-
ities, and to use data from engineering-based characterization methods
for parameter correction.

CRediT authorship contribution statement

Sixi Zha: Conceptualization, Methodology, Data curation, Charac-
terization, Formal analysis, Investigation, Methodology, Validation,
Software, Writing original draft. Hui-qing Lan: Investigation, Data
curation, Methodology, Experiment, Writing - review & editing. Nan Lin
and Tao Meng: Investigation, Resources, Experiment, Review &
editing.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgement

This work was supported by National Key Research and Develop-
ment Program of China (No. 2021YFC2203601).

12

Polymer Degradation and Stability 208 (2023) 110247
References

[1] M.C. Celina, K.T. Gillen, R.A. Assink, Accelerated aging and lifetime prediction:
review of non-Arrhenius behaviour due to two competing processes, Polym.
Degrad. Stabil. 90 (3) (2005) 395-404, https://doi.org/10.1016/j.
polymdegradstab.2005.05.004.

M.C. Celina, Review of polymer oxidation and its relationship with materials
performance and lifetime prediction, Polym. Degrad. Stabil. 98 (12) (2013)
2419-2429, https://doi.org/10.1016/j.polymdegradstab.2013.06.024.

B. Laycock, M. Nikoli¢, J.M. Colwell, et al., Lifetime prediction of biodegradable
polymers, Prog. Polym. Sci. 71 (2017) 144-189, https://doi.org/10.1016/j.
progpolymsci.2017.02.004.

J. Pospisil, Z. Horak, J. Pilaf, N.C. Billingham, H. Zweifel, S. Nespirek, Influence of
testing conditions on the performance and durability of polymer stabilisers in
thermal oxidation, Polym. Degrad. Stabil. 82 (2) (2003) 145-162, https://doi.org/
10.1016/50141-3910(03)00210-6.

M. Bredacs, A. Frank, A. Bastero, A. Stolarz, G. Pinter, Accelerated aging of
polyethylene pipe grades in aqueous chlorine dioxide at constant concentration,
Polym. Degrad. Stabil. 157 (2018) 80-89, https://doi.org/10.1016/].
polymdegradstab.2018.09.019.

K. Grabmayer, G.M. Wallner, S. Beifmann, U. Braun, R. Steffen, D. Nitsche, et al.,
Accelerated aging of polyethylene materials at high oxygen pressure characterized
by photoluminescence spectroscopy and established aging characterization
methods, Polym. Degrad. Stabil. 109 (2014) 40-49, https://doi.org/10.1016/j.
polymdegradstab.2014.06.021.

S. Zha, H.-Q. Lan, H. Huang, Review on lifetime predictions of polyethylene pipes:
limitations and trends, Int. J. Pres. Ves. Pip. 198 (2022), 104663, https://doi.org/
10.1016/j.ijpvp.2022.104663.

X. Colin, L. Audouin, J. Verdu, M. Rozental-Evesque, B. Rabaud, F. Martin, et al.,
Aging of polyethylene pipes transporting drinking water disinfected by chlorine
dioxide. I. Chemical aspects, Polym. Eng. Sci. 49 (2009) 1429-1437, https://doi.
org/10.1002/pen.21258.

X. Colin, L. Audouin, J. Verdu, M. Rozental-Evesque, B. Rabaud, F. Martin, et al.,
Aging of Polyethylene Pipes Transporting Drinking Water Disinfected by Chlorine
Dioxide. Part II-Lifetime Prediction, Polym. Eng. Sci. 49 (2009) 1642-1652,
https://doi.org/10.1002/pen.21387.

W. Camacho, S. Karlsson, Assessment of thermal and thermo-oxidative stability of
multi-extruded recycled PP, HDPE and a blend thereof, Polym. Degrad. Stabil. 78
(2) (2002) 385-391, https://doi.org/10.1016/50141-3910(02)00192-1.

Vogt H., Enderle H., Schulte U., Hessel J., editors. Thermal ageing of PE 100 pipes
for accelerated lifetime prediction under service conditions, in: International
Plastic Pipe Exchange Conference; 2009. http://www.hessel-ingtech.de/pdf/bud
apest_2008_vogt.pdf.

Y. Gong, S.H. Wang, Z.Y. Zhang, et al., Degradation of sunlight exposure on the
high-density polyethylene (HDPE) pipes for transportation of natural gases, Polym.
Degrad. Stabil. 194 (2021), 109752, https://doi.org/10.1016/j.
polymdegradstab.2021.109752.

J. Wise, K.T. Gillen, R.L. Clough, An ultrasensitive technique for testing the
Arrhenius extrapolation assumption for thermally aged elastomers, Polym. Degrad.
Stabil. 49 (3) (1995) 403-418, https://doi.org/10.1016/0141-3910(95)00137-B.
Y. Wang, Lan H-q, T. Meng, S. Chen, J. Zuo, N Lin, A Lifetime Prediction Method of
Pressured Gas Polyethylene Pipes by Thermal-Oxidative Aging Test and Tensile
Test, J. Press. Vess-T. Asme 140 (1) (2017), 011404, https://doi.org/10.1115/
1.4038526.

E.M. Hoang, D. Lowe, Lifetime prediction of a blue PE100 water pipe, Polym.
Degrad. Stabil. 93 (8) (2008) 1496-1503, https://doi.org/10.1016/j.
polymdegradstab.2008.05.008.

G. Teyssedre, G. Tardieu, C. Laurent, Characterisation of crosslinked polyethylene
materials by luminescence techniques, J. Mater. Sci. 37 (8) (2002) 1599-1609,
https://doi.org/10.1023/A:1014901809981.

U.W. Gedde, J. Viebke, H. Leijstrom, M. Ifwarson, Long-term properties of hot-
water polyolefin pipes - a review, Polym. Eng. Sci. 34 (24) (1994) 1773-1787,
https://doi.org/10.1002/pen.760342402.

J. Viebke, M. Hedengqvist, U.W. Gedde, Antioxidant efficiency loss by precipitation
and diffusion to surrounding media in polyethylene hot-water pipes, Polym. Eng.
Sci. 36 (24) (1996) 2896-2904, https://doi.org/10.1002/pen.10691.

K. Karlsson, P.A. Eriksson, M. Hedenqvist, M. Ifwarson, G.D. Smith, U.W. Gedde,
Molecular structure, morphology, and antioxidant- consumption in polybutene-1
pipes in hot-water applications, Polym. Eng. Sci. 33 (5) (1993) 303-310, https://
doi.org/10.1002/pen.760330510.

B. Kirschweng, D. Tatraaljai, E. Foldes, B. Pukdnszky, Efficiency of curcumin, a
natural antioxidant, in the processing stabilization of PE-concentration effects,
Polym. Degrad. Stabil. 118 (2015) 17-23, https://doi.org/10.1016/j.
polymdegradstab.2015.04.006.

X. Colin, J. Verdu, B Rabaud, Stabilizer thickness profiles in polyethylene pipes
transporting drinking water disinfected by bleach, Polym. Eng. Sci. 51 (8) (2011)
1541-1549, https://doi.org/10.1002/pen.21902.

P. Gijsman, W. Dong, A. Quintana, M.C Celina, Influence of temperature and
stabilization on oxygen diffusion limited oxidation profiles of polyamide 6, Polym.
Degrad. Stabil. 130 (2016) 83-96, https://doi.org/10.1016/].
polymdegradstab.2016.05.024.

A. Quintan, M.C Celina, Overview of DLO modeling and approaches to predict
heterogeneous oxidative polymer degradation, Polym. Degrad. Stabil. 149 (2018)
173-191, https://doi.org/10.1016/j.polymdegradstab.2017.11.014.

[2]

[3]

[4]

[5]

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]


https://doi.org/10.1016/j.polymdegradstab.2005.05.004
https://doi.org/10.1016/j.polymdegradstab.2005.05.004
https://doi.org/10.1016/j.polymdegradstab.2013.06.024
https://doi.org/10.1016/j.progpolymsci.2017.02.004
https://doi.org/10.1016/j.progpolymsci.2017.02.004
https://doi.org/10.1016/S0141-3910(03)00210-6
https://doi.org/10.1016/S0141-3910(03)00210-6
https://doi.org/10.1016/j.polymdegradstab.2018.09.019
https://doi.org/10.1016/j.polymdegradstab.2018.09.019
https://doi.org/10.1016/j.polymdegradstab.2014.06.021
https://doi.org/10.1016/j.polymdegradstab.2014.06.021
https://doi.org/10.1016/j.ijpvp.2022.104663
https://doi.org/10.1016/j.ijpvp.2022.104663
https://doi.org/10.1002/pen.21258
https://doi.org/10.1002/pen.21258
https://doi.org/10.1002/pen.21387
https://doi.org/10.1016/S0141-3910(02)00192-1
http://www.hessel-ingtech.de/pdf/budapest_2008_vogt.pdf
http://www.hessel-ingtech.de/pdf/budapest_2008_vogt.pdf
https://doi.org/10.1016/j.polymdegradstab.2021.109752
https://doi.org/10.1016/j.polymdegradstab.2021.109752
https://doi.org/10.1016/0141-3910(95)00137-B
https://doi.org/10.1115/1.4038526
https://doi.org/10.1115/1.4038526
https://doi.org/10.1016/j.polymdegradstab.2008.05.008
https://doi.org/10.1016/j.polymdegradstab.2008.05.008
https://doi.org/10.1023/A:1014901809981
https://doi.org/10.1002/pen.760342402
https://doi.org/10.1002/pen.10691
https://doi.org/10.1002/pen.760330510
https://doi.org/10.1002/pen.760330510
https://doi.org/10.1016/j.polymdegradstab.2015.04.006
https://doi.org/10.1016/j.polymdegradstab.2015.04.006
https://doi.org/10.1002/pen.21902
https://doi.org/10.1016/j.polymdegradstab.2016.05.024
https://doi.org/10.1016/j.polymdegradstab.2016.05.024
https://doi.org/10.1016/j.polymdegradstab.2017.11.014

S. Zha et al.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

E. Linde, F. Nilsson, M. Barrett, M.S. Hedenqvist, M.C Celina, Time- and Feedback-
Dependent DLO Phenomena in Oxidative Polymer Aging, Polym. Degrad. Stabil.
189 (2021), 109598, https://doi.org/10.1016/j.polymdegradstab.2021.109598.
D.L. Faulkner, Effects of high oxygen pressure and temperature on the aging of
polypropylene, Polym. Eng. Sci. 22 (8) (1982) 466-471, https://doi.org/10.1002/
pen.760220803.

M.B. Barker, J. Bowman, M. Bevis, The performance and causes of failure of
polyethylene pipes subjected to constant and fluctuating internal pressure
loadings, J. Mater. Sci. 18 (4) (1983) 1095-1118, https://doi.org/10.1007/
BF00551979.

Y. Wang, H-q Lan, T. Meng, Lifetime prediction of natural gas polyethylene pipes
with internal pressures, Eng. Fail. Anal. 95 (2019) 154-163, https://doi.org/
10.1016/j.engfailanal.2018.09.022.

Y. Wang, H-q Lan, T. Meng, B. Wang, D. Guo, L.j. Zhuang, Pressure Effects on the
Lifetime of Gas High Density Polyethylene Pipes, in: J. Press. Vess-T. Asme, 144,
2021, https://doi.org/10.1115/1.4051615.

S. Zha, Lan H-q, Fracture behavior of pre-cracked polyethylene gas pipe under
foundation settlement by extended finite element method, Int. J. Pres. Ves. Pip.
189 (2021), 104270, https://doi.org/10.1016/j.ijpvp.2020.104270.

T. Sain, K. Loeffel, S Chester, A thermos- chemo- mechanically coupled constitutive
model for curing of glassy polymers, J. Mech. Phys. Solids. 116 (2018) 267-289,
https://doi.org/10.1016/j.jmps.2018.04.001.

S. Konica, T. Sain, A thermodynamically consistent chemo-mechanically coupled
large deformation model for polymer oxidation, J. Mech. Phys. Solids. 137 (2020),
103858, https://doi.org/10.1016/j.jmps.2019.103858.

S. Konica, T. Sain, A homogenized large deformation constitutive model for high
temperature oxidation in fiber-reinforced polymer composites, Mech. Mater. 160
(2021), 103994, https://doi.org/10.1016/j.mechmat.2021.103994.

G. Pinter, R.W. Lang, Effect of stabilization on creep crack growth in high-density
polyethy-lene, J. Appl. Polym. Sci. 90 (12) (2003) 3191-3207, https://doi.org/
10.1002/app.12944.

G. Pinter, R.W. Lang, Fracture mechanics characterisation of effects of stabilisers
on creep crack growth in polyethylene pipes, Plast. Rubber. Compos. 30 (2) (2001)
94-100, https://doi.org/10.1179/146580101101541499.

D. Castagnetti, G. Scire Mammano, E Dragoni, Effect of chlorinated water on the
oxidative resistance and the mechanical strength of polyethylene pipes, Polym.
Test. 30 (3) (2011) 277-285, https://doi.org/10.1016/].
polymertesting.2010.12.001.

A. Frank, G. Pinter, R.W. Lang, Prediction of the remaining lifetime of polyethylene
pipes after up to 30 years in use, Polym. Test. 28 (7) (2009) 737-745, https://doi.
org/10.1016/j.polymertesting.2009.06.004.

H. Rajandas, S. Parimannan, K. Sathasivam, M. Ravichandran, L. Su Yin, A novel
FTIR-ATR spectroscopy based technique for the estimation of low-density
polyethylene biodegradation, Polym. Test. 31 (8) (2012) 1094-1099, https://doi.
org/10.1016/j.polymertesting.2012.07.015.

B. Azhdar, W. Yu, T. Reitberger, U.W Gedde, A new method for assessing the
efficiency of stabilizers in polyolefins exposed to chlorinated water media, Polym.
Test. 28 (6) (2009) 661-667, https://doi.org/10.1016/j.
polymertesting.2009.05.010.

R. Juan Rodriguez, B. Paredes, R. Garcia-Munoz, C Dominguez, Quantification of
PP contamin-ation in recycled PE by TREF analysis for improved the quality and
circularity of plastics, Polym. Test. 100 (2021), 107273, https://doi.org/10.1016/

j.polymertesting.2021.107273.

J. Drzezdzon, D. Jacewicz, A. Sielicka, L. Chmurzynski, Characterization of
polymers based on differential scanning calorimetry based techniques. TrAC-
Trend, Anal. Chem. 110 (2019) 51-56, https://doi.org/10.1016/j.
trac.2018.10.037.

C. Schick, Differential scanning calorimetry (DSC) of semicrystalline polymers,
Anal. Bioanal. Chem. 395 (2009) 1589-1611, https://doi.org/10.1007/s00216-
009-3169-y.

E. Richaud, Kinetic modelling of phenols consumption during polyethylene
thermal oxidation, Eur. Polym. J. 49 (8) (2013) 2223-2232, https://doi.org/
10.1016/j.eurpolym;j.2013.04.027.

Y. Long, R.A. Shanks, Z.H. Stachurski, Kinetics of polymer crystallisation, Prog.
Polym. Sci. 20 (4) (1995) 651-701, https://doi.org/10.1016/0079-6700(95)
00002-W.

M. Kato, Z. Osawa, Effect of stereoregularity on the thermo-oxidative degradation
of poly-propylenes, Polym. Degrad. Stabil. 65 (3) (1999) 457-461, https://doi.org/
10.1016/S0141-3910(99)00036-1.

P.V. Zamotaev, Z.0. Streltsova, Thermo-oxidative stabilization of photochemically
crosslinked polyethylene, Polym. Degrad. Stabil. 36 (3) (1992) 267-274, https://
doi.org/10.1016/0141-3910(92)90066-E.

K.J. Kallio, A.S. Nageye, M.S. Hedenqvist, Ageing properties of car fuel-lines;
accelerated testing in “close-to-real” service conditions, Polym. Test. 29 (1) (2010)
41-48, https://doi.org/10.1016/j.polymertesting.2009.09.003.

W. Yu, B. Azhdar, D. Andersson, et al., Deterioration of polyethylene pipes exposed
to water containing chlorine dioxide, Polym. Degrad. Stabil. 96 (5) (2011)
790-797, https://doi.org/10.1016/j.polymdegradstab.2011.02.009.

13

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Polymer Degradation and Stability 208 (2023) 110247

ISO, Thermoplastics pipes, Fittings and Assemblies For the Conveyance of Fluids -
Determination of the Resistance to Internal Pressure - Part 2: Preparation of Pipe
Test Pieces, 1st ed, 23, ISO 1167-2:2006, 2006, p. 20.

ISO, Thermoplastics Pipes - Determination of Tensile Properties - Part 3: Polyolefin
pipes, 2nd ed, 23, ISO 6259-3:2015, 2015, p. 20.

S.-.M. Guo, Z.-.G. Yang, X.-.Y. Tang, Y.-.T Zuo, Safety assessment of high density
polyethylene pipe with thermal damages, Plast. Rubber. Compos. 46 (4) (2017)
173-183, https://doi.org/10.1080/14658011.2017.1301339.

L.A. Khan, K.H. Lee, Y.-.S. Lee, J.-.O. Kim, Degradation analysis of polymeric pipe
materials used for water supply systems under various disinfectant conditions,
Chemosphere (2021), 132669, https://doi.org/10.1016/j.
chemosphere.2021.132669.

G W RG Ehrenstein, P Trawiel, Praxis Der Thermischen Analyse Von Kunststoffen,
Carl Hanser Verlag, MiinchenGermany, 1998.

M. Schmid, S. Affolter, Interlaboratory tests on polymers by differential scanning
calorimetry (DSC): determination and comparison of oxidation induction time
(OIT) and oxidation induction temperature (OIT*), Polym. Test. 22 (4) (2003)
419-428, https://doi.org/10.1016/S0142-9418(02)00122-8.

ISO, Plastics - Differential Scanning Calorimetry (DSC)-Part 6: Determination of
Oxidation Induction Time (Isothermal OIT) and Oxidation Induction Temperature
(Dynamic OIT), 3rd ed, 83, ISO 11357-6:2018, 01, 2018.

P.-.Y.B. Jar, Revisiting creep test on polyethylene pipe-Data analysis and
deformation mechanisms, Polym. Eng. Sci. 61 (2) (2021) 586-599, https://doi.
org/10.1002/pen.25603.

1. Jakubowicz, N. Yarahmadi, H. Petersen, Evaluation of the rate of abiotic
degradation of biodegradable polyethylene in various environments, Polym.
Degrad. Stabil. 91 (7) (2006) 1556-1562, https://doi.org/10.1016/j.
polymdegradstab.2005.09.018.

J. Almond, P. Sugumaar, M.N. Wenzel, G. Hill, C Wallis, Determination of the
carbonyl index of polyethylene and polypropylene using specified area under band
methodology with ATR-FTIR spectroscopy, e-Polymers. 20 (1) (2020) 369-381,
https://doi.org/10.1515/epoly-2020-0041.

L. An, D. Zhang, L. Zhang, G. Feng, Effect of nanoparticle size on the mechanical
properties of nanoparticle assemblies, Nanoscale. 11 (19) (2019) 9563-9573,
https://doi.org/10.1039/C9NR01082C.

T. Igbal, B.J. Briscoe, S. Yasin, P.F. Luckham, Nanoindentation response of poly
(ether ether ketone) surfaces - A semicrystalline bimodal behavior, J. Appl. Polym.
Sci. 130 (6) (2013) 4401-4409, https://doi.org/10.1002/app.39723.

J.V. Gulmine, P.R. Janissek, H.M. Heise, L Akcelrud, Degradation profile of
polyethylene after artificial accelerated weathering, Polym. Degrad. Stabil. 79 (3)
(2003) 385-397, https://doi.org/10.1016/50141-3910(02)00338-5.

R. Mariaa, K. Rodea, T. Schuster, et al., Ageing study of different types of long-term
pressure tested PE pipes by IR-microscopy, Polymer (Guildf) 61 (2015) 131-139,
https://doi.org/10.1016/j.polymer.2015.01.062.

J. Xiong, K. Ni, X. Liao, J. Zhu, et al., Investigation of chemi-crystallization and free
volume changes of high-density polyethylene weathered in a subtropical humid
zone, Polym. Int. 65 (12) (2016) 1474-1481, https://doi.org/10.1002/pi.5241.
G. Dorner, Lang RW, Influence of various stabilizer systems on the ageing behavior
of PE-MD- II. Ageing of pipe specimens in air and water at elevated temperatures,
Polym. Degrad. Stabil. 62 (3) (1998) 431-440, https://doi.org/10.1016/50141-
3910(98)00049-4.

G. Zerbi, G. Gallino, N.D. Fanti, L. Baini, Structural depth profiling in polyethylene
films by multiple internal reflection infrared spectroscopy, Polymer (Guildf) 30
(12) (1989) 2324-2327, https://doi.org/10.1016/0032-3861(89)90269-3.

J.V. Gulmine, P.R. Janissek, H.M. Heise, L. Akcelrud, Polyethylene characterization
by FTIR, Polym. Test. 21 (5) (2002) 557-563, https://doi.org/10.1016/50142-
9418(01)00124-6.

J. Castillo Montes, D. Cadoux, J. Creus, S. Touzain, E. Gaudichet-Maurin, O Correc,
Ageing of polyethylene at raised temperature in contact with chlorinated sanitary
hot water. Part I - Chemical aspects, Polym. Degrad. Stabil. 97 (2) (2012) 149-157,
https://doi.org/10.1016/j.polymdegradstab.2011.11.007.

U.W. Gedde, M. Ifwarson, Molecular structure and morphology of crosslinked
polyethylene in an aged hot-water pipe, Polym. Eng. Sci. 30 (4) (1990) 202-210,
https://doi.org/10.1002/pen.760300403.

B. Boutevin, Y. Hervaud, J. Lafont, Y. Pietrasanta, Matériaux composites a base de
graves et de liants polymers - I: étude par spectroscopie infrarouge d’enrobés a base
de polyéthylene, Eur. Polym. J. 20 (9) (1984) 867-873, https://doi.org/10.1016/
0014-3057(84)90165-4.

N. Allen, S. Palmer, G Marshall, Environmental oxidation processes in yellow gas
pipe implications for electrowelding, Polym. Degrad. Stabil. 56 (3) (1997)
265-274, https://doi.org/10.1016/50141-3910(96)00148-6.

J.P. Luongo, Infrared study of oxygenated groups formed in polyethylene during
oxidation, J. Polym. Sci. 42 (139) (1960) 139-150, https://doi.org/10.1002/
pol.1960.1204213916.

M. Rozental-Evesque, F. Martin, F. Bourgine, X. Colin, J. Verdu, Etude du
comportement de tubes en polyéthylene utilisés pour le transport d’eau potable en
présence de désinfectant chlore, Journées Informations Eaux. Poitiers (2006).
J.J. Max, C. Chapados, Isotope effects in liquid water by infrared spectroscopy. III.
H20 and D0 spectra from 6000 to 0 cm(-1), J. Chem. Phys. 131 (18) (2009),
184505, https://doi.org/10.1063/1.3258646.


https://doi.org/10.1016/j.polymdegradstab.2021.109598
https://doi.org/10.1002/pen.760220803
https://doi.org/10.1002/pen.760220803
https://doi.org/10.1007/BF00551979
https://doi.org/10.1007/BF00551979
https://doi.org/10.1016/j.engfailanal.2018.09.022
https://doi.org/10.1016/j.engfailanal.2018.09.022
https://doi.org/10.1115/1.4051615
https://doi.org/10.1016/j.ijpvp.2020.104270
https://doi.org/10.1016/j.jmps.2018.04.001
https://doi.org/10.1016/j.jmps.2019.103858
https://doi.org/10.1016/j.mechmat.2021.103994
https://doi.org/10.1002/app.12944
https://doi.org/10.1002/app.12944
https://doi.org/10.1179/146580101101541499
https://doi.org/10.1016/j.polymertesting.2010.12.001
https://doi.org/10.1016/j.polymertesting.2010.12.001
https://doi.org/10.1016/j.polymertesting.2009.06.004
https://doi.org/10.1016/j.polymertesting.2009.06.004
https://doi.org/10.1016/j.polymertesting.2012.07.015
https://doi.org/10.1016/j.polymertesting.2012.07.015
https://doi.org/10.1016/j.polymertesting.2009.05.010
https://doi.org/10.1016/j.polymertesting.2009.05.010
https://doi.org/10.1016/j.polymertesting.2021.107273
https://doi.org/10.1016/j.polymertesting.2021.107273
https://doi.org/10.1016/j.trac.2018.10.037
https://doi.org/10.1016/j.trac.2018.10.037
https://doi.org/10.1007/s00216-009-3169-y
https://doi.org/10.1007/s00216-009-3169-y
https://doi.org/10.1016/j.eurpolymj.2013.04.027
https://doi.org/10.1016/j.eurpolymj.2013.04.027
https://doi.org/10.1016/0079-6700(95)00002-W
https://doi.org/10.1016/0079-6700(95)00002-W
https://doi.org/10.1016/S0141-3910(99)00036-1
https://doi.org/10.1016/S0141-3910(99)00036-1
https://doi.org/10.1016/0141-3910(92)90066-E
https://doi.org/10.1016/0141-3910(92)90066-E
https://doi.org/10.1016/j.polymertesting.2009.09.003
https://doi.org/10.1016/j.polymdegradstab.2011.02.009
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0048
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0048
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0048
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0049
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0049
https://doi.org/10.1080/14658011.2017.1301339
https://doi.org/10.1016/j.chemosphere.2021.132669
https://doi.org/10.1016/j.chemosphere.2021.132669
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0052
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0052
https://doi.org/10.1016/S0142-9418(02)00122-8
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0054
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0054
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0054
https://doi.org/10.1002/pen.25603
https://doi.org/10.1002/pen.25603
https://doi.org/10.1016/j.polymdegradstab.2005.09.018
https://doi.org/10.1016/j.polymdegradstab.2005.09.018
https://doi.org/10.1515/epoly-2020-0041
https://doi.org/10.1039/C9NR01082C
https://doi.org/10.1002/app.39723
https://doi.org/10.1016/S0141-3910(02)00338-5
https://doi.org/10.1016/j.polymer.2015.01.062
https://doi.org/10.1002/pi.5241
https://doi.org/10.1016/S0141-3910(98)00049-4
https://doi.org/10.1016/S0141-3910(98)00049-4
https://doi.org/10.1016/0032-3861(89)90269-3
https://doi.org/10.1016/S0142-9418(01)00124-6
https://doi.org/10.1016/S0142-9418(01)00124-6
https://doi.org/10.1016/j.polymdegradstab.2011.11.007
https://doi.org/10.1002/pen.760300403
https://doi.org/10.1016/0014-3057(84)90165-4
https://doi.org/10.1016/0014-3057(84)90165-4
https://doi.org/10.1016/S0141-3910(96)00148-6
https://doi.org/10.1002/pol.1960.1204213916
https://doi.org/10.1002/pol.1960.1204213916
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0071
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0071
http://refhub.elsevier.com/S0141-3910(22)00425-6/sbref0071
https://doi.org/10.1063/1.3258646

	Degradation and characterization methods for polyethylene gas pipes after natural and accelerated aging
	1 Introduction
	2 Experiment
	2.1 Aging device
	2.2 Materials
	2.3 Aging test procedure

	3 Characterization tests
	3.1 Scanning electron microscopy
	3.2 Tensile test
	3.3 Nanoindentation
	3.4 Differential scanning calorimetry
	3.5 Infrared spectroscopy

	4 Result and discuss
	4.1 Time-dependent properties
	4.2 Spatially heterogeneous properties
	4.3 Discussions

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	References


