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Preface
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the Philosophiae Doctor (PhD) degree at the Norwegian University of Science and
Technology (NTNU). The work was performed at the Department of Mechanical
and Industrial Engineering at NTNU in Trondheim, Norway, from August 2020 to
September 2023. A 4 months research stay was spent at the Department of Mechanical
Engineering at Kyushu University (KU), Japan. Prof. Roy Johnsen was the main
supervisor, and Dr. Dong Wang, the co-supervisor.

The PhD project was part of the HyLINE - Safe Pipelines for Hydrogen Transport, a
research collaboration between NTNU, KU, and SINTEF. The project was funded by
the Norwegian Research Council (Project code: 294739), in addition to industrial
partners: Equinor, Gassco, TechnipFMC, AirLiquide, NEL, TenarisDalmine, and
TotalEnergies.
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Abstract

Hydrogen, a clean energy carrier, is recognized as a critical building block to develop
a carbon-neutral energy sector. To realize the hydrogen economy, it is essential to
develop a hydrogen distribution infrastructure. Repurposing existing natural gas
pipelines for H2 gas transportation is an economically favored choice for long-distance
hydrogen transportation. However, pipeline steels can be subjected to hydrogen
embrittlement (HE), and HE susceptibility is an essential part of evaluating the
feasibility of repurposing pipelines. Hydrogen uptake and diffusivity can affect the
degree of HE. H2 gas charging is challenging due to safety risks and limited testing
facilities. In contrast, electrochemical charging is a safer and more accessible method.

The objective of this PhD work is to relate electrochemical and gaseous hydrogen
charging based on the hydrogen uptake. If the relationship is transferable to
mechanical testing, electrochemical charging could support the evaluation of pipeline
steels for H2 gas transport. Hydrogen uptake, diffusivity, and trapping in one vintage
and two modern X65 pipeline steels were investigated. Both electrochemical and
gaseous hydrogen charging have been conducted. Hydrogen desorption and permeation
techniques were employed in the investigation.

An equivalency in terms of hydrogen uptake between gaseous and electrochemical
charging was established. A Sieverts’ relationship was determined from H2 gas
permeation, which relates the hydrogen fugacity with the concentration in the steel.
The hydrogen uptake from electrochemical permeation, in combination with the
determined Sieverts’ relationship was used to determine the equivalent fugacity and
pressure of different electrochemical charging conditions. Electrochemical charging
performed in a 3.5 wt% NaCl solution at applied current densities of −1, −15, and
−50 mA cm−2 were equivalent to hydrogen fugacities of 49.1, 101.9, and 222.7 bar.
In addition, a systematic approach was conducted to determine an electrochemical
charging condition equivalent to a H2 gas pressure relevant for transportation (200
bar). Electrochemical charging in a 3.5 wt% NaCl solution with 2 g l−1 thiourea at
−1225 mVAg/AgCl was equivalent to a hydrogen pressure of 201.9 bar.

The effective hydrogen diffusion coefficient determined by different methods at
room temperature was between 1.95×10−7 and 3.34×10−6 cm2 s−1 for the Vintage
steel and between 8.56×10−7 and 2.70×10−6 cm2 s−1 for the Modern quenched
and tempered steel. The larger scatter of the Vintage steel was attributed to a
concentration-dependent effective diffusivity induced by multiple major trap sites.
In addition, ferrite-pearlite bands in the Vintage steel could cause a more tortuous
diffusion path.
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Future work should be conducted to investigate the transferability of the determined
equivalency to mechanical testing. In addition, studies on the effect of surface
conditions on the hydrogen uptake, such as oxide layer, Pd coating, flow coating,
and gas impurities, would be of interest.
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Chapter 1

Introduction

1.1 Background

Hydrogen can be utilized as a feedstock, fuel, and energy carrier, and it does not
release carbon dioxide when used [1]. EU has recognized hydrogen as a key priority
in decarbonizing the energy sector [1]. To utilize the full potential of hydrogen,
developing a hydrogen distribution infrastructure is essential. Pipelines are regarded as
an economically favored option for long-distance transportation of hydrogen [2]. The
existing infrastructure of low alloy pipeline steels used for natural gas transportation
has been suggested to be repurposed to transport H2 gas [3–6]. A map of the network of
subsea pipelines for gas transportation on the Norwegian continental shelf is presented
in Fig. 1.1 [7]. The network has a total length of 8800 km, approximately the distance
between Oslo and Bangkok [7]. Repurposing pipelines to transport hydrogen gas could
be a cost-effective choice compared with the development of new infrastructure [3] and
would facilitate the use of hydrogen as an energy carrier.

Before natural gas pipelines can be used to transport H2 gas, it is essential to
investigate how the pipelines behave under pressurized H2 gas exposure. Hydrogen
can be taken up in a steel and degrade its mechanical properties, a phenomenon
termed hydrogen embrittlement (HE) [8]. Exposure to pressurized H2 gas can degrade
pipeline steel’s fatigue and fracture behavior [9–11]. Pipelines carrying gas are
subjected to cyclic stresses because of pressure fluctuations. Consequently, it is
essential to ensure that the fatigue and fracture properties of the pipeline are within
acceptable limits under exposure to H2 gas [12]. However, because pressurized H2 gas
is associated with safety risks and requires complicated and expensive equipment,
testing of HE susceptibility is mainly conducted using electrochemical hydrogen
charging [13]. The degree of hydrogen-assisted material degradation is affected by the
hydrogen concentration in the steel and, thus, on the hydrogen charging conditions
[14, 15]. Hence, a comparison of HE susceptibility between studies using different
charging conditions is most appropriate when the induced hydrogen concentrations
are comparable [16].
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CHAPTER 1. INTRODUCTION

Figure 1.1: Map of the pipelines for gas transport on the Norwegian continental shelf.
Reproduced from [7].

1.2 Objective

Before natural gas pipelines can be repurposed for H2 gas transportation, it is essential
to investigate the steel’s interaction with hydrogen and the susceptibility to hydrogen
embrittlement under gaseous hydrogen exposure. If electrochemical charging could
aid in the evaluation of repurposing pipelines, it could accelerate the development of
the hydrogen economy. Hence, the emphasis in this PhD project was put on relating
the hydrogen uptake from pressurized H2 gas and electrochemical hydrogen charging.
To determine the hydrogen concentration, diffusivity, and trapping-related parameters,
both hydrogen permeation and desorption experiments were performed. Investigations
were conducted using both gaseous and electrochemical hydrogen charging. Both
vintage, existing, X65 pipeline steel and modern X65 pipeline steels were investigated
to elucidate microstructural effects on the hydrogen-steel interaction.

The main objectives of this PhD project were to:

• Develop a method to determine a relationship between electrochemical and
gaseous hydrogen sources in terms of hydrogen uptake.

• Use a systematic approach to determine an electrochemical charging condition
that produces the same hydrogen uptake as exposure to H2 gas at a pressure

2



1.3. THESIS OVERVIEW

relevant to hydrogen transportation in pipelines.

• Investigate the significance of microstructural differences between vintage and
modern X65 pipeline steels on hydrogen uptake, diffusion, and trapping
properties.

• Evaluate permeation and desorption techniques, in addition to charging
conditions, for investigation of hydrogen uptake, diffusion, and trapping in X65
pipeline steels.

1.3 Thesis overview

In Chapter 2, relevant literature and theory will be presented. Chapter 3 presents
the materials and methods. Chapter 4 contains a summary of each journal article
and report. Lastly, in Chapter 5, the final conclusions and suggestions for further
work are made.

The thesis consists of three journal papers and one report containing unpublished
results, which are all included in the appendix.

Paper 1

Experimental comparison of gaseous and electrochemical hydrogen
charging in X65 pipeline steel using the permeation technique

Authors: Erik Koren, Catalina M. H. Hagen, Dong Wang, Xu Lu, Roy Johnsen,
Junichiro Yamabe

Corrosion Science 215 (2023) 111025
DOI: https://doi.org/10.1016/j.corsci.2023.111025

Contributions:

• Koren, Hagen, and Johnsen planned experiments.

• Koren performed electrochemical permeation. Hagen performed gas permeation.
Wang performed scanning electron microscopy analysis.

• Koren conducted the data analysis. All authors contributed to the discussion of
the results.

• Koren wrote the original draft. All authors contributed with reviewing and
editing.

Paper 2

Investigating electrochemical charging conditions equivalent to hydrogen
gas exposure of X65 pipeline steel

Authors: Erik Koren, Catalina M. H. Hagen, Dong Wang, Xu Lu, Roy Johnsen

3



CHAPTER 1. INTRODUCTION

Materials and Corrosion (2023) 1-7
DOI: https://doi.org/10.1002/maco.202313931

Contributions:

• Koren, Hagen, and Johnsen planned experiments.

• Koren performed electrochemical permeation. Hagen performed gas permeation.

• Koren conducted the data analysis. All authors contributed to the discussion of
the results.

• Koren wrote the original draft. All authors contributed with reviewing and
editing.

Paper 3

Hydrogen diffusivity in X65 pipeline steel: Desorption and permeation
studies

Authors: Erik Koren, Junichiro Yamabe, Xu Lu, Catalina. M. H. Hagen, Dong Wang,
Roy Johnsen

Under review in the International Journal of Hydrogen Energy

Contributions:

• Koren, Johnsen, and Yamabe planned experiments.

• Koren performed electrochemical permeation. Yamabe performed desorption
experiments.

• Koren and Yamabe conducted the data analysis. All authors contributed to the
discussion of the results.

• Koren wrote the original draft. All authors contributed with reviewing and
editing.

Project report

Hydrogen uptake and diffusivity in X65 steel: Results included in a project
report but are not published.

Contributions:

• Koren, Yamabe, and Johnsen planned experiments.

• Koren performed electrochemical permeation. Koren and Yamabe performed
desorption experiments.

• Koren wrote the original draft. Johnsen contributed with reviewing and editing.

4



Chapter 2

Literature review

This chapter presents the relevant literature found over the course of this PhD project.
Initially, an extensive literature review was conducted when a ”state-of-the-art” report
on hydrogen uptake and diffusivity in steels exposed to hydrogen gas was written [17].
The literature review has been extended during the work with papers and reports.
The theory presented in this chapter is amended and elaborated from the literature
presented in the authored papers and reports.

2.1 Pipeline steel

High strength low alloy steels are suitable as pipeline materials because of their good
formability and weldability, in addition to exhibiting a good balance of strength
and fracture resistance [18]. Due to the requirement of good weldability and
formability, it is required to keep the carbon content low (<0.25 wt%) [19]. The
main strengthening mechanisms are grain refinement, solid solution strengthening, and
precipitation hardening, which are obtained by proper thermomechanical treatment
and microalloying [20]. Mn is added to reduce the austenite-ferrite transformation
temperature, and typical microalloying elements are Nb, V, Ti, and Mo [20].
During hot rolling, bands can form parallel to the rolling direction due to remnant
interdendritic segregation from casting [18]. Various microstructures can be obtained,
from ferrite-pearlite to bainite with martensite or retained austenite islands [20].
Modern steels typically have lower carbon content (0.03-0.06 %), reduced pearlite
fraction, and more often a ferritic-bainitic microstructure compared with vintage steels
where ferritic-pearlitic microstructure are more common [19, 20]. Low alloy pipeline
steels are commonly denoted after their specified minimum yield strength, as described
by the American Petroleum Institute (API) specification 5L [21], e.g., grades having
a minimum yield strength of 450 MPa, which corresponds to 65 ksi, are denoted as
API 5L X65 steels. For high-pressure subsea pipelines, API 5L X60 or X65 grade
low carbon steels are commonly used [22]. The pipes are most commonly submerged
arc-welded or seamless [22].

5



CHAPTER 2. LITERATURE REVIEW

2.2 Hydrogen embrittlement

Hydrogen-induced degradation of mechanical properties was described already in the
1870s when Johnson [23] reported a reduction in ductility and toughness in iron
and steels immersed in acids. As hydrogen-induced material degradation occurs as
embrittlement, the phenomenon is referred to as hydrogen embrittlement (HE) [8].
HE of materials is dependent on a large number of parameters. The influencing
parameters can be divided into those regarding mechanical, material, and environment,
as summarized in Figure 2.1 [24]. Extensive research has been conducted to elucidate
the root cause of HE, and several mechanisms have been proposed; however, these
are still readily discussed [8, 25]. Hydrogen can be introduced to steels during
manufacturing processes such as casting, welding, or electroplating [8]. Hydrogen
can also be taken up during service from corrosion processes, cathodic protection, or
exposure to H2 gas [8]. Pressurized H2 gas has been shown to reduce the fracture
resistance and fatigue life of pipeline steels [10, 11, 26, 27].

Figure 2.1: Influencing parameters on hydrogen embrittlement. Reproduced from [24].

2.2.1 Hydrogen embrittlement in pipeline steel

The growing interest in hydrogen gas transportation through pipelines has led to recent
attention in investigating the hydrogen embrittlement susceptibility of pipeline steels
under a gaseous hydrogen environment [9–11, 14, 26–28]. It is generally considered that
higher-grades steels are more susceptible to hydrogen embrittlement [29]. Reduction
in ductility during tensile tests in pressurized hydrogen gas is reported in X52, X65,
X80, and X100 pipeline steels, and the degree of HE increases with increasing pressure
[14, 30]. As will be further elaborated in Section 2.3.1, the presence of a surface oxide
can act as a barrier to hydrogen uptake from H2 gas. During tensile testing of pipeline
steels in H2 gas, an increased rate of hydrogen uptake can occur when the applied
load is sufficient to break the oxide layer [14]. Gas pipelines are subjected to fatigue
due to pressure fluctuations causing cyclic stresses [4, 5], which can cause breakage
of the oxide layer and lead to local hydrogen uptake at the bare surface. Several
studies have reported degradation in fatigue properties of pipeline steels. Ronevich et

6



2.3. HYDROGEN UPTAKE

al. [27] reported an increasing fatigue crack growth rate (FCGR) in X65 pipeline steel
exposed to 210 bar H2 gas [27]. For steels with banded ferrite-pearlite microstructure,
the FCGR was lower perpendicular to the bands, attributed to crack branching and
limited diffusion in pearlite [27]. In X70 pipeline steel, FCGR was one or two orders of
magnitude higher in pressurized H2 gas than in air [11]. A similar increase in FCGR
was reported for X52 and X100 in [28]. An et al. reported an increasing FCGR with
increasing H2 gas pressure and a reduced fatigue life in X80 pipeline steel [10, 26].

2.3 Hydrogen uptake

2.3.1 Uptake from gas

Hydrogen uptake in steels from H2 gas involves several steps [31, 32]. The first step
is transport of a hydrogen molecule to the surface. Molecular adsorption proceeds
via Van der Waals forces between a H2 gas molecule and the steel surface, a process
called physisorption. Subsequently, the molecule dissociates and a chemical bond forms
between each hydrogen atom and a surface site, known as a chemisorption bond. The
direct dissociation reaction is shown in Eq. 2.1 where (M) denotes a surface site and
Hads denotes an adsorbed hydrogen atom. The absorption process proceeds as shown
in Eq. (2.2), where Hdiss denotes dissolved hydrogen and [M] denotes an interstitial
site in the metal. Eventually, the hydrogen atom diffuses into the bulk.

H2 (g) + 2 (M) ⇀↽ 2Hads (M) (2.1)

Hads (M) + [M] ⇀↽ Hdiss [M] + (M) (2.2)

Sieverts’ law

According to Sieverts’ law, Eq. (2.3), the hydrogen dissolved in a steel, CH, is
proportional to the square root of the hydrogen fugacity, fH2 [33]. S denotes Sieverts’
constant. Fugacity can be regarded as the activity of a real gas [34]. Sieverts’ law
was first deduced empirically but has later been deduced from thermodynamics, as
elaborated by Nagumo in [35]. fH2 is commonly assumed to be equal to the hydrogen
pressure, pH2 , at pressures below 200 bar at ambient temperature; hence, Sieverts’ law
is often expressed using pH2 . In well-annealed iron, S is reported to be 5×10−4 wppm
bar−1/2 [36, 37].

CH = S
√
fH2 (2.3)

Gas impurities

Density functional theory (DFT) simulations have shown that bcc iron surfaces
have a catalytic activity that easily dissociates H2 gas molecules [38]. However,
gas impurities, such as O2 and CO, that have greater attractive force towards the
surface can preferentially adsorb and suppress hydrogen dissociation [38, 39]. O2

and CO gas impurities have also been reported to reduce the susceptibility to HE
during mechanical testing [40–43]. Komoda et al. reported that the hydrogen-induced
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reduction of the fracture toughness of pipeline steel was completely inhibited with the
addition of 100 volume ppm O2 [42]. Because gas impurities can suppress hydrogen
dissociative adsorption, it is essential to use H2 gas of high purity during gaseous
hydrogen charging.

Oxide layer

Hydrogen uptake from H2 gas will be affected by native oxide layers on the surface.
Turnbull [13] reported that the hydrogen uptake in oxide-covered steel will depend on
the surface coverage of hydrogen atoms, the relative rates of adsorption and desorption,
and the relative rates of hydrogen transfer between oxide and steel. The hydrogen
diffusion coefficient in an oxide layer can be about 11-12 orders of magnitude lower
than in iron [44, 45], which will reduce the rate of hydrogen uptake [13]. Nagao et al.
[46] proposed that the energy barrier between the physisorbed and chemisorbed state
is higher in the presence of an iron oxide layer. In addition, the chemisorbed state
is more stable, such that hydrogen uptake occurs less readily. Their study observed
that hydrogen uptake did not occur in two low alloy steels exposed to pressurized
H2 gas at room temperature. However, hydrogen uptake occurred in a stainless steel
(API5CT-L80-13Cr) under the same charging conditions, suggesting that the oxide
layer’s nature is important for the hydrogen uptake [46]. Zhang et al. [47] investigated
different oxide films prepared on X80 steel exposed to H2 gas. They found that the
prepared oxides reduced the hydrogen uptake and the degree of HE. The reduced
hydrogen uptake was dependent on the oxide properties, such as porosity.

Two methods are commonly used to overcome any surface impedance caused by surface
oxides: reduce the oxide layer or apply a Pd coating on the surface. Nagao et al. [46]
suggested, based on H2 permeation at ascending and descending temperature with
continuous measurement of permeation flux, that a reduction of oxide layer takes place
in H2 gas at 200

◦C. Venezuela et al. [48, 49] performed a surface activation process by
applying a high temperature (200 ◦C) initially during charging and later reduced the
temperature to that of interest. Liu et al. [50] initially applied a high H2 gas pressure
(200 bar) to reduce the surface oxide layer before reducing the pressure to the target
charging pressure. The reported results indicate that either high temperature or high
H2 gas pressure can be used to reduce an oxide layer. Kumnick and Johnson [51]
performed hydrogen permeation tests with H2 gas charging using a Pd coating on
the iron surface exposed to hydrogen gas at room temperature. Using a Pd-coated
surface has become a regular practice to determine hydrogen diffusivity in steels using
desorption or permeation measurements with H2 gas charging at room temperature [52,
53]. Nagao et al. [46] investigated the effect of Pd on hydrogen uptake and suggested
that Pd reduces the activation energy between the physisorbed and chemisorbed state.
In addition, hydrogen entry occurs readily due to a less stable chemisorbed state.
However, it was emphasized that Pd only affects the hydrogen entry rate and not the
hydrogen flux at steady-state value.

2.3.2 Uptake from electrolyte

Hydrogen uptake from aqueous electrolytes can proceed through a series of reactions
[13, 31]. In the Volmer reaction, a hydrogen atom adsorbs onto a metal surface site

8



2.3. HYDROGEN UPTAKE

through an electrochemical reaction. In acidic solution, the reaction proceeds as shown
in Eq. (2.4), while in neutral or basic solution, the reaction proceeds through (2.5).

H+(aq) + e− + (M) ⇀↽ Hads(M) (2.4)

H2O(l) + e− + (M) ⇀↽ Hads(M) + OH−(aq) (2.5)

Several reactions are possible when the hydrogen atom is adsorbed at the surface
site. Two adsorbed hydrogen atoms can chemically recombine and desorb as a H2 gas
molecule, the backward reaction of Eq. (2.1). Alternatively, an adsorbed hydrogen
atom and a hydrogen cation can react and desorb as a H2 gas molecule. The reaction
is referred to as the Heyrovsky reaction and proceeds as shown in Eq. (2.6) and Eq.
(2.7) in acid and basic or neutral electrolyte, respectively. The third alternative is
hydrogen absorption into the metal through the same reaction as shown in Eq. (2.2).

Hads(M) + H+(aq) + e− ⇀↽ H2(aq) + (M) (2.6)

Hads(M) + H2O(l) + e− ⇀↽ H2(aq) + OH−(aq) + (M) (2.7)

The magnitude of hydrogen absorption depends on the relative rates of hydrogen
adsorption and recombination of hydrogen to gas molecules [13]. The hydrogen
concentration, CH, is reported to be proportional to the square root of the charging
current density [37, 54, 55], which has been attributed to a balance between evolved
hydrogen and chemical recombination [55]. However, at high cathodic overpotentials,
η, an increased influence of electrochemical recombination by the Heyrovsky reaction
will lead to a larger fraction of the adsorbed hydrogen to desorb as hydrogen
molecules rather than being absorbed [37, 56, 57]. Chemical additives, known as
hydrogen recombination poisons, are frequently used in hydrogen charging electrolytes
to enhance hydrogen uptake. These additives poison the hydrogen recombination
reactions such that a larger fraction of the adsorbed hydrogen absorbs into the material
[58].

2.3.3 Equivalent hydrogen charging

Traditionally, electrochemical hydrogen charging has been used to investigate
hydrogen-induced material degradation. Advanced lab infrastructure is necessary to
expose materials to pressurized H2 gas due to strict safety requirements. As a result,
electrochemical hydrogen charging has been used as a substitute for hydrogen gas
exposure when evaluating materials aimed at hydrogen gas applications [13, 59]. The
degree of HE is dependent on the CH in the material [14, 30]. Hence, to compare studies
using different hydrogen charging conditions, it must be ensured that the induced CH

are comparable [16].

Based on Nernst equation for the hydrogen evolution reaction, HER, Bockris and
Subramanyan [60] deduced a relationship between fH2 in cavities as a function
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of η. η is the difference between the applied and equilibrium potential under
standard state conditions. They deduced relationships for different mechanisms
of the HER [60]; however, the relationships were not confirmed experimentally.
Atrens et al. [16] and Liu et al. [37] further improved the understanding of
equivalent charging conditions by determining an equivalent hydrogen fugacity, f eq

H2
,

of electrochemical charging conditions based on electrochemical hydrogen permeation
and thermodynamic relationships. The deduced relationship between f eq

H2
and η is

shown in Eq. (2.8). The parameters A and ξ depend on the HER mechanism and can
be determined experimentally. R and T denotes the gas constant (8.314 kJ mol−1)
and temperature, respectively.

fH2 = A exp

(
− η F

ξ R T

)
(2.8)

Table 2.1 presents reported values of f eq
H2

for electrochemical and chemical charging
conditions. Kumnick and Johnson [51] reported relationships between gaseous and
electrochemical hydrogen charging for iron. They utilized their results from gaseous
hydrogen permeation and compared the permeability with reported values from
electrochemical hydrogen permeation. Similarly, Oriani and Josephic [61] compared
permeability obtained by electrochemical permeation to reported values for gas
permeability. The charging performed in 0.1 N NaOH with 10 mg l−1 As2O3 with
charging current densities in the range 0-0.6 mA cm−2 were equivalent to fugacities
between 20 and 3000 bar at room temperature.

Thermal desorption spectroscopy (TDS) has also been used to investigate the
equivalent hydrogen fugacity of electrochemical hydrogen charging conditions [48–50].
The method was first described by Venezuela et al. [48] who measured CH after gaseous
or electrochemical hydrogen charging. Based on a Sieverts’ relationship determined
from gas charged samples, f eq

H2
of different electrochemical charging conditions were

determined. Reported S values at room temperature determined by TDS, are:
2.72×10−2 wppm bar−1/2 for 3.5NiCrMoV steel [49], 3.6×10−3 wppm bar−1/2 for
martensitic high-strength steel [48] and 2.6×10−3 wppm bar−1/2 for dual phase steel
[50]. Reported values of f eq

H2
for the same materials range from 1.6 to 5053 bar based

on the charging condition [48–50].

Yaktiti et al. [62] determined f eq
H2

by estimating the fH2 that developed inside porosities
in a steel during chemical charging. The charging was performed by immersing samples
in a 5 wt% ammonium thiocyanate (NH4SCN) solution at 50 ◦C, and the hydrogen
content was measured by TDS. f eq

H2
was between 65 and 88 bar, and the S was 0.022

wppm bar−1/2 at 50 ◦C.

Crolet and Maisonneuve performed a more direct approach [63]. They developed
a hollow sensor immersed in an electrolyte that measured the pH2 resulting from
electrochemical hydrogen charging. The determined pH2 developed in carbon steel
under conditions similar to cathodic protection (5 wt% NaCl, -1100 mVSCE, pH =
6.5) was 5.5 bar. In sour service simulated conditions (5 wt% NaCl, bubbled with
H2S at partial pressures of 1-1000 mbar), pH2 inside the hollow sensor increased with
decreasing pH, which at a pH of 4.5 exceeded 350 bar.

10



2.3. HYDROGEN UPTAKE

The reported results above lacks discussion of transferability to mechanical, HE
susceptibility testing. Murakami et al. [59] determined an equivalency between gaseous
and electrochemical charging of Inconel 625 and SUS316L in terms of hydrogen uptake
by TDS. They performed stress-strain testing after ex-situ gaseous and electrochemical
precharging at the same CH, and found that the behavior were close to identical as
shown in Figure 2.2. The conclusion was that electrochemical charging could be used
as a substitute for hydrogen gas charging.

Figure 2.2: Comparison of stress-strain curves of Inconel 625 after ex-situ precharging in
high pressure H2 gas and electrolyte. Reproduced from [59]

.
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Table 2.1: Reported values in the literature of the equivalent hydrogen fugacity. Charging
conditions are given as cathodic current density or overpotential.

Method Material
Charging
condition

Equivalent
fugacity
[bar]

Ref.

Comparing
gas
and
electrochemical
permeability

Armco Fe

8.1 mA cm−2

0.1 M NaOH
22

[51]

8.1 mA cm−2

0.1 M NaOH
+0.1 N NaCN

2500

10 mA cm−2

0.1 M NaOH
+0.1 N KCN

1900

0.4 mA cm−2

0.1 N H2SO4
540

99.9965 Fe
4.5 mA cm−2

1 N H2SO4

+ 5 g m−3 As2O3

1.2 × 108

99.8 Fe
1.8 mA m−2

0.1 M NaOH
1.1

99.8 Ferrovac E
11.3 mA m−2

0.1 M NaOH
29

99.5 Fe
-
Distilled H20

5.7 × 10−5

AISI 1045
0-0.6 mA cm−2

0.1 N NaOH +
10 mg l−1 As2O3

20-3000 [61]

Electrochemical
permeation

ULCSa

-357 to -755 mV
0.1 M NaOH

1500-4500
[37, 48]

-883 to -1385 mV
0.1 M Na2SO4

(pH = 2)
90-280

TDS

3.5NiCrMoV
-145 to -845 mV
0.1 M NaOH

10-50
[48, 49]

-322 to -922 mV
0.1 M Na2SO4

(pH=2)
30-680

MAHSSb

-269 to -869 mV
0.1 M NaOH

523-5053
[48]

-46 to -399 mV
3.5 wt% NaCl

1.9-136

980 DPc

-257 to -857 mV
0.1 M NaOH

1129-2702
[50]

-39 to-322
3.5 wt% NaCl

1.6-126
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Continuation of Table 2.1

Method Material
Charging
condition

Equivalent
fugacity
[bar]

Ref.

Porosity
+TDS

LACS

-
5 wt% NH4SCN
aqueous solution
50 ◦C

65-88 [62]

Hollow
sensor

CSe

-958 mV
5 wt% NaCl
(pH = 6.5)

5.5

[63]
-
5 wt% NaCl
+H2S bubbling,
(pH = 6.5)

3-8

-
-5 wt% NaCl
+H2S bubbling
(pH = 5.5)

110-250

-
-5 wt% NaCl
+H2S bubbling
(pH = 4.5)

>>350

a Ultra Low carbon steel
b Martensitic advanced high-strength steel
c Dual phase steel
d Low alloy cast steel
e Carbon steel

2.4 Hydrogen diffusivity

2.4.1 Lattice diffusivity

In bcc steels, lattice diffusion at ambient temperature proceeds by jumping between
tetrahedral sites, while at elevated temperatures, octahedral sites are also filled [36].
For diffusion through a thin plate where the concentrations at both sides are kept
constant and where hydrogen does not accumulate in the plate, the diffusion can be
described by Fick’s 1st law of diffusion [64]. Fick’s first law of diffusion states that
the flux of diffusion species, J, is proportional to the concentration gradient, dC/dx,
as shown in Eq. (2.9) [64].

J = −D
dC

dx
(2.9)

Under nonsteady-state conditions, where dC/dx and J at a particular position are
changing with time, which leads to an accumulation or depletion of the diffusing
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species, Fick’s 2nd law of diffusion can be used [64]. When the diffusion coefficient is
independent of composition, Fick’s 2nd law can be expressed as shown in Eq. (2.10).

δC

δt
= D

δ2C

dx2
(2.10)

Diffusion follows an Arrhenius relation, as shown in Eq. (2.11), where Ed denotes the
activation energy of diffusion and D0 is a pre-exponential factor. Kiuchi and McLellan
[36] evaluated a large number of reported data for hydrogen solubility and diffusivity in
annealed iron, and their deduced relationship is often quoted as the lattice diffusion in
iron. Between -40 and 80 ◦C, D0 is 7.23×10−4 cm2 s−1, and Ed is 5.69 kJ mol−1, which
represents the activation energy necessary to jump between two tetrahedral sites.

D = D0exp

(
− Ed

RT

)
cm2s−1 (2.11)

2.4.2 Effective diffusivity

Hydrogen will have a longer residence time in some lattice defects compared with
interstitial sites [65]; hence, trapping of hydrogen in such defects will slow down the
transport of hydrogen. The residence time in a trap will depend upon the binding
energy, Eb, which will vary between different trap sites. When the hydrogen transport
through a metal is affected by trapping, the diffusion coefficient will be an effective
value, Deff [66]. If the fraction of occupied traps is low, the effective hydrogen
diffusivity can be represented by Fick’s laws of diffusion, andDeff will have a lower value
than lattice diffusion coefficient, DL [13]. However, if under nonsteady-steady state
conditions, the trap occupancy becomes significant, then Deff will appear to change
with time and no longer has a theoretical basis in Fick’s 2nd law [13]. The effective
diffusivity depends on the trap density and Eb of the trap sites [66, 67]. Because the
trap occupancy is dependent on the lattice hydrogen concentration, Deff is dependent
on CH [68]. Examples of trap sites are dislocations, grain boundaries, vacancies, and
particle-matrix interfaces [69–72]. An illustration of lattice defects which can act as
hydrogen trapping sites are shown in Figure 2.3 [73]. Trap sites are often classified as
reversible versus irreversible or weak versus strong depending on the binding energy
or hydrogen residence time; however, there are no strict cut-off values [13].

Effective diffusivity in pipeline steels

Hydrogen diffusivity in pipeline steel is typically investigated by hydrogen permeation
or desorption methods, which will be explained in detail in Chapter 3. Reported
effective diffusivities in X65 pipelines steels contain discrepancies, where the scatter
in Deff is about two orders of magnitude between 1.5×10−7 and 2×10−5 cm2s−1

[74–78]. Ed is reported to be 25.5 and 32.2 kJ mol−1 for X65 and X60 pipeline
steels, respectively [52, 79]. The higher Ed compared to that of well-annealed iron is
attributed to trap sites increasing the energy barrier for hydrogen diffusion. Hydrogen
diffusivity is higher in ferrite than in pearlite; hence, in banded ferritic-pearlitic
microstructures, the pearlite grains can cause a tortuous diffusion path, and the
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Figure 2.3: Illustration of potential hydrogen trapping sites. Reproduced from [73].

diffusivity will be higher parallel to the banded direction than perpendicular to the
banded direction [80, 81].
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Chapter 3

Experimental

3.1 Materials

The three X65 pipeline steels investigated during this PhD project were characterized
in the initial stage of the HyLINE project by other work packages. The main
results have been summarized in a technical report [82], presentations [83, 84], and
publications [85–87] during the course of the project, and the main findings are
presented in this section.

3.1.1 Vintage

The steel, denoted as Vintage, is from a hot rolled and arc-welded steel pipe. The
chemical composition is listed in Table 3.1. The wall thickness was 26 mm. Figure
3.1 shows scanning electron microscope (SEM) micrographs of the Vintage steel. The
microstructure mainly consists of polygonal ferrite and some pearlite and bainite. The
phase volume of ferrite is approximately 83-87%, while the combined phase volume
of pearlite and bainite is approximately 13-17%. The optical micrographs shown in
Figure 3.2 reveal a banded appearance, which is most prominent towards the inner and
outer surfaces. The average grain sizes are 3.7, 4.2, and 3.5 µm in the inner, middle,
and outer positions, respectively. The yield strength is 450 MPa, and the ultimate
tensile strength is 577 MPa.

Table 3.1: Chemical composition of the Vintage steel.

Element C Si Mn P S Cu Cr
wt% 0.1 0.15 <1.6 <0.025 <0.015 <0.25 <0.25

Element Ni Mo V Nb Ti N Fe
wt% <0.25 <0.05 <0.1 <0.05 <0.02 <0.01 Bal.
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Figure 3.1: SEM micrographs of the Vintage steel, as included in Paper 1.

Figure 3.2: Optical micrographs of the outer, middle, and inner positions of the Vintage
steel. The cross section is parallel to the longitudinal direction. Adapted from [82, 84].

3.1.2 Modern QT

The steel, denoted as Modern QT, is a quenched and tempered steel from a seamless
pipe. The chemical composition of the QT steel is listed in Table 3.1. The wall
thickness was 15.4 mm. Figures 3.3 and 3.4 show the microstructure of the Modern
QT steel characterized by SEM (BSE - Backscattered electron, ECCI - Electron
channeling contract image, IPF - Inverse pole figure, IQ - image quality, KAM - Kernel
average misorientation) and optical microscope (OM). The microstructure consists of
homogeneously distributed ferrite and bainite grains. The phase volume of ferrite
differs between 76% in the outer part and 89% in the inner part. The grain size is
approximately 7 µm. The yield strength is 474 MPa, and the ultimate tensile strength
is 564 MPa.

Table 3.2: Chemical composition of the Modern QT steel.

Element C Si Mn P S Cu Cr
wt% 0.07 0.23 1.17 0.01 0.002 0.14 0.17

Element Ni Mo V Nb Ti N Fe
wt% 0.15 0.13 0.03 0.02 0.002 0.07 Bal.
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Figure 3.3: Microstructure of the Modern QT steel. Reproduced from [85].”The optical
microscopy image (a) and BSE image (b) showing the overall matrix. (c) and (d) are ECCI
showing detailed information of bainite and ferrite, respectively. (e–f) are IPF map, IQ map
and KAM map in a same area, respectively.”

Figure 3.4: Optical micrographs of the outer, middle, and inner positions of the Modern
QT steel. The cross section is parallel to the longitudinal direction. Adapted from [82, 84].

3.1.3 Modern TMCP

The steel, denoted as Modern TMCP, is a thermo-mechanical controlled processed
steel. The chemical composition is listed in Table 3.1. Figures 3.5 and 3.6 show
the SEM and OM characterization of the Modern TMCP steel, respectively. The
microstructure consists of ferrite and bainite. The phase volume of ferrite and bainite
is approximately 76% and 24%, respectively. The average ferrite grain size is about
12.8 µm. The yield strength is 407 MPa, and the ultimate tensile strength is 502 MPa.

Table 3.3: Chemical composition of the Modern TMCP steel.

Element C Si Mn P S Cu Cr
wt% 0.04 0.3 1.45 0.011 0.001 0.23 0.04

Element Ni Mo V Nb Ti N Fe
wt% 0.267 0.01 0.002 0.042 0.014 ? Bal.
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Figure 3.5: SEM characterization of the Total material. (a)IPF map, (b)IQ map and (c)
KAM map of the same area. Adapted from [84].

Figure 3.6: Optical micrographs of the outer, middle, and inner positions of the Modern
TMCP steel. The cross section is parallel to the longitudinal direction. Adapted from [84].

3.2 Hydrogen permeation

The hydrogen permeation technique was first described by Devanathan and Stachurski
[88]. They used a double electrochemical cell consisting of one charging compartment
and one detection compartment, which were separated by the sample. The hydrogen
permeation technique has been standardized in the ISO 17081(2014) [89] and the
ASTM G148-97(2018) [90]. In this technique, hydrogen is introduced to the sample
in the charging compartment. It diffuses through the sample and is detected as it
reaches the sample’s surface in the detection chamber. The most common detection
method is to apply an anodic potential to oxidize the hydrogen atoms reaching the exit
side of the sample. The measured oxidation current density, or permeation current
density, is a measure of the hydrogen flux through the sample. Solutions to Fick’s
laws of diffusion can be used to estimate the diffusion coefficient and the sub-surface
hydrogen concentration. In the charging chamber, different types of hydrogen charging
can be utilized, e.g., gaseous and electrochemical charging. The most common charging
method is electrochemical hydrogen charging due to its ease of application [91].

3.2.1 Sample preparation

Samples were machined parallel to the longitudinal direction from a position close to
the inner side of the pipe wall. Samples used for electrochemical permeation were
disks with a diameter of 30 mm. The thickness of the disks used was between 1.0 and
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1.9 mm. Samples used for gas permeation were plates with dimensions of 50 × 150
× 1.9 mm (width × length × thickness). Both sides of the samples were ground with
SiC grinding papers to a final grade of #P1000 grit. A Pd-coating was applied to the
detection side of the samples to ensure complete oxidation of hydrogen atoms [92]. The
Pd-coating was applied by electroplating following the method used by Husby et al.
[93]. For gas permeation, the samples were also coated with Pd on the charging side.
As discussed in Section 2.3.1, hydrogen uptake from hydrogen gas can be impeded
because of an oxide layer on the surface, and in such case, a Pd-coating can facilitate
hydrogen uptake [46, 53]. Pd plating was not considered necessary on the charging
side during electrochemical permeation, as a reduction of the oxide layer would occur
under cathodic conditions.

3.2.2 Electrochemical permeation

An image of the permeation cell used for electrochemical hydrogen permeation is shown
in Figure 3.7. The exposed sample area was 3.7 cm2. In the detection chamber, the
electrolyte was a 0.1 M NaOH solution (pH = 12.6), and a Hg/Hg2SO4 (sat. K2SO4)
electrode was used as the reference electrode. The electrolyte was continuously purged
with N2 gas. A potential of -80 mVHg/Hg2SO4 (+315 mVSCE) was applied to oxidize
the hydrogen diffusing through the sample. Pt-sheets were used as counter electrodes
in both chambers. During stabilization of the permeation current density, ip, the
charging chamber was purged with N2 gas to avoid oxidation of the sample. Once the
ip stabilized below 0.1 µA cm−2, the electrolyte was added to the charging chamber,
and the N2 gas purging was terminated. Different electrochemical charging conditions
were used in this work. Both galvanostatic and potentiostatic charging were conducted,
and the specific values are specified in each paper and report. The electrolytes that
have been used are:

• A 3.5 wt% sodium chloride (NaCl) solution. The 3.5 wt% NaCl solution was
also used with the addition of thiourea (CH4N2S) with various concentrations
(0.5–3 g l–1).

• A 0.1 M sodium sulfate (Na2SO4) solution.

• A glycerol (C3H8O3) based solution containing 600 g l−1 borax (sodium
tetraborate decahydrate) and 0.002 M sodium thiosulfate (Na2S2O3). The
solution was diluted with 20% distilled water to enhance conductivity. The
solution was denoted as GBST.

The method described above was used for both complete transient and partial
transients. The complete and partial permeation transient methods are illustrated
in Fig 3.8. For complete transients, the charging was terminated once a steady-state
permeation current density, i∞p , was obtained. The cell was then dismantled, and
the sample was kept in a desiccator overnight. The charging side of the sample
was ground to remove any corrosion products before a new complete transient was
performed. Three complete transients were performed per test. In stepwise partial
transients experiments, when the i∞p was reached, the charging current density or
applied potential was changed while continuously measuring ip. Both build-up and
decay partial transients were performed.
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Figure 3.7: Image of the electrochemical permeation cell.

Figure 3.8: Illustration of the magnitude of applied cathodic potential or current density
and the response signal of the permeation current density as a function of time for (a)
Complete permeation transients and (b) Partial permeation transients.

3.2.3 Gas permeation

An image of the permeation cell used for hydrogen gas permeation is shown in Figure
3.9. The exposed sample area was 16 cm2. Similar to electrochemical permeation,
a 0.1 M NaOH solution (pH = 12.6) was used as the electrolyte in the detection
chamber. An Ag/AgCl (sat. KCl) electrode was used as the reference. A potential
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of +360 mVAg/AgCl (+315 mVSCE) was applied. Once the ip was stable, hydrogen gas
was introduced into the charging autoclave. Three different charging pressures were
used: 10, 50, and 100 bar. Three charging and discharging cycles were performed
while keeping the sample in the cell.

Figure 3.9: Image of the gas permeation cell.

3.2.4 Analysis

Complete transients

The effective diffusion coefficient, Deff, was determined using the breakthrough time
method and the time lag method [89, 90, 94]. The breakthrough time, tb, is defined as
the intercept between an extrapolation of the linear region of the permeation transient
and the time-axis. Deff determined by the tb method is denoted as Deff(tb), and was
calculated using Eq. (3.1) where L denotes the thickness of the sample. The time lag,
tlag, is defined as the time it takes to reach a permeation current value equal to 63%
of i∞p . Deff(tlag) was calculated using Eq. (3.2).

Deff(tb) =
L2

19.8tb
(3.1)

Deff(tlag) =
L2

6tlag
(3.2)

The sub-surface hydrogen concentration in lattice and reversible trap sites, C0R was
calculated using Eq. (3.3) [89].

C0R =
Li∞p
Deff

(3.3)
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Stepwise partial transients

For stepwise partial permeation transients, analytical solutions of Fick’s 2nd law of
diffusion were fit to the obtained data. The build-up and decay transients were fitted
to Eq. (3.4) and Eq. (3.5), respectively. t denotes time and i0p denotes the starting
value of ip [95].

ip − i0p
i∞p − i0p

=
2L√
πDt

∞∑
n=0

exp

(
−(2n+ 1)2 L2

4Dt

)
(3.4)

ip − i∞p
i0p − i∞p

= 1− 2L√
πDt

∞∑
n=0

exp

(
−(2n+ 1)2 L2

4Dt

)
(3.5)

3.3 Hydrogen desorption

3.3.1 Diffusivity

Cylindrical samples with a length of 19 mm were used in this test. The diameter was
19 mm for the Vintage and Modern TMCP steels and 15 mm for the Modern QT
steel due to lower wall thickness. Large samples ensure a diffusion-limited process,
and that the measured hydrogen content is not size dependent [53]. The samples were
ground to a finish of #P600 grit paper and coated with Pd using ion sputtering. H2

gas charging was performed in a high-pressure H2 pressure vessel at 85 ◦C and 1000
bar. 85 ◦C has been reported to ensure hydrogen uptake during charging in H2 gas in
cases where hydrogen uptake at room temperature is limited [46, 53]. After charging,
the samples were stores in liquid nitrogen to avoid unwanted hydrogen desorption.
A gas chromatography-mass spectrometer (GC-MS) was used to detect the desorbed
hydrogen.

Two methods were employed to determine diffusivity from desorption measurements.
One method, denoted as in-situ desorption, involved placing charged samples in
the furnace connected to the GC-MS, holding the temperature constant, and
continuously measuring the desorbing hydrogen content. In the method denoted
as ex-situ desorption, several charged samples were kept at constant temperature
in a thermostatic chamber. The samples were kept for different holding times, and
subsequently, the residual hydrogen content in the sample was measured by GC-MS
by heating the sample at a heating rate of 100 ◦C/h. A schematic of the two methods
is shown in Figure 3.10. In both methods, the effective diffusion coefficient was
determined by fitting the desorption data of residual diffusible hydrogen concentration,
CHD, as a function of holding time, tR to a three-dimensional solution of Fick’s 2nd
law, Eq. (3.6) [53, 96, 97]. A is a constant that accounts for hydrogen that desorbs in
the dwell time before GC-MS analysis. βm is the root of the zero-order Bessel function,
while L and r are the length and radius of the cylindrical samples, respectively. More
detailed descriptions can be found in [53, 96, 97].
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Figure 3.10: Schematic of the in-situ and ex-situ hydrogen desorption tests to determine
the hydrogen diffusivity.

3.3.2 Hot extraction

Hot extraction was performed to measure the hydrogen content of electrochemically
charged samples. The samples were plates with dimensions 10 × 15 x 2 mm (width ×
length × thickness). The analysis was performed using a Bruker G4 Phoenix, as shown
in Figure 3.11, in combination with an InProcess Instrument mass spectrometer. The
hydrogen charging was performed in a beaker with a Pt counter electrode. The samples
were charged in 3.5 wt% NaCl, 0.1 M Na2SO4, and GBST solution. After charging, the
samples were immediately removed from the electrolyte, rinsed in distilled water and
ethanol, and quickly dried. The samples were inserted into a pre-heated furnace, which
was kept at a constant temperature of 600 ◦C. The dwell time between charging and
hot extraction analysis was approximately 2 minutes. A short dwell time is desirable
to avoid hydrogen desorption before the analysis.

3.3.3 Choo-Lee method

The Choo-Lee method [72], which is based on the work by Kissinger [98], was utilized to
determine trap binding energies, Eb. Disk samples with a thickness of 2 mm were used
in this test. The diameter was 19 mm for the Vintage and Modern TMCP steels and
15 mm for the Modern QT steel. The samples were ground with SiC grinding papers
until #P600 grit. Charging was performed in a high-pressure H2 pressure vessel at
1000 bar and 85 ◦C. The samples were stored in liquid nitrogen between charging and
analysis. The desorbing hydrogen was measured by GC-MS at four different heating
rates, α: 50, 100, 150, and 200 ◦C/h.

The desorption spectrum (desorption rate vs. temperature) at each α was analyzed
to determine the peak temperatures, Tp. The de-trapping activation energy, Ea, was
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Figure 3.11: Image of the Bruker G4 Phoenix that was used for hot extraction.

calculated according to Eq. (3.7) [72, 99]. Ea was determined from the slope of a plot
of ln(T 2

p/α) versus (1/Tp). Eb can be approximated as Ea minus the activation energy
of hydrogen jumping between lattice sites (5.69 kJ mol−1 [36]) [100].

δln
(
T 2
p/α

)
δ (1/Tp)

=
Ea

R
(3.7)

3.3.4 Effect of Pd coating

Cylindrical samples of the Modern QT and Vintage steels were used to investigate the
effect of Pd coating on hydrogen uptake in H2 gas at room temperature. The thickness
was 12 mm. The diameter was 19 mm and 15 mm for the Vintage and Modern QT
steels, respectively. The samples were ground with SiC paper to a finish of #P600
grit. Half of the samples were coated with Pd by ion sputtering, while the other half
remained uncoated. The charging was performed at room temperature and two H2

charging pressures were applied: 100 and 1000 bar. After charging, the samples were
stored in liquid nitrogen. The hydrogen concentration was measured using GC-MS at
a heating rate of 100 ◦C/h.
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Chapter 4

Summary of publications and
report

Three scientific papers and one report containing unpublished data were written to
realize this PhD project’s main objectives. In Paper 1, the objective of developing
a method to determine a relationship between gaseous and electrochemical charging
was accomplished by performing hydrogen permeation with both charging methods.
In Paper 2, the method developed in Paper 1 was utilized to fulfill the objective of
determining an electrochemical charging condition that produces the same hydrogen
concentration as a H2 gas pressure relevant to hydrogen transport. Paper 3 aimed
to compare permeation and desorption techniques focusing on hydrogen diffusivity.
The objective of investigating microstructural differences and their effect on hydrogen
uptake, diffusion, and trapping was mainly handled in the Report and Paper 3.

A summary of each paper and the report are given in the following sections.

4.1 Paper 1

Experimental comparison of gaseous and electrochemical hydrogen
charging in X65 pipeline steel using the permeation technique

The aim of this study was to compare the hydrogen uptake and diffusivity determined
by permeation using different hydrogen sources. The emphasis was put on determining
a relationship between gaseous and electrochemical charging.

Hydrogen permeation was performed using both gaseous and electrochemical hydrogen
charging on the Vintage steel. Gaseous permeation was performed at 10, 50, and
100 bar. A Pd coating was used on the charging side of the sample during gas
permeation to overcome any surface impedance caused by the presence of an oxide
layer. Electrochemical permeation was conducted in a 3.5 wt% NaCl solution, at
charging current densities of −1, −15, and −50 mA cm−2. Partial permeation
transients were also performed by stepwise increasing the charging current density.
All tests were performed at room temperature.

The method to determine an equivalency between gaseous and electrochemical
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charging was based on the assumption that charging conditions are equivalent if they
produce the same sub-surface hydrogen concentration in lattice and reversible trap
sites, C0R. A good measure of the hydrogen diffusivity is necessary to determine C0R

by hydrogen permeation. The determined effective diffusion coefficient, Deff , by the
time lag, tlag, method were all larger than the ones determined by the breakthrough
time, tb, method. In addition, the normalized permeation transients were steeper than
the normalized permeation transient predicted by Fick’s 2nd law of diffusion. These are
indications that significant reversible causes an increasing effective diffusivity during
the permeation transients. Under such conditions, the use of tlag and tb methods does
not have a theoretical basis in Fick’s 2nd law of diffusion. Stepwise partial permeation
transients were performed to determine Deff where the effect of trap occupancy is
limited because of a smaller perturbation of the equilibrium between lattice and
reversibly trapped hydrogen. The partial permeation transients obtained good fits
with the analytical solutions of Fick’s 2nd law. Thus, Deff determined by partial
permeation transients, 1.6×10−6 cm2 s−1, was used to calculate C0R.

Sieverts’ constant, S, was determined by plotting C0R obtained by gas permeation
versus the square root of the hydrogen fugacity, fH2 , which obtained a good linear
fit. The value of S was 0.0125 wppm bar−1/2. The equivalent hydrogen fugacity, f eq

H2
,

was determined by inserting the C0R determined by electrochemical permeation into
the relationship deduced for Sieverts’ law and solving for fH2 . A relationship was
deduced between f eq

H2
and the overpotential, η. Electrochemical charging in 3.5 wt%

NaCl solution at −1, −15, and −50 mA cm−2 were equivalent to fH2 of 49.1, 101.9
and 222.7 bar, respectively.

4.2 Paper 2

Investigation electrochemical charging conditions equivalent to hydrogen
gas exposure of X65 pipeline steel

The objective of this work was to utilize the method developed in Paper 1 to
systematically determine an electrochemical charging condition equivalent to a H2

gas pressure relevant for potential H2 gas transportation in pipelines with 200 bar
pressure.

The material investigated was the Modern QT steel. Gas permeation was performed
at 10, 50, and 100 bar H2 gas pressure. Electrochemical permeation was performed
in a 3.5 wt% NaCl solution at different applied cathodic potentials (−1050 to −1275
mVAg/AgCl). Thiourea (CH4N2S), a hydrogen recombination poison, was added in
various concentrations (0.5–3 g l–1).

Initially, stepwise partial permeation transients were performed to determine Deff ,
which was 2.3×10−6 cm2 s−1. Deff was used to calculate C0R for both gaseous and
electrochemical permeation. C0R was proportional to fH2 , and the determined S
was 0.0095 wppm bar−1/2. Cathodic protection (CP) simulated conditions, −1050
mVAg/AgCl in a 3.5 wt% NaCl solution, was used as the initial condition to determine
the equivalent pressure, peqH2

. peqH2
of the CP simulated condition was 12.3 bar, which

was well below the desired pressure of 200 bar. To increase peqH2
, thiourea was added to
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the solution. peqH2
as a function of thiourea concentration went through a maximum at

2 g l−1, which corresponded to a peqH2
of 111.5 bar. To further increase peqH2

, the applied
potential was changed in the cathodic direction in steps of 75 mV until a peqH2

above
200 bar was reached. The relationship for f eq

H2
as a function of η was solved for 227.2

bar (equivalent to 200 bar pH2), which was −1225 mVAg/AgCl. To confirm that a peqH2

of 200 bar could be obtained under those conditions, a permeation test in 3.5 wt%
NaCl solution with addition of 2 g l−1 thiourea at −1225 mVAg/AgCl was performed.
The obtained peqH2

was 201.9 bar.

4.3 Paper 3

Hydrogen diffusivity in X65 pipeline steel: Desorption and permeation
studies

This work was performed with the objective of comparing the diffusion properties of
X65 pipeline steels, which were conducted using permeation and desorption methods.
There is a large scatter in diffusivity values reported for X65 pipeline steels, and an aim
was to look into reasons for the large scatter, such as techniques, charging conditions,
and microstructural differences.

Hydrogen diffusivity in the Vintage and Modern QT steels was investigated by
desorption and permeation methods. Hydrogen samples for desorption methods were
charged in H2 gas at 1000 bar and 85 ◦C. Hydrogen desorption was performed by
keeping the samples at constant temperatures, which were 25, 50, and 75 ◦C during
in-situ desorption and −2 and 24 ◦C during ex-situ desorption. Electrochemical
permeation was performed by both complete and partial transients in a 3.5 wt% NaCl.
Three subsequent complete transients were performed at a current density of −1 mA
cm−2 at 7, 21, 50, and 75 ◦C. Partial decay and build-up transients between −0.5
and −1 mA/cm2 were conducted at 7, 21, and 50 ◦C. Partial build-up transients were
performed at 21 ◦C in the following steps: −0.5 to −1, −1 to −1.5, and −1.5 to −2
mA cm−2.

Both the desorption and permeation methods revealed strong traps where hydrogen
has a long residence time in the Vintage steel. Increasing the temperature reduced the
significance of strong trapping due to a reduction in residence time. For the Vintage
steel, strong traps caused a poor fit of the desorption data to the solution of Fick’s
2nd law of diffusion. A term representing the strongly trapped hydrogen was added
to the solution of Fick’s 2nd law. The modified equation fit the desorption data
well, and the diffusivity results were in good agreement between ex-situ and in-situ
hydrogen desorption. Partial permeation transients with stepwise increasing charging
current density revealed that Deff of the Vintage steel increased with current density.
In contrast, Deff was independent of the charging current density in the Modern QT
steel. At room temperature, the determined Deff for all the methods in the Modern
QT steel was between 8.56×10−7 and 2.70×10−6 cm2 s−1, while in the Vintage steel
between 1.95×10−7 and 3.34×10−6 cm2 s−1. The larger scatter in Deff observed in the
Vintage steel compared with the Modern QT steel was attributed to tortuosity effects
which can be caused by the banded ferrite-pearlite layers. A tortuosity effect is likely
more prominent in the thin samples used in permeation tests than in the large samples

29



CHAPTER 4. SUMMARY OF PUBLICATIONS AND REPORT

used for desorption tests where three-dimensional diffusion was assumed. In addition,
different charging conditions were used for permeation and desorption tests, and an
effect of multiple dominant trap sites could cause the concentration-dependency of
Deff .

Trap binding energies, E b, and trap density, N T, of the Vintage and Modern QT steel
were estimated from the diffusivity results. For the Modern steel E b was 28.2 and 28.9
kJ/mol, and for the Vintage steel, 26.0 and 20.4 kJ/mol , determined by desorption and
partial permeation methods, respectively. NT was 1.1×1020 and 9.3×1019 sites/cm3 in
the Modern QT steel and 3.6×1020 and 1.7×1022 sites/cm3 in the Vintage steel. E b

and N T determined from diffusivity tests will represent the most dominant trap site
but can be influenced by multiple trap sites if several sites are present.

4.4 Report

The report contains the unpublished results obtained during the PhD project.

Electrochemical hydrogen charging was performed in three different electrolytes: 3.5
wt% NaCl, 0.1 M Na2SO4, and glycerol-borax solution containing sodium thiosulfate
(GBST), which is a hydrogen recombination poison. The electrochemical charging
conditions were applied to both permeation tests and samples used for hot extraction
analysis. Samples used for the Choo-Lee method were charged at 85 ◦C and 1000 bar
H2 gas. Samples used to study the effect of Pd on hydrogen uptake were charged at
room temperature and pressures of 100 and 1000 bar H2 gas.

The charging condition utilized significantly affected the hydrogen uptake measured
by both hot extraction test and electrochemical permeation. The measured hydrogen
concentration, CH, by hot extraction tests after charging in the GBST solution at
constant current density of −5 mA cm−2 was 0.67 wppm. CH in the Na2SO4 and NaCl
solutions, both charged at a constant potential of −1050 mVAg/AgCl, were 0.136 and
0.092 wppm, respectively. The higher hydrogen uptake in GBST was attributed to the
effect of the hydrogen recombination poison and the higher viscosity of the electrolyte.
The charging current density also significantly affected CH. During charging in the 3.5
wt.% NaCl solution, CH was proportional to the square root of the charging current
density.

In permeation, the first transient was less affected by strong trapping during charging
in GBST than in the other two charging conditions. This was attributed to traps
filling at a faster rate when the charging condition is severe and CH is higher. Deff of
the Vintage steel depended on the charging condition. The effect of reversible trapping
on Deff was also reduced when using the most severe electrolyte. For the Vintage steel
Deff determined by the tlag method was 1.26×10-6 cm2 s−1, which is comparable to
the value determined by partial transients 1.6×10−6 cm2 s−1. Using the tlag and tb
methods, the diffusivity rank from highest to lowest was the Modern QT steel, the
Modern TMCP, and the Vintage steel. Due to the effect of trapping on Deff and C0R,
it was challenging to rank the materials based on C0R.

The Choo-Lee method was used to determine the Eb values for the three steels. As
observed in Paper 3, the QT steel exhibited a normalized desorption curve, while the
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desperation curve of the Vintage steel was broader and asymmetric. The desorption
curve of the TMCP steel had a similar shape to that of the Vintage steel. E b of
the QT steel was 21 kJ/mol. The Vintage and TMCP steels’ desorption curves were
deconvoluted into two peaks. Eb were 11.7 and 40.4 kJ mol−1 for the TMCP steel and
12.6 and 14.0 kJ mol−1 for the Vintage steel. Overlapping of the peaks likely caused
an underestimation of the E b of the high-temperature peak in the Vintage steel.

A Pd coating affected the hydrogen uptake in samples exposed to H2 gas at room
temperature. The effect was most significant at 100 bar charging pressure, where the
hydrogen uptake was 3.9-4.9 times higher in the Pd-coated samples. At 1000 bar
charging pressure, the hydrogen concentration in the Pd-coated samples was 1.06-1.1
times higher than those of the non-coated samples. The lower significance of Pd at
elevated pressure was attributed to the oxide layer being reduced at the higher pressure.
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Chapter 5

Conclusion and further work

5.1 Conclusion

In this PhD project, hydrogen uptake, diffusion, and trapping in vintage and modern
X65 pipeline steels have been investigated using hydrogen permeation and desorption
techniques. Emphasis was put on relating electrochemical and gaseous hydrogen
charging in terms of hydrogen uptake. Different techniques and charging conditions
to determine hydrogen concentration, diffusivity, and trapping parameters were
evaluated. The main findings can be summarized as follows:

• The sub-surface hydrogen concentration in lattice and reversible trap sites,
C0R, was proportional to the square root of the hydrogen charging fugacity,
in agreement with Sieverts’ law. At room temperature, the Sieverts’ constants
of the Vintage and the Modern QT steel were 0.0125 and 0.0095 wppm bar−1/2,
respectively. The Sieverts’ relationships formed the basis of determining the
equivalent hydrogen fugacity, f eq

H2
, and pressure, peqH2

, of electrochemical charging
conditions.

• f eq
H2

and peqH2
were determined for different electrochemical charging conditions

based on the assumption that two charging conditions are equivalent if they
produce the same C0R. A relationship between the f eq

H2
and the overpotential

in 3.5 wt% NaCl was determined for the Vintage steel. f eq
H2

of electrochemical
charging in 3.5 wt% NaCl solution at -1, -15, and -50 mA cm−2 were 49.1, 101.9
and 222.7 bar, respectively.

• A systematic approach was used to determine an electrochemical charging
condition equivalent to a H2 gas pressure relevant for hydrogen transport in
pipelines (200 bar). Cathodic protection simulated condition, −1050 mVAg/AgCl

in 3.5 wt% NaCl, was chosen as a starting point and yielded a peqH2
of 12.3 bar for

the Modern QT steel. Addition of 2 g l−1 thiourea, a hydrogen recombination
poison, increased peqH2

to 111.5 bar. peqH2
was further increased by changing the

applied potential in the cathodic direction. A peqH2
of 201.9 bar was obtained at

an applied potential of −1225 mVAg/AgCl in 3.5 wt% NaCl with addition of 2 g
l−1 thiourea.
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• The lowest and highest measured effective diffusion coefficient, Deff , of the
Modern QT steel at room temperature were 8.56×10−7 and 2.70×10−6 cm2

s−1, about a three-time difference. For the Vintage steel, there was about a 17
times difference between the lowest and highest Deff , which were 1.95×10−7 and
3.34×10−6 cm2 s−1, respectively. The larger scatter observed for the Vintage steel
was attributed to a tortuous diffusion path and concentration-dependent effective
diffusivity. A tortuous diffusion path would be most prominent in permeation
tests for the Vintage steel because one-dimensional diffusion is assumed in
the direction perpendicular to the ferrite-pearlite bands. The concentration
dependency could be caused by differences in trap occupancy and dominating
trap sites under different charging conditions.

• From diffusivity tests using permeation and desorption techniques, it was
observed that strong hydrogen trapping was more prominent in the Vintage steel
than in the Modern steel. In permeation tests, strong traps can be accounted for
by performing subsequent transients, while in desorption methods, a modification
to the solution of Fick’s 2nd law was made to obtain a good fit to the desorption
data. Partial permeation transients gave better representations of Fick’s 2nd
law than complete transients, mainly attributed to a smaller change in trap
occupancy. The trap occupancy can change with the charging condition, leading
to a concentration dependency of the Deff . Using severe charging conditions can
reduce the effect of traps on the transients attributed to traps being filled at a
higher rate.

• The trap binding energy, Eb, was estimated from the diffusivity results. Using
desorption and partial permeation methods, Eb were 28.2 and 28.9 kJ mol−1 in
the Modern QT steel, and 26.0 and 20.4 kJ mol−1 in the Vintage steel. Eb was
also determined using thermal desorption analysis and the Choo-Lee method. A
normalized peak was observed in the Modern QT steel, having an Eb value of 21
kJ mol−1. A broad asymmetric curve was observed in the Vintage and Modern
TMCP steels, which was deconvoluted into two peaks. In the Modern TMCP
steel, Eb were 11.7 and 40.4 kJ mol−1. In the Vintage steel, Eb were 12.6 and
14.0 kJ mol−1. An influence of multiple trap sites complicated the determination
of Eb, e.g., overlapping peaks likely caused an underestimation of the Eb value
of the second peak in the Vintage steel using the Choo-Lee method.

5.2 Further work

• Gas permeation used to determine Sieverts’ constant was performed with a
Pd-coating on the charging side of the sample. The Pd-coating was used to
overcome any surface impedance that a naturally formed oxide layer could cause.
It was discussed that the uptake on the Pd-coated surface could represent the
uptake on the bare steel surface after the breakage of an oxide layer, e.g., from
cyclic stresses due to pressure fluctuations. The catalytic effects of Pd, oxide, and
bare steel surface should be evaluated. In addition, in-service surface conditions
should be investigated, such as the effect of an internal flow coating.

• This work investigated the equivalency between electrochemical and gaseous

34



5.2. FURTHER WORK

hydrogen charging in terms of hydrogen uptake. An overall aim is that
electrochemical charging can aid in evaluating hydrogen-assisted material
degradation of materials for hydrogen gas application. The transferability of the
equivalency to mechanical testing for hydrogen embrittlement (HE) susceptibility
must be verified, e.g., by fracture toughness and fatigue testing.

• There is a large scatter in reported values for f eq
H2

and peqH2
in the literature,

which could be caused by a dependency on techniques utilized and materials
investigated. It would be of interest to investigate what the main parameters
are. To realize that, the equivalency should be examined by several methods,
such as permeation, desorption, and hollow sensor methods on the same steel.

• Pipeline steels can be more susceptible to HE in the heat-affected zone (HAZ),
where the microstructure can contain martensite. Hence, it would be valuable
to test the hydrogen interaction with a HAZ microstructure and investigate to
what degree peqH2

is affected.

• Gas impurities may be present in the H2 gas stream during in-service conditions.
It has been reported in the literature that gas impurities, such as O2 and CO,
can suppress the HE effect on steels. Further investigation of the effect of
gas impurities on hydrogen uptake and the influence on equivalent charging
conditions would be of interest.
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A B S T R A C T   

Herein, hydrogen uptake and diffusivity in X65 pipeline steel were investigated using the permeation technique 
under different hydrogen charging conditions. Hydrogen charging was performed using hydrogen gas at different 
pressures, and electrochemical charging was performed at different cathodic current densities. The results 
revealed that both the sub-surface hydrogen concentration in lattice and reversible trap sites and the effective 
hydrogen diffusivity were dependent on the charging conditions. Moreover, the relationship between equivalent 
hydrogen fugacity and overpotential was determined.   

1. Introduction 

The world is going through a transition from using fossil fuels to
wards using more renewable energy sources, aiming to reduce the 
emission of greenhouse gases. Hydrogen, as a clean energy carrier, is 
regarded as a key building block in realising a climate-neutral and zero- 
pollution economy [1]. For long-distance transportation of hydrogen 
gas, pipelines are an economically favoured choice [2,3]. A reassign
ment of the existing infrastructure of steel pipelines utilised for trans
portation of natural gas, to transport hydrogen gas, could reduce 
hydrogen delivery costs by 60% [4] and ease the realisation of a 
hydrogen economy. 

However, thorough material investigations are required for safe 
transportation of hydrogen gas via steel pipelines. Atomic hydrogen can 
absorb and diffuse into steel and potentially degrade its mechanical 
properties; this phenomenon is referred to as hydrogen embrittlement 
(HE) [5–8]. Although, tensile and fatigue investigations in gaseous 
hydrogen environment have shown a decrease in ductility and increased 
fatigue crack growth rate [6,9–16], the majority of hydrogen-related 
studies have been performed using electrochemical charging. One 
reason for this is that gaseous hydrogen charging facilities are limited 
and mandate strict safety protocols [17]. To compare investigations of 
HE susceptibility utilising electrochemical and gaseous charging, the 
charging methods should produce a comparable hydrogen concentra
tion, as the concentration of hydrogen in steel can affect the degree of 

HE [6,12,18]. Therefore, the establishment of a relationship between the 
severity of hydrogen gas charging and electrochemical charging is 
critical. 

It has been proposed that two charging conditions are equivalent if 
they produce the same activity of hydrogen in a steel [19]. Fugacity can 
be regarded as the activity of a real gas; hence, the hydrogen fugacity, 
fH2 , relates to the ease of hydrogen uptake at the surface of a specific 
metal [19–21]. Studies correlating electrochemical charging and 
hydrogen gas charging have determined the equivalent hydrogen 
fugacity, f eq

H2
, during electrochemical charging. f eq

H2 
is typically expressed 

as a function of the overpotential, η. The hydrogen permeation tech
nique [18,19] and thermal desorption spectroscopy (TDS) [21–23] are 
the two methods employed to determine f eq

H2
. In a permeation cell, 

hydrogen enters the sample membrane on one side (charging side), 
diffuses through the sample membrane, and is oxidized on the exit side 
(detection side) [24]. The oxidation current density or permeation 
current density, ip, is a measure of the hydrogen flux passing through the 
sample. Fick’s laws of diffusion can be used to determine the hydrogen 
uptake and diffusivity. Permeation tests have been used to determine feq

H2 

by comparing the permeability coefficient obtained with gas charging 
with that obtained using electrochemical charging [25], or to determine 
f eq

H2 
as a function of η using electrochemical permeation in combination 

with thermodynamic calculations [18,19]. TDS allows the determina
tion of the hydrogen uptake and diffusivity by measuring the amount of 
desorbed hydrogen gas from a precharged sample [26,27]. The 
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relationship between f eq
H2 

and η is determined using TDS by comparing 
the hydrogen concentration in gas-charged and electrochemically 
charged samples [21–23]. 

However, several experimental difficulties must be overcome during 
charging to determine the correct value of feq

H2
. One such challenge is to 

maintain stable surface conditions during charging, which is an essential 
requirement for determining the uptake and diffusivity through the 
permeation technique. During electrochemical charging presence and 
modifications of an oxide layer, formation of corrosion products or 
excessive evolution of hydrogen bubbles can affect ip [28–30]. More
over, it has been reported that severe hydrogen charging can induce 
damage, such as blisters and cracks [30–33]. In gas-phase charging, a Pd 
coating may be necessary to achieve equilibrium on the charging side 
because air-formed oxides impede hydrogen entry [25,27,34]. The 
sub-surface lattice hydrogen concentration, C0, has been regarded as a 
direct reflection of the severity of the charging condition and suggested 
to be an appropriate measure for comparing the uptake from different 
hydrogen sources [7]. However, trapping sites, which are microstruc
tural features wherein hydrogen may reside, affect the uptake and 
diffusivity of hydrogen [35] rendering it difficult to determine C0 [36]. 
At such trap sites, the activation energy of a hydrogen atom jumping to a 
neighbouring lattice site is greater than that between regular lattice 
sites, thus causing a reduction in the diffusivity. The term “reversible 
trap” typically refers to trap sites wherein hydrogen has a short resi
dence time at the temperature of interest corresponding to a low 
de-trapping activation energy, whereas the term “irreversible trap” re
fers to trap sites where the probability of releasing trapped hydrogen is 
negligible under the same conditions [37]. When reversible trapping 
affects the transport of hydrogen in steels, the diffusion coefficient 
determined from permeation tests is an effective value, denoted as Deff, 
and the sub-surface concentration includes hydrogen in lattice and 
reversible trap sites, denoted as C0R [36]. However, if the fraction of 
occupied traps changes to an extent such that the permeation transient 
does not follow Fick’s 2nd law, Deff has no theoretical basis [36,38,39]. 
In this case, Deff can vary by one order of magnitude depending on the 
severity of charging conditions, and C0R is typically overestimated [35, 
40]. The change in trap occupancy can be minimized by performing 
successive transients with a partial increase or decrease in the charging 
current [41–43]. Previous reports have stated that during partial 
permeation transients, surface and trapping effects can be eliminated to 
an extent such that the lattice diffusion coefficient, DL, can be deter
mined [41,44]. 

The aim of this study was to correlate hydrogen gas charging and 
electrochemical charging for a X65 pipeline steel. The hydrogen uptake 
and diffusivity were evaluated via the permeation technique by 
employing both hydrogen gas charging and electrochemical charging. 
The dependency of Deff on the charging conditions was investigated. C0R 
was then employed to determine a relationship between f eq

H2 
and η. 

2. Experimental 

2.1. Material and sample preparation 

The material used in this study was API 5 L X65 steel from a hot- 
rolled and arc-welded vintage pipeline. The wall thickness was 
26 mm. Its chemical composition is listed in Table 1. The samples were 
machined from a position close to the inner side of the pipe wall along 

the longitudinal direction. The samples used for the electrochemical 
permeation tests were disks with diameters of 30 mm and thicknesses of 
1.9 mm, whereas the samples used for the gas permeation tests were 
50 mm wide, 150 mm long, and 1.9 mm thick plates. Both sides of the 
disks and plates were ground using SiC grinding papers to a final grade 
of #P1000. The detection side of both types of samples were electro
plated with Pd to ensure complete oxidation of hydrogen, as hydrogen 
oxidation is known to occur more easily on a Pd surface [45]. In addi
tion, the plates used for gas permeation were electroplated with Pd on 
the charging side to overcome the surface impedance which can be 
caused by an oxide layer [25,27,34]. The electroplating procedure fol
lowed the method described by Husby et al. [46] based on the work of 
Bruzzoni et al. [47,48] and Castaño Rivera et al. [11]. After electro
plating, the samples were placed in a furnace at 120 ◦C for 16 h to 
remove the hydrogen introduced during the plating process. 

2.2. Gas permeation 

A high-pressure H2 gas permeation apparatus was employed for the 
tests, certified for pressures of up to 100 bar. The apparatus is illustrated 
in Fig. 1. H2 gas of a 6.0 quality, with a purity of 99.9999%, was injected 
into the cell on the charging side from 50 L-gas bottles until a pre
determined pressure was achieved. Three gas pressures, pH2 , were 
employed for testing:10, 50, and 100 bar. The valves were then closed, 
and the charging of the samples commenced. The exposed surface area 
of the sample in each chamber was 16 cm2. The cell corresponding to the 
exit side consisted of 0.1 M NaOH (pH = 12.6) with continuous N2 gas 
purge. A Pt foil was used as the counter electrode. The exit surface of the 
Pd coated steel, was polarised at + 360 mV vs. Ag/AgCl in saturated KCl 
(+315 mV vs. saturated calomel electrode (SCE)) while measuring ip. All 
tests were performed using succeeding transients. Three charging/dis
charging cycles were performed at each gas pressure. Discharging was 
performed by evacuating the gas on the entry side. All gas permeation 
tests were performed at 21 ± 1 ◦C. 

2.3. Electrochemical permeation 

An illustration of the cell used for electrochemical permeation tests is 
presented in Fig. 2. The sample was mounted into the sample holder and 
held between the two chambers in the permeation cell using gaskets and 
clamps. The exposed surface area of the sample in each chamber was 
3.7 cm2. The detection chamber (oxidation side) was filled with a 0.1 M 
NaOH electrolyte (pH = 12.6) and purged with N2 gas. An Hg/Hg2SO4 
electrode in saturated K2SO4 was used as the reference electrode, and a 
Pt foil was used as the counter electrode. A potential of − 80 mV vs. Hg/ 
Hg2SO4 (+318 mV vs. SCE) was applied. While ip was stabilising, the 
charging chamber was constantly purged with N2 gas to avoid oxidation. 
When ip attained a stable value below 0.1 µA cm−2, the N2 gas supply to 
the charging chamber was cut off, and a solution of 3.5 wt% NaCl (pH =
6.6) was introduced into the charging chamber. In the charging cham
ber, an Ag/AgCl electrode in saturated KCl was used as the reference 
electrode, and a Pt foil was used as the counter electrode. Different 
cathodic charging current densities, ic, were applied: − 1, − 15 and 
− 50 mA cm−2. When ip reached a steady state, denoted as i∞p , the test 
was terminated, and the permeation cell was dismantled. In contrast to 
the gas permeation test, the sample was removed from the sample holder 
and kept in a desiccator overnight to allow hydrogen degassing. The 
charging side was further ground using a #P1000 grinding paper to 
remove any corrosion products within 1 h before initiation of the next 
transient. The change in the sample thickness was negligible. Three 
transients were performed for each charging condition. All electro
chemical permeation tests were performed at 21 ± 1 ◦C. 

In addition, partial permeation transients were performed to reduce 
trapping and potential surface effects that are known to impede 
hydrogen uptake [41]. First, a complete build-up permeation transient 

Table 1 
Chemical composition of X65 pipeline steel.  

Element C Si Mn P S Cu Cr 

wt% 0.1 < 0.6 < 1.6 < 0.025 < 0.015 < 0.25 < 0.25  

Element Ni Mo V Nb Ti N - 

wt% < 0.25 < 0.05 < 0.1 < 0.05 < 0.02 < 0.01 -  
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was performed by applying an ic of − 1 mA cm−2 for 12 h, to produce a 
stable surface condition. ic was then increased in steps of 1 mA cm−2 in 
the cathodic direction until ic reached − 7 mA cm−2, while ip was 
continuously measured on the detection side. A good fit between ip and 
Fick’s 2nd law was observed at − 7 mA cm−2. After stabilisation was 
achieved, ic was decreased in steps of 1 mA cm−2 in the anodic direction 
until ic reached −1 mA cm−2. 

2.4. Analysis 

From the permeation transients, Deff can be calculated using the 
breakthrough time method and time lag method, as presented in Eqs. (1) 
and (2), respectively [24,36,38,49]. L denotes the thickness of the 
sample. The breakthrough time, tb, represents the intercept between the 
extrapolation of the linear portion of the build-up of ip and the baseline 
of ip. A difference in tb between the first and subsequent transients in
dicates irreversible trapping [37]. Irreversible traps are not emptied 
between successive permeation transients; hence, they slow down the 
hydrogen transport during the first transient but do not affect the sub
sequent transients. The time lag, tlag, represents the time required to 
attain 63% of i∞p . 

Deff(tb) =
L2

19.8tb
(1)  

Deff(tlag) =
L2

6tlag
(2) 

The diffusion coefficient of hydrogen, D, from partial permeation 
tests was estimated by fitting the experimental results to an analytical 
solution of Fick’s 2nd law. The build-up of ip can be fit to Eq. (3), and the 
decay of ip can be fitted to Eq. (4) [41]. t denotes the time after changing 
ic, and i0p denotes the initial value of the permeation current density 
when ic is changed. 

ip − i0
p

i∞
p − i0

p
=

2L
̅̅̅̅̅̅̅̅
πDt

√
∑∞

n=0
exp

(

−
(2n + 1)

2L2

4Dt

)

(3)  

ip − i∞
p

i0
p − i∞

p
= 1 −

2L
̅̅̅̅̅̅̅̅
πDt

√
∑∞

n=0
exp

(

−
(2n + 1)

2L2

4Dt

)

(4) 

C0R is proportional to i∞p and can be calculated using Eq. (5). F de
notes the Faraday constant (96485 A s mol−1) [36]. 

C0R =
i∞
p L

FDeff
(5)  

3. Results 

3.1. Microstructure 

Fig. 3(a) and (b) presents the scanning electron microscopy (SEM) 
micrographs of the studied steel. The microstructure primarily consists 
of polygonal ferrite, together with pearlite. The plate-like microstruc
ture with a banded appearance indicates that some bainite is also pre
sent. The average grain size is 3.7 µm. 

3.2. Hydrogen diffusivity 

3.2.1. Gas permeation 
Three consecutive permeation transients performed at 100 bar of H2 

gas pressures are presented in Fig. 4(a). A significant difference in tb 
between the first and subsequent transients can be observed, indicating 
that irreversible traps affect the first transient [37]. As the investigation 
of irreversible traps is not within the scope of this study, the results 
obtained from the first transient will not be reported herein. The second 
and third permeation transients obtained at different pH2 are presented 
in Fig. 4(b). Transient 2 and 3 concur well at all pH2 . An increase in pH2 

caused an increase in i∞p and a reduction in tb. 
The normalised hydrogen flux, as a function of the normalised time 

for gas permeation transients, is presented in Fig. 5, along with the 
predictions of Fick’s 2nd law calculated using the hydrogen diffusion 
coefficient in well-annealed bcc iron, 7.27 × 10−5 cm2 s−1 [50]. The 
normalised gas permeation transients are shifted to the right and are 
steeper than that predicted by Fick’s 2nd law. A normalised permeation 
transient that is steeper than that predicted by Fick’s 2nd law indicates a 
significant change in trap occupancy, which affects the transport of 
hydrogen [36,38,39]. Thus, the determinations of Deff(tb) and Deff(tlag) 
using Eqs. (1) and (2) have no theoretical basis. 

The average values for Deff calculated by the tb and tlag methods from 
transients 2 and 3 are presented in Table 2. Deff increases with increasing 
pH2 . Deff(tb) ranges from 2.21 × 10−7 cm2 s−1 at 10 bar to 3.23 × 10−7 

cm2 s−1 at 100 bar, while Deff(tlag) ranges from 4.45 × 10−7 cm2 s−1 at 
10 bar to 7.53 × 10−7 cm2 s−1 at 100 bar. Deff(tlag) is 1.9 – 2.3 times 

Fig. 1. Schematic of the high pressure H2 gas permeation cell. WE – working electrode, CE – counter electrode, RE – reference electrode, PS – pressure sensor.  

Fig. 2. Schematic of the electrochemical permeation cell. WE – working elec
trode, CE – counter electrode, RE – reference electrode. 
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higher than Deff(tb) for all pH2 , thus confirming the inference made from 
the normalised transients, that the effective diffusivity changes during 
permeation transients [35,36,38,39]. 

3.2.2. Electrochemical permeation 
The three electrochemical permeation transients obtained at 

− 15 mA cm−2 are presented in Fig. 6(a). As was observed with gas 
charging, tb of the first transient was higher than that of the subsequent 
transients, indicating irreversible trapping. Fig. 6(b) presents the second 
and third transients obtained at different levels of ic. tb decreases and i∞p 

increases with increasing ic. Deviation between transients 2 and 3 at 
− 1 mA cm−2 and − 50 mA cm−2 can be observed, which indicate that 
the surface conditions during electrochemical charging are not as stable 
as those during hydrogen gas charging. 

The normalised hydrogen flux, as a function of the normalised time 
for electrochemical permeation transients, is presented in Fig. 7, 
including the prediction of Fick’s 2nd law, which was calculated using 
the lattice diffusivity of bcc iron. The trends are similar to those 
observed during gas charging. The normalised permeation transients are 
shifted toward the right and are steeper than that predicted by Fick’s 
2nd law. 

The average values for Deff determined by the tb and tlag methods for 
different ic are provided in Table 3. Deff increases with an increase in ic. 
Deff(tb) ranges from 1.95 × 10−7 to 3.61 × 10−7 cm2 s−1, while Deff(tlag) 
ranges from 5.24 × 10−7 cm2 s−1 to 6.73 × 10−7 cm2 s−1. Deff(tlag) is 1.8 
– 2.7 times higher than Deff(tb) for all ic. 

3.2.3. Partial permeation transients 
As the values of Deff presented above appear to be significantly 

affected by reversible trapping, Deff was determined via electrochemical 
partial permeation transients. The normalised partial permeation tran
sient build-up and decay between ic values of − 6 mA cm−2 and 
− 7 mA cm−2 are presented in Fig. 8(a) and (b), respectively. The best 
fits of the analytical solutions to Fick’s 2nd law (Eqs. (3) and (4)) are 
included. MATLAB was used for the fitting. A good fit indicates that, in 
contrast to the complete permeation transient, the hydrogen diffusivity 

Fig. 3. SEM micrographs at (a) 5,000X and (b) 10,000X magnifications revealing the microstructure of the studied steel, which consisted of ferrite, pearlite, 
and bainite. 

Fig. 4. (a) Three transients performed at 100 bar of hydrogen pressure. (b) Transient 2 and 3 at 10, 50, and 100 bar of hydrogen pressure. T2 – transient 2, T3 – 
transient 3. 

Fig. 5. Normalised gas permeation transients and prediction of Fick’s 2nd law 
for lattice diffusion in bcc iron. 

Table 2 
Parameters determined by the gas permeation test. The values represent average 
values obtained from transients 2 and 3.  

pH2 [bar] Deff (tb) [cm2 s–1] Deff (tlag) [cm2 s–1]  

10 2.21 × 10−7 ± 0.01 4.25 × 10−7 ± 0.01  
50 2.47 × 10−7 ± 0.01 5.66 × 10−7 ± 0.01  
100 3.23 × 10−7 ± 0.03 7.53 × 10−7 ± 0.03  
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between the aforementioned two charging conditions can be repre
sented by Fick’s 2nd law [41,43]. The best fit of Deff to the build-up 
curve is 1.68 × 10−6 cm2 s−1, while the best fit to the decay curve is 
1.55 × 10−6 cm2 s−1. An average value of 1.6 × 10−6 cm2 s−1 is denoted 
as Deff(PT). 

3.3. Hydrogen uptake 

3.3.1. Uptake from gas permeation 
C0R values at different pH2 obtained from different calculation 

methods are presented in Table 4. These values depend on the calcula
tion method. Deff changes during complete permeation transients; 
hence, the C0R(tb) and C0R(tlag) values appear different. The C0R(tb) 
values are 1.9 – 2.3 times higher than the C0R(tlag) values for all 
pH2 .During stepwise charging, the partial transients could be fitted to 
Fick’s 2nd law. Thus, it can be argued that the value of C0R calculated 
from Eq. (5) using i∞p from the complete permeation transient and 
Deff(PT) represents the best measure of C0R and is denoted as C0R(PT). At 
pH2 of 10, 50, and 100 bar, C0R(PT) was 0.047, 0.082 and 0.137 wppm, 

Fig. 6. (a) Three transients performed at a charging current density of − 15 mA cm−2 charging current density during the electrochemical permeation test. (b) 
Transients 2 and 3 performed at − 1, − 15 and − 50 mA cm−2. T2 – transient 2, T3 – transient 3. 

Fig. 7. Normalised electrochemical permeation transients and prediction of 
Fick’s 2nd law for lattice diffusion in bcc iron. 

Table 3 
Average values for Deff, as determined by the electrochemical permeation test.  

ic [mA cm–2] Deff (tb) [cm2 s–1] Deff (tlag) [cm2 s–1] 

-1 1.95 × 10−7 ± 0.08 5.24 × 10−7 ± 0.23 
-15 2.22 × 10−7 ± 0.01 5.43 × 10−7 ± 0.01 
-50 3.61 × 10−7 ± 0.45 6.73 × 10−7 ± 0.09  

Fig. 8. (a) Normalised build-up partial permeation transients from − 6 mA cm−2 to − 7 mA cm−2 with best the fit to Eq. (3). Normalised transients at one hundred 
bar, − 50 mA cm−2 and a prediction of Fick’s 2nd law for lattice diffusion in bcc iron are included for comparison. (b) Normalised decay permeation transients from 
− 7 mA cm−2 to − 6 mA cm−2 with the best fit to Eq. (4). PT – partial transient. 

Table 4 
C0R determined by different methods from gas permeation. The values represent 
average values of transients 2 and 3.  

pH2 [bar] fH2 [bar] C0R (tb) [wppm] C0R (tlag) [wppm] C0R (PT) [wppm] 

10  10.1 0.341 ± 0.011 0.183 ± 0.001 0.047 ± 0.002 
50  51.6 0.529 ± 0.002 0.231 ± 0.001 0.082 ± 0.000 
100  106.7 0.681 ± 0.011 0.295 ± 0.001 0.137 ± 0.002  
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respectively. Sieverts’ law, Eq. (6), states that the concentration of dis
solved hydrogen in a metal is proportional to the square root of fH2 in a 
charging atmosphere [51]. At a steady-state, C0 is proportional to C0R 
[52]; thus, Sieverts’ law is also valid for C0R. The hydrogen fugacity can 
be calculated from the hydrogen partial pressure using the Able-Noble 
equation of state, Eq. (7), where b denotes a constant (1.584 ×10−5 

m3 mol−1), T denotes the temperature in K, and R denotes the gas 
constant (8.314 J K−1 mol −1) [20]. The linearity between C0R and f1/2

H2
, 

observed in Fig. 9, is in agreement with Sieverts’ law. Sieverts’ constant, 
S, determined from the linear regression line, has a value of 
0.0125 wppm bar−1/2. 

C0 = S ×
̅̅̅̅̅̅
fH2

√
(6)  

fH2 = pH2 exp
(

pH2 b
RT

)

(7)  

3.3.2. Uptake from electrochemical permeation 
C0R values at different ic obtained from different calculation methods 

are listed in Table 5. As was observed with gas charging, C0R values 
appear to be dependent on the calculation method. C0R(tb) values are 1.9 
– 2.7 times higher than C0R(tlag) values for all ic. Additionally, the C0R(tb) 
values are 4.6–8.2 times higher than C0R(PT), and the C0R(tlag) values are 
2.3–3.1 times higher than C0R(PT). At − 1, − 15, and − 50 mA cm−2, 
C0R(PT) is 0.090, 0.129, and 0.189 wppm, respectively. C0R(PT) is 
proportional to i1/2

c , as presented in Fig. 10. 

3.3.3. Equivalent fugacity 
f eq
H2 

was determined using the method described by Venezuela et al. 
[21,22] and Liu et al. [23]. The values of C0R(PT) determined from 
electrochemical charging were inserted into Eq. (6), and the equation 
was solved for fH2 to determine f eq

H2
. S determined from gas charging, 

0.0125 ppm bar−1/2, was used in the calculations. Fig. 11 presents the 
C0R(PT) values determined from electrochemical charging super
imposed onto the linear regression line corresponding to Sieverts’ law. 
The equivalent hydrogen charging pressure, peq

H2
, was determined by 

solving Eq. (7) iteratively using the Newton-Raphson method. The 
values of f eq

H2 
and peq

H2 
are listed in Table 6. ic values of − 1, − 15, and 

− 50 mA cm−2 correspond to feq
H2 

values of 49.1, 101.9, and 222.7 bar, 
respectively. 

The value of η is determined using Eq. (8). Ec denotes the average 
measured potential on the charging side, and E0

H denotes the equilibrium 
potential for a hydrogen evolution reaction in solution under standard 
state conditions, as described by Eq. (9) [19,53]. The average measure η 
at − 1, − 15 and − 50 mA cm−2 was − 593 ± 3, − 1133 ± 23, and 
− 2023 ± 74 mV, respectively. 

η = Ec − E0
H (8)  

E0
H = − 0.0591 × pH − 0.0295logfH2 (9) 

The mathematical relationship between f eq
H2

and η was determined 
using the approach described by Atrens et al. [18] and Liu et al. [19]. 
Thorough analyses of the development of a mathematical expression for 
the relationship between f eq

H2
and η during electrochemical permeation 

tests can be found elsewhere [18,19,54,55]. In short, the Nernst equa
tion can be used to relate f eq

H2 
to η, as indicated in Eq. (10). A and ξ denote Fig. 9. Sub-surface hydrogen concentration C0R(PT) versus the square root of 

hydrogen charging fugacity. 

Table 5 
C0R values determined by different methods from electrochemical permeation. 
The values represent averages values of transients 2 and 3.  

ic [mA cm–2] C0R (tb) [wppm] C0R (tlag) [wppm] C0R (PT) [wppm] 

− 1 0.740 ± 0.016 0.276 ± 0.007 0.090 ± 0.002 
− 15 0.929 ± 0.011 0.370 ± 0.007 0.129 ± 0.001 
− 50 0.864 ± 0.219 0.450 ± 0.065 0.189 ± 0.025  

Fig. 10. Sub-surface hydrogen concentration C0R(PT) versus the square root of 
charging current density. 

Fig. 11. Sub-surface hydrogen concentration C0R(PT) versus the square root of 
the hydrogen fugacity along with values obtained from electrochemical 
charging superimposed onto the best linear fit of gaseous charging. 

Table 6 
Equivalent hydrogen pressure and equivalent hydrogen fugacity.  

ic [ mA cm–2] C0R (PT) [wppm] peq
H2 

[bar] feq
H2

[bar] 

− 1 0.090 ± 0.002  47.6  49.1 
− 15 0.129 ± 0.001  95.9  101.9 
− 50 0.189 ± 0.025  196.4  222.7  
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parameters that can be determined experimentally using the relations 
provided in Eqs. (11) and (12), respectively. 

f eq
H2

= Aexp
(

−ηF
ξRT

)

(10)  

ξ = −
1
2

F
R T

δη
δlni∞

p
(11)  

i∞
p =

FDS
L

(

Aexp
(

−
ηF

ξRT

) )1/2

(12) 

The constants ξ and A, as well as Deff(PT) and S determined in this 
study, were substituted into Eq. (10). The mathematical relation be
tween the f eq

H2 
and η is described by Eq. (13). It should be emphasized that 

galvanostatic charging was used in this study, and η was determined 
from the average potential measured during the transients. 

f eq
H2

= 32.19exp
(

−
ηF

38.81RT

)

(13)  

4. Discussion 

The aim of this study was to determine the relationship between 
hydrogen gas charging and electrochemical charging. f eq

H2 
was deter

mined as a function of η under the assumption that different charging 
conditions producing equal concentrations of hydrogen in steel are 
equivalent. To compare the severity of electrochemical and gaseous 
hydrogen charging conditions based on the hydrogen permeation tech
nique, it is necessary to have an accurate measure of the sub-surface 
hydrogen concentration. Because the calculation of C0R depends on 
Deff, it is important to carefully evaluate Deff. Detailed discussions on 
hydrogen diffusion and uptake are presented in the following sections. 

4.1. Hydrogen diffusivity 

The normalised permeation transients (Figs. 5 and 7) were shifted to 
the right and steeper than predicted by Fick’s 2nd law. A normalised 
transient that is shifted to the right along the x-axis indicates slower 
diffusion than lattice diffusion, while a slope that deviates from Fick’s 
2nd law indicates that the diffusion coefficient appears to increase 
during the transient due to significant reversible trapping (steeper slope) 
or that the surface conditions are unsteady (less steep slope) [36,38,39]. 
Hence, the observed effects on the normalised transients reveal that a 
significant change in reversible trap occupancy affected both the elec
trochemical and gaseous permeation transients. It was also evident from 
the difference between Deff(tb) and Deff(tlag) that significant trap occu
pancy caused Deff to change during the permeation transients. For all 
tests, the value of Deff(tb) was smaller than Deff(tlag). Hence, the proba
bility of diffusing hydrogen being trapped is lowest at tlag, and the 
effective diffusivity appears faster [7]. Because Deff appears to change 
during a transient, it does not have a theoretical basis in Fick’s 2nd law 
[36,38,39]. 

Essentially, tb should be independent of the magnitude of the 
hydrogen flux through a sample [56]. However, it is evident from Figs. 4 
(b) and 6(b) that tb decreases with increasing pH2 and ic. A decrease in tb 
with an increase in ic has been previously reported [30,49]. The reduced 
value of tb is attributed to a higher flux of hydrogen diffusing through the 
material, which causes traps to be occupied at a faster rate. Thus, the 
impediment to hydrogen transport caused by traps is more pronounced 
when the hydrogen flux is low. It is evident from Tables 2 and 3 that the 
Deff values are dependent on the charging conditions. Fig. 12 presents 
Deff values as a function of i∞p . A similar relationship between C0 and Deff 

was predicted by Griffiths and Turnbull [35] using theoretical calcula
tions based on electrochemical permeation results obtained from three 
low alloy steels. C0 is proportional to i∞p ; thus, it is expected that the 

dependency of Deff on the concentration follows the same trend. Deff 
obtained from gaseous charging is slightly larger than those obtained 
from electrochemical charging for the same value of i∞p . A possible 
explanation is the smaller radius to thickness ratio (5:1) during elec
trochemical permeation, compared to that during gaseous permeation 
(10:1). A smaller radius to thickness ratio can cause deviation from the 
assumption of one-dimensional diffusion due to increasing influence of 
lateral diffusion. According to the study by Hutchings et al. [57], a 
radius to thickness ratio of 10:1 and 5:1 can cause a deviation of less 
than 5% and about 10%, respectively, when one-dimensional diffusion 
is assumed. Owing to the concentration dependency of Deff, the effective 
diffusivity should not be treated as an intrinsic material property unless 
the trap occupancy is very low [7]. The concentration dependence of the 
effective diffusivity underlines the importance of performing tests in 
charging conditions comparable to the operating conditions. 

Because Deff(tb) and Deff(tlag) were significantly affected by the 
change in trap occupancy, partial permeation transients were per
formed. This approach caused a smaller disturbance to the equilibrium 
between the lattice and trapped hydrogen, that is, the change in the trap 
occupancy was small [41]. This method could, as reported in the liter
ature, be used to determine DL of hydrogen in bcc iron [41]. Partial 
permeation transients have also been applied to X65 low alloy steels, 
where the reported value of DL is in the order of 1–3 × 10−6 cm2 s−1 

[44]. The diffusion coefficient determined by the partial transient in this 
study was approximately 1.6 × 10−6 cm2 s−1, with the same order of 
magnitude as that reported for X65 low alloy steel. However, even with 
a minimal change in trap occupancy, the effect of reversible traps was 
not completely eliminated in this study. Thus, the diffusion coefficient 
obtained from the partial transients was regarded as an effective value. 
However, Deff(PT) is in this case regarded as the best measure of 
hydrogen diffusivity in steady-state conditions. 

4.2. Hydrogen uptake 

Two charging conditions resulting in the same hydrogen activity 
below the steel surface are considered to be equivalent [19]. As 
explained above, the complete permeation transients could not be fit to 
Fick’s 2nd law; thus, the determination of C0R(tb) and C0R(tlag) does not 
have a theoretical basis. In such a case, C0R obtained from the tb and tlag 
methods can be overestimated by a factor of 2.5–5 [40]. As observed in 
Fig. 8(a) and (b), the effects produced by changes in trap occupancy are 
reduced when performing partial permeation transients to an extent 
such that the transients agree well with Fick’s 2nd law. Deff(PT) obtained 
from partial transients and i∞p obtained from the complete permeation 
transient were used to calculate C0R(PT) using Eq. (5). As Deff(PT) was 
considered the best measure of hydrogen diffusivity in a steady-state, 
C0R(PT) was used to determine f eq

H2
. It has been argued that C0 is the 

best measure of the severity of charging conditions [7]. To determine C0, 

Fig. 12. Effective diffusion coefficients, Deff(tb) and Deff(tlag), as a function of 
the steady-state permeation current density, i∞p . 
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it is often considered that the hydrogen flux in a steady-state is equal to 
the lattice hydrogen flux and DL in bcc iron is substituted into Eq. (5). In 
this study, reversible trapping was so significant that this assumption 
was not made. However, because a single value of Deff is used to 
determine C0R(PT), whether C0 or C0R(PT) forms the basis for compar
ison does not affect the relationship between f eq

H2 
and η. 

The determination of f eq
H2 

as a function of η by hydrogen permeation 
requires the following conditions to be satisfied: (i) Sieverts’ law must 
apply to both gas charging and electrochemical charging, (ii) equilib
rium conditions must exist on the charging side, and (iii) the permeation 
transients must be described by Fick’s 2nd law [19]. The linearity of C0R 

with both p1/2
H2 

and i1/2
c indicates that Sieverts’ law applies to both 

electrochemical and gas charging. The linear dependence between C0R 

and i1/2
c , as presented in Fig. 10, is attributed to the balance between 

charging and chemical recombination [52]. Equilibrium conditions on 
the charging side were obtained by eliminating surface effects that 
impeded hydrogen uptake. During gas charging, a Pd coating was 
applied to the charging side, as air-formed surface oxides can cause 
surface impedance to hydrogen uptake from hydrogen gas [27,34]. Pd 
coatings have been reported to eliminate the impeding effect of surface 
oxides and ensure equilibrium between the gas and metal phases, ac
cording to Sieverts’ law [11,25,27,34]. However, a few studies on 
hydrogen gas permeation have not mentioned the use of Pd coatings on 
the charging side [9,10,58]. The linear dependence between C0R(PT) 
and p1/2

H2 
with an intercept close to the origin indicates that the Pd 

coating ensure equilibrium conditions on the charging side and that the 
Pd coated surface represents the hydrogen uptake of a bare steel surface 
(for instance in a growing crack tip). 

During electrochemical hydrogen permeation, the second and third 
permeation transients were less coincident (Fig. 6(b)) than those of gas 
charging (Fig. 4(b)), especially when charging at − 50 mA cm−2. This 
indicated that the surface conditions were less stable during electro
chemical charging. One possible explanation for this is that the surface 
conditions were slightly different between the transients, as the sample 
was removed from the cell and ground, which was not the case for gas 
charging. The largest deviation between transients 2 and 3 was observed 
during charging at − 50 mA cm−2. Corrosion has been reported to take 
place under high cathodic current densities, possibly due to extensive 
evolution of hydrogen bubbles disturbing local electrochemical condi
tions [29,30]. Air-formed oxides could impede hydrogen uptake also 
during electrochemical charging; however, it has been reported that the 
oxides can be reduced during the early stage of hydrogen permeation on 
the order of minutes to one hour in NaOH solution [28,29]. If this were 
the case here, the air-formed oxide would be reduced faster than tb such 
that the removal of surface oxides could affect the shape of the transient 
without affecting i∞p . If the shape of the electrochemical transient was 
affected by an air-formed oxide, it can be an additional explanation to 
why Deff is slightly smaller for electrochemical permeation than for gas 
permeation at equal i∞p , as observed in Fig. 12. In addition, blisters and 
surface cracks can be formed under severe charging conditions but are 
more likely to form in acidic solutions with added hydrogen recombi
nation poisons [31,32]. The linear dependence of C0R(PT) on i1/2

c indi
cated equilibrium conditions on the charging side. Combined with the 
partial transients following Fick’s 2nd law, conditions (i), (ii), and (iii) 
were considered as satisfied. 

An advantage of determining f eq
H2 

using both gas charging and elec
trochemical permeation is that through gas charging, one can determine 
S for the specific material investigated. S is necessary to determine f eq

H2
as 

a function of η using Eq. (10), and a difference in S can significantly 
affect the relationship between f eq

H2 
and η determined by electrochemical 

hydrogen permeation. S of pure bcc iron is approximately 5.3 × 10−4 

wppm bar−1/2 [19,50], which is approximately two orders of magnitude 
lower than the value obtained in this study. For a 3.5NiCrMoV steel 

specimen, S was reported to be 0.0272 wppm bar−1/2 [22], which is 
approximately twice the value determined in this study. In materials 
with low solubility and high diffusivity, such as low carbon steels, it can 
be challenging to conduct accurate measurements with TDS. A sub
stantial amount of hydrogen can egress between hydrogen charging and 
analysis, and it may be necessary to estimate the amount of effused 
hydrogen during this dwell time [22,59]. Using the permeation tech
nique, small fluxes of hydrogen can be detected simultaneously with 
hydrogen exposure on the charging side, rendering this an advantageous 
method for samples with low solubility and high diffusivity. 

A summary of previous studies including the current study, which 
determined f eq

H2 
as a function of η, is presented in Fig. 13 [19,21,23,54, 

60]. The plot illustrates different charging methods that can represent 
equal hydrogen activities. However, the relationship between f eq

H2 
and η 

is, to a large extent, specific to the electrolyte and the investigated alloy 
owing to the variation in the microstructure and surface conditions that 
affect hydrogen evolution [21]. This is further demonstrated by 
comparing the results of this study with the values obtained by 
Venezuela et al. [21] for a martensitic advanced high-strength steel, 
which was also charged in a 3.5 wt% NaCl solution and obtained a 
similar magnitude of f eq

H2 
but at a lower η. The results obtained Liu et al. 

[23] for a dual phase steel in 3 wt% NaCl are comparable to that ob
tained by Venezuela et al. [21], both studies using a TDS based 
approach. Crolet and Maisonneuve [60] obtained a lower f eq

H2
, when 

charging a low carbon steel walled hollow sensor in a 5 wt% NaCl so
lution, compared to the other studies that performed charging in NaCl 
solutions. A change in the slope was observed in results of certain studies 
presented in Fig. 13, which was attributed to a change in the hydrogen 
evolution reaction mechanism [19,54]. This change in the slope was not 
observed in this study; however, it may occur outside the tested range of 
η. A change in the slope at lower η could bring the f eq

H2 
closer to the value 

obtained by Crolet and Maisonneuve. As a change in the slope may occur 
outside the tested range of η, the relationship between f eq

H2 
and η may not 

be valid outside the investigated range. 
The determined relationship between f eq

H2 
and η for the investigated 

steel specimen (Eqs. (6) and (13)) is related to the hydrogen uptake of 
bare metal surface, as the influence of an oxide layer is eliminated by 
using a Pd-coated surface during gas charging. The nature of failure can 
make it difficult to make direct comparisons between investigations of 
HE susceptibility performed with different charging methods [6]; thus, 

Fig. 13. Equivalent fugacity, f eq
H2

, versus overpotential, η. Included data: Study 
conducted by Liu et al. [19] on low interstitial steel (LIS) charged in both 0.1 M 
NaOH and acidified 0.1 M Na2SO4 (pH = 2) in permeation tests; Study con
ducted by Venezuela et al. [21] on MS1500 martensitic advanced high-strength 
steels charged in 0.1 M NaOH and 3.5 wt% NaCl; Study conducted by Liu et al. 
[23] on 98DP dual phase steels charged in 0.1 M NaOH and 3 wt% NaCl;Study 
conducted by Crolet and Maisonneuve [60] on low carbon steel (LCS) in 5 wt% 
NaCl; Data collected by Bockris et al. [54] on Armco iron in 0.1 M NaOH with 
the relationship deduced by Liu et al. [19]. 
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the determined equivalency between charging methods and hydrogen 
uptake may not translate to mechanical testing. Validation of equiva
lence between charging methods and hydrogen uptake using mechanical 
testing requires thorough design. For instance, during HE investigation 
by mechanical testing, hydrogen uptake between gaseous and electro
chemical charging at equivalent fugacity may differ initially due to the 
surface impedance of the oxide layer. However, strain will cause 
breakage of the oxide film [6], which will expose the bare steel surface 
to the hydrogen gas and uptake will proceed according to Sieverts’ law. 
Surface oxides prepared on a steel surface can inhibit hydrogen uptake, 
however, the efficiency is dependent on the nature of the oxide film as 
hydrogen uptake take place through pores and cracks [10]. Similarly, 
naturally formed oxide layers present during in-service conditions may 
act as a barrier to hydrogen uptake. Thus, further work is necessary to 
investigate the equivalency between investigations of HE susceptibility 
using different charging methods, and hydrogen uptake under in-service 
conditions. 

5. Conclusion 

In this study, the hydrogen permeation technique was used to 
investigate the hydrogen uptake and diffusivity under different charging 
conditions. Electrochemical and gaseous hydrogen charging were con
ducted. The sub-surface hydrogen concentration in lattice and reversible 
trap sites were used to compare the severity of the charging conditions, 
and to determine the relationship between the equivalent hydrogen 
fugacity and overpotential. Additionally, the dependence of the effective 
diffusivity of hydrogen on the charging conditions was investigated. 
Partial permeation transients were performed to reduce the effect of 
trapping on permeation transients. The primary findings are summar
ised as follows:  

• The sub-surface hydrogen concentration in lattice and reversible trap 
sites, C0R, increased linearly with the square root of both the 
hydrogen gas charging fugacity and charging current density. 

• The effective diffusion coefficient, Deff, determined via the break
through time method and the time lag method was dependent on the 
charging conditions owing to significant reversible trapping. Its 
values were found to lie in the range of 2–8 × 10−7 cm2 s−1 at room 
temperature. Performing partial permeation transients reduced the 
effects produced by changes in trap occupancy to the extent that the 
permeation transients followed Fick’s 2nd law. The value of Deff 
determined by partial permeation transients was in the order of 
1.6 × 10−6 cm2 s−1 at room temperature. 

• A relationship between the equivalent hydrogen fugacity and over
potential was deduced. During gaseous hydrogen charging, a Pd 
coating was utilised to overcome the surface impedance which can 
be caused by an oxide layer. Further work is necessary to investigate 
the equivalence of charging methods during mechanical testing, and 
hydrogen uptake from hydrogen gas where naturally formed surface 
oxides are present. 
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Abstract

In this study, we systematically investigate electrochemical hydrogen charging

conditions equivalent to hydrogen gas pressures relevant for hydrogen

transportation in X65 pipeline steel. By performing hydrogen gas permeation,

a relationship for Sieverts' law was established, which was used in

combination with electrochemical hydrogen permeation to determine the

equivalent hydrogen pressure. The results revealed that cathodic protection

simulated condition at –1050mVAg/AgCl was equivalent to a hydrogen pressure

of 12.3 bar. The addition of thiourea, a hydrogen recombination poison, and

changing the applied potential in the cathodic direction increased the

equivalent hydrogen pressure. In this way, an electrochemical charging

condition equivalent to a potential hydrogen gas pressure for hydrogen

transportation (200 bar) was determined.

KEYWORD S

electrochemical charging, equivalent fugacity, H2 gas charging, hydrogen embrittlement,
hydrogen permeation, pipeline steel

1 | INTRODUCTION

With hydrogen emerging as a clean energy carrier,[1] the
transportation and storage of pressurized hydrogen gas
have gained recent interest,[2–6] for example, repurposing
existing natural gas pipelines for hydrogen gas transporta-
tion.[7] Pipelines should withstand pressures in the range
150–200 bar, due to the low energy density of hydrogen
gas.[8] Hydrogen can degrade a material's mechanical
properties, a phenomenon known as hydrogen embrittle-
ment (HE).[9] Because of safety concerns using pressurized
hydrogen gas, electrochemical charging is sometimes used
as a substitute for hydrogen gas exposure during
investigations of HE susceptibility of a material.[10,11]

The severity of HE effects is highly dependent on the
hydrogen charging condition.[2,12] Relating electrochemi-
cal and gaseous charging, would enhance the comparabil-
ity of HE investigations performed under different
charging conditions. The equivalence between electro-
chemical and gaseous charging has previously been
investigated by hydrogen permeation,[13–16] thermal
desorption analysis,[17–19] and by measuring the hydrogen
pressure developed in a hollow sensor during charging.[20]

While these studies investigated the pressure equivalency
from common electrochemical charging conditions, a
systematic approach to determine electrochemical charg-
ing conditions equivalent to pressures relevant for
hydrogen gas transportation is lacking.
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Chemical additives can enhance hydrogen absorption
during electrochemical charging.[21,22] Several mechanisms
explaining the increased hydrogen absorption have been
proposed, which have been discussed in detail in
Protopopoff and Marcus.[23] One prominent hypothesis is
that the enhanced hydrogen absorption is caused by a
chemisorbed element or species obstructing the
recombination of adsorbed atomic hydrogen, hence, these
additives are commonly referred to as hydrogen
recombination poisons.[24] Increasing the cathodic current
density or cathodic potential are other measures to enhance
hydrogen uptake,[17,25] however, high cathodic current
densities can cause unsteady surface conditions due to
extensive bubble formation, changes in the local pH, or
detachment of second phase particles.[26,27] Akiyama and Li
investigated the application of hydrogen recombination
poison and different cathodic current densities to optimize
electrochemical charging,[22] however, its equivalence to
gaseous hydrogen charging was not determined.

Herein, the objective is to optimize the electroche-
mical charging conditions to obtain a desired and
predetermined equivalent hydrogen pressure, which
simulates a potential hydrogen pressure level (200 bar)
in a pipeline system aimed for hydrogen transportation.

2 | MATERIAL AND METHODS

2.1 | Material and sample preparation

The steel used in this study was API 5L X65 grade, from a
quenched and tempered, seamless pipe. The wall thick-
ness was 15.4mm. It consisted of homogeneously
distributed grains of ferrite and bainite. The phase
volumes of ferrite and bainite were 89% and 11%,
respectively. The average grain size was 7 µm. The
chemical composition is given in Table 1. The samples
were machined from a position close to the inner side of
the pipe wall, parallel to the longitudinal direction.
Plates with dimensions of 50 × 150 × 1.9mm (width ×
length × thickness) were used for hydrogen gas charging.
Disks with dimensions of 30mm diameter and 1.1mm
thickness were used for electrochemical charging. The
exposed areas during gaseous and electrochemical

charging were 16 and 3.7 cm2, respectively. Both sides of
all samples were prepared with SiC grinding papers to a
final grade of #P1000. A Pd coating was electrodeposited
on the detection side of all samples, following the
method described by Husby et al.[28] based on the work
of Bruzzoni et al.[29] and Castaño Rivera et al.[30] Samples
used for gas charging were also coated with Pd on the
charging side. Pd facilitates hydrogen oxidation on
the detection side,[31] while on the charging side, Pd is
applied to overcome the surface impedance which can be
caused by an oxide layer during gaseous hydrogen
charging.[3,13,16]

2.2 | Hydrogen permeation tests

The hydrogen permeation experiments follow the principles
first described by Devanathan and Stachurski.[32] A detailed
description of the gas permeation set‐up and electrochemi-
cal permeation set‐up was described in a previous paper.[16]

In the detection chamber, for both gas and electrochemical
permeation, a 0.1M NaOH solution (pH=12.6) and an
applied potential of +315mVSCE was used to ensure
hydrogen oxidation. For gaseous hydrogen charging, the
applied hydrogen gas pressures were 10, 50, and 100 bar. In
the charging chamber, a 3.5wt% NaCl solution (pH= 6.6)
with an applied potential of –1050mVAg/AgCl was used to
simulate cathodic protection (CP) conditions. To enhance
the uptake of hydrogen, thiourea (CH4N2S) with various
concentrations (0.5–3 g L–1) was added and the cathodic
potential was changed in steps of 75mV in the cathodic
direction. Two charging and discharging cycles were
performed for all charging conditions. All tests were
performed at room temperature (21± 1°C).

To determine the effective hydrogen diffusion
coefficient, Deff, partial permeation transients were con-
ducted in a 3.5 wt% NaCl solution with a 2 g L–1 thiourea
addition. Performing partial permeation transients can
reduce surface and trapping effects, such that the perme-
ation transients can be fitted to solutions of Fick's second
law.[33] Initially, a charging potential of –1050mVAg/AgCl

was applied until a steady permeation current density was
achieved. Subsequently, the applied charging potential was
changed every 5500 s in the following order: –1200, –1350,
–1200, and –1050mVAg/AgCl, such that two build‐up
transients and two decay transients were obtained.

2.3 | Analysis

The subsurface hydrogen concentration in lattice and
reversible trap sites, C0R, is proportional to the steady‐state
permeation current density, ∞ip .

[34] C0R was calculated

TABLE 1 The chemical composition of the API 5L X65 studied
steel.

Element C Si Mn P S Cu Cr

wt% 0.07 0.22 1.19 0.011 0.003 0.14 0.15

Element Ni Mo V Nb Ti N Fe

wt% 0.15 0.12 0.02 0.019 0.001 0.01 Bal.
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using Equation (1), where L denotes the thickness of the
sample and F denotes the Faraday constant (96,485 A s
mol–1).

∞

C
i L

D
=

F
,0R

p

eff

(1)

Deff was determined by fitting the partial perme-
ation transients to analytical solutions of Fick's second
law to the build‐up transient, Equation (2), and the
decay transient, Equation (3).[33] ip denotes the
permeation current density, ip

0 denotes the permeation
current density at the time of changing the applied
potential, t denotes the time after changing the applied
potential, and D denotes the hydrogen diffusion
coefficient.
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According to Sieverts' law, the amount of hydrogen
dissolved in steel is proportional to the square root of the
hydrogen fugacity, fH2

, where S denotes Sieverts' con-

stant.[35] At steady state, the lattice hydrogen concentra-
tion will scale as the reversibly trapped hydrogen
concentration,[36] hence, Sieverts' law can be expressed
as shown in Equation (4). fH2

is related to the hydrogen

pressure, pH2
, through the Abel–Noble equation of state,

Equation (5), where b denotes a constant (1.584 × 10−5m3

mol−1), T denotes the temperature in K, and R denotes
the gas constant (8.314 J K−1 mol−1).[37] The method to

determine the equivalent hydrogen fugacity, f
H
eq
2
, is

described in detail in a previous paper[16] and is based
on work reported by Atrens and colleagues.[14,15,17] It is
considered that charging conditions that produce the same
C0R in a steel are equivalent. In such matter, f

H
eq
2
was

calculated by inserting C0R determined from electroche-
mical charging into Equation (4) and solved for fH2

. Then

Equation (5) was solved iteratively using the
Newton–Raphson method to determine the equivalent
hydrogen pressure, pH

eq
2
, from f

H
eq
2
.

C S f= × ,0R H2
(4)


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R
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2 2
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3 | RESULTS AND DISCUSSION

The normalized partial permeation transients of the
build‐up and decay are presented in Figure 1a and 1b,
respectively. The predicted solution of Fick's
second law for lattice hydrogen diffusivity (DL = 7.27
× 10–5 cm2 s–1)[38] is included in the figures, as well as
the average of the best fits to Equations (2) and (3). In
alloys such as X65 pipeline steels, a significant trap
occupancy can cause the normalized permeation
transient to be steeper than predicted by Fick's second
law.[39] The consequence can be a false interpretation
of Deff, which would appear to be changing with
time.[39] By using the method of partial permeation
transients, the effect of changing trap occupancy on
the transient is reduced,[33] and the partial permeation
transients can be fitted to the analytical solutions of

FIGURE 1 Normalized partial permeation transients obtained in a 3.5wt% NaCl solution with a 2 g L–1 thiourea addition, including the
prediction by Fick's second law for lattice diffusion and the average of the best fits. (a) Step 1: –1050 to –1200mVAg/AgCl, Step 2: –1200 to
–1350mVAg/AgCl. (b) Step 3: –1350 to –1200mVAg/AgCl, Step 4: –1200 to –1050mVAg/AgCl. [Color figure can be viewed at wileyonlinelibrary.com]
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Fick's second law. The average determined Deff from
the partial permeation transients is 2.3 × 10–6 cm2 s–1,
which was used for the determination of C0R.

Figure 2a shows two hydrogen permeation transients
performed at 10, 50, and 100 bar. ∞ip increases with
increasing applied pH2

, manifesting that the hydrogen flux
through the samples increases with increasing pH2

. C0R

determined from gas charging at 10, 50, and 100 bar is 0.031,
0.066, and 0.095wppm, respectively. Figure 2b shows the
hydrogen permeation transients obtained in CP‐simulated
conditions. The corresponding C0R obtained is 0.032wppm.
As shown in Figure 2c, C0R obtained from gas charging is
proportional to f

H
1/2

2
, which is consistent with Sieverts' law

(Equation 4). The calculated S is 0.0095wppm bar–1/2,
which is slightly lower than determined in a previous study
for a hot rolled and welded X65 pipeline steel.[16] S is almost
three times less than reported for a 3.5 NiCrMoV
martensitic steel,[18] however, it is two to three times higher
than for a martensitic advanced high strength‐steel[17] and a
dual phase steel.[19] It is emphasized that the surface
condition during gas permeation differs significantly from
the inside of a pipeline in operation, for example, presence

of an oxide layer. However, pipelines are subjected to cyclic
stresses caused by pressure fluctuations which can rupture
an oxide layer and expose the bare steel surface. It is
reported in the literature, that exposure to pressurized
hydrogen gas reduces the fracture toughness and increases
the fatigue crack growth rate of pipeline steels,[4–6]

indicating that hydrogen uptake occurs locally. The linearity
between C0R and f

H
1/2

2
and S being comparable to reported

values suggests that the Pd‐coated surface can resemble the
hydrogen uptake of a bare steel surface after breakage of an
oxide layer, however, this should be investigated further. In
Figure 2c, the C0R obtained at CP simulated conditions is
superimposed onto the linear regression line determined for
Sieverts' law, which corresponds to a f

H
eq
2
of 12.4 bar. Based

on Equation (5), pH
eq
2
is 12.3 bar, which is significantly lower

than the desired hydrogen pressure of 200 bar.
Two methods to increase the hydrogen uptake are the

addition of a hydrogen recombination poison,[22,26] or to
modify the cathodic charging parameters (i.e., apply a more
negative potential or higher cathodic current density).[15,25]

Based on the previous study,[16] a pH
eq
2

of 196.4 bar

was obtained at a current density of –50mA cm–2

FIGURE 2 (a) Hydrogen permeation transients obtained at 10, 50, and 100 bar hydrogen gas charging pressures. (b) Hydrogen
permeation transients were obtained at –1050mVAg/AgCl in a 3.5 wt% NaCl solution. (c) Subsurface hydrogen concentration, C0R, versus the
square root of hydrogen gas fugacity, f H

1/2
2
, with C0R obtained at –1050mVAg/AgCl in a 3.5 wt% NaCl solution superimposed onto Sieverts' law

regression line. [Color figure can be viewed at wileyonlinelibrary.com]
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(corresponding to a potential of about –2600mVAg/AgCl).
However, it can be difficult to maintain stable surface
conditions at such high cathodic current density. Unsteady
surface conditions can be a result of excessive hydrogen
bubble formation or changes in local pH, leading to
fluctuations in hydrogen flux or detachment of inclu-
sions.[26,27,40] In addition, the increasing influence of
electrochemical recombination at higher cathodic current
densities[41] can reduce the effect of applied current density
or potential on the pH

eq
2
. Consequently, it was decided to use

a hydrogen recombination poison as the first measure to
increase the hydrogen absorption, before changing the
applied cathodic potential.

Thiourea is a hydrogen recombination poison often
used to enhance the hydrogen uptake.[21] Hydrogen
permeation transients obtained at a cathodic potential of
–1050mVAg/AgCl in a 3.5 wt% NaCl solution with
0–3 g L–1 thiourea, are shown in Figure 3a. An addition
of 0.5 g L–1 thiourea increases ∞ip by approximately
2.5 times compared to the pure 3.5 wt% NaCl solution.
Further, the additions of 1.0 and 2.0 g L–1 thiourea about
triples ∞ip . The pH

eq
2
values as a function of thiourea

concentration are presented in Figure 3b. It can be
observed that pH

eq
2
increases initially with an increasing

thiourea concentration until 2 g L–1, where a decrease in
pH
eq
2

started. The reduced hydrogen uptake at high

hydrogen recombination poison concentration could be
attributed to the formation of deposits acting as an
inhibiting layer to hydrogen uptake.[42] Because
the addition of thiourea reached its limit contribution
in pH

eq
2
at 111.5 bar, it was necessary to apply more

negative cathodic potential to obtain the desired pH
eq
2
of

200 bar.
Hydrogen permeation transients obtained with differ-

ent applied cathodic potentials in a 3.5 wt% NaCl solution

with 2 g L–1 thiourea concentration are presented in
Figure 4a. The ∞ip increases when more negative cathodic
potentials are applied. Compared with that obtained at
–1050mVAg/AgCl,

∞ip increases by 1.17 times at –1125mVAg/

AgCl, 1.35 times at −1200mVAg/AgCl, and 1.68 times at
–1275mVAg/AgCl. Table 2 lists the determined C0R, f

H
eq
2
,

and pH
eq
2
. At –1200 and –1275mVAg/AgCl the pH

eq
2
obtained

are 191.4 and 237.4 bar, respectively. Hence, the desired
pH
eq
2
of 200 bar should be obtained between these two

potentials. To determine the potential at which a 200 bar
pH
eq
2
would be obtained, f

H
eq
2
is plotted on a logarithmic

scale as a function of applied potential, as illustrated in
Figure 4b. By using Equation (5), it is calculated that a
200 bar pH2

corresponds to a fH2
of 227.2 bar. The

relationship between f
H
eq
2

and applied potential from

Figure 4b was solved for 227.2 bar, and the determined
corresponding potential was approximately –1225mVAg/

AgCl. Following the above deduction, a permeation
transient was performed at a potential of –1225mVAg/AgCl

in 3.5 wt% NaCl solution with 2 g L–1 thiourea concentra-
tion, and the results are included in Table 2. The
corresponding C0R is 0.137 wppm and the pH

eq
2

is

201.9 bar. Thus, electrochemical charging at a potential
–1225mVAg/AgCl in 3.5 wt% NaCl solution with 2 g L–1

thiourea concentration can represent approximately the
same C0R as a pH

eq
2
of 200 bar. The determined equivalence

in terms of hydrogen uptake was obtained with a Pd
coating during gas permeation. However, in real service
conditions, the equivalence can be affected by relevant
environmental parameters (e.g., the presence of surface
oxides, temperature, and local stress conditions), which
should be carefully considered in the design of HE
susceptibility investigations. In addition, the transferability
of the determined equivalent hydrogen pressure to
mechanical testing needs to be validated.

FIGURE 3 (a) Hydrogen permeation transients obtained at –1050mVAg/AgCl in a 3.5 wt% NaCl solution with different thiourea
concentrations. (b) Equivalent hydrogen pressure, pH

eq
2
, versus the thiourea concentration. [Color figure can be viewed at

wileyonlinelibrary.com]
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4 | CONCLUSIONS

This study established an equivalence between electro-
chemical and gaseous hydrogen charging by the addition
of a hydrogen recombination poison in combination with
different charging potentials. The results show that the
subsurface hydrogen concentration was proportional to
the square root of the hydrogen fugacity, in agreement
with Sieverts' law, which formed the basis for determin-
ing the equivalent hydrogen pressure. Electrochemical
charging at the condition simulating cathodic protection
at –1050mVAg/AgCl was equivalent to a hydrogen
pressure of 12.3 bar at room temperature. Higher
equivalent pressures were achieved by adding thiourea
to the 3.5 wt% NaCl solution, and by applying more
negative cathodic potentials. The equivalent pressure as a
function of thiourea concentration went through a
maximum at 2 g L–1. The desired equivalent pressure of
about 200 bar, which is a potential hydrogen pressure
during hydrogen gas transportation using pipeline steel,
was obtained in a 3.5 wt% NaCl solution with 2 g L–1

thiourea and an applied potential of –1225mVAg/AgCl at
room temperature. The equivalent hydrogen pressure

was deduced using a Pd coating during gas permeation,
and further evaluation must be conducted to elucidate
the effect of surface conditions and transferability to
mechanical testing.
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Abstract 

Hydrogen diffusivity can play a crucial role in hydrogen-assisted degradation of steels. 

Herein, we investigate the hydrogen diffusion behavior in two X65 pipeline steels using 

desorption and permeation techniques. Gas charged samples were used for desorption 

experiments, while permeation tests were conducted using electrochemical charging. The 

Vintage steel, having a banded ferrite-pearlite microstructure, exhibits a significant influence 

of strong traps. A modified solution of Fick’s 2nd law is proposed to account for the strong 

traps. At room temperature, the effective diffusivity in the Modern steel, which has 

homogenous ferrite-bainite microstructure, has a scatter factor of three, whereas for the 

Vintage steel, the factor is 17. The difference is explained by considering a concentration-

dependent effective diffusivity and a tortuous diffusion path. Comparable values of the highest 

measured effective diffusivity at room temperature were obtained for the Modern and Vintage 

steels: 2.70×10−6 and 3.34×10−6 cm2/s, respectively. 

Keywords: Hydrogen diffusion, Hydrogen permeation, Hydrogen desorption, Hydrogen 
trapping, Pipeline steels 

 

1. Introduction 

Hydrogen diffusion and trapping in metals have been a topic of interest ever since hydrogen 
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was first reported to reduce the toughness and ductility of iron and steel, termed as hydrogen 

embrittlement [1,2]. In 1874, Johnson [1] reported a lower diffusivity in steel compared with 

pure iron and described a faster recovery from hydrogen embrittlement in iron than steel. 

Diffusion of hydrogen from the bulk to local areas ahead of crack tips is today regarded as an 

important process in hydrogen-assisted cracking [2,3]. Lattice diffusion proceeds by hydrogen 

atoms jumping between interstitial sites, which for bcc iron are tetrahedral sites at ambient 

temperatures [4]. In other sites, such as grain boundaries, vacancies, dislocations, and 

carbides, the hydrogen atoms can have a longer residence time than those in the interstitial 

lattice sites [3]. Such sites slow down the transport of hydrogen and are typically termed as 

traps. The binding energy of a trap will vary for different microstructural sites and affect the 

hydrogen’s residence time in the trap. The higher the trap binding energy, the lower the 

probability of hydrogen escaping the trap and the longer the residence time [5]. Pressouyre 

and Bernstein [6] defined traps where hydrogen has a short residence time at the temperature 

of interest, as reversible, and traps where the probability of releasing hydrogen is negligible, 

as irreversible. At room temperature, a binding energy above 50-60 kJ/mol has been regarded 

as irreversible [7]; However, the probability of hydrogen escaping a trap increases with 

increasing temperature [5]. Hydrogen is commonly divided into diffusible and non-diffusible, 

where the former represents the hydrogen in lattice and reversible trap sites [8]. The role of 

traps in hydrogen-assisted cracking has been debated, questioning whether they can serve as 

protective barriers or potentially act as hydrogen sources when subjected to stress [9,10]. 

Understanding the diffusivity and trapping behavior of hydrogen in steels can be important 

for understanding the embrittlement phenomena, developing predictive models for hydrogen 

embrittlement, and designing materials for hydrogen applications. 

The most common method to determine the hydrogen diffusion coefficient in metals has been 

the double electrochemical cell for hydrogen permeation, which was first described by 

Devanathan and Stachurski [11]. The set-up includes two compartments: a charging 

compartment and a detection compartment, which are separated by the sample. The hydrogen 

flux through the sample can be used to calculate the hydrogen diffusivity using Fick’s laws of 

diffusion. The hydrogen permeation technique has later been developed to compare different 

hydrogen sources and to evaluate hydrogen trapping properties, e.g., using gaseous hydrogen 

charging [12–14], and performing stepwise partial permeation transients [15]. Due to the 

existence of various influencing parameters, the permeation technique is frequently discussed 

[16–20], e.g., the effect of hydrogen trapping on the permeation transients. When traps are 
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present, the hydrogen transport is retarded, and the determined hydrogen diffusivity is an 

effective value [5]. If the fraction of occupied traps becomes significant during the transient, 

the rate of hydrogen transport will change during the transient, and determining an effective 

diffusivity does not have a theoretical basis in Fick’s laws [5,20]. Performing partial 

permeation transients, where the charging condition is changed in steps, can improve the 

adherence to Fick’s 2nd law of diffusion [15]. This method offers advantages like minimal 

disturbance of trap occupancy and limiting surface effects [15,21,22].  

Hydrogen desorption-based methods are common alternatives to determining the hydrogen 

diffusivity in metals [18,23–28]. Typically, the hydrogen desorbing from a charged sample is 

detected, e.g., using a gas chromatography-mass spectrometer (GC-MS) or a thermal 

conductivity detector. Hydrogen diffusivity can be measured by placing a charged sample in 

a furnace, holding a constant temperature, and continuously measuring the desorbing 

hydrogen [18,23,24]. Another possibility is to measure the hydrogen concentration of several 

samples as a function of dwell time after charging [23] or the hydrogen charging time [26,28]. 

In all cases, the hydrogen concentration evolution versus time is fitted to a solution of Fick’s 

2nd law of diffusion. Permeation and desorption techniques to determine the hydrogen 

diffusivity have been used in combination in a few studies [18,23,26,29]. Zafra et al. [18,23] 

reported good agreement between the effective diffusivity determined by a desorption method 

and partial permeation, with the former having a better reproducibility. Lu et al. [26] reported 

a three-times difference in the determined effective diffusivity between desorption and 

permeation methods, and speculated that the difference was caused by trapping or surface 

effects. Simoni et al. [29] combined numerical analysis with desorption and permeation 

experiments. They recommended to use several experimental techniques and charging 

conditions for determining quantitative parameters in steels with complex microstructures 

because changing fraction of occupied traps makes it challenging to determine the effective 

diffusivity and trapping parameters. 

Pipeline steels have been recognized as an essential part of the hydrogen transport 

infrastructure necessary to develop a hydrogen economy [30]. Recently, there have been 

interest in whether existing natural gas pipelines can be used to transport H2 gas or if new steel 

pipelines should be developed [30–33]. The microstructure of the pipeline steel will influence 

the diffusivity and trapping of hydrogen, which can affect the susceptibility to hydrogen 

embrittlement [34–36]. In a microstructure with no texture, hydrogen diffusion can occur in 

all directions and is not orientation-dependent [37]; However, banded ferrite-pearlite 
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microstructures are common in hot rolled and welded lower-grade pipeline steels [38]. 

Because of lower hydrogen diffusivity in pearlite, the pearlite bands can lead to a tortuous 

diffusion path [37,39]. In such case, the orientation of the diffusion path relative to the banded 

direction can affect the determined effective hydrogen diffusivity [37,39]. Hydrogen-assisted 

fatigue crack growth rate has been reported to be orientation-dependent in a ferritic-pearlitic 

X65 pipeline steel with a banded structure, partially attributed to limited diffusion through 

pearlite bands [36]. A pipeline steel can potentially have many trapping sites, e.g., 

dislocations, grain boundaries, and particle-matrix interfaces [7,40–42]. Dunne et al. [43] 

investigated the capacity of  X70 steels for strong hydrogen trapping with varying 

microstructures. The results revealed that a banded ferritic-pearlitic microstructure had a 

higher concentration of strongly trapped hydrogen compared with equiaxed ferritic-pearlitic 

and ferritic-bainitic microstructures [43]. The hydrogen diffusivity in pipeline steels has been 

reported in several studies in the literature. The reported hydrogen diffusion coefficient for 

X65 pipeline steels at room temperature varies over two orders of magnitude, from 1.5×10−7 

to 2×10−5 cm2/s [17,22,35,44–46]. A similar scatter is observed for other grades, such as X70 

[47–51]. Such scatter can be cause by difference in microstructure, technique, and charging 

method, which can affect the determined effective diffusivity. Following the recommendation 

by Simoni et al. [29], different techniques and charging methods will be conducted to evaluate 

the hydrogen diffusivity in X65 pipeline steel. 

The objective of this study is to investigate the hydrogen diffusivity in two X65 pipeline steels 

utilizing permeation- and desorption-based techniques. Both complete and partial permeation 

transients were performed by electrochemical charging. In comparison, hydrogen charging for 

the desorption-based methods was conducted by exposure to pressurized H2 gas. The effects 

of microstructure and concentration-dependent effective diffusivity were discussed.  

 2. Materials and methods 

 2.1 Materials and sample preparation 

In this study, two types of X65 pipeline steels were investigated. One modern steel was 

selected to represent steel for potential new infrastructure for H2 gas transport. In addition, 

steel from an existing natural gas pipeline was selected to investigate the feasibility of 

repurposing the infrastructure. The chemical compositions are listed in Table 1. The steel, 

denoted as Modern, is a seamless quenched and tempered pipeline steel with a wall thickness 

of 15.4 mm. The steel, denoted as Vintage, is a hot-rolled and longitudinal welded pipeline 
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steel with a wall thickness of 26 mm. Microstructural characterizations of the two studied 

steels were reported in [13,52,53]. The microstructure of the Modern steel consists of ferrite 

and bainite, which are homogeneously distributed. The phase volume fraction of ferrite is 

84%, and the average grain size is approximately 7 µm. The Vintage steel has a banded 

microstructure consisting of alternating layers of ferrite and pearlite. Some granular bainite is 

present within the pearlite bands. The phase volume fraction of ferrite is approximately 85% 

and the average grain size is approximately 4 µm. Only slight microstructural differences were 

observed through the pipe thickness; Hence, average values through the thickness are given. 

In this study, only the base material was investigated.  

Samples employed for hydrogen permeation tests were disks of 30 mm diameter and 1.9 mm 

thickness. The samples were machined from a position close to the inner side of the pipe wall, 

parallel to the longitudinal direction. The samples were ground with SiC paper to a finish of 

#P1000 grade. The disks used for permeation tests were coated with Pd by electroplating on 

the detection side to facilitate the oxidation of hydrogen [54]. The electroplating procedure 

followed the method described by Husby et al. [55] based on Bruzzoni et al. [56] and Castaño 

Rivera et al. [57]. A cross-section of the permeation samples was studied using optical 

microscopy. The cross-sectional area was ground and polished until 1 μm diamond paste and 

etched in a 3% nital (3% HNO3 and 97% ethanol) solution. 

Cylindrical samples were employed for hydrogen desorption tests. The radius, r, of the 

Vintage steel was 9.5 mm. Due to the lower wall thickness of the Modern steel, these samples 

had an r of 7.5 mm. The thickness, L, of the samples used for desorption measurements was 

19 mm. The relatively large samples for hydrogen desorption tests were used to ensure 

volume-controlled diffusion [24]. The samples were ground with SiC paper to a finish of 

#P600 grade and were coated with a Pd layer by ion sputtering.  
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Modern 

Element C Si Mn P S Cu Cr 

wt% 0.07 0.22 1.19 0.011 0.003 0.14 0.15 

Element Ni Mo V Nb Ti N Fe 

wt% 0.15 0.12 0.02 0.019 0.001 0.01 Bal. 

Vintage 

Element C Si Mn P S Cu Cr 

wt. % 0.1 <0.6 <1.6 <0.025 <0.015 <0.25 <0.25 

Element Ni Mo V Nb Ti N Fe 

wt. % <0.25 <0.05 <0.1 <0.05 <0.02 <0.01 Bal. 

Table 1 Chemical composition of the two X65 steels. 

 

2.2 Hydrogen desorption methods 

The samples used for hydrogen desorption tests were charged in a high-pressure hydrogen 

autoclave at a pressure of 1000 bar at a temperature of 85 °C. The samples were charged for 

200 hours to reach the saturation level of hydrogen. After charging, the samples were stored in 

liquid nitrogen to avoid unwanted hydrogen desorption. To measure hydrogen concentration 

using GC-MS, the samples were removed from the liquid nitrogen, rinsed in distilled water and 

ethanol, and dried with an air blower. The total dwell time, including the transfer from the 

charging autoclave to liquid nitrogen and from liquid nitrogen to the GC-MS, was less than 15 

minutes. 

Two desorption methods were used to determine the hydrogen diffusivity. The method denoted 

as in-situ desorption, involved inserting the charged sample into a furnace connected to the 

GC-MS. The temperature in the furnace was kept constant while continuously measuring the 

hydrogen desorbing from the sample. The temperature in the GC-MS furnace was kept at 25, 

50, and 85 °C. The temperatures were selected based on a previous study on hydrogen 

diffusivity in low-alloy steels [24]. When the desorption rate was negligible, the furnace 

temperature was ramped up at a heating rate of 100 °C/h to desorb the residual hydrogen 

concentration in the sample. The method, denoted as ex-situ desorption, involves keeping 

charged samples at a constant temperature for different holding times. The samples were kept 

either at the laboratory room temperature of 24 °C or in a refrigerator at −2 °C. The samples 
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were subsequently inserted into the GC-MS furnace and the residual hydrogen concentration 

was measured by heating at a rate of 100 °C/h. For both methods, Eq. (1), which is a modified 

solution to Fick’s 2nd law of diffusion, was used to fit the residual diffusible hydrogen 

concentration, CHD, versus the holding time, tR, to determine the effective diffusion coefficient, 

Deff [24,27,58]. A is a fitted constant to account for hydrogen diffused out during the dwell 

time between charging and desorption analysis. 𝛽𝑚is the root of the zero-order Bessel function.  

𝐶HD =
32

𝜋2
∙ A ∙ {∑

exp [−
(2𝑛 + 1)2𝜋2𝐷eff𝑡𝑅

𝐿2 ]

(2𝑛 + 1)2

∞

𝑛=0

} ∙ { ∑
exp [−

𝐷eff𝛽𝑚𝑡R

𝑟2 ]

𝛽𝑚
2

∞

𝑚=1

} 
(1) 

 

2.3 Hydrogen permeation methods 

Hydrogen permeation tests were performed in a double electrochemical cell consisting of a 

charging chamber (cathodic side) and a detection chamber (anodic side), after the principles 

described by Devanathan and Stachurski [11] and standardized in [59,60]. A description of the 

permeation cell was presented in a previous paper [13]. The electrolyte was a 0.1 M NaOH 

solution in the detection chamber, and a Hg/Hg2SO4 (sat. K2SO4) electrode was used as a 

reference. Platinum foil was used as the counter electrode in both chambers. A 3.5 wt.% NaCl 

solution and an Ag/AgCl (sat. KCl) reference electrode was used in the charging chamber. 

Initially, a potential of −83 mV vs. Hg/Hg2SO4 (+315 mV vs. SCE) was applied in the detection 

chamber, and the electrolyte was continuously purged with N2 gas. At the same time, the empty 

charging chamber was purged with N2 gas to avoid oxidation of the sample surface. When the 

permeation current density, ip, obtained a stable value below 0.1 µA/cm2, the electrolyte was 

added to the charging chamber, a −1 mA/cm2 current density was applied, and the N2 gas 

purging stopped. Both chambers were double-walled such that water from a water bath could 

be circulated through the outside of the cell to control the temperature. Four temperatures were 

used: 7, 21, 50, and 75 °C. The temperatures were chosen to facilitate comparison with the 

desorption measurements; However, the lower temperature was limited by issues with 

condensation on the sample’s charging side during stabilization of the permeation current 

density, while the upper temperature was limited by unstable surface conditions. 

Deff was determined by two methods based on Fick’s law of diffusion: The time-lag method 

and the breakthrough time method [59–61]. The time-lag, tlag, is the time it takes to reach 63% 



8 
 

of the steady-state permeation current density, 𝑖p
∞. Deff determined by the time lag method is 

denoted as, Deff(tlag), and is calculated using Eq. (2). The breakthrough time, tb, is defined as 

the intercept of an extrapolated line from the linear part of the permeation curve and the x-axis. 

The Deff determined by the breakthrough time method is denoted as, Deff(tb), and is calculated 

using Eq. (3).  

𝐷eff(𝑡lag) =
𝐿2

6 𝑡lag
 (2) 

𝐷eff(𝑡b) =
𝐿2

19.8 𝑡b
 (3) 

 

Subsequent to the complete permeation transients, stepwise partial permeation transients were 

performed. The charging current density, ic, was changed in steps while continuously 

measuring the permeation current density. One experiment was performed by stepping ic 

between 0.5 and 1 mA/cm2 to a minimum of two build-up and two decay transients were 

obtained. The temperatures were 7, 21, and 50 °C. In addition, one experiment was performed 

at 21 °C where ic was changed in three steps: −0.5 to −1 mA/cm2, −1 to −1.5 mA/cm2, and −1.5 

to −2 mA/cm2. Deff was determined by fitting the build-up and decay transients to Eqs. (4) and 

(5), respectively. t denotes the time after changing ic and 𝑖p
0 denotes ip when ic is changed. 

3. Results 

3.1 Microstructure 

Fig. 1 (a) and (b) show optical micrographs of the Modern and Vintage steels, respectively. 

The cross-section shows the through-thickness area of the pipelines, close to the inner side of 

the pipe wall. The Modern steel consists of a homogenous distribution of ferrite- and bainite 

grains, as reported in [52,53]. It was reported in [13,52] that Vintage steel consists of ferrite, 

𝑖p − 𝑖p
0

𝑖p
∞ − 𝑖p

0 =
2𝐿

√𝜋𝐷eff𝑡
∑ exp (−

(2𝑛 + 1)2𝐿2

4𝐷eff𝑡
)

∞

𝑛=0

 (4) 

𝑖p − 𝑖p
∞

𝑖p
0 − 𝑖p

∞
= 1 −

2𝐿

√𝜋𝐷eff𝑡
∑ exp (−

(2𝑛 + 1)2𝐿2

4𝐷eff𝑡
)

∞

𝑛=0

 (5) 
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pearlite, and a small fraction of granular bainite. Fig. 1(b) shows that the pearlite grains are 

elongated parallel to the rolling direction. 

 

Fig. 1. Optical micrographs of (a) the Modern steel and (b) the Vintage steel. The bright 

regions are ferrite, while the dark areas are pearlite and bainite. ND - Normal direction, RD – 

Rolling direction, and TD – Transverse direction.  

3.2 Desorption methods 

3.2.1 Ex-situ hydrogen desorption 

Fig. 2(a) and (b) show hydrogen desorption curves for the Modern steel after ex-situ 

desorption at holding temperatures of 24 °C and −2 °C, respectively. The desorption curves 

generally exhibit a normalized shape, and the area under the curves reduces with increasing 

tR. To determine Deff, only diffusible hydrogen is of interest. In desorption spectra, the 

diffusible hydrogen is regarded as the hydrogen desorbing up to the temperature where the 

desorption curve is independent of tR; in this case, 275 °C was sufficient to achieve this. 

Hydrogen desorbing at higher temperatures is considered as strongly trapped. At 24 °C 

holding temperature, the hydrogen desorption flux is approximately zero after tR above 40 

hours. For desorption curves after holding at −2 °C, a tR of 72 h was insufficient to reach a 

hydrogen desorption flux of zero. At around 225-250 °C, there appears to be a minor shoulder 

peak, which is independent of tR. The shoulder peak was most prominent at −2 °C, which 

could be because of the longer residence time in traps at lower temperatures.  



10 
 

 
Fig. 2. Hydrogen desorption curve for the Modern steel charged at 85 °C in H2 gas at 1000 

bar pressure for 200 h and kept in a thermostatic chamber at (a) 24 °C holding temperature 

(b) −2 °C holding temperature. 

CHD in the Modern steel as a function of tR at 24 °C and −2 °C, is shown in Fig. 3. CHD was 

defined as the hydrogen content desorbed below 275 °C, which was the temperature where the 

desorption curves were independent of tR. It is observed that the decrease in CHD is faster at 24 

°C than at −2 °C, indicating higher diffusivity at the higher holding temperature. The solution 

to Fick’s 2nd law of diffusion (Eq. (1)) was fitted to the data using the least square method, 

giving a good fit to the data at both holding temperatures. At 24 °C, Deff is 1.24×10−6 cm2/s 

with a coefficient of determination, R2, of 0.995. At −2 °C, Deff is 3.37×10−7 cm2/s with a R2 

value of 0.993.  
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Fig. 3. Residual diffusible hydrogen concentration, CHD, in the Modern steel as a function of 

holding time, tR, in a thermostatic chamber fitted to a solution of Fick’s 2nd law of diffusion.  

In comparison, Fig. 4(a) and (b) show hydrogen desorption curves for the Vintage steel after 

ex-situ desorption at holding temperatures of 24 °C and −2 °C, respectively. The shape of the 

desorption curves appears to be asymmetric, stretching towards higher temperature. The area 

under the curve reduces with increasing tR. In contrast to the Modern steel, the hydrogen 

desorption rate never reaches zero within the tR utilized. A small peak is observed in the non-

charged sample, starting at about 200 °C, indicating some strongly trapped hydrogen. The 

desorption rate is independent of the tR from approximately 275 °C.  
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Fig. 4. Hydrogen desorption curve for Vintage steel samples charged at 85 °C in H2 gas at 

1000 bar pressure for 200 h and kept in a thermostatic chamber at (a) 24 °C holding 

temperature (b) −2 °C holding temperature. 

Fig. 5 shows CHD in the Vintage steel as a function of tR at 24 °C and −2 °C. From Fig. 4, it is 

challenging to separate diffusible from non-diffusible hydrogen because the peak of the non-

charged sample overlaps with a region where the area under the curve is reducing with tR. CHD 

was considered as the hydrogen desorbing up to the temperature where the desorption curves 

were independent of tR, which was 275 °C. The hydrogen concentration of the non-charged 

hydrogen was subtracted from CHD. As was observed in the Modern steel, CHD in Vintage steel 

samples decreases with tR, and the reduction is faster at 24 °C than at −2 °C, manifesting that 

the hydrogen diffusivity increases with increasing temperature. After extended tR, the residual 

hydrogen concentration is close to being independent of the tR and forms a lower limiting level. 

CHD as a function of tR was fitted to the solution of Fick’s 2nd law (Eq. (1)). At 24 °C, Deff is 

7.87×10−7 cm2/s and the R2 value is 0.920. At −2 °C, Deff is 2.18×10−7 cm2/s and the R2 value 

is 0.965. Hence, the lower limiting level where the change in CHD versus tR was negligible 

caused poorer fits to Fick’s 2nd law compared with the fits obtained to the results of the Modern 

steel. 
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Fig. 5. Residual diffusible hydrogen concentration, CHD, in the Vintage steel as a function of 

holding time, tR, in a thermostatic chamber fitted to a solution of Fick’s 2nd law of diffusion. 

3.2.2 In-situ hydrogen desorption 

Fig. 6(a) and (b) show CHD as a function of tR measured using in-situ desorption at 25, 50, and 

85 °C for the Modern and Vintage steel, respectively. It is observed that the CHD decreases 

faster with increasing temperature, indicating that the hydrogen diffusivity increases with 

increasing holding temperature. The Deff and R2 values determined by fitting to the solution of 

Fick’s 2nd law (Eq. (1)) are listed in Table 2. The R2 values for the Modern steel are all above 

0.976, demonstrating a good fit between the data and the solution to Fick’s 2nd law. The Deff 

determined at 25 °C is 1.50×10−6 cm2/s, which is in excellent agreement with that determined 

by ex-situ desorption at 24 °C, 1.24×10−6 cm2/s. For the Vintage steel, the curves reach a lower 

limiting level where CHD is almost independent of the tR, similar to what was observed in Fig. 

5 by ex-situ desorption. The value of the CHD lower limiting level reduces with increasing 

temperature. As observed for ex-situ desorption, the R2 values are relatively not as high as for 

the Modern steel, which was attributed to the limiting level of CHD versus tR. Deff determined 

at 25 °C is 8.78×10−7 cm2/s, which is comparable to the value determined by the ex-situ 

desorption at 24 °C, 7.87×10−7 cm2/s.  
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Fig. 6. Residual diffusible hydrogen concentration, CHD, in (a) the Modern steel (b) the 

Vintage steel as a function of holding time, tR, determined by in-situ desorption at 25, 50, and 

85 °C fitted to a solution of Fick’s 2nd law.

Steel Temperature [°C] Deff [cm2/s] R2 

Modern 

25 1.50×10−6 0.996 

50 4.87×10−6 0.990 

85 1.56×10−5 0.976 

Vintage 

25 8.78×10−7 0.963 

50 2.22×10−6 0.952 

85 6.43×10−6 0.916 

Table 2 Deff and R2 values determined by in-situ desorption for the Modern and Vintage steel. 
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3.3 Electrochemical hydrogen permeation 

3.3.1 Complete permeation transients 

Fig. 7 shows three subsequent complete hydrogen permeation transients for (a) the Modern 

steel and (b) the Vintage steel, obtained at an applied current density of −1 mA/cm2 and 

temperatures of 7, 21, 50, and 75 °C. For both steels, 𝑖𝑝
∞ increases with increasing temperature, 

manifesting that the hydrogen flux through the samples increases with increasing temperature. 

It can be observed that tb decreases with increasing temperature, indicating that the hydrogen 

diffusivity increases with increasing temperature. At 75 °C, ip fluctuated or did not stabilize, 

which is likely related to unsteady surface conditions at higher temperatures. Only two 

successful transients were obtained at 75 °C.  

 

Fig. 7. Hydrogen permeation transients of (a) the Modern steel and (b) the Vintage steel  

obtained at 21, 50, and 75 °C during after charging in 3.5 wt% NaCl solution at an applied 

current density of −1 mA/cm2. T1-Transient 1, T2-Transient 2, T3-Transient 3.  

In Fig. 7, it can be observed that tb of the transients differs in some conditions, which is most 

prominent for the Vintage steel and at lower temperatures. Such difference has been attributed 

to strong traps that are filled during the first transient and remain filled until the start of the 

subsequent transients, hence only affecting the hydrogen transport during the first transient 

[6]. In this case, hydrogen having a  residence time longer than approximately 24 hours, which 

is the approximate time between the transients, is considered as strongly trapped. Fig. 8 shows 

a close-up of Fig. 7 focusing on the time when the first hydrogen is detected for (a)-(d) the 

Modern steel and (e)-(h) the Vintage steel. For the Modern steel, a difference in tb between 

the transients can be observed at 7 °C, while no significant difference in tb is observed at 
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higher temperatures, 21, 50, and 75 °C.  For the Vintage steel, a distinct difference in tb is 

observed between the first transient and the two subsequent transients at 7 and 21 °C. A 

difference can also be observed at higher temperatures, but the difference in tb decreases with 

increasing temperature.  
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Fig. 8. Close-up of the breakthrough time during complete electrochemical permeation 

transients at 7, 21, 50, and 75 °C of (a)-(d) the Modern steel and (e)-(h) the Vintage steel.  
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Fig. 9 shows the ratio of tb of the first transient to the tb of the subsequent transients, denoted 

as the tb-ratio. A tb-ratio of one would imply that strong trapping does not occur. Because there 

was some deviation in tb also between the 2nd and 3rd transient at some temperatures, the tb-

ratio is calculated using the average tb of Transient 2 and 3. At 7 °C, the tb-ratio of the Modern 

steel of 1.22 indicates some strong hydrogen trapping. The tb-ratio of the Modern steel is 

approximately one at the higher temperatures: 21, 50, and 75 °C. For the Vintage steel, the tb-

ratios were approximately 1.30 at 7 °C and 21 °C. When the temperature increased above 21 

°C, the tb-ratio decreased to 1.14 at 50 °C and 1.07 at 75 °C.  The reduction in tb-ratio with 

increasing temperature manifests that the residence time in traps decreases with increasing 

temperature. 

 

Fig. 9. Ratio of the breakthrough time, tb, of Transient 1 to the average of tb of Transient 2 

and 3, denoted as tb-ratio, as a function of temperature. 

Because of the effect of strong traps on the first transient, only the results obtained from the 

subsequent transients were used to calculate Deff. The obtained values for Deff of the two steels 

determined by the tb method (Deff(tb)) and the tlag method (Deff(tlag)) at 7, 25, 50, and 75 °C are 

listed in Table 3. For both steels, the diffusivity determined by the tlag method is higher than 

that determined by the tb method for all the conditions. In the literature, such difference has 

been attributed to the filling of traps causing a higher Deff in a later stage of the transients 

when the occupancy of traps is higher [29,62]. For the Modern steel at 21 °C, Deff(tb) is 

8.56×10−7 cm2/s and Deff(tlag) is 1.83×10−6 cm2/s, which are comparable to the diffusivity 

determined by the desorption methods (1.50×10−6 cm2/s at 24 °C and 1.24×10−6 cm2/s at 25 
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°C). For the Vintage steel at 21 °C, Deff(tb) and Deff(tlag) are 1.95×10−7 and  5.24×10−7 cm2/s, 

respectively. Both diffusivities are lower than that determined by the desorption methods, 

7.87×10−7 cm2/s at 24 °C and 8.78×10−7 cm2/s at 25 °C.  

 

Steel Temperature [°C] Deff(tb) [cm2/s] Deff(tlag) [cm2/s] 

Modern 

7 4.62×10−7 8.96×10−7 

21 8.56×10−7 1.83×10−6 

50 2.57×10−6 6.21×10−6 

75 6.04×10−6 1.32×10−5 

Vintage 

7 1.05×10−7 2.78×10−7 

21 1.95×10−7 5.24×10−7 

50 5.05×10−7 1.30×10−6 

75 1.25×10−6 3.34×10−6 

Table 3 Deff determined by electrochemical hydrogen permeation. The results are average 

values determined from Transients 2 and 3.  

 

3.3.2 Partial permeation transients 

The stepwise partial permeation build-up and decay transients fitted to the analytical solutions 

of Fick’s 2nd law (Eqs. (4) and (5)) obtained by stepwise changing the applied current density 

between 0.5 and 1 mA/cm2 are presented in Fig. 10(a) and (b) for the Modern and Vintage 

steel, respectively. The fits are good for both steels at all temperatures. The effective 

diffusivity determined by partial permeation transients, Deff(PT), are listed in Table 4. For the 

Modern steel the, Deff(PT) are comparable with those determined by the desorption methods 

and the complete permeation transients, although slightly higher values were obtained. For 

the Vintage steel, Deff(PT) were higher than the diffusivities determined by the complete 
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permeation transients; however, they were lower than those determined by the desorption 

methods. Compared to the Modern steel, the Vintage steel presents lower Deff using 

permeation methods. 

 

Fig. 10 Partial permeation build-up and decay transients fitted to the solutions of Fick’s 2nd 

law (Eqs. (4) and (5)) for (a) the Modern steel and (b) the Vintage steel. The charging current 

density was stepped between −0.5 and −1 mA/cm2 in 3.5 wt% NaCl at 7, 21, and 50 °C.  
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Steel Temperature [°C] Deff(PT) [cm2/s] R2 

Modern 

7 1.37×10−6 0.994 

21 2.70×10−6 0.993 

50 9.07×10−6 0.984 

Vintage 

7 5.61×10−7 0.990 

21 7.85×10−7 0.983 

50 2.35×10−6 0.980 

Table 4 Deff determined by partial permeation transients at 7, 21, and 50 °C. The results are 

average values of a minimum of two build-up and two decay transients.  

 

Fig. 11(a) and (b) show the stepwise partial permeation build-up transients of the Modern and 

Vintage steel, respectively, which were performed in three steps of ic from −0.5 mA/cm2 to 

−2 mA/cm2, and the fits to the analytical solution of Fick’s 2nd law (Eq. (4)). Deff and R2 values 

are listed in Table 5. For the Modern steel, there is no significant change in the Deff(PT) with 

increasing ic. Deff of the Vintage steel increases with each step of the charging current density. 

From the step between −0.5 and −1.0 mA/cm2 the Deff(PT) is 7.85×10−7 cm2/s, while the step 

between −1.5 and −2.0 mA/cm2 yields a Deff(PT) of 1.28×10−6 cm2/s. 
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Fig. 11. Partial permeation build-up transient for (a) the Modern steel and (b) the Vintage 

steel performed in 3.5 wt% NaCl at 21 °C fitted to the solution of Fick’s 2nd law (Eq.(4)). 

Step 1: −0.5 to −1 mA/cm2, Step 2: −1 to −1.5 mA/cm2, Step 3: −1.5to −2 mA/cm2. 

 

Steel ic-step [mA/cm2] Deff(PT) [cm2/s] R2 

Modern 

0.5-1 2.70×10−6 0.993 

1-1.5 3.02×10−6 0.995 

1.5-2 2.66×10−6 0.977 

Vintage 

0.5-1 7.85×10−7 0.983 

1-1.5 9.94×10−7 0.994 

1.5-2 1.28×10−6 0.988 

Table 5 Deff determined by partial permeation transients at 21 °C. 

 

4. Discussion 

The hydrogen diffusivity in two X65 pipeline steels was investigated by hydrogen desorption 

and permeation methods. The Modern steel has a microstructure consisting of homogenously 

distributed grains of ferrite and bainite, while the Vintage steel has a microstructure mainly 
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consisting of banded ferrite-pearlite layers. Hydrogen desorption from samples charged in 

high-pressure H2 gas was measured by GC-MS. Both in-situ and ex-situ hydrogen desorption 

measurements were conducted. Electrochemical hydrogen permeation was performed with 

both complete and partial transients. The results will be discussed in detail in the following 

sections.   

4.1 Strong hydrogen trapping 

Hydrogen trapping affects the transport of hydrogen in steels, which can complicate the 

determination of hydrogen diffusivities. In particular, traps where hydrogen atoms have long 

residence time will cause deviation from Fickian diffusion [6,62,63]. In complete permeation 

transients, a difference in tb between the first and subsequent transients indicates strong 

trapping. This is attributed to the filling of traps that remain filled until subsequent transients; 

hence, the trap will only affect the hydrogen transport during the first transient [6]. Such traps 

have been reported to have a binding energy above 50-60 kJ/mol [7]. Figs. 7-9 showed that 

such an effect was less prominent in the Modern steel than in the Vintage steel; However, a 

significant tb-ratio was observed at the lowest temperature, 7 °C. Because the probability of 

hydrogen escaping a trap increases with increasing temperature [5], the residence time in traps 

and the tb-ratio reduced with increased temperature. For the Modern steel, it was not observed 

any hydrogen desorption from the non-charged sample in Fig. 2. For the Vintage steel, on the 

other hand, a desorption peak for the non-charged Vintage sample was observed in Fig. 4, 

confirming the presence of strong traps. Thus, both permeation and desorption methods 

indicate less strong trapping in the Modern steel than in the Vintage steel. This is in agreement 

with Dunne et al. [43], who reported that ferritic-pearlitic microstructures have a higher 

capability of strong trapping than ferritic-bainitic microstructures. According to Karimi et al. 

[64], strong trapping occurs at ferrite-pearlite and/or pearlite-pearlite interfaces, 

corresponding to binding energies of 64-69 kJ/mol. In a study by Myhre et al. [52], who 

investigated hydrogen embrittlement susceptibility by slow strain rate tensile testing of four 

steels, including the Modern and the Vintage steels,  it was reported that the Modern steel was 

less susceptible to hydrogen embrittlement than the Vintage steel. The result was partially 

attributed to a higher cleanliness and lower number of inclusions in the Modern steel than in 

the Vintage steel. Inclusions are reported to be strong traps [65,66], e.g. MnS inclusions 73.8 

kJ/mol trap binding energy [65], which could contribute the strong trapping effect observed 

in the Vintage steel. Inclusions can increase hydrogen embrittlement susceptibility by acting 

as crack initiation sites and stress concentrators due to high local hydrogen concentrations 
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[52,66].  

In the permeation method, hydrogen in strong traps can be accounted for by performing 

subsequent complete transients or partial transients [6,15]. In the desorption tests for the 

Vintage steel (Fig. 4),  the broad asymmetric desorption peaks overlapped with the peak of 

the non-charged sample, indicating that the peaks consist of hydrogen from several traps, 

rendering it challenging to separate diffusible and non-diffusible hydrogen. As a result, lower 

limiting levels were observed in Fig. 5 and Fig. 6(b), where CHD was independent of tR. These 

lower limiting levels lead to a poorer fit to the solution of Fick’s 2nd law for the Vintage steel, 

as compared to the fits for the Modern steel (Fig. 3 and 6(a)). To account for the strongly 

trapped hydrogen during the determination of Deff by the desorption methods, a constant term 

denoted as Cstrong was added to Eq. (1), as shown in Eq. (6): 

𝐶HD =
32

𝜋2
∙ 𝐴 ∙ {∑

exp [−
(2𝑛 + 1)2𝜋2𝐷𝑡R

𝐿2 ]

(2𝑛 + 1)2

∞

𝑛=0

} ∙ { ∑
exp [−

𝐷𝛽𝑚𝑡R

𝑟2 ]

𝛽𝑚
2

∞

𝑚=1

} + 𝐶strong 
(6) 

Fig. 12 show CHD versus tR of the Vintage steel fitted by Eqs. (1) and (6) for (a) ex-situ 

desorption and (b) in-situ desorption. For both methods, the modified equation gives an 

improved fit at all temperatures. Table 6 lists the comparison of Deff and R2 values for the 

Vintage steel, determined by fitting CHD versus tR to Eq. (1) and Eq. (6). Deff at 24 °C 

determined by Eq. (1) and Eq. (6) is 7.76×10−7 and 2.21×10−6 cm2/s, respectively. At −2 °C, 

Deff determined by Eq. (1) and Eq. (6) is 2.18×10−7 and 6.98×10−7 cm2/s, respectively. For 

both methods, the R2 values increased using Eq. (6). Hence, modifying the solution of Fick’s 

2nd law of diffusion to account for the stronger trapping was essential to estimate the hydrogen 

diffusivity. After modification, Deff for the Vintage steels determined by the desorption 

methods are slightly higher but comparable to those of the Modern steel. 
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Temperature [°C] 

/ Method 

Eq. (1):  

Deff [cm2/s] 

Eq. (1):  

R2 

Eq. (6):  

Deff [cm2/s] 

Eq. (6):  

R2 

−2 / Ex-situ 2.18×10−7 0.965 6.98×10−7 0.998 

24 / Ex-situ 7.76×10−7 0.920 2.21×10−6 0.992 

25 / In-situ 8.78×10−7 0.963 3.34×10−6 0.985 

50 / In-situ 2.22×10−6 0.952 8.04×10−6 0.989 

85 / In-situ 6.43×10−6 0.916 1.74×10−5 0.991 

Table 6 Deff and R2 values obtained for the Vintage steel by fitting to Eq. (1) and Eq. (6). 

 

 
Fig. 12. Residual diffusible hydrogen concentration, CHD, versus holding time, tR, for the 

Vintage steel, for (a) ex-situ desorption and (b) in-situ desorption. Fitted solution to the 

analytical solution of Fick’s 2nd law with and without modification to account for strong 

trapping.  

4.2 Arrhenius relationship 

Fig. 13(a) and (b) show the Arrhenius plots of all the methods used for the Modern and Vintage 

steels, respectively. The Arrhenius relationship is given in Eq. (7), where D0 denotes the pre-
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exponential factor, Ed denotes the activation energy of diffusion, and Rg denotes the gas 

constant (8.314 J/K mol). The Arrhenius relationship deduced by Kiuchi and McLellan [4] for 

well-annealed iron, 7.23×10-4exp (
−5690

R𝑇
) cm2/s, is regularly quoted as the lattice diffusion, 

DL, and is included in the figure. Because there was good agreement between the two 

desorption methods, the results were combined to obtain one Arrhenius relationship. 

𝐷 = 𝐷0 exp (−
𝐸𝑑

Rg 𝑇
) 

(7) 

Table 7 lists the Arrhenius parameters of the Modern steel and Vintage steel, respectively. Ed 

determined from the different methods were in good agreement for both steels. As expected, 

trapping effects cause a higher Ed for the investigated X65 steels.  For the Modern steel, the Ed 

values are between 30.5 to 36.0 kJ/mol, with the average value between all the methods being 

32.9 kJ/mol. For the Vintage steel, the Ed values are between 25.1 and 29.0 kJ/mol, with an 

average value of 27.5 kJ/mol. For the Modern and Vintage steel there is about a 13 and 18 times 

difference in D0 values, respectively. Hence, the more consistent D0 values produced the lower 

scatter between methods observed in Fig. 13 for the Modern steel compared with the Vintage 

steel. The determined Arrhenius relationships are comparable to reported values, 

6.5×10−3exp (
−25500

R𝑇
) cm2/s for X65 pipeline steel [67] and X60 pipeline steel 

0.39exp (
−32200

R𝑇
) cm2/s, which is calculated from data given in [57]. At room temperature, 

there is a large scatter in reported diffusivity values for X65 pipeline steels, 1.5×10−7 to 2×10−5 

cm2/s [17,22,35,44–46]. Reasons for the large scatter in diffusivities could be different 

investigation methods utilized, different charging conditions, and different microstructures. In 

this work, the lowest and highest measured Deff of the Modern steel at room temperature are 

8.56×10−7 and 2.70×10−6 cm2/s, about a three-time difference. For the Vintage steel, the 

difference between the lowest (1.95×10−7 cm2/s) and highest (3.34×10−6 cm2/s) measured Deff 

at room temperature is 17 times. Hence, the highest measured Deff at room temperature in the 

two steels are comparable, while the scatter factor is highest in the Vintage steel. The results 

indicate that the significance of the method utilized can vary from steel to steel, and possible 

reasons will be discussed in the following paragraphs. 
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Fig. 13. Arrhenius plot including all the methods used to determine the hydrogen diffusivity 
for (a) the Modern steel and (b) the Vintage steel. 

 

Steel  Parameter Desorption Partial 

permeation 

Breakthrough 

time 

Time lag 

Modern 
D0 [cm2/s] 2.92 1.99 0.220 0.936 

Ed [kJ/mol] 36.0 33.0 30.5 32.2 

Vintage 
D0 [cm2/s] 0.506 0.031 0.027 0.068 

Ed [kJ/mol] 27.1 25.1 29.0 28.9 

Table 7 Arrhenius parameters of the Modern and Vintage steels. 

 

4.3 Tortuosity 

The tortuosity of the diffusion path may account for the lower scatter in Deff for the Modern 

steel compared with the Vintage steel. The Modern steel has a microstructure consisting of 

equiaxed ferrite- and bainite grains, while the Vintage steel mainly consists of a banded 

structure of ferrite- and pearlite grains. In equiaxed microstructures, the hydrogen diffusivity 

can occur in all directions and is not orientation dependent [37]; Hence, a significant tortuosity 

effect would not be expected in the Modern steel. In banded ferrite-pearlite microstructures, 

the lower diffusivity in pearlite grains can cause preferential hydrogen diffusion through ferrite 
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grains [37,39], which could occur in the Vintage steel. A tortuous diffusion path can lead to an 

orientation dependency of the effective diffusivity [37,39].  For the Vintage steel, an effect of 

tortuosity should be most significant in the permeation tests because of the thin disk samples 

where one-dimensional diffusion was assumed. Fig. 14 illustrates a possible diffusion path in 

the Vintage steel in the through-thickness direction (normal direction), which is perpendicular 

to the elongated pearlite grains. In desorption tests, on the other hand, large samples and a 

three-dimensional solution to Fick’s 2nd law were used. Thus, a tortuosity effect could explain 

why Deff in the Modern steel was higher than in the Vintage steel in permeation tests, in contrast 

to desorption tests, where Deff in the Modern steel was lower than in the Vintage steel. The 

hydrogen assisted fatigue crack growth rate have been reported to be affected by ferrite-pearlite 

banding, partially attributed to differences in diffusivity between the bands [36]. In the study 

by Myhre et al. [52], parallel ridges were observed at the fracture surface of the Vintage steel 

with both ductile and brittle features. The difference in diffusivity in the ferrite and pearlite 

bands, in addition to an accumulation of hydrogen at the interfaces, were recognized as 

contributing factors to the observed ridges and the higher hydrogen embrittlement 

susceptibility of the Vintage steel. Due to the limited wall thickness of the pipelines, the 

orientational dependency of the diffusivity was not tested; Hence, a conclusion on the degree 

of tortuosity effect cannot be made. 

 

Fig. 14. Illustration of a possible hydrogen diffusion path in the Vintage steel in a permeation 
experiment. Hydrogen diffusion in permeation tests proceeds in the normal direction. ND - 

Normal direction, RD – Rolling direction, and TD – Transverse direction. 
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4.4 Concentration-dependent diffusivity 

In this work, gaseous charging was utilized for desorption tests while electrochemical 

charging was conducted during permeation tests. Care should be taken when comparing the 

diffusivities obtained under different charging conditions because trap occupancy can affect 

Deff [68,69]. According to Johnson et al. [70] and Oriani [71], Deff is concentration-

independent if the faction of occupied traps is close to zero. Deff is affected by the binding 

energy, Eb, and the density of traps, NT [72]. From the work of Oriani [71], Eb and NT can be 

estimated by Eq. (8), which relates DL and Deff under the assumption of local equilibrium 

between hydrogen in lattice and traps and low trap occupancy [55,63,71]. T and Rg denotes 

the temperature and gas constant, respectively. The density of lattice sites, NL, was set to 

5.1×1023 sites/cm3 [72], and the DL values reported by Kiuchi and McLellan [4] were used in 

the calculations. By plotting ln(DL/𝐷eff−1) versus 1/T, Eb and NT can be calculated from the 

slope and y-axis intercept, respectively [55]. 

𝐷eff = 𝐷L (1 +
𝑁T

𝑁L
exp (

𝐸b

Rg 𝑇
))

−1

 

 

(8) 

The Eb determined by the desorption methods and partial permeation transients were 28.2 and 

28.9 kJ/mol for the Modern steel and 26.0 and 20.4 kJ/mol for the Vintage steel. Possible trap 

sites are dislocations (25.6 kJ/mol−26.8 kJ/mol [40,41]), grain boundaries (17.2−30.1 kJ/mol 

[40,73]), and ferrite-cementite interfaces (18.4−19 kJ/mol [74,75]). Assigning Eb to a specific 

microstructural feature for complex microstructures consisting of several possible trap sites is 

challenging, and several trap sites could contribute to the determined value. For the Modern 

steel, NT was 1.1×1020 and 9.3×1019 sites/cm3 determined by desorption and partial 

permeation transients, respectively. For the Vintage steel, NT was 3.6×1020 and 1.7×1022 

sites/cm3 determined by the same methods, respectively. Lower NT in the Modern steel 

compared with the Vintage steel could be attributed to tempering reducing the dislocation 

density and the slightly larger grain size in the Modern steel (7 μm) than in the Vintage steel 

(4 μm).  

The partial permeation results in Fig. 11 and Table 5 showed that Deff of the Modern steel was 

independent of the charging current density, while it increased with increasing current density 

for the Vintage steel. These experimental results imply that only the Modern steel satisfied 

the assumption of low trap occupancy. However, according to the works by Chen et al. [63] 
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and Zheng et al. [76], the Eb determined for the Vintage steel is not sufficient to cause a 

significant trap occupancy for the obtained CH. If the assumption of low trap occupancy is not 

fulfilled, the determination of Eb and NT by Eq. (8) might not be correct. Failing to fulfill the 

assumptions could give rise to the difference in Eb and NT values for the Vintage steel 

determined by desorption and partial transients. In addition, Eq. (8) only yields a single value 

for Eb and NT, which reflects the properties of a dominating trap site and cannot yield specific 

values for different trap sites. The difference in the Eb values of the Vintage steel between the 

desorption and partial-permeation tests could also suggest that the dominating trap sites 

differed between these two methods. One of the possible causes of the concentration-

dependent diffusivity and the large scatter in determined diffusivity for the Vintage steel is a 

contribution of multiple traps to the determined Deff. In contrast to the normalized curves 

observed for the Modern steel in Fig. 2, broad, asymmetric curves were observed for the 

Vintage steel in Fig. 4, which suggest the existence of multiple major trap sites in the Vintage 

steel. It is speculated that the contribution degrees of these major trap sites to the determined 

Deff varied depending on charging conditions, leading to the concentration-dependent 

diffusivity of the Vintage steel. A thermal desorption analysis using the Kissinger equation 

could yield further information regarding Eb for different trap sites [40,77] and will be 

conducted in a subsequent study.  

5. Conclusion 

This study investigated the hydrogen diffusivity in two X65 pipeline steels by hydrogen 

desorption and permeation methods. The Modern steel, from a seamless  quenched and 

tempered pipe, had a microstructure of equiaxed ferrite and bainite grains. The Vintage steel, 

from a hot-rolled and welded pipe, consisted of a banded ferritic-pearlitic microstructure. In-

situ and ex-situ hydrogen desorption measurements were employed to determine the 

diffusivity of samples charged in pressurized H2 gas. Electrochemical hydrogen permeation 

was performed with both complete subsequent transients and partial permeation transients. 

The main conclusions drawn from the study are summarized as follows: 

• To account for strongly trapped hydrogen, we proposed a modified solution of Fick’s 

2nd law. The modified solution obtained a good fit with the obtained data, and there was 

a good agreement between the diffusivities determined by the two desorption methods 

for both steels. 
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• The highest measured effective diffusion coefficient, Deff, for the Modern and Vintage 

steels at room temperature were comparable: 2.70×10−6 and 3.34×10−6 cm2/s for the 

Modern and Vintage steel, respectively. 

• The scatter factor between the lowest and highest measured Deff at room temperature 

was about three for the Modern steel and 17 for the Vintage steel. The scatter difference 

indicated that the significance of the method and charging condition utilized can vary 

between steels.  

• Two possible causes for the larger scatter factor of Deff for the Vintage steel were 

recognized: Presence of multiple major trap sites causing a concentration-dependent 

Deff, and a tortuous diffusion path caused by ferrite-pearlite bands due to slow diffusion 

in pearlite.  
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