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Executive Summary

This preliminary work has been formulated as a paper for journal publication, as attached. This preliminary work
conducted permeation experiments through X65 D steel using hydrogen and hydrogen-oxygen mixtures at
different pressures and contents of oxygen. The aim was to assess the effect of oxygen on the hydrogen
permeation and the effect of oxygen on the inhibition of gaseous hydrogen embrittlement. A gas phase
permeation apparatus was built and a model using the appropriate boundary conditions was derived.

The gas phase permeation cell using Pd plated X65 D has been used to measure the equilibrium
hydrogen and hydrogen diffusivity. These values were consistent with literature values and were
published in Hoschke et al, Corrosion Sci 243 (2025) 112580.

The present work used X65 D surface activated in order to remove the surface oxide in order to study
hydrogen permeation using an oxide free surface, and to study the effect of oxygen on the hydrogen
entry and permeation through the X65 D.

The measured hydrogen solubility was significantly lower than for the Pd coated X65 D, and the
hydrogen diffusivity was considerably higher.

The oxygen inhibition of hydrogen entry into the X65 D was quite small, much smaller than expected.

Implication for Industry

Under the conditions of this study, there was little oxygen inhibition of hydrogen entry into X65 D.

The implication is that there would be little oxygen inhibition of gaseous hydrogen embrittiement, under
these conditions, which might imply a lack of reliability of oxygen inhibition.

Future work is required to confirm or refute these preliminary findings.
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Abstract

This paper reports on permeation experiments on X65 D steel using hydrogen and hydrogen-oxygen mixtures at
different pressures and contents of oxygen. The aim was to assess the effect of oxygen on the hydrogen
permeation. A gas-phase permeation apparatus was built and a model using the appropriate boundary conditions
was derived. The findings include:

- The derived balanced model of hydrogen permeation could reliably predict the measured permeation
transients. The experimental parameters would allow the use of the ideal boundary conditions.

- The measured hydrogen concentration was considerably lower than previously reported. This was likely
due to the higher diffusivity. However, the measured steady state fluxes were only slightly lower than in
previous works.

- There was no effect of oxygen in the first set of experiments with a hydrogen pressure of 81 bar.

- There was a slight effect of oxygen in the second set of experiments with a hydrogen pressure of 94 bar.
The steady state flux was initially lower compared to pure hydrogen at the same pressure. However, the
steady state flux slowly increased back to the level of pure hydrogen.

The low hydrogen concentration evaluated in this work could have been due to a lower steady state flux due to
an oxide layer. However, the diffusion process was significantly faster. Furthermore, an already existing oxide
layer might influence the detectability of the effect of oxygen on the hydrogen permeation. Future experiments
should use a standardised method of specimen preparation that will effectively remove any residual oxide layer.

Keywords: Hydrogen embrittlement (HE), pipeline steel, hydrogen permeation, diffusion, oxygen inhibition, gas
phase
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1 INTRODUCTION

1.1 Background

Hydrogen typically decreases the mechanical properties of steel [1-5], a phenomenon known as hydrogen
embrittlement (HE). HE is often studied using mechanical testing, which provides insight into the influence of the
hydrogen dissolved in the steel. Hydrogen permeation testing allows understanding of the hydrogen uptake into
the steel and hydrogen diffusion inside the steel. HE, if severe in the pipeline steel, could prevent hydrogen
transport by a gas transmission pipeline.

The feasibility of repurposing existing natural gas pipelines for hydrogen transport and storage depends on the
knowledge of the mechanical properties of the pipeline steel in contact with hydrogen, particularly the fracture
toughness, strength and ductility. Hydrogen permeation experiments [6—8] or thermal desorption spectroscopy
allow the evaluation of hydrogen charging conditions and hydrogen concentration inside the steel. In combination
with mechanical testing [9—11] at those charging conditions, fithess-for-service assessments [12] can be made.

The service-life of converted infrastructure can be extended if the operational parameters are adjusted, such as
pressure and throughput, or scheduled maintenance to minimise high pressure cycles. However, these
modifications may impact the economic viability of the operation of the pipeline. Alternatively, newly installed
pipeline segments could be coated with a hydrogen impermeable compound [13,14], but this would only effect a
limited portion of the pipeline network and be susceptible to physical damage. Therefore, the addition of small
amounts of an inhibitor gas to hydrogen has been proposed [15]. Research indicates [16] that the presence of
gases such as oxygen [17] or carbon monoxide [18] may inhibit the adsorption of hydrogen onto the steel
surface. Hydrogen uptake into the steel involves physical molecular adsorption on the surface, dissociation of the
hydrogen molecule into hydrogen atoms and chemical adsorption of the hydrogen atoms, sub-surface absorption
and bulk diffusion through the lattice and to trapping sites [19]. Gas-phase inhibition could mitigate hydrogen
uptake by impedance of the hydrogen adsorption steps. Past work [20] has indicated that promising gaseous
inhibitors have unsaturated bonds containing sulphur, carbon, or oxygen.

Staykov et al. [21] proposed a mechanism for inhibition of hydrogen uptake by oxygen in which dissociatively
adsorbed oxygen increases the activation energy of hydrogen adsorption by decreasing the electron density at
the steel surface.

The effectiveness of an hydrogen embrittiement inhibitor can be evaluated by the inhibition effectiveness, E, [16]

Miohin — M 1
E = Zinhib 7 H, 100 %
Minert - IVIHZ

where Minnib, MH2, and Minert represent the measured mechanical property under the influence of the inhibitor gas,
hydrogen, and in an inert atmosphere, respectively.

Hoffman and Rauls [22] were among the first to recognise the mitigating effect of oxygen. Their tensile tests on
CK22 N steel, though not a pipeline steel, demonstrated a steady recovery in the reduction of area with
increasing oxygen content in 100 atm hydrogen. As little as 10 ppm oxygen yielded an inhibition effectiveness of
38 %, which was increased to 83 % by 10,000 ppm oxygen.

Barthélémy and Pressouyre [23] conducted disk rupture tests using X70 pipeline steel. Oxygen contents of 120
ppm and 10,000 ppm increased the rupture pressure by 47 % and 74 %, compared to the rupture pressure using
pure hydrogen.

Cialone and Holbrook [24] investigated the influence of carbon monoxide, sulphur dioxide, and oxygen on the
fatigue crack growth rate of X42 in hydrogen, at a total pressure of 69 bar and at stress ratios of 0.1 and 0.8.
Addition of 100 ppm oxygen completely inhibited the accelerated fatigue crack growth measured in pure
hydrogen.

Kussmaul et al. [25] and Deimel et al. [26] investigated the tensile strength and fracture toughness of X70
pipeline steel in 90 bar hydrogen. The inhibition effectiveness for tensile tests was dependent on the strain rate.
A high strain rate yielded higher effectiveness. A small oxygen content of 10 ppm had little-to-no effect (E =0 —
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22 %), whilst 150 ppm oxygen had a pronounced effect (E = 44 — 97 %) so that the tensile strength was the
same as in air. However, the specimen in 150 ppm oxygen nevertheless had a small number of side cracks in the
necking region, that were also present in pure hydrogen. The fracture toughness was measured as the J-integral
at the 0.2 mm crack extension. There was no inhibition for 10 ppm oxygen. In contrast, 150 ppm oxygen led to
almost complete inhibition (E = 98 %). The fracture surfaces for both the tensile and the fracture specimens were
mixed mode, with quasi-cleavage fracture on the circumference of the specimen, indicating some effect of
hydrogen, and ductile dimples on the inside.

Somerday et al. [27] measured the fatigue crack growth of X52 pipeline steel in 210 bar hydrogen. The addition
of 10 ppm oxygen had no effect. However, 100 ppm and 1000 pm produced complete inhibition, though only up
to a certain fatigue crack growth rate. They concluded that there was an inhibition effect when the rate of fatigue
crack growth, either by increasing stress intensity factor or increasing test frequency, was restrained by the rate
of oxygen adsorption onto the freshly created surfaces. When the fatigue crack growth rate was increased, the
rate of passivation could not keep up, leading to an onset of accelerated fatigue crack growth despite the
admixture of oxygen.

Ronevich et al. [28] measured fatigue crack growth and fracture toughness to assess the effectiveness of 100
ppm oxygen in 14 to 210 bar hydrogen on X100 pipeline steel. Depending on the test parameter (frequency, total
pressure, stress ratio), oxygen had complete inhibition effectiveness up to a certain fatigue crack growth rate,
similar to Somerday et al. [27]. Higher hydrogen pressures and higher frequencies led to an earlier onset while
the influence of the stress ratio was not assessed. The fracture toughness tests revealed the dependency of the
oxygen content. The oxygen concentration of 100 ppm was sufficient to produce an inhibition effectiveness of
100 % for a hydrogen pressure of 21 bar. However, the same oxygen content yielded only an inhibition
effectiveness of 65 % at 210 bar hydrogen pressure.

Komoda [29] investigated the effect of oxygen admixtures on the fracture resistance of A333 pipeline steel in 6
bar hydrogen. The J-R curve in air aligned with the curve for 100 ppm oxygen, indicating complete inhibition
effectiveness. Furthermore, the addition of 100 ppm oxygen caused the crack tip to retain the same shape as in
air, and caused ductile fracture, comparable to the fracture in air.

These mechanical tests demonstrated the potential of as little as 100 ppm oxygen as an inhibitor of gaseous
hydrogen embrittlement. The effectiveness strongly depended on test conditions such as strain rate, frequency or
stress ratio, which may not directly translate to real service conditions. Moreover, inhibition effectiveness was
related to oxygen content and partial pressure. While hydrogen embrittlement increased with increasing

hydrogen partial pressure [30], it is likely that the required ratio of the oxygen content (and thus partial pressure)
also scales accordingly to maintain its inhibitory effect.

The mechanism for oxygen inhibition is not clear. There appear to be various possibilities. Staykov et al. [21]
found that oxygen molecules are captured by the steel surface deeper into the gas volume than hydrogen,
attributed to the greater electronegativity and spatial orientation of the antibonding 1* orbital. Nevertheless, the
oxygen inhibition could be a kinetic effect or a thermodynamic effect. The work of Staykov et al. [21] suggests
that the role of oxygen is to block the steel surface, so that some fraction of the steel surface, ®, becomes
impervious to hydrogen entry. In this case, it would be expected that the hydrogen solubility measured in a
permeation experiment, Cus, would be given by:

Cvp = (1 — O) Cyst,

where Chsrt is equilibrium hydrogen concentration in the steel in equilibrium with hydrogen gas of the pressure
used in the measurement; and in a pipeline, the hydrogen solubility, Cvp, would be given by:

Cvwp = Chst-

The alternative may be that the oxygen decreases the hydrogen fugacity at the steel surface to some fraction,
fom, of the hydrogen fugacity in the bulk hydrogen gas, by altering the hydrogen dissociation reaction at the steel
surface, so decreasing the concentration of adsorbed hydrogen atoms at the steel surface, Hads, so that the
hydrogen concentration in the pipeline steel, Cwr, would be given by:

Cwmr = fosu Chst-
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2 RESEARCH AIMS

This research aims to investigate the influence of small amounts of oxygen on the hydrogen permeation through
X65 pipeline steel. A new gas-phase permeation apparatus was built to enable permeation experiments using
pure hydrogen and hydrogen-based gas mixtures. The advantage of gas-phase permeation studies is that the
permeability, and the diffusivity, of the steel membrane can be readily obtained from the measured data, enabling
the evaluation of the solubility constant as well as the hydrogen concentration. In contrast, electrochemical
hydrogen permeation experiments need careful calibration to establish the exact upstream conditions (i.e.
hydrogen fugacity) and only yield the hydrogen diffusivity through the fitting of the transient hydrogen flux and the
hydrogen concentration using the steady-state flux [31]. Furthermore, gaseous hydrogen charging allows
investigation of gas mixtures.

Hydrogen entry into pipeline steels is impeded by the surface oxide that occurs on the steel surface after any
exposure to air during specimen preparation [6]. This surface oxide is part of the oxygen inhibition effect. The
impediment of oxide inhibition of hydrogen entry is overcome by immediate surface coating with palladium for
experiments which measure the hydrogen solubility in the steel in equilibrium with hydrogen gas [6]. However,
palladium plating cannot be used for experiments to study how oxygen influences gaseous hydrogen
embrittlement. For that, an oxide-free steel surface is needed. An activation procedure was used by Venezuela et
al. [32] that allowed hydrogen entry into the steel. The procedure was to make use of the fact that the oxide on
the steel surface was reduced in the presence of hydrogen at a reasonable rate at 200 °C. That activation
methodology was used in this research in order to attempt to produce a clean oxide-free steel surface for
hydrogen permeation experiments and to study the effect of oxygen in the hydrogen gas.

This paper first describes the apparatus and the appropriate model that considers the initial and boundary
conditions. Thereafter two series of experiments were carried out. The first series used the highest purity
hydrogen readily available in Australia (99.999%). Baseline permeation experiments with pure hydrogen were
conducted first. Thereafter, the permeation experiments were conducted using hydrogen containing 100, 300 and
1000 ppm oxygen. The second series used extremely pure (99.99999 %) hydrogen from a mischmetal-Nis metal-
hydride source.

3 METHODOLOGY

3.1 Gas-phase permeation apparatus

In the gas-phase permeation method, a specimen (membrane) is charged with gaseous hydrogen on the feed
side (upstream). The hydrogen permeates through the membrane by diffusion and is detected on the permeate
side (downstream). This study monitored the hydrogen permeation by the pressure increase in a fixed known
measuring volume, rather than using electrochemical methods or mass spectroscopy. The pressure was
measured using a heated capacitance manometer (Kurt J. Lesker, HCG045-KT-6-1) with a full-scale of 1 Torr. A
schematic of the apparatus controlling the gas composition and pressure to the gas phase permeation cell is
shown in Figure 1. The gas-phase hydrogen permeation cell is presented in Figure 2 and Figure 3.

The apparatus allowed pure hydrogen to be introduced into the permeation cell directly from either a gas cylinder
or a metal-hydride compressor [https://doi.org/10.1088/2515-7655/ab9314] capable of generating > 200 bar.
Alternatively, a gas mixture can be prepared beforehand and expanded into the permeation cell. The system
featured multiple gas inlets connected to a manifold and two sample cylinders. Each volume was calibrated and
fitted with pressure transmitters and thermocouples to determine the gas quantity at each step. After each
expansion step, adequate time was allowed for the gas to reach thermal equilibrium at room temperature.

To prepare a gas mixture, hydrogen was first charged into the sample cylinders. Then, the manifold was
evacuated using a roughing vacuum pump. Oxygen gas was introduced into its designated inlet volume at an
appropriate pressure to achieve the desired oxygen concentration in the hydrogen gas. Oxygen was expanded
into the manifold and mixed by opening the valves to the hydrogen-filled sample cylinders. The pressure and
temperature of the hydrogen and oxygen in their respective volumes were measured just before mixing. The
mixing ratio, Q, was calculated using
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No

Q — 2

Tl].[2 + noz

where no2 and nu2 represent the amount of gas (mol), Oz and Hz, respectively, calculated using the real gas law.
The hydrogen—oxygen mixtures are described later. Care was taken to ensure the mixture was outside the
flammability limits. The upper flammability limit of hydrogen in pure oxygen is 95 vol% [33] and all tested mixing
ratios Q were well below this 5 % limit.

The permeation cell was constructed from type A-286 (UNS S66286) iron-nickel-chromium super alloy and was
hydrostatically pressure tested to 250 bar. The cell was sealed using a two-stage O-ring design. Two small O-
rings sealed the upstream and downstream volume against the disc specimen and the two flanges. A larger O-
ring created a seal between the two flanges. The O-rings were made of Viton, a high-temperature-resistant
compound. For membranes with low permeability, outgassing of the O-rings and gas permeation through them
could significantly affect the measurements over time. Therefore, it was essential to heat the O-rings under
vacuum for a prolonged period to allow outgassing. To mitigate the effect of hydrogen permeation through the O-
rings, a guard vacuum was created between the two O-ring stages. This effectively removed any residual gas
trapped between the stages during assembly and any hydrogen that might permeate during an experiment.
Despite these precautions, there was a small background flux. Hence, a correction term was incorporated into
the model as described later.

The permeation cell was connected to the apparatus using fittings that were brazed to the cell, allowing high-
temperature heating. The cell was also fitted with two valves on either side, enabling assembly inside a glove box
to minimise exposure of the specimen surfaces to air.

After assembly, the background pressure was measured without pumping the downstream volume. A helium leak
test was performed afterwards. As Viton is permeable to helium while the steel specimen is not, a leak would
have caused a pressure increase higher than the previously measured background-pressure. In both cases,
there was only a minor gas load in the order of 10 mbar L s™'. This could be attributed to the unpumped volume
during measuring. The measured gas load was a linear pressure increase without the characteristic S-shaped
curve that would suggest helium permeation through the outgassed O-rings. This confirmed the leak-free integrity
of the cell and the effectiveness of the vacuum sealed O-rings.

Exhaust

N ’ \J QU
D <D<
(1T D (A AR
N U &y &y
PHX o >
(1T (D (BT (D)
N WA, &y
D] > >
[

><H<H—P
—®

X

X

Vacuum Vacuum

Figure 1 Piping and instrumentation diagram of the gas-phase permeation apparatus. PT denotes a pressure
transmitter, TT a temperature transmitter, V1 and V2 are the sample cylinders used to prepare gas mixtures,
MHSC is the metal hydride sample cylinder, Pir is the Pirani gauge, and CM is the capacitance manometer (1
Torr full scale).
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Figure 2 Exploded assembly view of the cell used for the permeation experiments. The band heater is not shown.

4

Figure 3 Schematic of the gas-phase hydrogen permeation cell. The specimen is indicated in yellow, 2 mm
thickness, diam 32 mm.
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3.2 Model Description

The mass transport across a membrane is governed by the diffusion equation, commonly known as Fick’s
second law [34], that relates the change in concentration, ¢, over time to the second spatial derivative of the
concentration. The proportionality constant D is the diffusivity of the material and may be interpreted as a
measure of the speed of diffusion.

dc d%c 3

3t~ Poxz

A well-established approach to determine the hydrogen diffusivity is to analyse the hydrogen flux [35-37]. The
diffusivity can be estimated using the time-lag method [38,39], the breakthrough time [7], or by fitting the entire
permeation curve [6] to a solution of Eq. 3. Typically, these methods assume the following ideal initial and
boundary conditions

c(x,0)=0 0<x <L
¢(0,t) = ¢; = const. t>0 4
c(L,t)=c;=0 t >0

where L is the membrane thickness. The indices 1 and 2 denote the feed and permeate side, respectively. Under
these conditions, the hydrogen flux during a rise and decay transient can be described [40] as

J@) = Jo - . Dn?m?t 5
—]oo _— —1+2;(—1) exp(——L2 >

and
J@) = Jo " . Dn?m?t 6
R ——2;(—1) exp(- 7 )

where J» and Jo are the steady state and the initial hydrogen fluxes, respectively. If a decay experiment follows a
rise transient immediately, then Jo equals J-.

This work used a fixed downstream volume, so that the measured downstream hydrogen pressure increased
over time. As a result, the boundary conditions deviated from the ideal case. To address this, a model was
developed to reflect the real initial and boundary conditions of this experimental setup, as illustrated in Figure 4.
Unlike most other experimental setups that measure the hydrogen flux directly [35], this apparatus measured the
downstream hydrogen pressure over time. The flux can be deduced as the time-derivative of the measured
pressure. However, differentiation is a noise amplifier. Thus, the goal was to derive an equation that could be
directly fitted to the measured pressure. The initial and boundary conditions of this model are:

c(x,0) = f(x) 0<x <L
c(0,t) = ¢; = const. t=>0 7
c(L,t) =c, = f(t) t >0.

Given that the feed pressure was at least four orders of magnitude higher than the permeate pressure, the
upstream concentration c1 was assumed to be constant. As hydrogen permeates into the downstream volume, c2
increases over time, theoretically never reaching a true steady state. Additionally, a variable initial concentration
profile was introduced to model subsequent transients based on the previously attained concentration profile.
Using Carslaw’s solution [41] to Eq. 3, the concentration profile as a function of position x, and time tis:

x
clx,t) =c; +(c; — C1)Z

RP3.1-13 Milestone 4 Report



4

nmx Dn?m?t x . onmx'
LZsm— exp| ——3— ~J;) f(x") sin 7 dx'.

The initial concentration profile is modelled as

c(x,0) = C1,0 (1 - %) + C20 (%) 9

where ¢, , and ¢, represent the initial upstream and downstream concentrations at to. Setting both initial
concentrations to zero gives the solution for a hydrogen-free specimen. It should be noted that this profile
assumes a steady state condition, when the concentration profile has become linear. Therefore, consecutive
experiments, such as a rise transient followed by a decay transient, should be long enough that steady state is
attained. Furthermore, in the case where c2 is a function over time, equilibrium between ¢+ and c2 should be
reached. By solving Eq. 8 with Eq. 9, the concentration profile becomes:

x
c(x,t) =c1+(cz - Cl)z 10
+2§:c2 cosnm—c; . nux Dn2m2t

T n sin L exp T2
n=1

+ 2 €0 — €0 COSNTT | MTX Dn?m2t

T n sin L exp 2

n=1
According to Fick’s first law [34], the hydrogen flux is given by:
dc 11
J=D—

Differentiating Eq. 10 with respect to x and evaluating at x = L yields the hydrogen flux at the permeate side:

IO =DC1;C2 12

Dn°m
Z(CZ €L COSNT) - exp( —)
Dn’m
Z(clocosnn—czo) exp( T2 )

Applying Sieverts’ law [42]

13

%

CH

leads to the modified flux for gaseous permeation

— 14
0= o5l
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2DS

Z(J— Jrrcosnn) - exp (-2
ZDSZ(ﬁcosnn ). exp( Dn?n )

Here, the product of the diffusivity D and the solubility constant S is the permeability @[31]. Eq. 14 can be
interpreted as a superposition of three flux components: the steady state flux, the transient flux due to the
boundary conditions, and the decaying transient flux due to the initial conditions (previous boundary conditions).

The hydrogen flux can be converted to the change in pressure considering the mass balance across the
membrane

2 dnz 2 Vz de 15
=7 dt A RTZ dt

where dn2/dt is the change in the amount of hydrogen over time, A is the exposed area of the membrane, dp2/dt
is the change of pressure over time, V2 is the downstream volume, R is the universal gas constant, T is the
temperature measured in V2, and Z is the compressibility factor of the accumulating hydrogen gas. The factor of
two accounts for the conversion from atomic to molecular hydrogen flux [43]. Finally, integration of Eq. 15 gives
the pressure as a function of time:

=252 ft de’ +¢ (dp2> + 16
D2 =3 A o]L dt /o P2,0-

The constant of integration is added as p2,0 which is the base-pressure at the start of the experiment. The initial
flux (dp2/df)o may account for a linear background flux that may arise due to leakages of the unpumped volume
during the experiment or residual outgassing of the membrane.

To determine diffusivity, permeability, and the solubility constant, Eq. 16 is fitted to the measured pressure data
by integration of the hydrogen flux described in Eq.14. The model includes a feedback loop to account for the
influence of previous downstream pressures. Unlike traditional methods that depend on flux normalisation or
fitting a linear segment of the pressure curve to determine the time-lag, this approach avoids the ambiguity of
selecting flux values and the difficulty of identifying a suitable linear region. Hereinafter, Eq. 16 is denoted as the
balanced model.
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co(t)
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Figure 4 Schematic of the permeation model. The coloured lines depict the concentration profile inside the
membrane over time, where each line represents a distinct time. The initial concentration c1,0 causes the
downstream concentration c2,0 to rise over time. In a subsequent experiment, the upstream concentration is
increased to c1. The downstream concentration c:z adjusts accordingly. Due to the accumulation of hydrogen on
the feed side of the membrane, the downstream pressure and thus the hydrogen concentration increase steadily.

Pressure -
Flux -

== |deal Model
== Balanced Model

Time -

Figure 5 Schematic comparison of the resulting pressure (blue) and flux (red) between the ideal and the
balanced model. In the ideal model, the permeate concentration stays constant. Thus, the pressure increases at
a steady rate as depicted with the dashed line. This, however, would violate the real boundary conditions where
the static volume leads to an increasing pressure and a change in permeate concentration. The balanced model
(solid lines) reflects this situation, showing an inflection point in the pressure and flux. At infinite time, the
pressure would equalise and reach the upstream pressure. At that time, the flux would decrease to zero.
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33 Experimental

The investigated material was a vintage X65 steel (1980), designated as X65 D, extracted from the Dampier
Bunbury natural gas transmission pipeline (DBNGP). In prior research, the material was characterised [9,11] and
the tensile properties [11] and fracture toughness [10] under hydrogen exposure were studied. The chemical
composition is presented in Table 1. The microstructure was composed of banded ferrite and pearlite. The
banding was stacked in the radial direction and elongated in the transverse and longitudinal direction,
corresponding to the rolling direction.

Table 1 Composition of the X65 D vintage steel in weight percent. The balance is Fe.

C Si Mn P S Al Cr Mo Ni Co Cu Nb Ti V

012 026 151 002 000 0.03 002 001 0.01 000 0.01 0.04 000 0.00
6 3 3 1 5

The permeation experiments used a disc with a diameter of 32 mm and a thickness of 2 mm, extracted from a
pipeline section. The specimen thickness was in the radial direction of the pipe. The specimen was ground to 600
on both sides. The specimen was moved into a glovebox and the surface preparation was continued under an
argon atmosphere. The specimen was ground to 1200 grit and the permeation cell was assembled inside the
glovebox. Two valves on either side of the cell ensured that the specimen was not exposed to air when the cell
was taken out of the glovebox and fitted into the apparatus.

During this specimen preparation, the oxygen content in the argon was less than 0.1 ppm. This equates to 10
mbar oxygen. However, as argon is not attracted to the steel surface, there was likely a thin oxygen film. Thus, a
subsequent surface activation was performed. The assembled permeation cell was evacuated from the argon
atmosphere. The cell was heated to 150 °C for 24 h under constantly pumped vacuum to outgas the O-rings.
Following, the cell was heated to 200 °C for 24 h with an upstream hydrogen pressure of 50 bar and a
downstream hydrogen pressure of 38 bar. This was to reduce any oxides that might have formed during
preparation. While the specimen was still being heated, the gas was evacuated for 2 h ensuring all absorbed
hydrogen was released. Then, the cell was cooled to room temperature under vacuum.

Table 2 Operating conditions.

Parameter Symbol Unit Value

sample thickness L m 0.0020

exposed membrane area A m? 0.000441

downstream volume 74 m3 0.0000207

temperature T °C 23+1

hydrogen purity - - 99.999 % (compressed gas cylinder)

> 99.999 % (metal hydride source)

All experiments were performed at 23 + 1 °C. The permeation experiments were conducted either using ultra-
high purity hydrogen (99.999 %) from a compressed gas cylinder (CGC) with a specified oxygen concentration of
less than 2 ppm, or with hydrogen from a metal hydride source (MHSC). Desorbed hydrogen from a metal
hydride source is estimated to have much higher purity than ultra-high purity hydrogen from a compressed gas
cylinder However, the actual purity was not measured. The operating conditions are summarised in Table
3.

Three pressure levels were tested using pure hydrogen from the compressed gas cylinder. At each pressure
level, three transients were conducted to minimise the influence of potential trapping effects [44]. Between each
pressure level the specimen was heated to 150 °C for 4 h under vacuum to replicate the initial starting conditions.
However, between each rise transient at the respective pressure, the specimen was only allowed to desorb for
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100 min at room temperature. The intention was to keep the strong traps filled and to remove only lattice
hydrogen and potentially hydrogen from lower energy (weak) traps.

Two sets of hydrogen-oxygen permeation experiments were conducted. The first set of experiments was at a
total pressure of 81. The specimen was not heated prior to this test. There was a single rise transient at 81 bar
using pure hydrogen (CGC), followed by an extended decay transient. This served as the baseline result.
Subsequently, the hydrogen-oxygen tests used increasingly higher oxygen concentrations. There was no heating
between the oxygen experiments.

The second set of experiments was conducted at a total pressure of 94 bar using hydrogen sourced from the
metal hydride reservoir. Prior to the tests, the described specimen preparation was repeated in the glovebox. The
specimen was then heated to 150 °C under vacuum for 12 h to allow sufficient time for outgassing of the O-rings.
One rise and one extended decay transient was measured using pure hydrogen (MHSC). In the following
experiments, only rise transients were measured. After each subsequent experiment, the specimen was heated
to 50 °C to allow fast hydrogen desorption. After the experiments containing 100 ppm and 5000 ppm oxygen,
respectively, there was one experiment where the feed side of the specimen was exposed to air for 1 hour. The
air was evacuated before the specimen was charged with pure hydrogen. In the subsequent experiment, the feed
side of the specimen was exposed to 3.4 bar pure oxygen for roughly 4 minutes. This was equivalent to the
exposure of 1 bar of air for 1 h from the previous experiment. Then, pure hydrogen was charged to the specimen
without removing the pure oxygen, resulting in an oxygen content of 12000 ppm. The final experiment used pure
hydrogen only. This was to confirm the removal of oxygen from the previous experiments.

Table 3 Test matrix for hydrogen, and hydrogen-oxygen permeation experiments.

Type Total pressure Oxygen content Transients Heating
(source) (bar) (ppm)
121 0 3 rise, 3 full decay 200 °C prior
T 65 0 3 rise, 3 full decay 150 °C prior
25 0 3 rise, 3 full decay 150 °C prior
. 81 0 1 rise, 1 decay No heating
8 100 1 rise, 1 decay No heating
O 300 1 rise, 1 decay No heating
I 1000 1 rise, 1 decay No heating
Q 94 0 1 rise, 1 decay 150 °C prior
T S 100 1 rise No heating
» 5000 1 rise 50 °C prior
g air exposure 1 rise 50 °C prior
~ 12000 1 rise 50 °C prior
0 1 rise 50 °C prior
4 RESULTS

4.1 Pure Hydrogen

Figure 6 shows a typical example of the measured pressure and the fitted models for a rise and a decay
transient. The error of the fit to the recorded rise transient was less than 1 %, evaluated as the normalised root
mean square error. The error of fit of the flux, Figure 7, was generally higher, attributed to the noisiness of the
flux (light blue area), derived by differentiation of the recorded pressure.
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Figure 6 Experimental pressure and fit curves for the balanced and ideal models. The presented data is from the
second rise and decay transients with an upstream hydrogen pressure of 65 bar.
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Figure 7 Experimental flux and fit curves for the balanced and ideal models. The presented data is from the
second rise and decay transients with an upstream hydrogen pressure of 65 bar. The light blue underlay is one
standard deviation of the mean of the experimental flux. The dark blue line is the moving average of the
experimental flux with a window size of 25.

All rise transients using pure hydrogen are presented in Figure 8. The fitted diffusion parameters are summarised
in Table 4 for the balanced model and in Table 6 for the ideal model. The recorded pressure is shown in Figure
8(a), while the pressure that is adjusted for the fitted background flux is depicted in Figure 8(b). In both figures,
the measured pressure increased as the upstream hydrogen pressure increased. In Fig. 7(a), the absolute
pressure increase was lower for the first transient at each pressure level, compared to the second or third
transient. This indicates that permeation was affected by hydrogen trapping. As there was no heating between
each transient, most traps were filled when the second and third transient commenced, resulting in a slightly
faster rise of the recorded pressure. This effect was most pronounced at 121 bar.

The resulting flux, obtained by differentiation of the modelled pressure, is presented in Figure 8(c) and (d). The
unadjusted flux (Fig. 8(c)) was expected to approach a common steady state flux according to Eq. 11. While this
occurred for 25 bar and 65 bar, the 121 bar transients were different and the steady state flux increased with the
experiment number. This was also measured by Koren et al. [7], who measured a similar increase using X65,
where the flux of the third transient for upstream pressures of 10 bar and 100 bar were higher than the previous
transient.
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The normalised flux in Fig. 8(d) shows slower diffusion for the first transient compared to the second and third
transient. This agrees with the observation of Figure 8(a). At an upstream pressure of 25 bar, all transients were
slower than those for 65 bar and 121 bar. While the first transient was still lagging, even the second and third
transients experienced a slower diffusion than the first transients of the high-pressure levels. Similarly, Koren et
al. [7] found that their normalised flux transients were also slower the lower the upstream pressure.
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Figure 8 Measured pressure (a, b) and fitted flux (c, d) of all pressure levels tested with pure hydrogen and the
respective transients. (a) Recorded pressure. (b) Recorded pressure adjusted for the fitted background flux. (c)
Recorded flux and the steady state flux (dotted lines). (d) Normalised flux.

Table 4 Summary of the diffusion parameters evaluated from the rise transients using the balanced model. The
normalised root mean square error (NRMSE) is based on both the recorded pressure, p, and flux, J.

Pressure Trans. Dapp S D oo I NRMSE
(bar) (101 (10 1014 (10 (10° (%)
m?s) mol/m?/Pa’®) mol/m/s/Pa®?) mol/m?¥s) mol/m?/s) p J
121 1 5.90 6.20 3.66 6.37 0.12 0.23 11.0
2 6.93 5.06 3.50 6.69 6.22 0.24 131
3 6.78 5.35 3.62 7.07 7.66 0.23 10.8
65 1 6.08 6.61 4.02 5.23 1.08 0.20 10.6
2 6.92 5.33 3.69 5.26 5.29 0.16 121
3 6.71 5.46 3.66 5.29 6.20 0.18 144
25 1 3.85 7.55 2.91 2.40 1.07 0.45 13.2
2 4.45 5.60 249 2.34 3.83 028 94
3 4.56 5.55 2.53 2.40 4.09 0.24 13.0
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Figure 9 presents the steady-state flux as a function of the square-root of hydrogen fugacity. Fugacity is the
thermodynamic activity of the gas [43] and is measured in units of pressure. For hydrogen gas pressures less
than 200 bar, the difference between hydrogen pressure and hydrogen fugacity is small, but can be evaluated
easily. Combining Eq. 11 and Eq. 13 gives the flux as a function of permeability

(]
10 =7 (- J70) "
with
® =DS 18

where f1 and f2 are the fugacities evaluated from the upstream and downstream pressures. Eq. 17 indicates that
the slope of a linear regression line through the adjusted flux as a function of the square root of fugacity equals
the permeability divided by the sample thickness. Though permeability can be evaluated using a single transient,
using the linear regression line gives an average value across all pressure levels. The evaluated permeability
constants listed in Table 4 are presented in Figure 10.

The hydrogen concentration in equilibrium with the upstream pressure can be evaluated using Fick’s first law
(Eqg. 11) or Sieverts’ law (Eq. 13). Figure 11 shows the hydrogen concentration, calculated using both methods
using the respective values obtained by fitting the individual transients. The linear regression lines for each
number of transients have a positive intercept with the ordinate, following the modified Sieverts’ law [32]

CH:S'ﬁ+CT 19

where cr is the concentration of trapped hydrogen. However, the intercepts decreased with increasing number of
transients, signifying the trapping effect. Therefore, the lattice solubility constant was approximated as the mean
of the third transient. Then, the hydrogen lattice concentration is given by Eq. 13 using the mean solubility
constant. The average permeability, solubility constant, and, by extension, diffusivity, are given in Table 5. The
reported diffusivities in this work are well below the diffusivity of pure iron (3.2 x 10~° m/s? [45] to 7.3 x 10~° m/s?
[46]). It should be noted that for the second and third transients, the initial flux contributes to the steady state flux.
As the balanced model uses the adjusted flux to derive the permeability and solubility constant, the concentration
based on Sieverts’ law might be underestimated. The lower values of diffusion coefficient measured in this work
are attributed to the substantial amount of hydrogen traps. This is consistent with the positive intercept for the
plots of hydrogen equilibrium concentration plotted against the square root of hydrogen fugacity.
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Figure 9 The steady state flux obtained using the balanced model against the square root of fugacity. The linear
regression gives the average permeability divided by the sample thickness as the slope of the fitted line. The
data in green depict the tests using oxygen.
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Figure 10 Permeability of each transient is plotted as a function of square root of fugacity. The dashed lines are
the average values of permeability evaluated from the slope of the flux times the sample thickness. The
permeability evaluated for 25 bar upstream pressure deviates slightly from the average value. Green depicts the
tests using oxygen.
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Figure 11 Hydrogen concentration as a function of the square root of fugacity. The dashed lines represent the
average solubility constants as evaluated from their respective transients over all pressures using linear
regression.

Table 5 Average diffusion parameters evaluated from the linear regression of the third transient.

D S @
(m?/s) (mol/m3/Pa®%)  (wppm/bar®®) (mol/m/s/Pa®%) (mol/m/s/bar’?)
6.25 x 10710 5.45 x 10°° 2.21 x 1073 3.41x10™™ 1.08 x 10"
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4.2 Added Oxygen

In the first set of hydrogen-oxygen experiments, oxygen was introduced to measure its effect on the hydrogen
permeation. The oxygen—hydrogen mixture was prepared as described in Section 3.1. When the experiment
commenced, oxygen was expanded into the permeation cell first. This was to ensure that oxygen was properly
exposed to the specimen. The expected pressure increase due to oxygen expansion was recorded.
Subsequently, hydrogen at 81 bar from the hydrogen gas cylinder was expanded into the permeation cell
approximately 5 seconds later. The measured hydrogen pressure and the hydrogen flux using hydrogen—oxygen
mixture containing 100 ppm, 300 ppm, and 1000 ppm oxygen are presented in Figure 12. The attained steady
state hydrogen flux is shown in Figure 9 and the oxygen-influenced permeability is included in Figure 10. A single
rise transient at an upstream pressure of 81 bar was conducted using pure hydrogen. This served as an
additional baseline result. All oxygen—hydrogen experiments were also conducted using 81 bar total pressure.

Unexpectedly, there was no significant influence of oxygen. The steady state flux as a function of fugacity was
comparable to that with the experiments using pure hydrogen. Hence, there was no change in hydrogen
permeability due to oxygen. The slight deviation of the steady state flux between the different levels of oxygen
was in the range of experimental error. There was no heating between the experiments using different contents
of oxygen. This was to keep irreversible traps occupied and because no influence of oxygen was detected.

In the second set of hydrogen-oxygen experiments, the charging sequence was similar to the first set, where
oxygen was always charged prior to hydrogen. Hydrogen was sourced from the metal hydride. The measured
hydrogen pressure and the hydrogen flux using hydrogen—oxygen mixture at 94 bar containing 100 ppm, 5000
ppm, 12000 ppm oxygen, and exposure to air are presented in Figure 13. Oxygen had a small but measurable
effect on the pressure increase, producing lower steady state values of hydrogen flux that decreased with
increasing oxygen content. However, there was little to no effect on the onset of hydrogen detection, meaning
oxygen functioned as a bottleneck but did not block hydrogen uptake. Figure 14 shows the extended transient for
the experiment using 12000 ppm of oxygen. The measured hydrogen flux against the log-time appears to
increase linearly, from the apparent steady state value from approximately 2000 s. This might indicate a slowly
decaying oxygen reduction at the specimen surface, resulting in an increased steady state flux. The final value of
hydrogen flux was close to the steady state hydrogen flux measured in the pure hydrogen baseline experiment at
94 bar. The final experiment was conducted using pure hydrogen. Figure 13 and Figure 14 indicated that the
hydrogen flux recovered to the level of the test containing 100 ppm oxygen. This indicates less oxygen was
preadsorbed after the test with 12000 ppm oxygen than at the start of the test with 12000 ppm oxygen.
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Figure 12 Pressure and flux over time for the first set of experiments with hydrogen-oxygen gas mixtures at 81

bar. There was no influence of the oxygen compared to the baseline run with pure hydrogen. Hydrogen sourced
from the hydrogen gas cylinder
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Figure 13 Pressure and flux over time for the second set of experiments with hydrogen-oxygen gas mixtures at
94 bar. Hydrogen sourced from the metal hydride.
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Figure 14 The measured hydrogen flux of the hydrogen-oxygen experiment at 94 bar containing 12000 ppm of
oxygen (green, pale underlay). The fitted flux (green, solid line) was evaluated to 5000 s. Thereafter the steady
state hydrogen flux slowly increased until reaching the steady state flux of the pure hydrogen baseline
experiment at 94 bar. This likely indicated a slow reduction of preadsorbed oxygen to the surface, thereby
removing oxygen which led to the recovery of the steady state flux to the value dictated by the membrane
permeability and the hydrogen partial pressure. The subsequent experiment using pure hydrogen (purple)
showed almost no residual influence of oxygen.

5 DISCUSSION

5.1 Balanced versus Ideal Model

Both models of data fitting were in general agreement. The diffusion parameters obtained by the ideal model are
listed in Table 6. Nevertheless, the balanced model provided a better description of the actual experimental
conditions used in these experiments. Moreover, whilst the parameters evaluated by each model were similar,
the errors associated with the balanced model were significantly smaller. Consequently, the values from the
balanced model were to be preferred because the model described the experimental conditions better and the
errors were smaller.
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It should be mentioned that technically, in the described experimental setup there was no real steady state flux
as predicted by Fick’s first law. Due to the rise in downstream pressure, Eq. 17 shows that the flux was a
function of time (see Figure 5). Nevertheless, as shown using the ideal model, the characteristic of the
experimental setup allowed the boundary conditions to be treated as time-invariant. This was due to the low
permeability of the steel membrane and the large enough downstream volume. The square root of the
downstream pressure, influencing the quasi-steady state flux, was two to three orders of magnitude smaller than
the square root of the upstream pressure. Thus, over the course of a typical experiment (5000 — 6000 s), this
influence was negligible.

The ideal model fitted the diffusivity to a normalised flux. Therefore, the initial and steady state flux needed to be
manually chosen from the measurements. This can introduce a source of error given the noisiness of the flux.
Results can deviate significantly for small variations of the initial flux. The balanced model fitted the diffusivity, the
solubility constant and the initial flux to the recorded pressure data. The steady state flux was obtained as the
maximum flux, predicted by the model. As this could be seen as unambiguous, it was found that these fluxes
sometimes deviated from the average values manually chosen for the ideal model. Because the balanced model
obtained a best fit over the whole dataset, it may offset the initial and steady flux to match the exponential portion
of the transient. However, it is possible to obtain the initial and steady state flux of the balanced model by
restricting the solubility constant to be a function of the manually chosen steady state flux using Eq. 17 and 18.
The background flux may also be restricted to equate to the initial flux. This way, both models align for
downstream pressures significantly smaller than the upstream pressure when the assumption of ideal boundary
condition holds.

Table 6 Summary of the diffusion parameter evaluated from rise transients using the ideal model. The normalised
root mean square error is based on both the recorded pressure and flux.

Pressure Trans. Dapp S 0] Joo Jb NRMS
(bar) (100 (10° (10 (10® (10° (%)
m?/s) mol/m?/Pa’%) mol/m/s/Pa’%) mol/m?/s) mol/m?/s) p J

121 1 5.55 6.28 3.48 6.51 2.40 0.77 11.0
2 6.71 5.15 3.46 6.90 6.94 1.36 13.2
3 6.87 548 3.77 7.30 5.09 1.37 10.8

65 1 5.64 6.81 3.84 5.33 3.39 0.57 10.6
2 7.05 5.46 3.85 5.34 3.04 0.50 12.1
3 6.14 5.40 3.31 5.38 1.07 112 144

25 1 3.58 6.70 2.40 2.32 4.10 1.75 13.2
2 3.93 5.65 2.22 2.38 6.17 1.21 94
3 4.08 5.29 2.15 2.39 6.85 1.27 13.0

The background flux plays a significant role in the balanced model. Though, it was primarily introduced in Eq. 16
to account for the vacuum leakage, it could be used to fit the initial flux for subsequent transients, that were
degassed without heating. Judging from the decay transients, Figure 7, the apparent steady state flux did not
reach zero, but a value in the vicinity of the initial flux of the previous rise transient. This could be due to slow
detrapping of hydrogen at room temperature. As the release of hydrogen from traps is thermally activated, even
at room temperature slow desorption could be possible [47]. The increased background flux for subsequent rise
transients, compared to the first transient after heating, was significantly higher. This suggests slow hydrogen
release after the lattice diffusible hydrogen rapidly desorbed during the decay transient. However, it cannot be
entirely ruled out that part of the background flux was due to other factors such as desorption from the inner walls
of the downstream volume, O-ring outgassing or other surface effects.

5.2 Hydrogen Concentration

The hydrogen charging concentration was evaluated using Sieverts’ law and Fick’s law, Figure 11. The hydrogen
concentration calculated using Sieverts’ law was generally lower, which can be attributed to the influence of the
background flux in the balanced model. The fitted solubility constant, that determines the hydrogen concentration
according to Sieverts’ law, is based on the adjusted steady state flux. Consequently, if the background flux is
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assumed to be primarily hydrogen desorbing from the preceding transient, the concentration should be corrected
using
o= ok 20
diff = 7

where cdiff is the concentration that should be added to the calculated hydrogen concentration cx given by
Sieverts’ law using the balanced model, and Jb is the fitted background flux that is due to the previous transient.

The evaluated hydrogen concentration in this work was generally lower than previously reported [6-8]. Partially,
this may be due to the lower steady state flux, Figure 9. However, Hoschke et al. [6] and Koren et al. [7]
measured the diffusivity in X65 in the range of 1 x 10" m/s? and 3 x 10~' m/s2. This is considerably lower than
the value from the permeation transients measured herein. Inspection of Eq. 11 and 13 reveals that the
calculated equilibrium hydrogen concentration is a function of the steady state flux, which in turn is based on the
permeability of the membrane and the upstream pressure. Thus, for a given permeability, the solubility constant
is higher the slower the diffusion process (smaller diffusivity). This is reflected in an increase in the calculated
hydrogen concentration according to Sieverts’ law, when the steady state flux is the same. It can only be
speculated why the diffusivities measured here and in previous work differ significantly. However, in both prior
works, the specimens were palladium-plated. While, it has been shown [45,48,49] that the influence of a thin
palladium layer on steel is negligible in terms of the steady state, as well as the transient flux, there is a
possibility that a residual oxide layer had formed between the steel surface and the palladium layer during the
sample preparation. This may delay the time to reach the steady state, while still attaining a common steady-
state flux as dictated by the permeability and upstream pressure. For this reason, the measured steady-state flux
may be a better quantity to relate electrochemical and gaseous permeation experiments to determine their
charging conditions.

53 Influence of Oxygen

The equilibrium hydrogen concentrations in X65 D measured using the gas phase permeability cell using
palladium-plated X65 were comparable to the hydrogen concentration measurements using pipeline steels
comparable to X65 [6]. This substantiated the methodology used in this study to measure the hydrogen
permeability using X65 D.

Hoschke et al. [6] provided a compilation of measurements of the hydrogen concentration in equilibrium with
hydrogen gas. That study indicated clearly that a surface oxide on the pipeline steel could prevent the ingress of
hydrogen into the pipeline steel specimen from gaseous hydrogen. Venezuela et al. [32] reported a similar effect;
that the native surface oxide on a 3.5NiCrMoV steel could prevent entry of any hydrogen into the steel from the
hydrogen gas. In that study, Venezuela et al. [32] found that an activation procedure enabled hydrogen entry into
the steel from hydrogen gas. The activation procedure was to heat the steel in gaseous hydrogen at pressure at
200 °C, so that the hydrogen could reduce the surface oxide sufficiently quickly to allow hydrogen ingress within
a reasonable holding time at temperature in the hydrogen gas. This activation procedure was used in this
research presented in this paper.

Zhou et al. [17] studied the effect of oxygen on the permeation of hydrogen through X52 pipeline steel. At a
pressure of 60 bar using pure hydrogen, the steady-state flux was double the steady-state flux measured in this
work using 121 bar pure hydrogen. Their specimen was nickel plated on the exit side to facilitate easier hydrogen
oxidation. Their specimen was pickled after polishing and nickel-plating. The different material (and material
preparation) might lead to a higher permeability and thus faster attainment of the steady state than in the X65
steel investigated in this work. However, the time to reach the steady state was in the vicinity of our results, and
considerably shorter than previously reported by Koren et al. [7].

In their work, at a content of 35 ppm oxygen in 60 bar hydrogen, the steady state flux decreased by 55 %. An
oxygen content of 350 ppm decreased the steady state flux by 97 %. The breakthrough time increased from 571
s in pure hydrogen to 834 s and 963 s with 35 ppm and 350 ppm oxygen, respectively. Both effects indicated a
lower concentration gradient, possibly due to a higher activation energy necessary for dissociative adsorption of
hydrogen in the presence of oxygen as proposed by Staykov et al. [21] and slower adsorption kinetics.
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In contrast, in this work the effect of oxygen on the hydrogen flux was not as pronounced as measured by Zhou
et al. [17]. There was no effect at 81 bar and a slight effect at 94 bar. The differences in both sets of experiments
were the repeated sample preparation in the glovebox and the use of hydrogen sourced from the metal-hydride
reservoir. While the purity of hydrogen should not have a significant effect for the oxygen inhibition experiments,
the repeated sample preparation was likely responsible for the higher flux using pure hydrogen and up to 100
ppm of oxygen.

In addition, Figure 14 indicated that the effect of oxygen decreased with time. This indicated that there might
have been a decrease in the oxygen concentration in these experiments.

In summary, the present study produced results significantly different to those in the literature. It is worthwhile
comparing the present results with those of Zhou et al. [17] , because that study produced a particularly clear set
of results. The present study measured (i) a much smaller apparent equilibrium hydrogen solubility and (ii) a
much smaller influence of the oxygen content on the hydrogen permeation flux. For example, Zhou et al. [17]
measured a steady- state hydrogen permeation rate for X52 pipeline steel corresponding to a 6 MPa upstream
hydrogen pressure double that measured in this work using 121 bar hydrogen, indicating a significantly higher
hydrogen solubility in X52 than in X65. Furthermore, an oxygen content of 350 ppm in the hydrogen decreased
the hydrogen permeation by 97 % in the work of Zhou et al. [17]. In contrast, in the present work, the hydrogen
permeation flux decreased by much smaller amounts: (i) by 6 % for an addition of a much greater oxygen content
of 1000 ppm oxygen in 81 bar hydrogen in the first series of experiments using pure hydrogen from the hydrogen
cylinder, Figure 12, and (ii) by 22 % for an addition of a further much greater oxygen content of 12000 ppm
oxygen in 94 bar hydrogen in the second series of experiments using hydrogen from the metal hydride source,
Figure 14. Moreover, Figure 14 records that the hydrogen permeation flux for an addition of 12000 ppm oxygen
in 94 bar hydrogen in the second series of experiments steadily increased with time until the hydrogen flux was
the same as for the transient at 94 bar hydrogen without the oxygen. This indicated that the influence of oxygen
on the hydrogen permeation flux was much smaller than expected from the literature, and moreover, the effect of
oxygen was transitory and disappeared with sufficient waiting time.

Zhou et al. [17] also found that 350 ppm oxygen in 6 MPa hydrogen caused the fatigue crack growth in X52 to
decrease significantly from that in 6 MPa hydrogen, similar to the many studies of oxygen inhibition of fatigue
crack growth in hydrogen [20,24,26-28]. This indicates that the study of Zhou et al. [17] can be considered as a
worthy comparison study to the present research.

This present study measured a hydrogen concentration significantly lower than that measured for X65 and similar
palladium-coated steel specimens. This indicates that there was some effect of the surface oxide in this present
study despite the activation procedure used in the present study to remove the surface oxide.

The present study measured an average value of the hydrogen diffusion coefficient, 6.3 x 10~'© m?/s substantially
greater than the majority of those measured in the literature [6], substantially greater than the hydrogen
diffusivity, 1.2 x 107" m?/s measured using palladium-plated X65 D in a gas phase permeation cell [6], and at
the upper end of the measurements in Hoschke et al. [6] for X65 D equilibrated with electrochemically generated
hydrogen at a hydrogen fugacity estimated to be 850 bar. Experimentally, there is nothing that can be done to the
specimen to increase the hydrogen diffusivity, except for heat treatment to reduce hydrogen traps. The fact that
the activated X65 D specimen in this study gave a hydrogen diffusion coefficient of 6.3 x 10~'° m%/s, substantially
greater than the hydrogen diffusion coefficient, 1.2 x 10~'© m?/s, measured using palladium-plated X65 D in the
same apparatus, seems to be strong evidence that there is an impediment to hydrogen diffusion through the
palladium-plated X65 D specimen. One possibility is an oxide layer at the interface between the palladium layer
and the steel surface that impeded hydrogen ingress from the palladium into the steel, and thereby caused a
lower effective hydrogen diffusion coefficient to be measured.

There are potentially a number of possible reasons why the results of the present study are so significantly
different from literature expectations, and in particular to the results produced by Zhou et al. [17] . (1) There is
something in the experimental methodology used in the present study that causes the difference in results. (2)
The pipeline steel studied X65 in this work is significantly different to the X52 studied previously [17]. (3) The
specimen preparation used in this work causes differences in oxygen adsorption. (4) The influence of oxygen
adsorption on pipeline steels has complexities greater than expected. These potential reasons are explored in
turn.
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Methodology. In the present work hydrogen is admitted to the apparatus either as 99.999 % pure hydrogen from
a commercial hydrogen cylinder or generated from a metal hydride. The apparatus was assembled from
commercial Swagelok stainless steel fittings. The permeation cell was constructed from type A-286 (UNS
S66286) iron-nickel-chromium super alloy and was hydrostatically pressure tested to 250 bar. The cell was
sealed using a two-stage O-ring design. Two small O-rings sealed the upstream and downstream volume against
the disc specimen and the two flanges. A larger O-ring created a seal between the two flanges. The O-rings were
made of Viton, a high-temperature-resistant compound. For membranes with low permeability, outgassing of the
O-rings and gas permeation through them could significantly affect the measurements over time, so these were
outgasses as described in the experimental section. The experimental details of the flushing and evacuation of
the upstream hydrogen chamber, and the pressures measured during the gas handing give confidence that the
gas mixtures were as expected, that the gases were high purity and there were no extraneous additions. There is
nothing that we have been able to identify that would add additional compounds into the upstream hydrogen
chamber or could cause removal of oxygen from the upstream hydrogen gas. It is recognized that there is a
thermodynamic tendency for oxygen to react with the hydrogen in the upstream chamber of the permeation cell.
However, the rate at room temperature is expected to be small. It might be possible that the clean metal surfaces
could provide a catalytic surface for the reaction of oxygen with hydrogen. The reversion of the hydrogen flux in
Figure 14 with 12000 ppm oxygen to the flux with pure hydrogen might have been caused by catalytic reduction
of the oxygen content, however, this seems unlikely as there was not a significant pressure decrease that would
have been required if this amount of oxygen had reacted with hydrogen.

Metal hydride. The metal hydride is charged using the hydrogen of 99.999 % purity from the commercial
hydrogen cylinder at a slightly elevated temperature and cooled to room temperature. The metal hydride absorbs
only hydrogen. The surface of the metal hydride is exposed to vacuum to remove all gas impurities down to an
extremely low level. Thereafter, the metal hydride is heated to release extremely pure hydrogen.

X65 and X52. These are similar pipeline steel, with similar compositions. The stated composition, Table 7, of the
X52 indicates the possibility of microalloying, similar to X65. The X52 microstructure was equiaxed ferrite plus
some pearlite, compared with a banded ferrite—pearlite microstructure for the X65 elongated in the longitudinal
pipe direction induced by the pipe production method.

Surface preparation. The X52 specimen was sequentially ground with 240, 600, 1000, 2000 grit papers to
produce a mirror finish, pickled in a glove box before specimen mounting in the permeation cell. The X65
specimen was ground in a glove box with 1200 grit under pure argon before assembly into the permeation cell.
The X65 surface was activated by heating in pure hydrogen at 200 °C, whereas no such activation was reported
for the X52. In the experiments reported herein, the oxygen was admitted first, which would be expected to
maximalize the oxygen inhibition effect, but there was only a small oxygen inhibition effect.

Table 7 Composition of the X52 steel in weight percent. The balance is Fe.

C Si Mn P S Cr Mo Cu \
0.10 033 133 0.01 0.002 0.10 0.10 0.038 0.05

There are differences in experimental procedures, that although they appear to be slight may nevertheless be
significant. These will be explored in future research.

6 CONCLUSION

In this work, permeation experiments were conducted on X65 D steel using hydrogen and hydrogen—oxygen
mixtures at different pressures and contents of oxygen. The aim was to assess the effect of oxygen on the
hydrogen permeation. A gas-phase permeation apparatus was built, and a model using the appropriate boundary
conditions was derived. The findings include:

- The derived balanced model of hydrogen permeation could reliably predict the measured permeation
transients. The experimental parameters would allow the use of the ideal boundary conditions.
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- The measured hydrogen concentration was considerably lower than previously reported. This was likely
due to the higher diffusivity. However, the measured steady state fluxes were only slightly lower than in
previous works.

- There was no effect of oxygen in the first set of experiments at 81 bar.

- There was a slight effect of oxygen in the second set of experiments at 94 bar. The steady state flux was
initially lower compared to pure hydrogen at the same pressure. However, the steady state flux slowly
increased back to the level of pure hydrogen.

The low hydrogen concentration evaluated in this work could have been due to a lower steady state flux due to
an oxide layer. However, the diffusion process was significantly faster. Furthermore, an already existing oxide
layer might influence the detectability of the effect of oxygen on the hydrogen permeation. Future experiments
should use a standardised method of specimen preparation that will effectively remove any residual oxide layer.
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