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The distribution of hydrogen and how this can be widely achieved plays a significant role in the transition from fossil fuels to clean
fuel. Using the existing natural gas pipeline network can be a suitable option for countries with extensive pipeline infrastructure.
This study is aimed at investigating the compatibility of the existing polyethylene (PE) distribution pipe network with hydrogen.
This paper utilises the cyclic pennsylvania edge notch test (CPENT) method together with material property measurements
including melting point, crystallinity, and oxidative induction time (OIT) to understand the impact of exposing two different
PE pipe resins to hydrogen at different exposure times. It was found that exposure to hydrogen has a noticeable impact time to
failure, while the bulk crystallinity, OIT, and melting point showed little change. A change in crystal orientation was observed,
and this likely accounts for the difference in time to failure when exposed to hydrogen.

1. Introduction

The hydrogen economy is expanding as a result of the urgent
need to reduce society’s dependence on fossil fuels and avoid
the harmful consequence of climate change [1-3]. The use of
hydrogen to replace natural gas is a promising approach to sig-
nificantly reduce the carbon emission of the energy sector
[2-4]. In order to achieve this, the suitability of the current
natural gas pipeline to transport hydrogen is critical [2-4].
Due to the high diffusivity and low density of hydrogen, leak-
age is a major concern that strongly depends on the pipeline
material [4-9]. Some pipeline materials including fibrous
cement and cast iron present a higher leakage risk, while poly-
ethylene (PE) pipes have a lower leakage risk [5-8]. PE pipes
have been extensively used in the natural gas distribution net-
work for approximately half a century and are potential candi-
date pipe materials to distribute hydrogen [5-8]. To date, no
studies exist investigating the slow crack growth (SCG) perfor-
mance and linking this to general material properties for PE
pipes when exposed to hydrogen.

Failure in PE pipes is characterised by three distinct fail-
ure modes that correspond to the circumferential tensile
stress experienced by the pipe wall [10-14]. The first failure

mode is called ductile failure occurring at high stresses as a
result of localised yielding and bulging out at the stress con-
centration sites [10, 11]. The general mode of failure
reported for PE pipes in the field is typically termed quasi-
brittle represented by SCG through the pipe wall. This fail-
ure mode initiates from a stress-raising defect in the pipe
when the circumferential tensile stress is lower than the yield
stress of the PE [10-12]. The quasibrittle failure mode is the
most common failure mode for in-service PE pipes [10, 13],
and PE resin development is aimed at improving the slow
crack growth resistance. The final failure mode, brittle fail-
ure, occurs after a long period of service time when the cir-
cumferential tensile stress is further reduced [10, 11, 14]. In
this mode, the stress has a little impact on the service life of
the pipe, and the failure initiates due to ageing and polymer
degradation [11]. Therefore, understanding the SCG resis-
tance of PE pipes has been extensively used to predict life-
time and degradation of PE pipes [10-14]. Based on the
current standard, internal pressure tests for some modern
PE pipe grades typically fail after approximately 13 months
[13]. In the literature, therefore, there are numerous
approaches to measure the SCG performance of PE resins
in shorter time frames; all involve an accelerating agent
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which may be elevated temperature and/or utilising a preex-
isting notch in the test samples. Evaluating the SCG behav-
iour using elevated temperature may face some issues such
as the poor or even inverse relationship between the time
to failure at elevated and room temperatures [15-17] and
presenting macroscopic ductile fracture components which
do not necessarily exist at service temperature [18, 19].
Another option to shorten the test time and rank the SCG
resistance is to implement a notch in the samples [13] using
methods like cracked round bar (CRB) test [20], full notch
creep test (FNCT) [21], and Pennsylvania edge notch test
(PENT) [22]. Among these various techniques, the CRB test
has been successfully used in several studies of the SCG
behaviour of PE resins [23-27] using cyclic loading to
replace elevated temperature and thus more representative
of field-like failure conditions. Despite providing valuable
information regarding the service life of various PE pipes,
some limitations are associated with the CRB method. The
standardised CRB test requires samples with a diameter of
more than 10mm [20] which cannot be met by many of
the available PE pipes in the natural gas distribution network
[10], which means that the test samples cannot be sectioned
directly from the pipe wall and moulding is required which
may result in a change of properties or slight degradation
during the moulding process. To overcome this limitation,
a study [10] developed a new cyclic test at room tempera-
ture, called cyclic Pennsylvania edge notch test (CPENT),
which investigates notched rectangular samples based on
the standardised PENT geometry [22]. The CPENT was able
to study samples that were directly sectioned from the PE
pipe wall and was successful in distinguishing different PE
resins [10].

The paper utilises the CPENT method as well as typical
material property measurements including melting point,
crystallinity, and oxidative induction time (OIT) to under-
stand the influence of hydrogen on two different PE resin
types, a vintage high-density polyethylene (HDPE) pipe
and a vintage medium-density polyethylene (MDPE) pipe.
Both pipe samples have been utilised in the natural gas net-
work and represent a significant fraction of the existing net-
work both in Australia and worldwide.

2. Materials and Method

2.1. Materials. The studied PE pipes are HDPE class 250
referred to here as PE63 and MDPE PE80B type resin certi-
fied to AS/NZS 4130 standard [28], which have previously
been in operation within the natural gas network in Austra-
lia. PE63 and PE80 types have a minimum required strength
of 6.3 MPa and 8 MPa, respectively (expected service life of
50 years at 20°C) [29].

2.2. Hydrogen Gas Exposure Protocol. Samples were exposed
to hydrogen gas at room temperature (~25°C) at 80 Bar for
various times in a 0.6 litre Parr 4760 series stainless steel
pressure vessel equipped with a pressure display module.
The system was purged in cycles, 1 barg-40 barg, 1 barg with
a nonflammable gas to bring the concentration of oxygen
present in the vessel below 0.10% before admitting hydro-
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FiGUure 1: Time to failure as a function of AK for PE63 and PES0
pipe samples.

gen. Subsequently, the system was purged with high purity
hydrogen gas following the same cycle protocol until a con-
centration of ~99.95% hydrogen was achieved.

2.3. Cyclic PEN Test (CPENT). The SCG resistance was mea-
sured using the cyclic PEN test. This method is described in
detail in previous work by the authors [10]. Axial cyclic
loading was applied to a rectangular specimen of dimensions
100mm x 10mm x 5mm (Ix wxt) with a ~2mm notch
applied by a razor blade. The wall thickness of pipes used
in this study was 6.5mm. Testing was conducted at room
temperature using a sinusoidal waveform at an R value of
0.1 and a frequency of 10 Hz.

2.4. Fracture Surface Observation. To study the SCG behav-
iour of the samples after conducting CPENT, the fracture
surface was studied with a low-magnification Olympus
SZ61 binocular stereoscopic microscope and a JEOL
JSMIT300 scanning electron microscope (SEM). For the
SEM studies, the fracture surface was gold coated; then, it
was observed at an accelerating voltage of 5kV.

2.5. Crystallinity Measurement. The % crystallinity of PE
(%CPE) samples was evaluated using the Perkin-Elmer
DSC 4000 via differential scanning calorimetry (DSC)
according to ASTM D3418-15 standard [30]. ~5-6mg of
PE samples was equilibrated at 20°C for 3 minutes before
heating to 180°C at a heating rate of 20°C/min. A purge
gas of Nitrogen at a 20 mL/min flow rate was used through-
out the experiment. The normalized sample enthalpy of
fusion melting transition (AHg) was calculated by integrat-
ing the area under the fusion endotherm of the DSC curve.
The %CPE was determined using Equation (1), where AH ¥
is the enthalpy of fusion of 100% crystalline PE, which is
293]/g [31]. Triplicates have been taken.

AH
%CPE = —=—* x 100. (1)
f
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FI1GURE 2: The fracture surface of PE80 sample with no exposure to hydrogen tested at AK =1.20 MPa (m®®): (a) indication of different
zones using optical microscopy and (b) the indication of the first three striations using SEM observation.
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FIGURE 3: An approach to measuring the steady crack growth and detecting striations. (a) Indication of the first three striations on the
fracture surface and (b) a comparison between the A crosshead vs. cycle and slope vs. cycle curves.

2.6. Oxidative Induction Time (OIT) Measurements. OIT
determination using differential scanning calorimetry
(DSC) was conducted according to the ASTM D 3895 stan-
dard [32]. An isothermal temperature of 210°C was used.
Pipe samples (around 4-5 mg) were heated to 210°C in nitro-
gen flow rate 20 mL/min and held at 210°C for 6 minutes
before switching to a compressed air flow of 40 mL/min.
Experiments were conducted on the Perkin-Elmer DSC
4000. The onset of the exothermic reaction was taken as
the OIT time. Triplicate has been taken.

2.7. Melting Point. The melting point was measured using
DSC implementing a scan rate of 10°C/min. The onset is taken
as the value for melting point. Triplicates have been taken.

2.8. X-Ray Diffraction. X-ray diffractometry was performed
on PE63 before and after 80 bar hydrogen exposure using a
Panalytical X-pert Pro MRD texture goniometer on focus
mode with a Ni-filtered Cu K« radiation source at 40kV

acceleration voltage and 30 mA current over the 20 range
from 10° to 70° at a rate of 0.01° every 3 seconds. Triplicate
measurements performed.

3. Results and Discussion

3.1. Fatigue Resistance of Vintage HDPE and MDPE Pipes.
Figure 1 compares the time to failure for the two vintage
PE pipe resin types at different stress concentration factor
(AK) [10] values. It can be seen from Figure 1 that at all A
K MPa (m®®) values, the time to failure for PESO is longer
than that for PE63. PE63 is a high density PE type, while
PE80 is a medium density PE. PE80 was developed with
the aim at improving the slow crack growth resistance. This
is confirmed in Figure 1 and is an expected result [10].

3.2. Identifying Stable Crack Growth. Figure 2(a) shows the
fracture surface of the PE80 sample with no exposure to
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FIGURE 4: (a) Time to failure, (b) time to 1* striation initiation, (c) time to 2™ striation initiation, and (d) time to 3™ striation initiation as a
function of AK MPa (m®?) for PE63 and PESO pipe samples that were differently exposed to hydrogen.

hydrogen in which the CPENT was carried out at AK =
1.20 MPa (m"®). Below the notch area, the fatigue striation
marks can be observed even at a low magnification, which is
followed by a distinctive ductile failure region (Figure 2(a)).
These fatigue striations are true crack arrest markings on the
fracture surface of polymers [33]. As can be observed in
Figure 2(b), for each striation, the damage accumulation con-
tinues in the craze zone until reaching a point where the next
cycle of loading results in jumping the crack tip to the craze
boundary and forms a striation; then, this process repeats,
and the formation of the next striation starts.

Considering a stepwise SCG behaviour, the cyclic stress
builds up ahead of the crack tip and accumulates the damage,
until a point where the crack jumps forward, arrests then
releases the accumulated stress, and leaves a striation mark
on the fracture surface (Figure 3(a)). The stepwise SCG behav-

iour at a micromechanics level can be attributed to the crack
opening in the longitudinal direction that is obtained from
the fatigue test equipment. Based on the PENT test methodol-
ogy, the SCG rate can be approximately considered the same
as the rate of crack opening displacement for a given condition
[15]. Figure 3(b) illustrates an example of this correlation,
showing A crosshead displacement = maximum crosshead
displacement — minimum crosshead displacement values as
a function of the loading cycles. Neglecting the first jump at
the beginning of the test which is due to adjusting the equip-
ment’s grips with the CPENT sample; the plot of A crosshead
displacement versus cycles shows a plateau for almost the first
200K cycles. Then, the first step in the curve marks the point
of the 1% striation occurrence, and the following steps can be
related to the occurrence of the next striation and so on until
a sharp jump in the curve is visible which is due to the final
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Fi1Gure 5: PE63 and PE8O pipe samples that were differently exposed to hydrogen for different time intervals. (a) melting point (T,,), (b)

crystallinity (CPE), and (c) oxygen induction time (OIT).

ductile failure. To identify the occurrence of the striations
which is linked to the steps in the A crosshead displacement
versus cycle curve, the slope of the curve (m) was calculated
using the following equation:

_ Displacement, — Displacement,;

(2)

Cycle, — Cycle,

When the damage is building up ahead of the crack tip in
the craze zone, the slope of the displacement curve does not
significantly change. After jumping the crack to the craze
boundary and forming a visible striation mark, a significant
change in the slope of the displacement curve can be observed
(Figure 3(b)). Therefore, a point where a significant peak can
be observed in the slope curve can be attributed to the cycle
that resulted in the formation of a striation mark. Subse-
quently, the time taken to reach each striation can be
determined. As indicated in Figure 3(b), the time to the 1** stri-

ation initiation starts from the first cycle and ends when the 1*
significant change in the slope is observed. The time to the 2™
striation starts from the cycle that is linked with the 1* stria-
tion mark and ends when the 2™ striation mark is formed.
The time to the other striations can be similarly measured.
As shown in Figure 3(b), the ratio of the number of
cycles to initiate the 1°' striation to the final failure is the
largest when compared with the other striations. Thus, the
1* striation plays a significant part in the total time to failure
for the PE pipe. In literature, the ratio of crack initiation or
1 striation initiation to the time to final failure varies from
0.2 to 0.6 and strongly depends on the resin type [15, 34].

3.3. The Impact of Hydrogen on Slow Crack Growth
Behaviour. Figure 4(a) shows the time to failure as a function
of AK for PE63 and PE80 at various hydrogen exposure
times. For the PE8O pipe, the exposure to the hydrogen has
almost no impact on the time to failure at higher AK values
of 1.09 MPa (m®®) and 1.20 MPa (m®®) across all exposure
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times. However, at lower AKs, 0.89 MPa (m®°) and 0.73 MPa
(m®?), the time to failure of the PE80 was reduced by 35%
and 22%, respectively. A similar trend is seen for the PE63
pipe, whereby at the higher AK values, 0.89 MPa (m°’)
and 1.20 MPa (m®?), respectively, the time to the failure
remains almost the same for the unexposed and unexposed
samples. However, as the AK is lowered, the time to failure
for the PE63 exposed samples is increased, suggesting an
improvement in the fatigue resistance. The time to the fail-
ure of the PE63 sample that was tested at AK =0.65MPa
(m®?) is almost doubled when exposed to hydrogen for 90
days. In other studies, the long time of exposure to hydrogen
resulted in no deleterious effect on the mechanical properties
of the studied PE pipes [6], or even slightly improved them
[7, 8]. The results in Figure 4(a) indicate that the exposure
to hydrogen does not change the time to failure of the
PE63 and PE80 samples tested at larger AKs, which suggest
that the stress has a more significant impact on the failure
rather than exposure to hydrogen. On the other hand, for
samples tested at lower AKs, the exposure to hydrogen is
the governing factor in determining the time to failure. As
such, the results presented here indicate that the influence
of hydrogen will likely depend greatly on the type of PE resin
being exposed as well as the expsoure conditions, including
pressure and time. As previously discussed in Section 3.2,
the time to the 1°*' striation for the nonexposed sample was
a significant portion of the total time to failure. It can be
seen, in Figure 4(b), that when the samples are exposed to
hydrogen again, the time to the 1% striation is the dominant
portion of the total time to failure; this is true for both PE
resin types and for all AK's investigated here.

As the crack progresses, as shown by the fracture surface
(Figure 3(a)), higher order striations form. Here, the time
needed to initiate the 2"¢ and 3™ striations are shown in
Figures 4(c) and 4(d), respectively. Interestingly, the time
to the 2™ and 3™ stration is very short relative to the time
to the 1 stration, and neither the applied cyclic stress or
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the hydrogen exposure time seems to have an impact on
the time to the 2™ and 3™ striations, see Supplementary
table 1. Therefore, it can be suggested that under these
conditions, the progress of the crack through the sample
does not appear to be significantly influenced by the
applied stress or hydrogen exposure time with the time to
the 1°' striation being the major contributor to the total
time to failure.

3.4. Material Properties. While the SCG and failure behav-
iour of PE pipes is a critical factor in determining pipe ser-
vice lifetimes, other material properties such as the melting
point, crystallinity, and OIT also can impact pipe service life
[10]. Figure 5 shows the various material properties as a
function of hydrogen exposure for both the PE63 and
PE8O resins. It can be seen that the melting point for both
PE63 and PE80 is very similar and shows no significant
change with hydrogen gas exposure; the crystallinity for
PE80 is measured to be lower than that for PE63; this is
expected as PE80 is a medium density polyethylene; again,
hydrogen exposure shows no significant change in the crys-
tallinity of either PE resin pipe. Finally, Figure 5(c) shows
the oxygen induction time for both the PE63 and PE8O0; here,
PE63 has a lower OIT value than PE80 which represents the
fact that PE63 has been in service for longer than PE80;
again, however, hydrogen gas has no significant impact on
the OIT for either PE63 or PESO.

While the total crystalline component of the polymers
showed no significant change when exposed to hydrogen,
the orientation of the crystals does appear to have under-
gone a shift. The XRD pattern for the PE63 sample exposed
to hydrogen for 45 days and unexposed sample is shown in
Figure 6. The characteristic (110) and (200) crystal planes
can be seen in both diffractograms. However, for the hydro-
gen exposed condition (dotted red), a decrease in intensity of
the (110) plane coupled with an intensity increase of the
(200) plane is measured. This suggest that a shift in the crys-
tal orientation has occurred causing one crystal plane to
become more “in focus” of the incident beam, while the
other one is shifting away from the beam focus. This slight
rotation in the crystal orientation after hydrogen exposure
may contribute to the difference in failure behaviour
observed between the exposed and unexposed samples.

4. Conclusion

The use of the natural gas network for the distribution of
hydrogen will enable the replacement of natural gas with
hydrogen. Here, the impact of hydrogen gas on polyethylene
pipe resins, PE63, and PE80 has been investigated. Both
these resins are considered to be vintage and currently exist-
ing in the network. It was found that hydrogen exposure had
no significant impact on the material properties, melting
point, crystallinity, and OIT for both PE63 and PE80. The
SCG resistance was also measured as a function of hydrogen
exposure at different exposure times. For the PE63 and PE80
samples tested at larger AKs, the time to failure was not
affected by the exposure to hydrogen; however, the exposure
to hydrogen did seem to influence the time to failure for
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samples tested at lower AKs. The time to the failure of the
PE63 sample that was tested at the lowest AK of 0.65 MPa
(m®?) was almost doubled when exposed to hydrogen for
90 days when compared to the nonexposed pipe. On the
other hand, the time to the failure for the PE80 sample tested
at the lowest AK of 0.73 MPa (m°”) was decreased by 22%
when exposed to hydrogen for 90 days. Here, it was shown
that the time to the 1 striation was a significant component
of the total time to failure, while the time to 2™ and 3™ stri-
ations was very short and was not changed by the value of
the applied stress of hydrogen, indicating that hydrogen
may impact crack initiation.
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