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ABSTRACT

The energy sector worldwide is seeking to decarbonize and this has led to rapid change and
development in the sector. In Australia, the gas sector has a vision to be near zero carbon by 2050.
The most promising route towards achieving this target is the replacement of methane with hydrogen.
Hydrogen is currently being intensely investigated as a green fuel source. Many aspects of converting
to a hydrogen economy still require research, these include the suitability of current gas transporting
infrastructure to transport hydrogen. To address this question our research team is investigating the
interactions of hydrogen with i) the plastic pipe materials namely various resin types of polyethylene
and ii) elastomer materials found in the o rings, diaphragms and gaskets within a typical distribution
network. This conference paper will detail the findings for our elastomer studies as well as a comment
on how hydrogen influences the slow crack growth resistance of PE pipes.
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1. INTRODUCTION

As Australia, and many other countries worldwide, seeks to lower their carbon footprint, the utilization
of “carbon zero” hydrogen as a fuel source has attracted considerable interest. The Australian gas sector
has a vision to be near zero carbon by 2050, and the most promising route towards achieving this from
an economic and technical perspective is replacing fossil fuels with hydrogen. Many aspects of
converting to a hydrogen economy require further research [1-5]. In this research paper the influence
of hydrogen on the properties of key elastomers as well as on the failure of polyethylene pipes and in
particular the slow crack growth behaviour is discussed

1.1. Elastomers and Hydrogen

A large number of different materials exist within the network. This is particularly true for the elastomer
parts of the network. Elastomers are a key material class used within the gas network, across the
transmission, distribution and end user network. E, elastomers are used as o-ring, gaskets, diaphragm
as other sealing components and within some joining approaches [6-8]. Since elastomers are found in
many places within the gas network the type of elastomer utilized can also vary greatly often dictated
by the pressure used [6]. Perhaps one of the most common elastomer types is butadiene rubber, either
styrene-butadiene or acrylonitrile-butadiene rubber (NBR). NBR is a synthetic unsaturated statistical
copolymer of acrylonitrile and butadiene [9]. NBR has good oil and chemical resistance and reasonable
operating temperature range. Besides the gas sector NBR is used in the automotive and petroleum
industries for oil and engine fuel transport equipment, for machinery pumps and in disposable non-
latex gloves. The properties of NBR are influenced by the amount of acrylonitrile content, the plasticizer
and the filler amount and type. Carbon black is the most common filler type used in commercial rubbers,
including most NBR types [10, 11].

While NBR has good compatibility with methane its performance with hydrogen is relatively unknown.
Limited literature is available on the compatibility of elastomers with hydrogen. The majority of
hydrogen/elastomer studies have been conducted at high pressure more representative of fuel cell
and refuelling station applications, however, the literature indicates that NBR shows material property
changes with hydrogen exposure [14,15]. The reported property changes are greatly influenced by the
filler type, filler amount and plasticizer choice or auxiliary packages. It is common that manufactures
and suppliers of NBR often use different plasticers and auxiliary packages covered by IP and unknown
to the user. Here we tested the response of two NBR70 elastomers purchased from two different
suppliers. Included in the study is HNBR (Hydrogenated Nitrile Butadiene Rubber) which is considered
to be a technical elastomer often found in higher pressure more extreme applications.

1.2. Failure of Polyethylene

The service life of PE pipes is often considered to be linked to the Slow Crack Growth (SCG) resistance
and subsequently failure resistance of the PE resin. Currently, no available literature exists investigating
the impact hydrogen exposure has on the SCG performance of PE pipes.

Three distinct modes that correspond to the circumferential tensile stress in the pipe wall are associated
with PE pipe failure [16,17] The first failure mode is called ductile failure which is associated with the
creep expansion of the PE pipe that occurs at high stresses as a result of localised yielding and bulging
out at the stress concentration sites [18,19]. The second and most commonly experienced mode of
failure reported for PE pipes in the field is typically termed quasi-brittle associated with SCG through
the pipe wall. This failure mode initiates from a stress-raising defect in the pipe when the circumferential
tensile stress is lower than the stress level which is required for ductile failure [20,21]and often lower
than the yield strength of the material. The last failure mode; brittle failure, occurs after a long period
of service time when the circumferential tensile stress is further reduced [20,22]. In this mode, the
applied stress has little impact on the service life of the pipe and the failure initiates due to ageing and
polymer degradation. Since the quasi-brittle failure is the most common failure mode for in-service PE
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pipes, the SCG resistance determines the service life of the PE pipe [16,24]. Therefore, the study of SCG
performance plays an important role in indicating the service life of the PE pipe when transporting
hydrogen and is the topic discussed in this conference paper.

In literature there are numerous approaches to measure the SCG performance of PE resins; all involve
an accelerating agent which may be elevated temperature and/or a pre-existing notch in the test
samples. Evaluating the SCG behaviour 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 [25-
26], and presenting macroscopic ductile fracture components which do not necessarily exist at service
temperature. Another option to shorten the test time and rank the SCG resistance is to introduce a
notch in the samples [24] using methods like Cracked Round Bar (CRB) test [27], Full Notch Creep Test
(FNCT)[28], Pennsylvania Edge Notch Test (PENT)[29]. Among these various techniques, the CRB test
has been successfully used in several studies of the SCG behaviour of PE resins including modern resins
with excellent SCG resistance. Using cyclic loading and a notch accelerates the test while allowing the
temperature to be at room temperature and thus SCG ranking is more representative of field service
like failure. 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 10 mm [27] which cannot be met by many of the available PE pipesin the natural
gas distribution network [16] meaning that 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, particularly for vintage in-service pipes. To overcome this limitation, the Cyclic PENT
(CPENT) geometry was developed by this team, which investigates notched rectangular samples [16].
The CPENT is able to study samples that are directly sectioned from the PE pipe wall.

2. METHODS

2.1. Elastomers

2.1.1.  Hydrogen gas exposure protocol

Samples were exposed to hydrogen gas at room temperature (~25°C) at varying pressures and 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 non-flammable gas to bring the
concentration of oxygen present in the vessel below 0.10% before admitting hydrogen. Subsequently,
the system was purged with high purity hydrogen gas following the same cycle protocol until a
concentration of ~ 99.95% hydrogen was achieved

2.1.2. FTIR: Fourier-Transform Infrared Spectroscopy

The FTIR spectra of the samples before and after exposure to hydrogen were taken using a Bruker
LUMOS FTIR microscope in the frequency range of 600 cm-1 to 4,000 cm-1 at a scan resolution of 4 cm-
1. A background and sample scan time of 64 scans was used for all samples.

2.1.3. Dynamic Mechanical Analysis

A TA Q800 DMA analyser in dual-cantilever mode was used to investigate the dynamic mechanical
properties of the samples before and after exposure to hydrogen. Samples were sectioned from sheets
in a rectangular shape with dimensions 60mm L x 12mm W x thickness of sheet. The samples were
subjected to a controlled-strain force with a varying frequency between 0.1 to 20 Hz at an amplitude of
15 um at 20°C, 35°C and 75° isothermal conditions, and the storage modulus, loss modulus and tan
delta calculated.
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2.1.4. Compression Set and recovery rate

Compression set is often a property of interest when studying elastomeric materials, especially those
used to create seals. It measures the ability of a rubber to return to its original thickness after a
prolonged compressive stress at a specific deflection and temperature. Samples were compressed to ~
25% of their original thickness following the ASTM D395 — Test Method B and exposed to hydrogen gas
at room temperature at varying pressures and times. The exposure to hydrogen occurred with the
samples in the compression state inside the pressure vessel, and subsequently the samples were
removed and measurements taken ex-situ. The compression set values were calculated using equation
1. at given time intervals; where to is the original thickness, t1 is the final thickness and t, corresponds
to the spacer thickness. A % recovery rate is plotted comparing the change in height of the sample
compared to original height.

CB (%) = (ﬂ) +100 (1)

to—tn

2.1.5. Compression Set and recovery rate
The CPENT of exposed and unexposed samples were conducted at various stress concentration factors,
AK, which can be calculated as follows [6, 23]:

AK = Ao x VA X a x [1.12 ~0.23(%) +10.56 (%)2 —21.74 (%)3 +30.42 (%)4] Eq. 1

where Ao, a and b are the difference between the minimum and maximum applied stresses, the initial
depth of the notch, and the sample thickness, respectively. For PE63 and PE8OB pipes exposed to
hydrogen at 80Bar for various time intervals up to 90 days.

2.1.6. Cyclic Pent
The CPENT of exposed and unexposed samples were conducted at various stress concentration factors,
AK, which can be calculated as follows

AK = Ao x VT Xa x [1.12 —0.23(%) + 1056 (%)2 —21.74 (%)3 +30.42 (%)4] Eq.2

where Ao, a and b are the difference between the minimum and maximum applied stresses, the initial
depth of the notch, and the sample thickness, respectively. For PE63 and PE8OB pipes exposed to
hydrogen at 80Bar for various time intervals up to 90 days.

3. RESULTS AND DISCUSSIONS
3.1.1. Elastomers and Hydrogen

Table 1 lists all the elastomers used in this study and some of their main properties.

Table 1. Materials part of this study.

Sample Colour Shore A Specific Tensile Elongation Supplier*
label Hardness Gravity Strength at Break
NBR70_S1 Black 65+5 1.20 15.0 MPa 400% Supplier 1
NBR70_S2 Black 65+5 1.20 15.0 MPa 400 % Supplier 2
HNBR Light brown 70+5 0.96 TBC TBC Supplier 3

+Supplier 1 is SealTeam www.sealteam.com.au; Supplier 2 is Complete Rubber
www.completerubber.com.au; and Supplier 3 is Arlanxeo www.arlanxeo.com.
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Figure la-c shows the storage modulus as a function of frequency measured at 20°C, 35°C and 75°C
respectively for the unexposed NBR and H; gas exposed NBR samples whereby exposure was for 7 days
at 80 bar for NBR70 supplier 1 and NBR70 supplier 2. From Figure 1 it can be seen that for the non
exposed samples (solid lines where black is NBR70 supplier 1, red is NBR70 supplier 2) the storage
modulus is reasonably similar for the two NBR70 samples irrespective of supplier. This is an expected
trend as the temperature increase the storage modulus of each unexposed NBR sample decreases,
again this is an expected trend as temperature increases the mobility of the polymer chains resulting in
a more rubbery material with a lower stiffness.

For the samples which have been exposed to H; gas the trend is dictated by the supplier. For NBR70
supplier 1, black dotted line, the sample which was exposed to hydrogen shows a significant increase,
140%, in storage modulus especially measured at 20°C Figure 1a and 35°C Figure 1b, indicating the
elastomer has become stiffer. The impact of hydrogen is lessened at 75 °C for NBR70 supplier 1. This
suggests that the hydrogen compatibility of NBR70 supplier 1 improves with temperature and is likely
due to the overall increase in polymer chain mobility and thus any hydrogen which maybe trapped in
the sample is not as detrimental as the temperature increases.

The influence of H, gas exposure is however opposite for NBR70 supplier 2 (red dotted line is exposed),
here the storage modulus is reduced slightly showing an approximate 12% reduction at 10Hz at each
temperature measured. Thus, for the NBR70 from supplier 2 the exposure to H, gas for 7 days at 80 bar
have little influence on the storage modulus and no temperature effect was measured suggesting that
this elastomer has excellent hydrogen compatibility.
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Figure 1: Storage modulus (MPa) as a function of frequency for a) 20°C b) 35°C and c¢) 75°C where
NBR70supplier 1 non exposed (black solid line) exposed (black dotted line) NBR70supplier 2 non
exposed (red solid line) exposed (red dotted line)
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The increase in stiffness as a function of hydrogen exposure for NBR70 supplier 1, can be recovered if
the elastomer is removed from the H; gas for a sufficient amount of time. Figure 2 shows the storage
modulus as a function of frequency measured at 35°C for the unexposed (black curve), exposed 7 days
at 80Bar measured 24 hours after removed from the H, gas (red curve), and the exposed 7days at 80Bar
and measured 2 weeks after removal from the H, gas (green curve). It can be seen that an almost full
recovery is achieved suggesting no permanent changes has occurred under these exposure conditions.
The FTIR supports no permanent change with H, gas exposure under these conditions as no change in
the spectra has been detected
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Figure 2: Storage modules as a function of frequency for NBR70 supplier 1 measured at different time
intervals after H, exposure.

Figure 3 shows the recovery rate for NBR70 supplier 1 as a function of pressure for a fixed 7day
exposure, here the sample is compressed to 25%. The % recovery is measured as the change in height
in relation to the original non compressed sample at different time intervals. It can be seen that the %
recovered is influenced by the pressure used, where samples exposed to 80bar showed the slowest
recovery rate, while the sample exposed to 5bar had an improved recovery rate, regardless of pressure
the sample never returns to the same %recovered as the unexposed sample suggesting that hydrogen
has modified the elastomers response and ability to recovery after compression.
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Figure 3: % Recovery as a function of pressure for NBR70 supplier 1
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In comparison the trend for NBR70 supplier 2 is in contrast to NBR70 supplier 1, Figure 4 shows the %
recovery rate for NBR70 supplier 2 exposed to H, gas at 80 bar for 7days. The exposed sample shows
an improved recovery rate which maybe linked to improved flexibility and a pseudo plasticization effect.
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Figure 4: % recovery rate as a function of time for NBR70 supplier 2 exposed to H; for 7 days

NBR is a common non technical elastomer found in the oil and gas industry. For higher pressures often
more advanced technical grade elastomers with improved mechanical strength and chemical resistance
are utilized, with HNBR commonly used as a technical elastomer within the gas industry. Figure 5 shows
the storage modulus as a function of frequency for HNBR at 20°C (black), 35°C (blue) and 75°C (red) for
non exposed (solid line) and exposed (dotted line). As expected, the storage modulus decreases with
temperature for both exposed and unexposed, however as can be seen the storage modulus also
decreases for samples exposed to H; gas when compared to the non exposed sample. This trend is
opposite to NBR70 supplier 1, furthermore even at 75°C a difference between exposed and unexposed
is measured. Again this is different to the non technical NBR variants and likely due to the higher cross
linked density of HNBR. The storage modulus is reduced by more than half across all temperatures when
exposed to hydrogen.
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Figure 5: Storage modulus as a function of frequency for HNBR unexposed (solid lines) and exposed
(dotted lines) at 20°C (black), 30°C (blue) and 75°C (red).
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3.1.2. Failure of Polyethylene

Figure 6 compares the time to failure for the two vintage PE pipe resin types at different stress
concentration factors for non-exposed samples. Testing at the same stress concentration factor, PESO
pipe shows a higher fatigue resistance than PE63 which is represented by the longer time to failure,
PE8O is known to have a higher SCG resistance when compared to PE63, due largely to the difference
in molecular weight distribution and crystallinity.
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Figure 6. Time to failure as a function of AK for PE63 and PE8Q pipe samples.

Identifying stable crack growth Figure 7 a shows the fracture surface of the PE80O sample with no
exposure to hydrogen in which the CPENT was carried out at AK=1.20 MPa[m”0.5]. Below the notch
area, the fatigue striation marks can be observed even at a low magnification, which are followed by a
distinctive ductile failure region (Figure -a). These fatigue striations are true crack arrest markings on
the fracture surface of polymers [24]. As can be observed in Figure -b, for each striation, the damage
accumulation continues 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.

a) b)

== « Notch edge

<« [ststriation

<« 20 gtriation

« 31 striation

Figure 7. The fracture surface of PES0 sample with no exposure to hydrogen tested at AK=1.20
MPa[m”0.5]: a) indication of different zones using optical microscopy, and b) the indication of the first
three striations using SEM observation.
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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 and arrests; then, releases the accumulated
stress and leaves a striation mark on the fracture surface (Figure 7a). The stepwise SCG behaviour 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 methodology, the SCG rate can be
approximately considered the same as the rate of crack opening displacement for a given condition
[10]. Figure 7b 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 equipment’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 1st 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 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
m = p 2 p 1 Eq. 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 8b).
Therefore, a point where a significant peak is observed in the slope curve can be attributed to the cycle
that resulted in the formation of a striation mark. Subsequently, the time taken to reach each striation
can be determined. As indicated in Figure 8b, the time to the 1st striation initiation starts from the first
cycle and ends when the 1st significant change in the slope is observed. The time to the 2nd striation
starts from the cycle that is linked with the 1st striation mark and ends when the 2nd striation mark is
formed. The time to the other striations can be similarly measured.

As shown in Figure 8b, the ratio of the number of cycles to initiate the 1st striation to the final failure is
the largest when compared with the other striations. Thus, the 1st striation plays a significant part in
the total time to failure for the PE pipe. In literature, the ratio of crack initiation or 1st striation initiation
to the time to final failure varies from 0.2 to 0.6 and strongly depends on the resin type [10, 25].
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Figure 8. 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.
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Figure 9a 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”0.5] and 1.20 MPa[m”~0.5] across all exposure times. However, at
lower AKs, 0.73 MPa[m”0.5] and 0.89 MPa[m”0.5], the time to failure of the PESO were reduced by
35% and 34%, respectively, for samples exposed to hydrogen for 90 days. For the PE63 pipe that was
tested at larger AKs; 0.89 and 1.20, the time to failure remains almost the same when it is exposed to
hydrogen for all time intervals investigated. However, at the lower AK of 0.65, it can be seen that the
PE63 sample exposed to hydrogen gas for 90 days has a longer time to failure when compared to the
PE63 non exposed sample. The time to failure of the PE63 sample that was tested at AK=0.65
MPa[m”0.5] is almost doubled when exposed to hydrogen for 90 days when compared to the non
exposed tested at the same AK.

The results in Figure 9a indicate that the exposure to hydrogen does not change the time to failure of
the PE63 and PE80O samples tested at larger AKs, which suggests 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 previously discussed, the time to the 1st striation for the non-exposed sample was a significant
portion of the total time to failure. It can be seen in Figure 9b that when the samples are exposed to
hydrogen, again the time to the 1st striation is the dominant portion of the total time to failure, this is
true for both PE resin types and all AKs investigated here.
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Figure 9. a) Time to failure, b) time to 1st striation initiation, c) time to 2nd striation initiation and d)
time to 3rd striation initiation as a function of AK for PE63 and PE8O pipe samples that were differently
exposed to hydrogen.
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Since the time to failure is a combination of both the crack initiation and forming of the 1st striation, as
well as the crack propagation by forming the other striations, the time needed to initiate the following
two striations (2nd and 3rd striations) are also investigated in Figure -c and d. The higher-order striations
can also be observed on the fracture surface, but their impact on total time to failure is significantly
less. Figure 9c and d reveal that the change in the applied cyclic stress by various AKs had no impact on
the time to initiate the 2nd and 3rd striations. After the 1st striation initiation; therefore, the progress
of the crack through the sample does not appear to be significantly influenced by the applied stress
beyond initiation, and hydrogen has no impact on the time to the higher-order striations.

Considering Figure 9a and b, the ratio of the time to the 1st striation initiation to the time to failure
decreases by an increase in the AK value. This ratio varies from about 0.85 to 0.99 for the lowest AKs,
and varies from about 0.40 to 0.68 for the highest AKs, depending on the particular resin and hydrogen
exposure time. When decreasing the AK, the crack tends to be detained in rather large plastic zones for
a long time before crack propagation through the 2nd and the following striations starts. For the PE63
sample which was exposed to hydrogen for 90 days and tested at AK=0.65, this ratio is about 0.99 and
suggests that the crack was arrested in the 1st striation position for almost the total time to failure and
the progress towards the following striations happened in a very short period, which suggests that
hydrogen gas may have changed to some extent the crack growth and crack initiation kinetics. To
explain this change in SCG kinetics X-Ray Diffraction, XRD, is used to examine the crystalline orinetation.

XRD is a non-destructive analytical technique that provides useful information about the
crystallographic structure of materials. 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 Ka radiation source at 40 kV acceleration voltage and 30 mA current over the 26 range
from 10° to 70° at a rate of 0.01° every 3 seconds. The x-ray diffractograms of the non-exposed (black)
and exposed (dotted red) conditions are shown in Figure 9. The characteristic (110) and (200) crystal
planes can be seen in both diffractograms. However, for the hydrogen exposed condition (dotted red)
a decrease in intensity of the (110) plane coupled with an intensity increase of the (200) plane is
observed. This likely suggest that a shift in the crystal orientation have 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 likely also explains
the difference in crack growth described above
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Figure 10 The x-ray diffractograms of the APA36 (PE63) sample from previous report where (black) is

the non-exposed and (red) the 180 days exposed condition.
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5. CONCLUSIONS

This paper outlined the reposnse of elastomers and PE pipe to hydrogen. Specifically two commercially
available general use NBR70 elastomers were investigated and showed radically different responses to
hydrogen. Supplier 1 NBR70 had a significantly negative response when exposed to H, gas showing a
decrease in storage modulus and reduced recovery rate response after being compressed. In contrast
NBR70 supplier 2 showed a slight increase in storage modulus and thus an improved recovery rate for
the compression set measurements. HNBR, a technical elastomer used extensively in the gas industry,
was included in the study and showed an increase in flexibility with H, gas and improved recovery rate
for the compression set measurements. This study was conducted at low to moderate pressures relative
to previous pressures reported and shows that even at these lower pressures changes are observed in
the elastomer material properties, however the changes are not permeant. On the failure mode for PE,
it was shown that the time to failure was influenced by exposure to H; gas and that was most obvious
for PE63 at higher Knax values, whereby the initiation step was most impacted. To support this, XRD was
conducted on the PE63 exposed sample revealing a change in the crystal orientation.
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