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KURZFASSUNG

Kurzfassung

Im Zuge des Horizon 2020-Projekts HyStories wird europaweit die Moglichkeit der Wasserstoffspeicherung in
alten, erschopften Erdgaslagerstatten und Erdgasspeichern untersucht. Im Rahmen dieses Projekts hat sich das
Arbeitspaket "Materialien und Korrosion" zum Ziel gesetzt, die Einsetzbarkeit ausgewahlter Rohrmaterialien im
Hinblick auf Wasserstoffversprodung zu testen. Zu diesem Zweck wurden verschiedene Kohlenstoffstahle,
darunter auch geschweillite Stahlgliten, sowie korrosionsbestandige Werkstoffe mit Hochdruck-
Hochtemperatur-Autoklaventests, Permeationstests und Analysen des absorbierten Wasserstoffs untersucht.
Die Autoklavenversuche umfassten Zugproben, die mit einer Feder bei 90 % der Streckgrenze belastet wurden
sowie unbelastete Proben zur Bestimmung der Wasserstoffabsorption. Nach Abschluss der Tests wurde die
Wasserstoffaufnahme durch thermische Desorptionsspektroskopie analysiert. Fiir die Autoklaventests wurden
vier Hauptgaszusammensetzungen verwendet: 120 bar Hz, 120 bar Hz + 15 bar CO2, 120 bar Hz + 1 bar H»S und
120 bar Hz + 15 bar CO2 + 1 bar HaS. Die Experimente wurden trocken und mit Elektrolyten mit unterschiedlicher
Salinitat durchgefiihrt. Die Priifungen erfolgten bei Raumtemperatur und 120 °C sowie einer Versuchsdauer von
720 Stunden. Vor den Autoklavenversuchen wurde der effektive Diffusionskoeffizient bestimmt, um das
Diffusionsverhalten von Wasserstoff durch die untersuchten Stahlgiiten zu charakterisieren. Die Ergebnisse der
Autoklaventests zeigen, dass die Wasserstoffaufnahme auch unter scharfen Bedingungen relativ hoch ist.
Dennoch fiihrte eine konstante Belastung der Proben nur beim geharteten Material sowie beim Duplex 2205
zum Werkstoffversagen. Keiner der anderen Werkstoffe wies am Ende der Prifung Risse oder andere Formen
mechanischer Schadigung auf. AuRer bei den hochfesten Kohlenstoffstdahlen kam es unter scharfen Bedingungen
zu einem lokalisierten Korrosionsangriff. Es wurden Anwendungsgrenzen fiir alle getesteten Werkstoffe fiir den

Einsatz in unterirdischen Wasserstoffspeichern festgelegt.



ABSTRACT

Abstract

The possibility of hydrogen storage in various types of caverns and depleted reservoirs is currently under
investigation in whole Europe. One of the projects dealing with this topic is HyStories. The investigation of the
applicability of various pipe materials with regard to hydrogen embrittlement was one of the tasks of this project
and is the focus of this work. For this purpose, various carbon steels, including welded steel grades, as well as
corrosion-resistant materials were investigated with high-pressure high-temperature autoclave tests,
permeation tests and analyses of the absorbed hydrogen. The autoclave tests included tensile specimens loaded
with a spring at 90% of yield strength and a unloaded sample was examined to determine hydrogen absorption.
After successful conduction of the tests, hydrogen uptake was analyzed by thermal desorption spectroscopy.
Four main gas compositions were investigated in the autoclave tests: 120 bar Hz, 120 bar Hz + 15 bar CO», 120 bar
Hz2 + 1 bar H2S and 120 bar Hz2 + 15 bar CO2 + 1 bar H2S. Test were done in dry conditions as well as with the
addition of electrolytes with varying salinity. In addition, the tests were carried out at room temperature and
120 ° C. The duration of the experiments was 720 hours. Before the autoclave test, the effective diffusion
coefficient was determined to characterize the diffusion behavior of hydrogen by selected steel grades. The
results of the autoclave tests show that hydrogen absorption is relatively high even under severe conditions.
Nevertheless, constant loading of the samples led to material failure only in the case of the quenched material
and Duplex 2205. None of the other materials showed cracks or other forms of mechanical damage, except for
the high-strength carbon steels, some localized corrosion attack occurred under sharp conditions. For this

reason, application limits were defined for all tested materials for use in underground hydrogen storage.
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INTRODUCTION

1 Introduction

In corrosive environmental conditions, mechanical properties of metallic materials can significantly decrease. At
the Chair of General and Analytical Chemistry, there are individual experimental investigation and analysis
methods available for the evaluation of various materials under the influence of high pressure hydrogen.
Hydrogen technologies will facilitate decarbonization, as a consequence research in this field will play an
essential role for hydrogen storage. Therefore, it is important to progress research in this area to counter
hydrogen embrittlement (HE). The highest susceptibility of steels to hydrogen embrittlement is at room
temperature, although hydrogen uptake from the gas phase increases sharply at higher temperatures [1].
Increased hydrogen absorption due to the presence of an electrolyte was also previously reported in the
literature. Other influencing factors mentioned are the hydrogen partial pressure, pH value of the electrolyte

and the presence of a recombination inhibitor [2].

The possibility of hydrogen storage in depleted natural gas reservoirs and natural gas storage facilities was
evaluated for many locations in the European Union within EU project HyStories. The aim of project, work
package Materials and Corrosion was to test the resistance of selected pipe materials to hydrogen embrittlement
by performing autoclave tests, analysing the diffusion and trapping behaviour of steels and investigate fatique

behavior(the later by Institute de la Corrosion, Brest).

A scheme of underground hydrogen storages (UHS) is illustrated in Figure 1. While pure hydrogen storage has
been carried out in salt caverns in Europe since the 1970s, the storage of pure hydrogen in depleted fields or
aquifers has not been carried out before anywhere. The Hystories project partners investigated the potential of

aquifers and depleted fields for UHS [3].



INTRODUCTION
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Figure 1: Schematic illustration of modification of underground gas storage for hydrogen [3]

The main research questions for this thesis are:

Are the materials used in gas storage sites resistant to hydrogen embrittlement under the operating conditions

encountered and what are their susceptibility limits?

Why are certain materials more susceptible than others?
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2 Theoretical overview

Hydrogen is the most abundant element in the Universe, but does not occur in its elemental form on Earth [4].
Due to the need of stopping global warming, there is a tremendous driving force to develop renewable energy
technologies. Climate neutrality initiatives are being implemented worldwide, aiming to reduce greenhouse gas
emissions to zero by 2050. In 2022, global energy-related CO2 emissions increased by 0.9 % or 321 million tons
(Mt), reaching a new record of 36.8 giga tons (Gt). After two years of exceptional fluctuations in energy
consumption and emissions, partly caused by the Covid 19 pandemic, last year’s growth was much lower than
the increase of over 6 % in 2021. These CO2 emissions can be separated as follows and amounted to 15.65 Gt
CO:2 from electricity generation, 9.15 Gt CO2 from industry, 7.98 Gt CO2 from transport, 2.97 Gt CO2 from the
building sector and 1.14 Gt for all other sectors. Several initiatives have been proposed to reduce these
emissions. The energy mix will face a considerable increase of shares of renewable energies such as wind power,
solar power, geothermal power and biomass. The share of water power is believed to stay constant over next
decades due to limited access of dams for rivers. By 2050 total amount of renewable energies will exceed fossil
fuels worldwide to teach the Paris goals. Around 90 % of the global electricity growth is generated from
renewable energies. Renewable energy, including solar, wind, biofuels and others, are in the focus of this
transition from fossil fuels to a lower-carbon and more sustainable energy system. The generation of solar and
wind energy increased by around 275 TWh in both cases, helping to avoid around 465 Mt of emissions in the
power sector. In 2022, global water-powered electricity generation increased by 52 TWh compared to the

previous year [5-9].

Currently, hydrogen is becoming a new and widely accepted part of many national and international climate
strategies. For this reason, various industrial processes are being investigated for the production of hydrogen,
which release different amounts of CO2 depending on the technology used [10]. Water is the cheapest and most

renewable raw material in the electrolysis process, which has been strongly developed in the last few years.
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There are many uses for hydrogen, which can be seen in Figure 2. Hydrogen is used in chemical industry for
production of ammonia and methanol, in metallurgical industry for reduction of specific metals such as
molybdenum and tungsten, and in the petrochemical industry. Furthermore it is often applied in the refining
process in the refinery sector and is also used for production of hydrogen peroxide [11]. In 2018, the EU
consumed 8.3 million t of hydrogen that is 13 % of the global production, mainly in refineries (3.7 million t or 45
% of the total) and in the chemical sector mainly for the production of ammonia (2.8 million t or 34 %) and
methanol (12 %). Nearly 100% of the hydrogen produced in the EU today is “grey” hydrogen; only less than 1%

of the production is renewable hydrogen [12].

HYDROGEN

USE IN BULDINGS
heating
.. 1 cooling

USE IN INDUSTRY
&), e.g. refining,
* GREEN HYDROGEN steel production

water electrolysis

5 USE IN TRANSPORT
cars
tracks
buses

BLUE HYDROGEN
natural gas reforming with CCS

biomethane
biomass

GRAY HYDROGEN
methane reforming
coal gasification
biomass gasification

HYDROGEN USE

SYNTHESIS OF FUELS
a8 e.g. Methanol, ammonis

HYDROGEN PRODUCTION

r—, GAS GRIDS
! | direct injection

methanation

VARIOUS APPLICATION
_e.g. ships, aviation

Figure 2: Hydrogen production and its use [13]

Hydrogen is available in abundance and it occurs almost exclusively as part of another compound, like water H,O
or methane CHa. Its color refers to the method the pure Hz is produced. Figure 3 shows a diagram of the different
hydrogen colors. Green hydrogen is defined as hydrogen produced using electricity generated by a combination
of renewable energy sources and a water electrolyser [14]. An electrolyser processes pure water by means of
electricity to hydrogen and oxygen [10]. At the moment, natural gas reforming, steam methane reforming (SMR),
is the typical method to produce blue and grey Ha. This method of the blue H2 production has an energy efficiency
of 65 to 85 % [9,15]. Blue hydrogen is generated from fossil fuels coupled with carbon capture and storage (CCS)
technologies to reduce a large portion of greenhouse gas (GHG) emissions. Therefore blue hydrogen is more cost

effective than green hydrogen, and the implementation of CCS results in technical challenges in addition to those

-4-
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related to social acceptance. There is no standard definition for the CO2 capture rate required to classify grey
and blue hydrogen. Grey Hz is produced from natural gases, usually methane, by a process called steam methane
reforming. Turquoise hydrogen is produced from methane pyrolysis. In the USA mainly brown hydrogen is
produced. This is the most conventional way by generating hydrogen from either black or brown coal. This
releases large amounts of CO2 and carbon monoxide into the atmosphere. These methods generate clean,
emission-free hydrogen fuel, but they generate significant amounts of CO2, which are warming the earth, so they
are less than optimal for a truly clean future for hydrogen. There are also other technologies of production that
are not so well known although they should be mentioned. The orange H: is produced from bioenergy. The pink
H2 is generated by electrolysis from nuclear energy. White Hz is naturally produced hydrogen that occurs in
underground deposits and can be extracted by fracking. Yellow Hz is a form of green H2 which is produced by the

process of electrolysis using solar energy [10,14,16].

green - climate-neutral through renewable electricity

. blue - production from natural gas
2\

turquoise - production through methane pyrolysis

. grey - production with high CO, emissions

. brown —from brown coal by gasification -

U]

. black - from lignite by gasification
7
yellow - electrolysis using solar energy

/

)white - extracted from natural deposits by fracking |

Figure 3: The colors of hydrogen, modified from [17]

Regarding the distribution of the forms of energy used in modern times, a clear trend can be seen in Figure 4.
The civilization is performing a transition from carbon based, chemically complex energy systems to cleaner,
chemically simpler, sustainable energy systems. By 2050 hydrogen is believed to replace natural gas and solid
fuels as the main energy source. Nevertheless a certain portion of fossil fuels will remain important until the mid
of the century. It is expected to find large applications for hydrogen in the chemical industry, metallurgy,

transport and in long term also in aerospace and marine sectors [13,18].
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In Figure 4 a currently realistic time schedule of the energy transition is shown indicating that peak oil has closely

passed or is soon to be passed.
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e t
f‘) wood and hay
s 80
£ coal and
= nuclear—
© 60 hydrogen
't $ *gray”, ,blue”, ,green”
(o]
S il oil and
5 hydroelectric
=
a D
o oil and natural
o 20~ A
o gas liquids
oil
natural gas
0 1
1850 1900 1950 2000 2050 2100 2150

Projected consumption

e naturalgas - wood, coal s ©il and
and hydrogen and nuclear hydroelectric

Figure 4: Energy transition from 1850 to 2150, hydrogen can possibly replace fossil energy carriers [13], based

on [18]

In order to push the green energy to the next level, more hydrogen storage facilities are needed. This is an
essential component for the success of hydrogen as a future energy source. It is of major importance that a
reliable storage system is available for the respective application to meet the hydrogen market and possible
future demand. Hydrogen has roughly only one third of the calorific value of methane and a much lower portion
when compared to liquid and solid fossil fuels [19-21]. The density of hydrogen gas is the lowest of all molecules,
and at ambient pressure and temperature, 1 kg of the hydrogen gas occupies up to 11 m3 [22]. Therefore, the
storage density of hydrogen has to be increased to make it economically usable and an appropriate storage
method in large quantities (three times larger than for natural gas currently existing) has to be found. Several
techniques are available for storage of hydrogen at higher densities. All these methods require some kind of
energy input. The hydrogen storage systems can be categorized into two main groups the material-based and
the physically-based hydrogen storage systems (Figure 5). The physical hydrogen storage involves compressed
gas storage, liquid H: storage and cryo-compressed storage [20,21]. In material-based storage, hydrogen
molecules are split into atoms and enter into the chemical structure of materials such as metals or some organic

substances. Among all materials that can be applied for chemisorption, metal hydrides are known best [23,24].
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Hydrogen Storage Methods
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Figure 5: Hydrogen can be stored in physical based (compressed H, liquid H2 and cryo compressed H:) or

material based (Hydrides, Liquid organics and adsorbed materials) methods [23]

An improved volumetric hydrogen storage capacity can be expected in material-filled gas cylinders compared to
cylinders without any materials, taking into consideration of the adsorption effect. The storage system is based
either on physisorption for porous materials and on chemisorption in the case of metal hydrides. The
physisorption implies a weaker binding energy and weak van der Waals forces, whereby the chemisorption
implies a stronger binding energy. In the case of complex hydrides and metal hydrides, hydrogen molecule first

dissociates at the surface and subsequently diffuses into the metal lattice in its atomic state [25].

Because of the low interaction energy and the fast adsorption and desorption kinetics, physisorption processes
are easier to handle than chemisorption processes [26]. As Broom [27] considered, hydrogen is physically
adsorbed on the surface of pores in porous materials such as zeolites, porous carbon structures and metal-

organic frameworks (MOFs) and the capacity is mainly influenced by the surface area, pore volume, pressure and
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temperature. At cryogenic temperatures at 77 K and high pressures, many physisorption-based materials have
acceptable hydrogen storage capacities. At room temperature and pressures between 50 and 100 bar, their
capacities decrease to less than 1 wt%. So a further issue requiring clarification is the economic sustainability of
hydrogen storage by physisorption at cryogenic temperatures. 6 kilograms of hydrogen produce 30 MJ of heat
when the binding energy of hydrogen on the surface of a given material is 10 kJ - mol™* H. If liquid nitrogen is
being used to maintain the temperature at 77 K and the heat of vaporization is 5.6 kJ - mol, 5400 mol N2 (150 kg)
is circulating in the cylinder. Using such a large amount of liquid nitrogen for cooling purposes would be
problematic for engineering. The synthesis of hydrogen compounds often takes place under increased hydrogen
pressure as a result of chemisorption with larger binding energies, and heat is generated in the exothermic
reaction. For hydrogen release a lower pressure is adjusted and the system is heated to higher temperatures.
The gravimetric hydrogen storage capacity of some metal hydrides is less than 3 wt.%, although they can operate
close to room temperature [28]. Some of the complex and light metal hydrides have significant gravimetric
storage capacities, such as 7.6 wt.% for MgH2 and 18 wt.% for LiBH4. However, high temperatures are required
for these hydrides to release their hydrogen. MgH-, for example, requires a temperature of about 573 K. In the
case of complex hydrides, the release of hydrogen is somewhat more complicated, requiring several steps at
different temperatures [29]. In order to enable the storage of hydrogen in a solid-based system at room
temperature with an acceptable storage density, different strategies were investigated and evaluated. In
physisorption systems based on porous materials, the research focuses on improving hydrogen storage
capacities at room temperature. In chemisorption systems based on metal/chemical hydrides, this research

focuses on improving the kinetics and thermodynamics of the materials [30].

Physical
Storage

1 bar 150 bar 350 bar 700 bar liquid H,
normal lab cylinders Gen 1 vehicles Gen 2 vehicles 719 H,/L
0.3g/L 10 g/L 28 g/L 40g/L @ 20K
Reference
Materials __'.‘L- A E
-based v; 97
Storage “!’7-3# ®
==
interstial hydrides  complex hydrides  chemical storage sorbents water

~100-150g HyL  ~70-150 g H,/L ~70-150 g Hy/L <T0gH,L 111 g HylL

Figure 6: Compressed hydrogen in physical storage vs. material-based storage facilities with their

corresponding storage capacities [31]
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Compressed gas can be used, for instance, in tanks as illustrated in this chapter, but only for smaller quantities.
For larger quantities, pipelines as well as natural storage facilities such as salt caverns, depleded fields or aquifers
are used, which is explained in detail in chapter 2.4. To maximize energy efficiency, hydrogen can be safely
transported and stored in large quantities. The impact of HE is more pronounced in the presence of increased

hydrogen pressure [32].

Hydrogen as the smallest atom, may easily enter into metals and reduce their ductility, which is particularly
apparent in steel. In 1874, Johnson had already investigated the remarkable changes in their mechanical
properties of iron and steels when immersed in hydrogen and acids. With this work, he founded the field of HE

research with many open questions remaining [33].

In compressed hydrogen gas, it is possible for HE to occur, however. For this reason, effects for hydrogen traps

are described in more detail in the next chapters.

2.1 Hydrogen in steel

In the following chapter the absorption, diffusion, trapping and damage mechanisms of hydrogen in steel will be

explained.

2.1.1 Hydrogen absorption

There are two major sources of hydrogen uptake in the material, one is compressed hydrogen gas and the other
is electrolytes such as corrosive media [1]. Hydrogen occurs in nature mainly as gaseous Hz. The gas molecule is
too large to cross the boundary between gas and metal or to diffuse interstitially through solid metals. Hydrogen
can only in atomic form enter a metal. For metals exposed to a gaseous hydrogen atmosphere, the gas-solid
interaction is described by three steps: Physisorption, chemisorption and absorption. The process is shown

schematically in Figure 7 [34-36].
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Gas molecule, H,
l 2. Dissociationof H,> H+H
1. Adsorption, H,

PeTsilen

3. Absorption, H,,

Figure 7: Steps of pressure hydrogen uptake into a metal, modified, original [37]

Van der Waals forces are the basis for physisorption, taking place between the metal surface and an adsorbed
molecule. Physisorption is completely reversible and it is usually immediately effective. Chemisorption is a
chemical reaction between a metal surface atom and the adsorption molecule. This sorption is generally slow
and can be either reversible or irreversible. With the formation of covalent bonds between an atom or adsorbent

molecule, this process can lead to direct dissociation of the molecules to atomic hydrogen. [36,38].

The hydrogen molecule is dissociated either directly or by surface diffusion following physisorption with
subsequent dissociation. Dissociation is a chemical reaction and part of chemisorption. The reaction takes place
if it is energetically more favorable to split Hz2, which is still attracted to the metal surface due to the Van der
Waals forces, into two individual atoms, which can now stick even closer to the surface [35,39,40]. The reaction

equation of dissociation is known as Tafel reaction, see Eq. (1) [41,42]:
2M + H, © MH, 4, + MH,,, (1)

M denotes an atom of the metal surface and Hags denotes a hydrogen atom that is adsorbed on the surface.
Absorption is a gas-solid reaction in which the chemisorption products are diffused into the crystalline lattice of

the steel. Hydrogen absorption can take place in atomic or ionic H* [36,38] state.

A metal’s hydrogen solubility S can be calculated with the help of Sieverts' law, in Eq. (2) [43]:

S =S p-e BT )
with So representing the solubility constant, p the hydrogen partial pressure, AH the enthalpy of solution, T the
absolute temperature and R the general gas constant. Eq. (2) above describes pressure and temperature
dependence of hydrogen solubility as first described by Sieverts [44]. The hydrogen solubility of pure iron as a
function of temperature is shown in Figure 8. From this graph, it can be seen that the hydrogen solubility in liquid
iron is very high. In solid iron, the solubility is higher in the y form also known as austenite compared to the a
form also often referred to as ferrite, bainite or martensite. In high temperature processes, a large amount of

hydrogen can diffuse into the steel although only a low solubility of hydrogen in iron is given at room temperature
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and cracking and embrittlement can happen. The solubility of a given material is a function of its microstructure

and chemical composition [45].
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Figure 8: Hydrogen solubility of pure iron versus temperature, the H-content is given in wt.% [45]

Hydrogen stabilization of austenite has been found to not depend on the amount of hydrogen, but on the way,
it is introduced into the austenite before it is transformed to martensite. Stabilization is understood as a
decreasing tendency to martensite transformation. Due to the higher solubility in y-Fe, the hydrogen stabilizes
the austenite, which is shown by a decreasing tendency to martensite transformation. The test results show that
with cathodic charging, austenite stabilization is clearly observable. At room temperature, the hydrogen

solubility in pure iron is very low [46,47].

Hydrogen absorption in agueous media, is the second important way of hydrogen absorption. While carbon steel
absorbs less than 1 ppm hydrogen in 1 bar H2 at room temperature, corrosion attack by acids, H2S or simply
water can result in hydrogen uptake of several ppm [37]. When metals are in solution during the corrosion
process, they donate electrons (e”) during oxidation. The anodic partial reaction of this electrolytic corrosion of

Fe is given in Eq. (3) [1]:
Fe+ 2H" —» Fe?* + 2H (3)

In a redox reaction, a reduction must also take place at the cathode, which consumes the released electrons. In
connection with hydrogen absorption and embrittlement, this is taken over by the partial reactions. The
corrosion attack is mainly influenced by the first partial reaction the Volmer reaction, which is described in Eq (4)

for acidic and (5) for neutral electrolytes below [1,48]:
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H* 4+ e~ © H,; inacid electrolytes (4)
H,0+e~ © H,y; + OH™ in alkaline electrolytes (5)

where Had is the designation of the adsorbed hydrogen atom. Electrolytic hydrogen absorption takes place via
the Volmer reaction, in this process, adsorbed, atomic hydrogen is formed on the metal surface by either an
external, cathodic current or by a corrosion attack, which is absorbed into the material or recombines on the
surface according to Tafel or Heyrovsky. The Had can then be absorbed by the material or reacts further by one
of the two reactions according to Heyrovsky, for acidic and basic electrolytes, shown as Eq.s (6) and (7)
[1,34,36,49]:

H,; + H' + e~ © H, inacid electrolytes (6)
H,q + H,0+ e~ © H, + OH™ in alkaline electrolytes (7)

The adsorbed hydrogen atoms can also recombine into H2 according to Eq. (1). This is also known as chemical
desorption. H2S acts as a recombination poison and promotes the Volmer reactions. Recombination inhibitors
promote hydrogen uptake by inhibiting, the Tafel or Heyrovsky reaction [37]. The partial reactions can be seen
in Figure 9 [1,34,50]:

Heyrovsky Volmer
€ +H +Hay— (Ho)o H' +€ — Hug Tafel
- Had e Had + Had S (Hz)ad

Figure 9: Three most Important reactions for the hydrogen uptake [51]

Hydrogen atoms are generated during corrosion in oil and gas by the help of H2S and CO.. The effect of the main
corrosive species during storage in old reservoirs for gases containing H2S and COz and are given in the following
Eqg.s (8) to (10) [52]:

€O, + H,0  H,CO, (8)
H,CO; © H* + HCO;~ (9)
H,S & H* + HS~ (10)

Therefore, two types of corrosion are distinguished in tubing and casing materials: sweet corrosion in the
presence of CO2 and sour corrosion when HaS is present. Sweet corrosion occurs in pipeline steels when CO2
reacts with H20 to produce carbonic acid. The dissociation of H.COs hydrogen ions for the cathodic reaction and
lowers the pH. The second, but severe type of corrosion of pipeline steels takes place in the presence of
H2S [53-55].
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HaS dissociates into H* and HS". The HS ion acts as a hydrogen recombination poison and prevents the formation
of hydrogen molecules [53-55].

H.2S accelerates the Volmer reaction and reduces the recombination rate, and increases the degree of surface
coverage with hydrogen atoms [56]. Therefore, it is a strong promoter of hydrogen uptake and consequently
hydrogen embrittlement. As shown in Figure 10, H2S is stable especially at low pH values and thus effective as an

electrode poison. When corrosion occurs in the presence of H:S, the steel forms an iron sulfide layer (FeS), which
can reduce hydrogen absorption [57-60].
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Figure 10: Species activity of HzS, HS" and S* as a function of the pH value [57]

In general a low pH value results in an increased absorption of hydrogen into the material, as illustrated in Figure
11 [52].
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Figure 11: Influence of the pH value on the hydrogen content [61]
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2.1.2 Hydrogen diffusion

For steels, it is important to understand hydrogen transport. Diffusion is affected by microstructure [62]. In 1855,
Fick [63] found that a concentration gradient leads to a material flow that will attempt to compensate for this
imbalance. He observed that the particle flux jo in the present case of hydrogen flux is proportional to the
concentration gradient, a relationship known as Fick's first law, see Eq. (11). In absence of hydrogen interactions

with lattice defects, this can be described in a one dimensional formula as [64]:

i, = —D de (11)
Jp = d

x
where D is the diffusion coefficient, c is the concentration and x is the characteristic length. Diffusion's driving
force is the concentration gradient, and hydrogen flow in metals is given by Fick’s first law, in Eq. (11). Second
Fick’s law, for nonstationary diffusion, Eq. (12) explains the change of the hydrogen concentration into a volume.
As the diffusivity is constant and is independent of location and concentration, the following applies [64,65]:

dc d%c

_pZlt (12)
at 0x2

for multidimensional forms resulting in Eq. (13):

dc  DAc= D d%c N d%c N d%c (13)
ac = 00T Pl\axz T gy T 922

where A is the Laplace operator and t is the time. In the equations, the diffusion coefficient is a value derived
from the frequency of jumping of atoms in the crystal lattice, but macroscopically observed diffusion and
transport of hydrogen is usually mediated by diffusion paths. Hydrogen atoms can be trapped in various lattice
defects and detrapped, therefore Fick’s laws must be modified for such processes. McNabb and Foster [66]
provide a general formulation of diffusion involving trapping and detrapping. The effective diffusion coefficient
(Deff) is dependent on temperature and additionally is strongly influenced by microstructure, mainly by the

distribution and density of the different traps [64,65].

2
For diffusion of hydrogen in pure and undeformed a-iron from 25 to 800 °C, D is of the order of 10_5% to

2 2
2 - 10‘4%compared to about 107%t0 8 - 10‘4% for nickel from 25 to 1200 °C. The hydrogen diffusion

rates in pure metals at room temperatures depend in particular on the crystal structure. The hydrogen diffusion
coefficients D are generally four to five orders of magnitude higher for body-centred cubic (bcc) metals such as
Cr, Mo, V, W, Nb or a-Fe compared to face-centred cubic (fcc) metals such as Cu, Ni or Al or hexagonal close-

packed (hcp) metals such as Mg, Zn or Ti at room temperature, see Figure 12. The hydrogen diffusion distance is

2
V2D - tin bec iron with a Des value of about 107> % at 25 °Cis about 45 pum in a time of 1 second, while for

2
nickel with a Def value of about 1071° % the corresponding distance is about 0.1 um. For alloys with a complex
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microstructure, Defi-values at room temperature decrease as the number and strength of the traps increase. Dest
at 20 °C for ferritic steels vary by 3 to 4 orders of magnitude for different microstructures. For higher strength
steels, Deff values have a tendency to be lower due to a larger volume of carbide phases and a higher dislocation
density. The hydrogen diffusion rates increase with temperature, see Figure 12. An increase of temperature will
increasingly activate hydrogen from traps with rising trapping energies and more and more hydrogen will be

released from the lattice [67-70].

1000 600 400 200 100 25 (*C)

103

10% |

10° F

10° F

107 |

108 |-

Diffusion coefficient D (cm?/s)

Figure 12: Hydrogen diffusion coefficients plotted as a function of inverse temperature for Fe and Nb (bcc), Ni

(fcc) and Ti (hcp), from [67,70] modified from [71]

Hydrogen diffuses through the lattice as a response to 1) the hydrogen concentration, 2) the temperature and
3) the hydrostatic stress fields, where the third factor is the most important with respect to HE. Transport of
hydrogen through mobile dislocations can be faster than through lattice diffusion. Transportation of hydrogen
through dislocations could play an important role in moving hydrogen from the inside of the grain to the grain
boundaries, promoting intergranular fracture. In some cases, hydrogen may also diffuse faster along grain
boundaries than through the lattice, although if the trap density is higher at boundaries compared to elsewhere,

the diffusion of hydrogen at grain boundaries could be slower than through the lattice [71].

In the permeation test, the Det of hydrogen in steel is determined. Which provides information about the
trapping behaviour of the material. Multiple charging of the same specimen can distinct deep traps from shallow
hydrogen traps and one can derive which type of trap is dominating. Complex sample preparation of the thin

membrane, including the palladium coating, is mandatory to avoid corrosion on the oxidation side [72-75].
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In 1920, Daynes was already working on the effect of diffusion and a formulation to describe the transport
through a rubber membrane. Daynes specified the time delay as the value of the integrated current’s value at
the crossing point of the time [76]. To determine the effective diffusion coefficient the standardized time-lag-
method according to Eq. (1) was used. The effective diffusion coefficient is represented as Def, the time to 63%
of the maximum current as tiag and the sample thickness as L [74]:

L2

Dppp = ——
efr 6 - tlag

(14)

2.1.3 Dissolved hydrogen

Dissolved hydrogen is located at interstitial sites in an ideal single crystal. In Figure 13 only two types of interstitial
sites — octahedral (O) and tetrahedral (T) are shown, because they are the only ones that can be occupied by H
atoms. In close-packed lattices for face centered cubic (fcc) and hexagonal close packed (hcp), there is one
octahedral and two tetrahedral gaps for each metal atom, whereby the octahedral gaps are the larger ones. The
body centered cubic (bcc) lattice has three octahedral and six tetrahedral sites acting as possible traps. According
to the Somenkov rule of 1979 [77], in all metals with an atomic radius of more than 1.4 Angstroms, the
tetrahedral gaps are occupied by hydrogen, this applies to Sc, Ti, Y, Zr, Nb, La, Hf, Ta, W. In metals with smaller
atomic radii such as Cr, Mn, Ni, Pd the octahedral gaps are occupied. In V, both interstitial sites can be occupied

[77].

Figure 13: Interstitial sites at the octahedral or tetrahedral gap in the three most important metal lattices [78]

The high H mobility is caused by two reasons. Firstly H atoms are dissolved interstitially and no vacancy has to

be formed to enable diffusion. Secondly, a change of location can occur via quantum mechanical tunnelling [79].
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Hydrogen molecules who interact with a metal will dissociate at the surface and will dissolve as atoms inside the

metal after the following reaction:
H, (gas) — 2H (metal) (15)

with its concentration according to Sieverts’ law:

ey = /Pu, Ks (16)

where ¢y [mol/cm3] is the dissolved H atom concentration, K is the Sieverts constant and Pu,is the partial
hydrogen pressure in bar. Sieverts (1914) showed by the revelation of this relationship that hydrogen is dissolved

atomically and that dissociation of the molecules is necessary prior to their absorption. [79].

Hydrogen uptake from the gaseous phase is determined by hydrogen partial pressure. With low hydrogen
contents in the metal lattice, the solid solution can be described as an ideal Eq. and according to Sievert's law
[44]. As a result, the concentration of hydrogen in bcc for ferritic steels or body centered tetragonal (bct) for
martensitic steels can significantly increase the concentration of hydrogen at the interstitial sites. In general, the
concentration of trapped hydrogen is in local balance with the concentration of dissolved hydrogen. This local
balance can be maintained because hydrogen is mobile in the majority of metals, including those at room

temperature. Due to this mobility, hydrogen atoms can move between interstitial sites [37].

2.1.4 Hydrogen traps

A trap for hydrogen is a place where the probability of a hydrogen atom to escape is lower than in an interstitial
place. Trapping hydrogen is thermodynamically more beneficial than in the lattice itself because the atoms in
the traps have a lower energy. The hydrogen concentration in steel can reach significantly higher values,
especially at temperatures below 300 °C, than from Sieverts’ law. The reason for this is that hydrogen is not only
in solid solution in the lattice, there is also accumulation at lattice defects, which provide an energy favorable

environment for hydrogen [34,45,80].

The main challenge for understanding the mechanisms behind hydrogen embrittlement is the mapping of
hydrogen incorporation. Increasingly, Thermal Desorption Spectroscopy (TDS) is being used to obtain conclusions
about local hydrogen traps. Voids, dislocations, grain boundaries, phase boundaries, precipitates and pores are
some examples of potential lattice defects that can lead to hydrogen incorporation. The following chapter 2.2
describes the various types of hydrogen traps more detailed. The transferred hydrogen is shown in green in the

following Figure 14, while the trapped hydrogen is shown in orange [81].
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Figure 14: Possible hydrogen trapping and transport at various types of defects, adapted, originally from [81]

In TDS measurements, the samples are preloaded and discharged at different heating rates. These different
critical heating rates lead to shifts in hydrogen discharge. Traps with different binding enthalpies will release
hydrogen at different temperatures. The resulting peak temperatures change with the heating rate during
discharge. In Arrhenius plots, the resulting hydrogen peaks at different temperatures are plotted In(®/Tp2)
versus 1/Tp corresponding to the Kissinger Eq. (17) for different heating rates. The binding enthalpy of a trap for
hydrogen can be determined from the resulting straight lines’ slope, and the type of trap can be determined

from the knowledge of the microstructure [82].
dln(%) _

: _Ea (17)
d(ﬁ) R

Binding energy EB and trap density NT characterize each trap in the lattice. Traps with a binding energy
EB > 60 kl/mol can be considered as very strong or deep and irreversible and those with EB < 30 kJ/mol as weak
or flat and reversible. There are usually several traps that interact with the lattice hydrogen and influence the
overall behaviour of the steel. In fact, irreversible traps will always act as a sink for hydrogen. Li et al. [83]
investigated different trap states and it was found that hydrogen can be trapped in multiple locations.

Substitutional atoms, ferrite-cementite interfaces and various incoherent carbides can act as traps [84,85].

A further very important method for a better understanding of the hydrogen behaviour in the material is
hydrogen permeation. Performing permeation tests determines the effective hydrogen diffusion coefficient.
Permeation tests are performed according to the standard ISO 17081 [74] using a Devanathan-Stachursky cell
[73]. The method can also be used to determine the presence of trapped hydrogen. A complex sample
preparation with palladium coating is used to avoid corrosion and to act as a recombination blocker for Hz on

the oxidation side [72].
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Based on their geometric properties, lattice defects can be classified in three geometric dimensions according to

Table 1. From their microstructure and their defects, the HE of steels is significantly influenced [64,86].

Table 1: The classification of the lattice defects by their geometric dimensions [86,87]

Geometric Dimension Specific type Density Energy

Vacancies, interstitial atoms
0-dimensional m-3 J
and substituted atoms

1-dimensional dislocations m"

grain boundaries, twin
2-dimensional m? Jom
boundaries and stacking faults

segregations, pores and
3-dimensional m Jom?3
inclusions

The diffusible hydrogen in steels is on the one side determined by the total hydrogen content in the steel and on

the other side on the distribution and concentration of the various traps in the lattice [84,88].

To understand the interaction of hydrogen with dislocations and cracks, it is necessary to examine the solubility
and diffusivity of hydrogen, although theories and results are different. Therefore, consideration of the
interstitial sites for hydrogen in iron, solubility, diffusivity, hydrogen trapping and the interaction of hydrogen

with dislocations and cracks is of high importance [88].

The most common defects and their hydrogen trapping ability are explained in detail in the following subsections.

Vacancies

Lattice defects that are not filled with an atom are called vacancies, these are point defects (0-dimensional
defects), see Figure 15. The concentration in which vacancies occur, the so-called vacancy density, depends on
temperature. At room temperature it is lower (ca. 1012 representing 1 vacancy per 10'? atoms). At higher
temperatures close to the melting point the vacancy density reaches values near 10 representing 1 vacancy per
10000 atoms. The concentration of vacancies essentially influences the course of thermally activated space
exchange mechanisms in metals, which means that a much greater density of vacancies can be expected at high

temperatures. This can be controlled by the cooling rate, whereby fast cooling leads to an increased vacancy
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density. The vacancy density influences significantly the course of thermally activated processes, such as
diffusion. It is possible for the crystal to be in thermodynamic equilibrium when vacancies are present, which is

not possible for all other lattice defects [69,86].

Figure 15: Schematic visualization of a vacancy [69]

When a hydrogen atom donates its electron to the electron gas of the metal, electron vacancies will attract
hydrogen to achieve local neutrality. Therefore alloying elements that are electron donators (elements on the

left side of the periodic table of the elements) favor hydrogen uptake [89].

Interstitial and substitutional atoms

Both interstitial and substitutional atoms are point defects (0-dimensional defects). If an atom is not located in a
lattice position, but in between, then it is an interstitial atom, which can be seen in Figure 16. An interstitial atom

is often created when an atom moves out of its lattice place and leaves a vacancy there [69].

Figure 16: Schematic visualization of a interstitial atom [69]
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Foreign atoms are often dissolved in the lattice and a solid solution is present. When these atoms move into

lattice places they are called substitutional atoms, as shown in Figure 17 [69].

Figure 17: Schematic visualization of a substitution atom [69]

In case a small atom is located on an interstitial site, it is also called insert atom, which can be seen in Figure 18.
If large amounts of different atoms are dissolved in the lattice, the resulting crystals are called mixed crystals.
These are important components of metallic alloys. The tension in the lattice caused by these atoms in the solid

solution, leads to a pronounced increase in strength [69].

Figure 18: Schematic visualization of an insert atoms [69]

Dislocations

Dislocations are linear lattice defects, they belong to the 1-dimensional defects. There are two different forms:
Step dislocations and screw dislocations. Step dislocations, can be imagined as lattice planes ending in the crystal,
see Figure 19 a). In screw dislocations, the lattice planes are screw twisted perpendicular to them in the area of
the dislocation cove, see therefore Figure 19 b). In general they are a combination of both types of dislocations.
Dislocations either start at the surface of the crystal and end inside the crystal or form closed rings, so-called

dislocation loops [69,86].

-21-



THEORETICAL OVERVIEW

Figure 19: Schematic visualization of the different dislocation mechanism: a) step dislocation; b) screw

dislocation [69]

Their concentration is indicated by the dislocation density that is the line length per volume unit. In a soft

mm

annealed metal, it is about 10° which means that in a volume of 1mm?3 there are dislocation lines up to 1 km.

mm3
This length can increase to 10.000 km through cold deformation. Therefore, the stress fields of the dislocations

influence each other because of their density [69].

A common mechanism for the fast transport rate of hydrogen in the lattice is transport by mobile dislocations
[90]. The dislocations are inserted into the microstructure of steels by cold deformation. Dislocation density
increases with increasing plastic deformation. Therefore the number of hydrogen traps increases as well [91].
The dislocation density in a cold worked austenitic phase is higher than for example in a solution-annealed one,
which leads to a larger amount of transported hydrogen. If the amount of dislocation is high, hydrogen is
transported in significant amounts over sufficient distances, which can lead to a failure of the material [92].
Transport of hydrogen through moving dislocations is the main transport mechanism, as it is significantly faster

than diffusion and is also operative at lower temperatures [93].

Grain boundaries

Grain boundaries are the most important group of 2-dimensional lattice defects. The boundary between two
crystals which are tilted against each other with a small angular difference is formed by a series of parallel step

dislocations, as shown in Figure 20. Small-angle grain boundaries may also be known as subgrain boundaries [69].
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Figure 20: Small-angle grain boundary [69]

When a crystal in its growth process encounters another crystal, either during solidification or recrystallisation,
the lattice planes of the crystals form larger angles to each other. If there is a large angular difference between
two crystallites, a transition zone with an irregular atomic arrangement with a thickness of 2-3 atomic distances
is usually formed, see Figure 21. The energy of the large-angle grain boundary is usually higher than that of the

small-angle grain boundary and is between 30 and 50% of the surface energy, depending on the metal [69,86].
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Figure 21: Large-angle grain boundaries [69]

Under certain conditions, two crystals can form an undistorted grain boundary. This is the case with twin
boundaries, where the two crystals are arranged mirror-symmetrically to the grain boundary, such boundaries
have the lowest energy content of all 2-dimensional defects. Twins are primarily found in fcc materials with low
stacking fault energy such as brasses, bronze alloys, and austenitic stainless steels. Stacking faults are

2-dimensional lattice defects which disturb the stacking sequence of parallel planes [69,86].

Grain boundaries can positively or negatively influence the sensitivity of steels to HE, as they affect the diffusion
behaviour [34]. Grain boundary engineering can reduce the sensitivity to HE [94]. A large proportion of grain

boundaries with a high number of interfaces is considered to be most favourable for the resistance of steels

against HE [95].

-23-



THEORETICAL OVERVIEW

Phase boundaries

In the case of a phase boundaries, the crystal structure and the type of bonding changes. The differences of the
crystal structures cause different two-dimensional structures at the phase boundaries: coherent, partially
coherent and incoherent phase boundaries are shown in Figure 22, in the same order their energy increases.
Partially coherent interfaces contain dislocations at regular intervals, so-called misfit dislocations. Interfaces exist
as boundaries between two phases, in all phase transformations in the solid state and in composite materials.

Boundaries between differently oriented crystallites of the same phase are grain boundaries.
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Figure 22: Types of phase boundaries a) coherent, b) partially coherent, c) incoherent [86]

By molecular dynamic simulations it has been found that in pearlite, the thickness of the cementite phase and
the ferrite grain orientation both affect hydrogen uptake. The amount of adsorbed H-atoms decreases with the
cementite phase thickness. The strength of the cementite-ferrite interphase is increased after hydrogen uptake.
It has been observed that hydrogen uptake and the formation of hydrogen clusters at or near the phase

boundaries influence the mode of failure (towards the ferrite-ferrite boundaries) [96].

Other effects of traps influencing HE

Inclusions such as manganese sulphides, aluminum oxides, titanium oxides or iron carbides are very often the
source of hydrogen-induced cracking in steel. In general, if the amount of inclusions is low, the resistance to

hydrogen-induced cracking is high [97-100].

Ti, V and Nb can form carbides and/or nitrides in steels during heat treatment. These precipitates work as
hydrogen traps and increase hydrogen absorption, therefore slowing down the effective diffusion coefficient of

the material [64,101].

In the microstructure, retained austenite acts as a strong hydrogen sink due to its high solubility, slow diffusion
and strong trapping at the interface [102,103]. Hydrogen embrittlement is retarded with an increased amount

of retained austenite when the retained austenite is finely distributed [104]
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2.1.5 Damaging mechanisms

The following mechanisms of HE are the most commonly acknowledged [37,71]:

e Hydrogen Enhanced Decohesion (HEDE)
e Hydrogen Enhances Localised Plasticity (HELP)

e Adsorption Induced Dislocation Emission (AIDE)

For decades, research has been conducted to determine which damage mechanism is predominant. Until now,
this debate has not been settled, since it is unlikely that only one theory can applied to all hydrogen-induced

embrittlement processes. The three most mechanisms are described below.

HEDE mechanism was first introduced by Troiano [105] in 1959, where the mechanism describes the effect of
hydrogen on the atomic cohesion force in material and was subsequently further developed by Oriani, Wriedt
and Josephic [106-108]. According to HEDE mechanism, hydrogen leads to a reduction of the cohesive bonding
strength in steel. Troiano [105] proposed that the reduction of the cohesive strength is due to the transfer of the
1s electron of hydrogen to the incomplete 3d shell of the iron, which yields to decohesion of the atoms, see
Figure 23. HEDE mechanism is widely accepted, although there is no direct experimental evidence that hydrogen
leads to a decrease in strength. That is because there is no suitable technique for determination of cohesive bond

forces between atoms [109,110].

Material failure occurs when a critical hydrogen concentration is locally exceeded. Consequently a decrease of

hydrogen content is desirable for the prevention of hydrogen embrittlement [105,109].
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Figure 23: HEDE mechanism is shown schematically [111], adapted from [112]

Back in 1972, Beachem [113] developed a new model for hydrogen-assisted cracking (HAC) that explains the
decrease in plasticity and the changes in fracture types with decreasing stress intensity at the crack tip of
hardened and tempered steels. According to this model, the deformation processes in the microstructure is
made possible by sufficient concentrated hydrogen being dissolved in the lattice shortly before the crack tip
[113]. Robertson [114] developed this theory and suggested that hydrogen promotes local plastic deformation,

which contributes to the deformation of the material and leads to fracture under load.
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HELP mechanism primarily is related to dislocation movement [64]. In this mechanism, where hydrogen
accumulates primarily at the crack tip, brittle crack growth is hindered when compared to hydrogen free
conditions, leading to a process of microvoid coalescence in front of the crack tip [115]. This diffusion of hydrogen
into the area in front of the crack is essential for the occurrence of the mechanism [71]. A presumption for
plastification of the material is that the H atoms move with the dislocations. Depending on whether the hydrogen
is more concentrated in the grains or at the grain boundaries the crack path can vary. Hydrogen increases the
rate of dislocation sources and promotes dislocation reactions which result in the generation of vacancies and

vacancy complexes [115,116]. HELP mechanism is schematically shown in Figure 24.

H concentration

Voids ©~~ T ==—===-77

Figure 24: The HELP mechanism is shown schematically [111], adapted from [112]

AIDE mechanism was first proposed and developed by S. Lynch [117,118]. These theories of HE based on
adsorbed hydrogen were suggested much earlier by others, such as Petch in 1956 [119], but the claims were
explained by thermodynamic methods, with a reduction in surface energy. Clum [120] was the first to suggest in
1975, on the basis of ion microscopic field observations, that the adsorption of hydrogen could promote the
nucleation of dislocations on the surface. There was no indication on his part of how such a process could cause
embrittlement. The AIDE mechanism promotes enhanced local plasticity by hydrogen, in a similar way HELP
mechanism describes it. The main difference between the two is that AIDE considers that the localized plasticity
is due to adsorbed hydrogen on the surface, while HELP mechanism considers the dissolved hydrogen in the
material playing the main role. Due to the absence of dissolved hydrogen, the occurrence of HELP mechanism is
not possible, and HEDE mechanism could be excluded because localized plastic deformation was

present [34,117,118].

The concept of AIDE mechanism is dislocation emission, involving both nucleation, which is promoted by
hydrogen adsorption, and movement of dislocations away from the propagating crack tip shown in Figure 25.
This nucleation of dislocations occurs through a process of shearing, which is a consequence of the weakening
of interatomic bonds over several atomic distances in the near presence of high concentrations of hydrogen. The
crack growth is assumed to occur by the same mechanism of dislocation emission and also by nucleation and
assembly of voids prior to the ongoing crack. Dislocation emission is induced at a sufficiently high stress so that

dislocation activity is induced at the plastic zone in front of the crack tip [34].
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Plastic zone

H atom e

Figure 25: The AIDE mechanism is shown schematically [111], adapted from [118]

There are also other HE mechanisms such as Hydrogen Induced Phase Transformation (HIPT) shown in Figure 26.
It has been proposed that some transition elements interact with hydrogen and form brittle hydrides. These
brittle hydrides prevent the movement of dislocations and create a stress concentration at the crack tip, which

usually occurs in titanium and other refractory metal alloys [121-124].

Crack tip Crack blunting

P
7

/

Brittle hydride Cleavage of hydride
Figure 26: The HIPT mechanism is shown schematically [111], adapted from [112]

The simultaneous occurrence of several mechanisms is common in practice. Dislocations are formed by AIDE at
the crack tip and can move away from the tip more easily thanks to HELP. As shown in Figure 27, the crack growth
in the AIDE mechanism could be accelerated by HELP creating voids at slip bands or by HEDE splitting the particle

matrix interface [71].

Figure 27: Schematic illustration of the mechanism AIDE with the contribution of HELP and HEDE [115]

For each fracture mode, the dominant mechanism is different, depending on many variables such as strength or

microstructure of the examined material. AIDE process dominates in cases, where many voids occur along
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transgranular and intergranular paths. HEDE dominates where fractures are brittle and intergranular, especially
when additional embrittling precipitates are present at the grain boundaries. HELP makes a significant

contribution to slip band fractures [125].

2.2 Types of gas reservoirs

The European natural gas transmission system operator ENTSOG together with several other partners have
published an interactive map of all hydrogen infrastructure projects in Europe called H2 Infrastructure Map
Europe, see Figure 28. The map contains hydrogen infrastructure projects and shows the development of the
projects up to the year 2050. The projects shown are divided into 5 categories, transport pipelines, distribution
pipelines, platforms and ports, storage and production projects. By 2040, there will be one aquifer storage facility
in Spain, and one in Latvia that will be operated with hydrogen. Depleted fields are also planned to be operational
in Austria, Czech Republic, Hungary, Italy, Greece and Germany, Spain and Ireland by 2040. The main salt caverns
are located in northern Germany, but there are also caverns in Ukraine, France, Portugal, Spain, Ireland,
Netherlands and Slovakia. [126]. This project will contribute significantly to the climate targets of the EU as well
as to the targets of the Austrian climate policy. Furthermore, the hydrogen energy pipelines will not only create
transport capacities for green hydrogen, also significant hydrogen import opportunities for Austria. The
changeover from fossil to renewable energy sources is strongly supported and the Austrian industry will be

decarbonized in a sustainable way [127].
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Figure 28: Infrastructure map for hydrogen in Europe [126]
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Underground hydrogen storage (UHS) in geological structures can be categorized into three major groups. The
main gas storage facilities include depleted gas/oil reservoirs, salt caverns and aquifers, which are illustrated in
Figure 29. The above underground storage options are used for various types of gas storage, like CO2, methane
and recently hydrogen. Hydrogen has the highest energy content per unit mass, which is 2.5 to 3 times higher
than that of methane. In reservoir conditions, the density of hydrogen is about ten times lower compared to
natural gas, which means that the storage volume for the same amount of energy has to be about 3 to even 4
times higher. Geological sites which can be used for underground storage of gases can be divided into two
categories, firstly in permeable media, where the gas is stored in the pore spaces of sandstones or carbonate

formations, or secondly in cavern storage, where the gas is stored in cavities created in a dense rock [19,128,129].

STORAGE IN SALT CAVERNS

[

Figure 29: Various types of energy storage facilities, in a) storage in depleted field, in b) storage in salt caverns

and in c) storage in aquifer [130]

2.2.1 Storage in depleted oil and gas reservoirs

Natural gas and oil deposits occur in so called geological traps, which are supported by an impermeable layer of
hard rock (cap rock) that is additionally protected by an underlying aquifer. These traps usually consist of an
accumulation of hydrocarbons in the pore space of sandstones. The cap rock that seals the reservoir has a very

low permeability and keeps the hydrocarbons in the reservoir and prevents them from leakage [19,131].

The most common storage facilities for underground storage sites are depleted gas reservoirs. These types of
reservoirs are usually equipped with the necessary above and underground devices that can be used for
hydrogen storage. By adapting them to the requirements of UHS, the costs can be reduced. To enable a depleted

hydrocarbon reservoir to be used as an underground hydrogen storage site, a number of geological criteria must
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be fulfilled. A full evaluation of the processes involved in the implementation is required, including geological
and technical aspects. The type of the used pipe, steel and cement, whether they are suitable for hydrogen and

their facilities on the surface, with the safety aspect of storage being the most important issue [131].

The big advantage of depleted hydrocarbon reservoirs with respect to the others is that they have been well
identified during their exploration. The impermeability of a depleted reservoir is guaranteed by its existence for
millions of years. Typically, such storage facilities contain a certain amount of remaining gas that can be used as
cushion gas. In 1979, Carden & Patterson [132] already discovered that the presence of cushion gas improves
the performance of the storage and its efficiency. Furthermore, it was found that 1% per cycle of the injected
hydrogen can be lost due to the operating process, while 0.4% of the injected hydrogen of the first cycle can be
lost due to the dissolution of the hydrogen in the formation brine. Planning the establishment of a UHS in a
depleted gas reservoir, the most important aspect is to stop production of gas at an optimal time. In this way,
the reservoir can be established in a shorter time and at lower cost. In general, there are 5 years before newly
constructed UGSs reach their perfect operating parameters. Reservoir formation water which has been injected
into the gas reservoir after the shutdown of production is expelled during this time. The pressure in underground
reservoirs located in depleted reservoirs suitable for UGS often exceeds the original reservoir pressure, which
enables the storage of larger quantities of gas. Depleted oil reserves are rarely used for UHS, as large amounts
of hydrogen can be converted into methane CHgs, dissolve in the oil and be irreversibly lost in chemical reactions

with the residual oil [131].

2.2.2 Storage in salt caverns

Salt caverns are artificially constructed Chambers in salt reservoirs and are suitable for the storage of several
substances, especially for gases at high pressure. By injecting water they are obtained, which dissolves a part of
the salt over time. The brine is then removed. Then the gas is stored in the chambers that are leached in salt.
Storage chambers in salt are used because of the geological conditions which create density in the reservoirs,
the beneficial mechanical properties of the salt and its chemical resistance to reactions by most of the stored
substances. Due to the thickness of the salt deposits it is also possible to build underground storage facilities
with a large capacity. These specific properties of the salt guarantee a long stability and the impermeability of
the storage. In the UK and the USA hydrogen has already been stored successfully in several salt caverns

[130,131].

Form, depth, thickness of salt bed, its composition, distribution and dissolution of solid rocks are the main
parameters for selection of a salt dome for underground storage. The tightness of the reservoir can be affected
by inclusions of non-salt rock in the strata but also by easily soluble salts such as potassium-magnesium chlorides,

which can provide an escape trail [131].
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Sufficient water supply is another prerequisite for extraction of the cavern and to ensure the proper brine
removal. OPEX are lowest for salt caverns among all other types of possible storage facilities. These storage sites
are easily manageable and the gas can be injected and extracted several times during the year. They are well

suited for storing gas for peak periods [131].

Salt caverns are made by human and they are usually cylindrically shaped cavities in thick salt deposits,
constructed from above by injection of water into a drilled hole into the salt rock. This technology is so called
solution mining. Depending on the design and technical feasibility these cavities can be created at depths of up
to 2000 m, have geometric sizes up to 1 million m3, typically a height of 300 to 500 m, and a diameter of 50 to
100 m. Due to different depths, it is possible to operate them with a pressure of up to 200 bar, which makes it
possible to store very large quantities of gas. The physical properties of salt provide stability and density in the
long term. These properties also make them ideal for short-term storage to cover peaks. They are the most cost-
effective method of operating storage facilities. With several hundred meters of wall thickness, as well as

decades of experience with this type of storage, the safety aspect during operation is also guaranteed [133].

2.2.3 Storage in aquifers

Aquifers consist of porous and permeable rock layers with pore volume occupied by water, freshwater or saline,
located at greater depths. They are found in sedimentary reservoirs around the world and can be an alternative
for underground hydrogen storage in areas, where depleted hydrocarbon reservoirs or salt caverns are

unavailable. These facilities have been used safely as natural gas storage facilities since decades [131].

The storage of hydrogen in deep aquifers is quite comparable to the storage of hydrogen in depleted fields. Two
geological prerequisites are necessary for establishment of an underground storage facility. On the one hand the
selected rocks for injection must have good storage properties, and on the other hand the covering rock must
be impermeable, which prevents the escape of the gas. When the pore space of the aquifer selected for storage
is filled with water, this must be replaced and pushed to the side to create space for the storage. This requires a
high pressure. The injected gas has to replace the water, which will return when the pressure drops. The
boundary between gas and water shifts during operation and the water also seals the storage space downwards.
A significant amount of gas remains in the aquifer. The amount of gas that can be stored depends on various

parameters such as the volume, porosity, temperature and pressure in the reservoir [131].

Potential hazards exist related to the escape of hydrogen in aquifers like leakage along undetected faults or

biochemical reactions and reactions of hydrogen with minerals in the reservoir. The tightness of an aquifer, in
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comparison to depleted reservoirs is unknown and must first be determined. For this reason aquifer explorations
will require drilling, which will require extensive and costly testing to determine the tightness of the total
reservoir. This provision makes the establishment of such a storage unit more expensive. There is a low risk of
hydrogen leaking through to the surfaces. A potential eruption can be prevented with the automatic closing
system with a safety valve. Hydrogen stored in an aquifer cannot inflame due to the oxygen deficiency, this

completely eliminates the possibility of the formation of a flammable composition [131].

2.3 Conditions in gas reservoirs

The interaction of hydrogen with chemicals present in underground reservoirs is a factor that needs to be taken
into account. On the one side toxic gases can be formed and on the other side hydrogen can be lost due to these
chemical processes. With the exception of salt these deposits or excavated caverns are generally composed of
stable nonreactive minerals. The potential presence of sulfide, sulfate, carbonate and oxide minerals at the
surface of the minerals is of great importance. However, the deposit temperatures studied by Foh in 1979 [134]
are not high enough to initiate a reaction. Therefore, a reaction with these chemical substances is considered

unlikely at 298 K and a pressure of 2000 psi (equal to 137.9 bar) [134,135].

There is a possibility of hydrogen contamination when working gas mixes with cushion gas and dissolved gases
in the brine such as H2S, CO2 and CH4 in porous media. Potential anaerobic metabolic processes caused by
dissolved gases in the formation brine are major aspects that must be considered. Such brine is often saturated
with CHs and H2S, and if these gases interact with the injected hydrogen, the resulting chemical equilibrium
disruption can result in the release of H2S, CHa or CO2. The possible release of such gases could lead to

contamination of the injected hydrogen and eventual leakage of more toxic gases such as H2S [136-138].

In underground storage facilities, large amounts of hydrogen loss have been observed, which can be caused by
geochemical, biochemical or microbial growth reactions of hydrogen. The microbial interaction is the most
dominant cause on the loss of hydrogen in underground reservoirs and therefore a critical factor for UGS [139].
During hydrogen injection, there are four important biotic chemical interactions that can occur, shown in
Figure 30. Pore water may provide a suitable environment for the microbial activity resulting in accumulation of

hydrogen [140-142].
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Sulphate reduction Iron reduction

B a-0 & @&

Figure 30: Four major reactions that can occur during underground hydrogen storage, modified from [141]

Sulphate reduction

When sulphate is present in a reservoir, hydrogen can be transformed into hydrogen sulfide as an electron
donator when sulfate reducing bacteria are present, see Eq. 18. Anaerobic bacteria such as these are very
adaptable and have been detected in many underground gas reservoirs. Consequently, this reaction can be
expected in a hydrogen storage facility. Besides the loss of hydrogen, this interaction results in other significant
problems including the formation of a corrosive sour environment which leads to corrosion of well casings and
tubings. There may also be plugging near the borehole of the reservoir area due to sulfide precipitation, which
subsequently causes problems with hydrogen storage and injection. For a typical gas storage facility, the amounts

of HaS and carbonyl sulfide (COS) should not exceed a value of 5 % to avoid problems caused by corrosion [143].

Due to the effect of these sulphate reduction reactions, this amount can easily be exceeded [141,144].

S0;~ + 5H, - H,S+ 4H,0 (18)
Iron reduction

The iron reduction reaction uses iron oxide that is present in the mineral part of the rock. Slobodkin [145]
discovered a significant FeJ 05 reduction and 2Fej 0, increase by iron reducing bacteria in deposit rock at
temperatures ranging from 55 to 87 °C based on experiments with injection of pure hydrogen, see Eq. 19.
Different microorganisms have different threshold concentrations for the induction of these reactions, whereby
iron reducing bacteria have the lowest threshold. Therefore, this reaction has the highest chance of occurrence.
Nevertheless, as the microorganisms can increase in the presence of excess hydrogen during the storage phase,
also other reactions can occur at the same time. This reactions are sulphate reduction, methanogenesis and

acidogenesis [19,141].

3Fe3*05 + H, > 2Fe?*0, + H,0 (19)
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Methanogenesis reaction

Methanogenesis occurs in its presence of methanogenic bacteria and generates methane by the consumption of
CO2 and Hy, see Eq. 20. This leads to large hydrogen losses, nevertheless it can also be used as a CO:2 capture
mechanism due to its ability to consume CO2 and produce methane. The resulting CHas has a greater energy
capacity than hydrogen. Such an approach is cheaper than the existing industrial process, which requires the use
of high temperature and costly catalysts. The methanogenesis can take place at low pressures and temperatures

by the activity of methanation bacteria [141,146].
C0, + 4H, —» CH, + 2H,0 (20)

Panfilov [146] describes this reaction as resulting in a significant decrease of the reservoir pressure, as the
number of molecules decreases at constant pressure and temperature, and a significant amount of gas is
converted into water. This decrease of the pore pressure may look like a leakage of the gas in a reservoir.
Specifically, under typical reservoir storage conditions of depleted gas reservoirs at a pressure of 10 MPa and a

temperature of 35 to 40 °C with natural pH the reaction rate is optimal [141,147,148].

Acidogenesis reaction

In this metabolic reaction hydrogen and carbon dioxide are used up by homoacetogenic bacteria, producing
methane and acetate, which can be readily converted to acetic acid through protonation, can be seen in Eq. (21).
Although it is difficult to predetermine the possibility of the presence of these reactions at a specific deposit,
these can always take place if a suitable storage environment and the corresponding organisms are present. Both

methanogenesis and acetogenesis can take place at the same storage facility [149].
2C0, + 4H, —» CH;COOH + 2H,0 (21)

These studies have all indicated that biotic reactions lead to mineralogical variations and changes in flow
properties in the reservoirs under typical storage conditions at temperatures above 130 °C and pressures above
35 MPa during regular storage cycles of more than once a year. Therefore, the impact of these reactions should

not be underestimated for any underground hydrogen reservoir [141].

The following points summarize the parameters that are important for microorganisms in UHS. The permeability
is significant only for porous rock deposits. All other parameters are relevant for porous rock formations as well

as for salt caverns [150].

Temperature

Temperature for underground storage ranges from 30 to 150 °C, except salt caverns which have a lower
temperature range of 20 to 60 °C for recommended depths of 500 to 2000 m. Microorganisms can be classified

according to their temperature of maximum growth. The upper temperature, where they can liven is 122 °C. This
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indicates that reservoirs with temperatures above 122 °C can be considered as sterile for microbial activities, as

long they stay above this temperature during the entire operation period [150,151].

Salinity

The salinity range relevant for UHS is between 0 and 5 M, which corresponds to 292 g/l NaCl, in which very
diverse communities can be found. There are methanogens and acetogens existing in saline environments of up

to 4.4 M. It seems that the composition of the brine, and not salinity alone, can limit microbial growth [150,151].

pH

The pH of the brine can influence the microorganism growth via a direct effect on the growth metabolism and
an impact on the redox reaction. The majority of methanogens and sulphur species reducing microorganisms
(SSRM) cannot grow outside the pH range of 4 to 9.5. Nevertheless, 18 known SSRM are tolerant to a pH value
higher than 10, 9 known SSRM grow below a pH value of 1 and 6 known acetogenic organisms have critical pH

values of 10. A neutral pH value promotes a greater diversity of microbes [150].

Pressure

High pressure occurring in UHS generally is less inhibiting to microbial cell action in comparison to high
temperatures. No upper pressure limit for microbial life has been established so far, but at 30 to 50 MPa the
growth of various atmospheric pressure adapted microorganisms would be inhibited. Extremely fast pressure

changes will cause microbial cells to die [150].

Mineralogy

Mineralogy has a significant direct effect on water chemistry. Species that can puffer the brine can stabilize pH
and favor growth of specific microorganisms. Often, minerals are the source of macro and micro elements
needed by microbes. Mineral surfaces are often inhabited by microbes that tend to form biofilms to protect

themselves [150].

Permeability

Permeability is a factor for microbial life in the underground within porous rock formations. When reservoirs are
very tight, there is not enough space for microbes. In reservoirs with higher permeability, in general, more

microbes are living [150,152,153].
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Economic factors and costs

Levelised Cost of Storage (LCOS) and Capital Costs (CAPEX) per kWh and per kg Hz are shown below (Table 2). All

data are compared on the basis of same amount of hydrogen storage [142].

Table 2: LCOS and CAPEX costs for the three main hydrogen storage options [142,154]

LCOS LCOS CAPEX CAPEX Working Gas
Storage Type
(S/kg Ha) (S/kwh) (S/kg Ha) (S/kwh) Volume (t Ha)
Salt cavern 0.28-1.40 0.01-0.04 27.2-51.5 0.82-1.55 500-1912
Depleted reservoirs 0.88 0.03 18.4 0.55 1912
Aquifer 0.89 0.03 19.3 0.58 1912

Salt caverns have highest CAPEX of all types of Underground Storage Systems but very reasonable LCOS. It
appears that there is a wide range of costs related to UHS and should be evaluated separately for each storage
site. Storage costs are difficult to standardise as there is a wide variation in sizes, operating conditions and

number of injection and removal cycles [142].
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3 Experimental investigations

3.1 Materials

Within the scope of the present work, low-alloyed steels, four chemically resistant steels and one nickel-based

alloy were investigated experimentally.

The following materials (steels) were investigated:
Carbon steels:

e 20MnVS5,

e J55 welded,
e K55,

e K55 welded,
e L8O,

e P110,

e quenched material (not commercially available).
Corrosion resistant alloys:

e 13%Cr steel,

e 316L (from two different suppliers),
e Alloy 625,

e Duplex 2205.

Chemical analysis, mechanical properties and microstructure were characterized for all materials.
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3.1.1 Chemical analysis

The chemical composition was determined by optical emission spectroscopy. The composition of all supplied

carbon steels and corrosion resistant alloys (CRA) is given in Table 3:

Table 3: Chemical composition of all investigated materials

Category Material C Si Mn P S Cu Cr Ni Mo
20MnV5 0.180 0.20 1.12 0.016 0.0040 0.16 0.08 0.07 0.02
J55 BM* 0.320 0.21 131 0.013 0.010 0.01 024 0.01 <0.01
J55 WM* 0.070 0.61 135 0.007 0.010 0.10 005 0.86 <0.01
K55 0370 0.21 119 0.014 0.0060 0.112 0.18 0.09 0.09
Carbon K55 BM* 0.180 0.43 154 0.016 0.004 0.09 0.16 0.14 <0.01
steels
K55 WM* 0.120 0.65 1.29 0.008 0.009 0.14 0.05 0.04 <0.01
L8O 0.240 0.20 1.00 0.014 0.0010 0.03 031 0.05 0.02
P110 0.270 0.24 1.05 0.010 0.0040 0.21 0.28 0.07 0.02
quenched
0.250 0.19 1.01 0.017 0.0012 0.02 031 0.04 0.02
material
13% Cr 0.190 0.25 064 0.010 0.0009 0.09 12.78 0.13 0.01
316L
0.012 035 161 0.025 0.0019 0.23 16.92 11.27 211
(supplier 1)
CRAs 316L
0.020 0.38 1.59 0.027 0.0020 0.24 16.66 11.34 2.17
(supplier 2)

Duplex 2205 0.019 0.48 173 0.025 0.0010 0.13 2238 5.09 3.0

Alloy 625 0.019 0.10 0.21 0.007 0.0006 0.01 19.65 57.79 7.56

*BM = base material; WM = weld metal
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Continued Table 3: Chemical composition of all investigated materials

Category Material w \" Nb Ti Co B Al Sn N2
20MnV5 <0.01 0.06 - - 0.01 0.0001 0.024 0.013 0.0069
J55 BM* <0.01 0.0020 - 0.001 <0.01 - 0.026 0.002 0.0053
J55 WM* <0.01 0.0010 - 0.036 0.01 - 0.002 0.006 0.0048
K55 0.01 - - - 0.03 0.0002 0.020 0.009 0.0092
Carbon K55 BM* <0.01 0.1050 - 0.003 0.01 - 0.015 0.003 0,0124
steels
K55 WM* <0.01 0.024 - 0.002 0.01 - 0.003 0.004 0.0038
L80 <0.01 - - - 0.01 0.0019 0.039 0.004 0.0042
P110 <0.01 - - - 0.01 0.0008 0.028 0.011 0.0083
quenched
<0.01 - - - 0.01 0.0013 0.041 0.012 0.0040
material
13% Cr <0.01 0.05 - - 0.02 - 0.007 0.005 -
316L
0.03 0.11 - - 0.13 0.0007 0.005 0.007 0.0710
(supplier 1)
CRAs 316L
0.03 0.06 0.02 0.008 0.14 0.0014 0.004 0.007 -
(supplier 2)
Duplex 2205 0.04 0.03 - - 0.07 0.0017 0.009 0.006 0.1650
Alloy 625 0.02 0.03 3.10 0.175 0.01 0.0008 0.080 0.003 0.0110

*BM = base material; WM = weld metal

The chemical composition of the materials studied is in accordance with their specification, with the exception
of nickel-based alloy 625. For this material, the content of C, Cr, Ni, Mo and Nb are slightly too low, which could
be due to the cladding process (oxidation of these elements). Specimens from Alloy 625 have been manufactured

from a Alloy 625 cladded carbon steel. The CRAs are classified according to increasing alloy content.

3.1.2 Mechanical properties

The mechanical properties of the materials have been determined Beta 50 universal tensile testing machine from
Zwick Roell. Each material was tested twice. Mechanical properties were carried out twice at room temperature

in air and in glycerine at 120 °C for K55, L80 and the welded J55 steel. All other materials were tested in air at
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room temperature. Table 4 summarizes the mechanical properties of all investigated materials. The carbon steels

are ranked by increasing yield strength.

Table 4: Mechanical characteristics of all investigated materials

Yield Tensile Fracture Reduction
Temperature
Material Environment strength strength Elongation of Area
[°Cl
[MPa] [MPa] [%] [%]

20MnV5 RT in air 361 + 16 517 +6 21.3+3.3 61.7+0.2

RT in air 371+7 593 +5 16.3+1.2 70.1+0.1
J55 welded

120 in glycerine 3215 583 +5 16.4+0.2 68.0+0.5

RT in air 407 £ 2 6828 154+0.2 54.2+0.8
K55

120 in glycerine 3805 673+8 10.75+0.3 41.3+33
K55 welded RT in air 446+ 8 606 + 4 16.4+0.0 75.1+0.6

RT in air 549 +11 6361 18.7+0.3 63.5+15
L80

120 in glycerine 494+ 4 607 £ 0 14.5+0.0 48.1+1.1
P110 RT in air 894+6 958 + 10 11.8+0.1 60.5+0.2
quenched

RT in air 1225+ 15 1606 £ 31 83+0.3 51.2+14
material
13% Cr RT in air 525+3 698 + 0 17.2+0.5 64.0 £ 0.6
316L

RT in air 2027 469 + 5 53.1+1.4 79.9+0.6
(supplier 1)
316L

RT in air 236+ 9 547 +3 57.9+3.0 83.3+0.2
(supplier 2)
Duplex 2205 RT in air 517 +27 654 + 47 23.2+0.1 68.9+0.7
Alloy 625 RT in air 427 £ 12 540 31 43.0

The steel with the highest strength (1606 + 31 MPa) is the quenched steel grade. The material with the lowest

strength (469 + 5) is stainless steel 316L from supplier 1.

Hardness testing of welds requires a series of indentations to be made over a large sample area. For this reason

a hardness mapping was done for both welded materials (J55 and K55) using a Qness Q60A+ hardness testing

-40-



EXPERIMENTAL INVESTIGATIONS

machine at the Chair of Material Science in Leoben. The test method according to Vickers [HV1] was chosen for

the measurement of the hardness curve.

Figure 31 shows the hardness mapping for welded steel J55. The maximum value was 458 HV, which is located
in the heat affected zone (HAZ) of the last welding of the top layer. Figure 32 shows the hardness mapping of the
welded material K55, where the highest measured hardness is 316 HV. When comparing the two materials, it is
noticeable that the welded steel J55 has a more pronounced hardness in the upper layer of the weld with higher

values up to 460 HV1.
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Figure 31: Vickers hardness mapping [HV1] for welded material J55
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Figure 32: Hardness mapping according to Vickers [HV1] for the welded material K55
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3.1.3 Microstructure

To investigate the microstructure, metallographic cross sections were prepared from all materials. The

microstructure was examined with an Olympus optical microscope, model AX70.

All martensitic structures were etched with etching solution after Bechet-Beaujard to visualize grain boundaries
of the previous austenite grains. The grain size measurement was carried out according to EN ISO 643. The other
carbon steels were etched with Nital solution (2 % HNOz). The 316L stainless steel and duplex 2205 steel were
etched with a Beraha color etching agent. The nickel-based alloy (Alloy 625) was electrochemically etched

(Maerkisches Werk, consisting of 850 ml H20, 50 ml HF and 100 ml glycerin) at 4 V for 40 seconds.

Table 5 shows the microstructure, grain diameter and etching process of all materials examined. The carbon steel
20MnV5 shows a ferritic-pearlitic structure with an average ferrite content of 75.8 £ 2.1% and an average grain
size of 11 um. The welded steel J55 consists of ferrite and perlite with an average ferrite content of 31.5 + 2.4%
and an average grain size of 6 um, whereby the weld material has a ferritic-bainitic structure. The steel K55 shows
a ferritic and pearlitic microstructure with an average ferrite content of 26.1 + 2.4% and a average grain size of

30 pum.

The welded steel K55 has a ferritic-pearlitic microstructure with an average ferrite content of 48.4 + 3.3% and an
average grain size of 4 um. The weld of K55 has a ferritic-bainitic microstructure. The analysis of the
microstructure of L80 shows a tempered martensitic structure with an average grain size of 20 um. The
microstructure of steel P110 consists of tempered martensite and has an average grain size of 16 um. The

structure of the quenched material consists of martensite and has an average grain size of 16 um.

The analysis of the microstructure of the 13% Cr steel shows a tempered martensite microstructure with an
average grain size of 19 um. The austenitic stainless steel 316L produced by supplier 1 has an average grain size
of 88 um. From Supplier 2 the austenitic stainless steel 316L has an average grain size of 64 um. The structure of
a duplex steel 2205 consists of ferrite and austenite, with an average austenite content of 39.5 + 3.1%. The
average grain size of duplex stainless steel is 20 um. The microstructure of the deposition welded Alloy 625 is

dendritic.
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Table 5: Microstructure of the investigated steels

Average
Material Microstructure Grain size Description
(um]
Nital — Etching
20MnV5-1 11
Ferrite +
Pearlite
' I;}. Nital — Etching
J55 BM* %t it 6
PR T Ferrite +
iV, S Pearlite
o J o ! "- .
T Nital — Etching
3‘:& o '
155 WM* i S 10-40
N Vi ol
?’% S Ferrite + Bainite

o
207
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Continued Table 5: Microstructure of the investigated steels

Average
Material Microstructure Grain size Description
[um]
Nital — Etching
K55 i
Ferrite +
Pearlite
WL ETAIRE. W
; ‘ A
Nital — Etching
K55 BM* A
Ferrite +
Pearlite
Nital — Etching
K55 WM* 1060

Ferrite + Bainite
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Continued Table 5: Microstructure of the investigated steels

Average

Material Microstructure Grain size Description

[um]

Bechet-
Beaujard —

Etching

L80 20

tempered

martensite

Bechet-
Beaujard —

Etching

P110 16

tempered

martensite

Bechet-

Beaujard —

quenched 16 Etching

material

Martensite
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Continued Table 5: Microstructure of the investigated steels

Average
Material Microstructure Grain size Description
[um]

Nital — Etching
13%Cr 19

tempered

martensite

Color etching

according to
316L

B

38 eraha

supplier 1

Austenite

Color etching

according to
316L

64 Beraha

supplier 2

Austenite
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Continued Table 5: Microstructure of the investigated steels

Average
Material Microstructure Grain size Description

[um]

Color etching
according to

Beraha

Duplex 2205 20

Ferrite +

Austenite

electrolytically
etched at4 Vv

and 40 sec.

Alloy 625 >100

Nickel-based

alloy

*BM = base material; WM = weld metal

All materials with exception of nickel-based alloy Alloy 625 correspond to the current state of the art in terms of
purity, grain size, composition, mechanical properties and microstructure. The highest strength steel naturally is
the quenched steel grade. Of course this material is not used in practice but only has been produced and
investigated to verify the sensitivity of the experimental setup (fractures had to occur for this material during

autoclave testing at constant loads).

The material with the lowest strength is 316L austenitic stainless steel of supplier 1. Non austenitic materials all

showed a fine microstructure below 50 um.
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3.2 Test conditions

Conditions that can be present in underground storage facilities are summarized in the following points:

e Temperatures in underground reservoirs or aquifers can vary between 40 and 100 °C. At the wellhead,
lower temperatures around 25 °C can occur.

e The pressure in storage facilities can vary between 50 and 200 bar.

e The humidity is about 100 %.

e Brine with a salinity between 1 (condensate water) and 200 g/l NaCl (formation water in very saline
aquifers) can be present.

e In addition to Hz2 the gas atmosphere may also contain CHs, H2S and CO2. Since methane is not

considered corrosive, it is not included in the test program.

The composition of the test gases was chosen on the basis of the above-mentioned environmental conditions in

underground gas storage facilities. They are summarized in Table 6.

Table 6: Composition of applied test gases

Constituent Gas A[bar] GasBl[bar] GasCl[bar] GasD [bar]
H2 120 120 120 120
CO2 0 15 0 15
H2S 0 0 1 1

The tests with gas A were carried out at a total pressure of 120 bar, for gas B at 135 bar, for gas Cat 121 bar and
the tests with gas D were carried out at a total pressure of 136 bar. In this way, the hydrogen partial pressure
remains constant over the entire test matrix. Dry tests as well as tests with electrolyte of different salinities were
carried out. When an electrolyte was added, an amount of 60 ml was used to achieve a filling quantity of 50 %
of the autoclave volume. All tested materials were tested for 720 hours. The test matrix to investigate the

influence of brine are shown in Table 7.
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Table 7: Investigated test conditions

Amount of electrolyte Rotation of the
Salinity of brine [g/I]
in autoclave [ml] autoclave [rpm]
0 0 0
60 1* 0
60 200* 0
60 1 1
60 200 1

* 2 samples: 1 sample immersed in electrolyte, 1 sample in gas phase

The tests were carried out at 25 °C and at 120 °C. In total, 4 gases x 7 conditions x 2 temperatures = 56 tests were
carried out for the complete investigation of a material. This complete program is carried out for the materials

K55, L80 and welded steel J55.

In order to see the changes in pH value, these were carried out with the software OLI and the effects were

simulated with the addition of 15 bar CO2 and 1 bar H»S. The results are given in Table 8.

If CO: is added to the H2 gas, the molar content is about 11 %. At this percentage the pH of the solution dropped
from roughly 7 to below 3 at room temperatures due to CO: dissolution. If 1 bar of H2S was added to the hydrogen
gas, the molar content of H»S is 0.83 %. At such a percentage, it can be observed that the pH in a liquid phase
can drop from 7 to under 4 due to HaS dissolution. When CO2 and HzS are added together to the Hz, the molar
contents are 11 and 0.74 %, respectively. The presence of H2S and CO: in the system causes a reduction of the
pH value below 3 at 25 °C. This acidic pH value directly lead to corrosion reactions. However, the greatest

decrease at low temperatures is caused in the presence of CO2, which is present in both, gas B and gas D.
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Table 8: Calculated pH values in different conditions

salinity [g/I] room temperature 120 °C
Gas A Gas B Gas C Gas D Gas A Gas B Gas C Gas D
1 7.06 3.33 4,01 2.90 5.96 3.68 4.00 3.54

200 7.03 2.90 3.86 3.32 5.85 3.58 3.90 3.63

Gas A (120 bar Hz), Gas B (120 bar Hz2 + 15 bar CO2), Gas C (120 bar Hz + 1 bar H2S) and Gas D (120 bar Hz + 15 bar
CO2 + 1 bar H»S)

In addition, all other selected materials and surface conditions are also examined under critical conditions. The
most severe conditions in our test matrix will be Gas D with 60 ml electrolyte at 200 g/l NaCl with alternating
immersion at room temperature. The conditions for all other selected materials include experiments with dry
hydrogen gas, which serves as a reference. Furthermore, tests were carried out in all four gases at room

temperature with the addition of brine with 200 g/l NaCl in rotating autoclaves for 720 hours.

In combination with the change to underground storage, the pipes and equipment used for hydrogen operation
may already be corroded due to the uniform corrosion during operation. A question was whether uniform
pre-corrosion of the steel surface can influence the effect of hydrogen on the material. Therefore, pre-corroded

samples were tested, as shown in Figure 33.

It is known that local defects such as notches can increase hydrogen embrittlement. Therefore, it was decided to
investigate samples with V-notches to generate an additional notching effects. The circumferential notch will
result in a localized tensile stress amplitude. Such a scenario can also happen in reality, e.g. due to localized

corrosion or initiation of fatigue cracks.

Figure 33 a) and b) show pre-corroded specimens. Pre-corrosion was done for one week in a rotating autoclave
with 200 g/I NaCl at 15 bar CO2. The tensile specimen with a V-notch of 0.5 mm shown in Figure 33 c) and d) was

indented to create higher stresses.
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c) d)

Figure 33: a) and b) Pre-corroded samples after immersion in 200 g/I NaCl with 15 bar CO: for 7 days, 1 rpm

alternating and c) and d) V-notch specimens

3.3 Experimental set-up of autoclave tests

Autoclaves consisting of a tube with two threaded lids and made of nickel-based alloy Alloy 625 were
used for hydrogen loading. In one of the lids there is an inner thread to where a valve and a quick

coupling system is attached, see Figure 34.
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Figure 34: Autoclave made of Alloy 625

Inside each autoclave, two samples are placed: a hydrogen sample with the specified dimensions of
6 x 6 x 30 mm, shown in Figure 35, all dimensions have a tolerance of £ 0.1 mm and all edges were milled with a
geometry of 0.1 x 45° and a tensile sample for Constant Load Tests (CLT) with a total length of 80 mm and an M6
external thread, with a gauge length of 25 mm and a diameter of 3 mm. The geometry of the tensile specimen is

shown in Figure 36.

30 b

Figure 35: Geometry of the sample for hydrogen analysis

M6
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¢

24,38
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Figure 36: Sample geometry of the tensile specimen.

Figure 37 shows the tensile specimen, the ceramic nuts and the spring used for loading in detail.
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Figure 37: Ceramic nuts, spring and tensile specimen

The tensile specimen is stressed with a spring at the required stress. Two ceramic nuts were used to eliminate
galvanic effects. The minimum diameter in the gauge length must be measured to calculate the force which was
needed to reach the tension of 90 % yield strength. The specimen assembly was carried out in a custom-built
fixture within a universal testing machine from Messphysik, type BETA 50-10. The compressed spring was locked
by fixing the lower nut. The crosshead of the machine was then moved upwards and the stressed specimen was

removed from the clamping fixture as shown in Figure 38.

Figure 38: Loading of the tensed specimen with the aid of the clamping device

To avoid movement of the samples in the autoclaves during the test, the samples are fixed with

Polytetrafluoroethylene (PTFE) distance holders, shown in Figure 39.
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Figure 39: Positioning of the two samples inside an autoclave

The two samples with the distance holders were inserted into an autoclave lined with a PTFE foil. The sealing
rings of the autoclave were covered with a vacuum paste, the threads of the autoclave were additionally sprayed

with Teflon spray to achieve a high gas tightness.

Up to 8 autoclaves were placed in a polymer box that purged with Ar to avoid any air intake (Figure 40). Then the
autoclaves were evacuated with a Pfeiffer Duo Line 5 vacuum pump. After reaching a pressure below
2 x 10" mbar, the autoclaves were Ar flooded (5 bar Ar). Finally the autoclave was evacuated again. To ensure

that the autoclaves are free of oxygen, evacuation and Ar filling was done in three steps.

Figure 40: Evacuation and Argon floating station

When an electrolyte was added into the autoclaves the filling was done using an Ar purged filling station. 60 ml

of electrolyte were dosed in the autoclave, which corresponded to 50 % of the volume remaining in the autoclave

after installation of the samples and their holders. The filling station is shown in Figure 41.
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Figure 41: Filling station for dosing the electrolyte

After the preparation of the autoclaves, they were filled with gas at the filling station, which is shown in Figure
42. For this purpose, a digital manometer was used to set the required pressure of the relevant gas, for safety

reasons autoclaves were placed into a thick walled pipe during gas filling.

Figure 42: Gas filling station for autoclave

All tests were carried out for 720 hours in the oven. If the autoclaves need to be rotated (1 rpm) during the tests

to generate wet-dry-cycles for realistic well conditions, they are fixed on a rotating shaft in the oven, see Figure

43.
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Figure 43: Oven with a rotating shaft and a holder for the autoclave

After a 30-day test period, the autoclave pressure was checked via a manometer to identify pressure losses due
to a leakage. After draining the gas, they were opened and the samples were quickly removed and cooled

immediately in liquid nitrogen to avoid any hydrogen effusion. The outlet station is shown in Figure 44.

Figure 44: Gas outlet for autoclaves

-56-



EXPERIMENTAL INVESTIGATIONS

Then the hydrogen samples were cleaned from corrosion products and analyzed for their hydrogen content by
Thermal Desorption Spectroscopy (TDS) as shown in Figure 45. There were several alternating cooling steps to

avoid hydrogen effusion before analysis.

G8 GALILEO

Figure 45: TDS with mass spectrometer

The tensile specimens were unstressed and examined under a stereomicroscope for defects such as corrosion

layers or cracks. On selected specimens a metallographic section was prepared.

3.4 Experimental set-up for permeation tests

The effective diffusion coefficient of hydrogen of carbon steels was determined by electrochemical permeation
tests, which provide information about the trapping behavior of the material. The experiments were carried out
in a double cell according to Devanathan and Stachurski. The parameters were chosen according to the I1SO
17081:2014 standard for carbon steels. Since this is a very sensitive measurement, the entire experimental setup
was located in a Faraday cage. The electrolyte in the charging cell was a 3.5 % NaCl solution with 1 g/I thiourea
as promoter for hydrogen uptake and as well for a recombination poison, in the oxidation cell a 0.1 M NaOH
solution was used as electrolyte. Both solutions were purged with Ar for 24 hours before the experiment in order
to be free of oxygen. The hydrogen loading was carried out galvanostatically using a Gamry Reference 600
potentiostat, in the oxidation cell potentiostatic was also measured by a potentiostat of the same company over
the duration of the experiment. The electrolyte was purged with Ar for the entire duration of the experiment in
order to minimize the oxygen content in the solution and prevent the formation of an oxide layer on the sample
surface. Square shaped samples with a cross-section of 40 x 40 mm and a thickness of 1.1 mm were produced

for the permeation measurement. The permeation samples were brought to final thickness by grinding with SiC
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abrasive paper #1000 and a final thickness of 1 £ 0.01 mm. The sample preparation of the thin membrane is time
consuming, including the palladium coating with a 100 nm thick palladium layer. This was applied by physical
vapour deposition, and it is mandatory to avoid corrosion and acts as a recombination blocker for Hz2 on the
oxidation side. With the help of a thermostat, both cells were set to 25 + 2°C to influence the experiment as little
as possible. The sample is considered as a membrane connected as working electrode on both charging and
oxidation side. Each of the two half cells was operated with a platinum electrode as a counter electrode and a

Ag/AgCl electrode as a reference electrode [73,74].

The test conditions are listed in Table 9 below and the experimental set-up in schematic form can be seen in

Figure 46 as well as the real set-up is shown in Figure 47.

Table 9: Experimental parameters for permeation tests

Experimental parameters

Electrolyte charging side 3.5 % NaCl + 1 Thiourea (CHaN2S) [g/1]
Charging current 1 mA/cm?
Electrolyte oxidation side 0.1 M NaOH
Oxidation potential 546 mV
Counter electrode Platin
Reference electrode Ag/ AgCl
Sample thickness 1+£0.01 mm
Sample coating Pd ~ 100 nm
Temperatur 25+2°C
Area on charging side 1.389 cm?
Area on oxidation side 1.108 cm?
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Figure 46: Schematic illustration of the used double cell according to Devanathan-Stachursky [75]

Figure 47: Experimental set-up for permeation tests

-59-



RESULTS

4 Results

4.1 Qualification material (quenched material)

A steel L80 was austenitized and then quenched in water. Due to quenching the material was made highly
susceptible to hydrogen embrittlement. The existence of cracks in this material allows to crack reliability of the

test set up to introduce HE.

CLT were carried out under three different conditions (Figure 48). Two of these tests ended in a failure of the
material. Autoclaves have been opened only after testing after in total 720 h and therefore time to failure cannot

be given. No failure occurred in dry gas A at 120 °C.

1200

immersion in gas
immersion in gas + electrolyte

<

O 800 -

5 A

S

®)
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—

dry, RT dry, 120°C 200g/l NaCl,
gas A gas A 120°Cgas D

Figure 48: Time to failure of the quenched material after testing in gas A (120 bar H:), without electrolyte, at

room temperature and 120 °C; in gas D (120 bar Hz + 15 bar CO: + 1 bar H2S), 200 g/I NaCl, rotating at 120 °C
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Figure 49 shows the hydrogen uptake under three different conditions for the quenched material.
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Figure 49: Hydrogen uptake of the quenched material after testing in gas A (120 bar Hz), without electrolyte,

at room temperature and 120 °C; in gas D (120 bar Hz + 15 bar CO2 + 1 bar H:S), 200 g/l NaCl, rotating at 120 °C

The hydrogen uptake in dry hydrogen gas A (120 bar Hz) at 25 °C is 0.1 ppm and 0.36 ppm at 120 °C. In H2S
containing gas D with the addition of 200 g/I NaCl solution the quenched carbon steel absorbed 0.86 ppm under
the continuous application of wet-dry cycled at 120 °C. The blank hydrogen content was 0.2 ppm. This is in good
agreement with the hydrogen content achieved by pressure charging in dry hydrogen gas at 25 °C. The value
doubles when increasing the temperature from room temperature to 120 °C. If we add hydrogen sulfide and an

electrolyte to the experimental conditions, the hydrogen uptake increases strongly compared to the blank value.

The fracture surface of the quenched material can be seen in Figure 50. At 120°C, test conditions were the most
aggressive ones in gas D (Hz + CO2 + H2S) with an electrolyte of 200 g/l sodium chloride NaCl. The fracture surface

is covered by a thick layer of corrosion products. The hydrogen content in the sample after the test was 0.86 ppm.
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Figure 50: Fracture surface of a quenched material at 120 °C with 200 g/l NaCl in gas D (120 bar H: + 15 bar CO:

+ 1 bar H:S) and rotating

In Figure 51, the fracture surface of quenched steel tested in dry gas A (Hz) at 25 °C is shown. The fracture origin

can be seen at the 12 o’clock position. A hydrogen content of only 0.10 ppm was measured with TDS.

200 pm EHT = 20.00 kV WD = 6.0mm | Probs = 500 pA ;’Z";’;”Efm&:"m‘“ mg/so
Mag= 22X Signal A = SE1 File ame = Quenched_H2_023 tF

Figure 51: Fracture surface of a quenched material at RT in dry gas A (120 bar Hz)
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Figure 52. Fracture surface from quenched steel, in a) the origin of the fracture at a magnification of 300x, in
b) a detail of the fracture origin at a magnification of 1000x, in c) the hydrogen fracture at 300x, d) & e) shows
a detail of the hydrogen fracture with so river patterns at 1000x and 3000x, f) shows the transition zone

between hydrogen fracture (left) and ductile forced fracture (right), 300x
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Figure 52 shows the different fracture zones in detail in an SEM. A secondary electron image was used to observe
the fracture surfaces more accurately. In Figure 52 a), in the red frame from Figure 51, the origin of the fracture
in the 12 o’clock position with a magnification of 300x can be seen. In Figure 52 b) the same origin is visible at a
larger magnification of 1000x. There is a mixed intergranular—transgranular fracture with open grain boundaries
and some faceted quasi-cleavage fracture. In Figure 52 c) in the yellow frame a more transgranular fracture can
be seen at a magnification of 300x. Figure 52 d) & e) shows the brittle fracture with the river patterns at larger
magnifications 1000x and 3000x. In the blue area from Figure 52 f) the transition zone between the brittle

hydrogen crack and a ductile forced fracture is visible.

4.2 Low strength carbon steels

For low strength steels, a common limit of 550 MPa is set for ultimate tensile strength. It is important to note
that the classification of steels into low strength and high strength steels depends on various factors, such as
chemical composition or heat treatment. However, this limit is not fixed and can vary depending on the
application and industry. For example, in sheet metal production, a steel with a tensile strength of up to 620 MPa

can be considered low strength, while in other industries this strength is already classified as high strength [155].

4.2.1 Steel 20MnV5

Figure 53 illustrates the time to failure in a CLT of ferritic pearlitic steel 20MnV5. There was no fracture under

any of the tested conditions.
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Figure 53: Time to failure in a CLT of a ferritic pearlitic steel 20MnV5 at room temperature in gas A (120 bar
Hz), gas B (120 bar H: + 15 bar C0O2), gas C (120 bar Hz + 1 bar H2S) and gas D (120 bar Hz + 15 bar CO: + 1 bar
H:S) with an electrolyte 200 g/l NaCl rotating and one dry condition with gas A (120 bar H.)
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Figure 54 shows a comparison between the hydrogen uptake in dry gas A and the gases A to D with the addition
of 200 g/l NaCl solution in wet-dry cyclic testing. In the autoclave tests with the steel 20MnV5 at room
temperature, the lowest value is 0.09 ppm for the dry gas A and the highest value is 2.71 ppm for the gas C with
200 g/l NaCl in the rotating autoclave. The blank value determined from an uncharged specimen is 0.11 ppm.
Compared to the dry conditions it can be said that without the addition of an electrolyte there is almost no or
very little hydrogen uptake. In both gases C and D there is a considerable hydrogen uptake, when an electrolyte

is present. The reason for this is the dissociation of H2S in the artificial brine and the formation of H* ions.
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Figure 54: Hydrogen uptake of a ferritic pearlitic steel 20MnV5 at room temperature in gas A (120 bar H.), gas
B (120 bar H: + 15 bar CO3), gas C (120 bar Hz + 1 bar H»S) and gas D (120 bar H; + 15 bar CO: + 1 bar H.S) with
an electrolyte 200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)

Figure 55 shows the cross-section of the ferritic pearlitic steel 20MnV5 from a tensile specimen at a magnification
of 300x, tested at room temperature, rotating autoclave, salinity of 200 g/l NaCl in gas D. There is a certain

localized attack in the form of shallow pitting. Depth of attack is not larger than 10 um.
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Figure 55: Cross section of steel 20MnV5 after the test in CLT with salinity of 200 g/l NaCl in gas D with a

maghnification of 300x
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4.2.2 Welded J55

Hydrogen embrittlement can be accelerated in the presence of stress concentrations, such as those found in
welding areas. For this reason, it was decided in the test program to investigate welded steels as well. The
preheating temperature was set to 120 °C, and the interpass temperature ranged between 120 and 170 °C. There
was no additional heat treatment (PWHT) after welding. As a consequence, it can be assumed that local stresses
were not reduced. The hardness of the weld represents hardness values ranging from 162 to 458 HV1, with the
highest value located in the top layer. For all welded specimens the weld was located in the center of the gauge

length of the tensile specimen and in the center of the cuboid specimen for hydrogen analysis [32].

Figure 56 shows the time to failure in gas D (120 bar Hz + 1 bar H2S + 15 bar CO2) at room temperature. No
fracture occurred under any condition. There were no cracks in the welded steel J55. Apart from results shown
about gas D in Figure 56 welded J55 was also tested in gases A, B and C. Results were the same for all gases like
shown in Figure 56. No fractures at all occurred. Additionally to the tests at 25 °C the material was also
investigated at 120 °C under equivalent conditions regarding the applied gases and electrolytes. Also none of the

specimens tested at elevated temperature failed.
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Figure 56: Time to failure of a welded ferritic pearlitic steel J55 in gas D (120 bar Hz + 15 bar CO: + 1 bar H.S) at

room temperature

Figure 57 shows the time to failure in a CLT in the dry hydrogen gas at 120 bar and also rotating autoclaves with
a salt content of 200 g/l NaCl in gas A (120 bar Hz), gas B (120 bar Hz + 15 bar CO2), gas C (120 bar Hz + 1 bar H»S)

and gas D (120 bar Hz + 15 bar COz + 1 bar H2S), at room temperature. Like in Figure 57 the time to failure of the
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welded ferritic pearlitic steel 155 for pre-corroded samples as well for notched specimens looked the same. No

fracture occurred under any of the tested conditions.
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Figure 57: Time to failure of a ferritic pearlitic steel welded J55 at room temperature in gas A (120 bar H), gas
B (120 bar Hz + 15 bar CO:), gas C (120 bar Hz + 1 bar H2S) and gas D (120 bar Hz + 15 bar CO2 + 1 bar HzS) with

an electrolyte 200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)

Figure 58 depicts the hydrogen uptake in a) gas A and b) gas B at room temperature. Figure 58 c) depicts the
uptake in gas C, while Figure 58 d) depicts the hydrogen content following exposure to gas D. The lowest
hydrogen content determined in the autoclave tests on welded steel J55 at room temperature was 0.12 ppm for
gas A. The highest content was 2.95 ppm and determined after immersion in gas D. In autoclave tests with
welded steel J55 at 120 °C, the lowest value is 0.35 ppm in gas A and the highest value is 2.08 ppm in gas C. The
lowest value for the pre-corroded material was 1.07 ppm in the dry gas A and the highest value was 3.32 ppm
for immersion in gas D, shown in Figure 58 e). The measured blank value of the material was 0.65 ppm. In the
autoclaves with gases A and B, almost no hydrogen absorption was observed at low temperatures. However,
higher temperatures indicate a higher hydrogen uptake in these gases. Measurements of specimens charged in
gas C show significant hydrogen uptake at both temperatures. Due to the dissolution of HzS in the brine, the pH
dropped and caused a higher hydrogen uptake. Figure 58 depicts the results of hydrogen uptake of the steel J55

under all conditions after autoclave testing.

Overall, it can be seen that the ferritic-pearlitic welded steel J55 has a higher hydrogen uptake than the ferritic-
pearlitic steel without weld. This could be due to the heat treatment by welding. It is found that the hydrogen
uptake of pre-corroded welded steel J55 is similar to the one of pre-corroded steel K55. The welding appears to

have no additional effect on the pre-corroded samples, while it affects the not welded one.
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Images a) and c) of Figure 59 and Figure 60 show backscattered electron detector (BSD) SEM images of the cross-
section of the ferritic-pearlitic welded steel J55 after the test in gases without H2S. Figure 59 and Figure 60 b) and
d) show the element mappings of welded steel J55 after tests in gases A and B. Figure 61 and Figure 62 a) and d)
show the BSD cross section image of the welded J55 with gases with additional H»S. Figure 61 and Figure 62 b-c)

and e-f) show element mappings of the welded steel in gas C and D.

Figure 63 shows the welded steel J55 with a notch after 30 days of exposure in gas D, a) is a BSD image of the
notch and b-c) are element mappings. Figure 63 d) shows a cross section BSD image at the pre-corroded sample
at 120 °C, e-f) show the element mapping for the pre-corroded sample at higher temperature in gas D. In addition
to the SEM examinations, images of the surface of the tensile specimens were taken, and are given in the

appendix.

All BSD images and element mappings shown were carried out with the addition of 200 g/I NaCl solution under
alternating immersion conditions for 30 days. In the case of the tests without hydrogen sulfide, only an oxide or
hydroxide layer is formed during the experiments, as shown in Figure 59 and Figure 60. The layer of corrosion
products is thicker at room temperature when compared to the one formed at 120 °C. No local corrosive attack
from the surface is visible at any temperature. In the tests with H.S, mixed layer containing oxides and sulfides
are formed on the surface of the sample. There is a certain localized attack with lower than 10 um in gas D (Figure

62 d).

The welded notched steel J55 shows a 40-50 um thick layer consisting of two sublayers of an oxide and a sulfide
layer on the surface. There is again very little localized attack (below 10 um), as can be seen in Figure 63 a).
Consequently, the welding does not increase localized attack at the notch tip. Figure 63 d) shows a cross-section
of the pre-corroded steel J55 after the test. There is a homogeneous oxide-sulfide layer with a thickness of 40 to
50 um. The layer consists of two sub-layers, the inner oxide one is homogeneous while the outer sulfide is more

heterogeneous.

The SEM analysis of the steel surface shows that there is a very low localized damage attack at conditions in

gas D. The cross-section of welded steel J55 in all other conditions shows no localized attack.
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Figure 58: Hydrogen uptake after 30-day immersion of a welded steel J55 in different gases and electrolytes at

25 and 120 °C; a) gas A (120 bar Hz), b) gas B (120 bar Hz + 15 bar CO), c) gas C (120 bar Hz + 1 bar H2S) and d)

gas D (120 bar Hz + 15 bar CO: + 1 bar H:S); e) shows the welded pre-corroded steel J55 at room temperature

in dry gas A and with an electrolyte (200 g/l NaCl) rotating in gas A, gas B, gas C and gas D
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Figure 59: Welded steel J55 after 30 days exposure in gas A (120 bar Hz) a) BSD image after testing at RT b)
element mapping after testing at RT; c) BSD image after testing at 120 °C and d) element mapping after testing
at 120 °C
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Figure 60: Welded steel J55 after 30 days exposure in gas B (120 bar Hz + 15 bar CO.) after testing a) BSD image
at RT b) element mapping at RT; c) BSD image at 120 °C d) element mapping at 120 °C
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Figure 61: Welded steel J55 after 30 days exposure in gas C (120 bar H: + 1 bar H;S) after testing a) BSD image
at RT b-c) element mapping at RT; d) BSD image at 120 °C and e-f) element mapping at 120 °C
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Figure 62: Welded steel J55 after 30 days exposure in gas D (120 bar Hz + 15 bar COz + 1 bar H2S) after testing

a) BSD image at RT b-c) element mapping at RT; d) BSD image at 120 °C and e-f) element mapping at 120 °C
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Figure 63: Welded steel J55 after 30 days exposure in gas D (120 bar Hz + 15 bar COz + 1 bar H2S) after testing
at RT a) BSD image at the notch and b-c) element mapping; d) BSD image of the pre-corroded sample, e-f)

element mapping

To complete the material examination, the effective hydrogen diffusion coefficient was determined by
performing a permeation test, which provided information about the trapping behaviour of the material. The
permeation test was carried out in a Devanathan-Stachursky cell according to ISO 17081 [74]. Figure 64 depicts
the results of the hydrogen permeation tests on welded steel J55. Figure 64 a) shows the permeation current as
a function of time for two consecutive loads. Figure 64 b) shows the first loading with hydrogen in a
magnification. The evaluation of the data with determination of the lag time is also included. Figure 64 c) shows
a maghnification of the permeation current as a function of time, including as well the evaluation of the second

loading.

2
The first loading gave an effective diffusion coefficient Dess of 1.69 - 10°® %, while the second coefficient resulted

2
in a value of 2.36 - 10°® %
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Figure 64: Hydrogen permeation current as function of time for the welded steel J55 a) Overview of two

charging cycles; b) Detail of the first charging cycle; and c) Detail of the second charging cycle
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4.2.3 Steel K55

The time to failure in a CLT for ferritic pearlitic steel K55 is shown in Figure 65. As an example, for all tested
conditions, Figure 65 shows the time to failure in gas D at room temperature. The same results were achieved
when testing steel K55 in gas A (120 bar Hz), B (120 bar Hz + 15 bar CO2) and C (120 bar Hz + 1 bar H-S) for all
tested temperatures. No fracture occurred under any condition. There were no cracks as well in steel K55 after

autoclave testing.
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Figure 65: Time to failure in a CLT of ferritic pearlitic steel K55 in gas D (120 bar Hz + 15 bar CO: + 1 bar H2S) at
RT

Figure 66 compares the hydrogen absorption of steel K55 at room temperature to a higher temperature (25 °C)
and at 120 °C in all test gases. In the autoclave test series with steel K55 at room temperature, the lowest
hydrogen value was 0.07 ppm for gas A and the highest value was 2.33 ppm when immersed in gas C. If H2S is
present, the hydrogen content increase when an electrolyte is present. H,S has almost no effect on hydrogen
uptake when no electrolyte is present. Gases C and D resulted in higher hydrogen contents than gases A and B
in the presence of an electrolyte at room temperature. In autoclave tests with the steel K55 at higher
temperatures, the lowest value is 0.19 ppm in gas B and the highest value is 0.49 ppm in gas D, while the blank

value is 0.22 ppm. The hydrogen content was determined using TDS.
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In contrast, the addition of H2S to the gas resulted in a faster sulfide layer formation at 120°C and, as a result, a
reduction of hydrogen uptake when compared to room temperature tests. The lowest hydrogen value for the
pre-corroded sample in the autoclave tests is 0.67 ppm and the highest value is 3.64 ppm after immersion in gas
B. Pre-corrosion resulted in an increased hydrogen uptake also in dry conditions with 120 bar Hz saying for a
pronounced hydrogen uptake during these pretreatment (Figure 66 €)). Nevertheless no cracking at all occurred

for pre-corroded specimens.

Figure 67 to Figure 70 show results of SEM investigation on steel K55 in 4 investigated gases. In Figure 71, the

steel K55 with a notch is shown after 30 days exposure to gas D.

There are always first the BSD images and then element mappings, first for room temperature and then for
120 °C. After testing in pure Hz (Gas A) or Hz + CO2 (Gas B) there is always a rather thin layer of oxide/ hydroxide.
In H2S containing gases there is additionally a layer of sulfide on the surface and in total the layers are thicker

than the pure oxide layers in Gas A and B.

Layer thickness is larger at room temperature than at 120 °C. This is valid for Gas A, B and C. Gas D there might
have been some spalling of the layers at room temperature. Figure 70 a) shows some locally thicker areas of

layers indicating such a spalling.

To investigate the cause of varying hydrogen contents after immersion under different conditions, the surface

layers formed during the test was characterized by SEM.

Figure 71 a) shows a non-uniform layer formation with a maximum thickness of up to 150 um in the notch. The
localized corrosive attack in the notch was up to 30 um. In Figure 71 d) a cross-section of the pre-corroded steel
K55 after the test is shown. There is a homogeneous oxide-sulfide layer with a thickness of up to 100 um. The
layer consists of two sub-layers, a homogeneous oxide layer, close to the material surface and a heterogeneous
sulfide layer. The cross-sections of all the steel surfaces tested show that there is very little localized attack,
below 5 um, with the exception of the notched specimen (up to 30 um) and the pre-corroded sample (up to

15 um), which were tested in gas D at 25 °C.
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Figure 66: Hydrogen uptake after 30-day immersion of a steel K55 in different gases, electrolytes and salinity

at different temperatures; a) gas A (120 bar Hz), b) gas B (120 bar Hz + 15 bar CO3), c) gas C (120 bar Hz + 1 bar

H2S) and d) gas D (120 bar H: + 15 bar CO: + 1 bar H:S); e) shows the pre-corroded steel K55 at room

temperature in the dry condition with gas A, with an electrolyte of 200 g/I NaCl rotating in gas A, gas B, gas C

and gas D
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Figure 67: Steel K55 after 30 days exposure in gas A (120 bar Hz) a) BSD image after testing at RT b) element

mapping after testing at RT; c) BSD image after testing at 120 °C and d) element mapping after testing at 120 °C
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Figure 68: Steel K55 after 30 days exposure in gas B (120 bar Hz + 15 bar CO2) after testing a) BSD image at RT

b) element mapping at RT; c) BSD image at 120 °C d) element mapping at 120 °C

-77 -



RESULTS

100pm 100um
fme il |

a) b)

O
~

100pm

100pm

d) e)

Figure 69: Steel K55 after 30 days exposure in gas C (120 bar Hz + 1 bar H2S) after testing a) BSD image at RT b-
c) element mapping at RT; d) BSD image at 120 °C and e-f) element mapping at 120 °C
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Figure 70: Steel K55 after 30 days exposure in gas D (120 bar Hz + 15 bar CO: + 1 bar H:S) after testing a) BSD

image at RT b-c) element mapping at RT; d) BSD image at 120 °C and e-f) element mapping at 120 °C
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Figure 71: Steel K55 after 30 days exposure in gas D (120 bar Hz + 15 bar COz + 1 bar H:S) after testing at RT a)
BSD image at the notch and b-c) element mapping of the notch; d) BSD image at of the pre-corroded sample,

e-f) element mapping of the pre-corroded sample

In order to complete the material investigation, the effective diffusion coefficient was determined by measuring
the oxidation current over time. Figure 72 depicts the results of hydrogen permeation tests on steel K55. Figure
72 a) shows results from permeation tests as function of time for two consecutive loadings, Figure 72 b) depicts
a detail of the permeation current for the first loading, and Figure 72 c) shows the same for the second loading.

The evaluation is also included in Figure 72 b) and c).

2
The first loading gave an effective diffusion coefficient Defr of 6.22 - 10 %, and the second a Desf of

2
7.96 - 10° %
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Figure 72: Hydrogen permeation current as function of time for steel K55 a) Overview over both charging

cycles; b) Detail of the first charging cycle; and c) Detail of the second charging cycle
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4.2.4 Welded K55

As in the case of steel grade J55, a weld with a V-joint was also carried out on steel grade K55. The preheating
temperature has been set to 110 °C and the interpass temperature was maximal 235 °C. No post-weld heat

treatment (PWHT) was done.

Figure 73 illustrates the time to failure of the welded ferritic pearlitic steel K55. There was no fracture under any

test condition.
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Figure 73: Time to failure in a CLT of a welded ferritic pearlitic steel K55 at room temperature in gas A (120 bar
H:), gas B (120 bar H: + 15 bar CO:), gas C (120 bar H: + 1 bar H2S) and gas D (120 bar Hz + 15 bar CO2 + 1 bar

H2S) with an electrolyte 200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)

Figure 74 shows the corresponding hydrogen uptake. The lowest measured hydrogen value is 1.03 ppm for dry
gas A and the highest value is 2.69 ppm for immersion in gas C, the blank value for hydrogen is 0.49 ppm.
Although there is a hydrogen uptake between 0.5 and 2.2 ppm no cracking at all did occur for the welded K55

material.
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Figure 74: Hydrogen uptake of a welded ferritic pearlitic steel K55 at room temperature in gas A (120 bar H),
gas B (120 bar H: + 15 bar CO), gas C (120 bar Hz + 1 bar H2S) and gas D (120 bar Hz + 15 bar CO: + 1 bar H:S)
with an electrolyte 200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)

Figure 75 shows a cross section of the welded steel K55 at room temperature in Gas D (120 bar H2 + 15 bar CO:

+ 1 bar H2S) with a salinity of 200 g/l NaCl at a magnification of 300x with the standard detector, BSD.

0 EHT = 20.00 kV WD = 10.0 mm Signal A= NTS BSD IProbe= 1.0 nA mgs o
Date '3 Nov 2022 O. Binder Mag= 300X File Mame = K85 AT_D_wekded_VA_002 b

Figure 75: SEM analysis of a welded steel K55 at RT in Gas D (120 bar Hz + 15 bar CO: + 1 bar H,S) with a salinity
of 200 g/l NaCl with a magnification of 300x

The cross-section in Figure 75 shows that there is no localized attack starting from the surface.
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In addition to autoclave tests, permeation tests were performed to determine how welding affects processes
diffusion. Effective diffusion coefficient has been determined in the described way via the lag time method.

Figure 76 depicts the results of hydrogen permeation tests on a welded ferritic pearlitic steel K55.
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Figure 76: Hydrogen permeation current as function of time for the welded steel K55 a) Overview of two

charging cycles; b) Detail of the first charging cycle; and c) Detail of the second charging cycle
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2
The first loading resulted in an effective diffusion coefficient of Deff = 4.57 - 107 % while the second loading

2
resulted in a Deft = 6.50 - 107 %

4.3 High strength carbon steels

Steels with an ultimate tensile strength higher than 550 MPa are frequently designated as high strength steels in
oil and gas industry. It has to be noted that, this classification is not fixed and can vary depending on application

and industry.
4.3.1 Steel L80

The time to failure in CLT of the tempered steel L80 is shown in Figure 77. As an example, Figure 77 describes the
time to failure in gas D at room temperature. No fracture at all occurred in 56 tests representing 7 conditions

times 4 gases times 2 temperatures.
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Figure 77: Time to failure in a CLT of a tempered steel L80 in gas D (120 bar Hz + 15 bar CO: + 1 bar H:S) at RT

Figure 78 shows hydrogen uptake for steel L80. The lowest value was 0.09 ppm in dry gas A and the highest
measured value was 1.03 ppm. Some hydrogen uptake occurred in gases C and D at 25 °C when an electrolyte
was present. This is due to the lowering of the pH of the solution by the effect of H.S. At 120 °C, the lowest
hydrogen value was 0.15 ppm and the highest value was 0.32 ppm. Even under conditions containing HzS, the
hydrogen concentrations in the steel are low compared to tests at room temperature. In comparison, the blank
value was 0.22 ppm, which is only slightly higher than in the dry tests. The lowest value for the pre-corroded

material was 1.51 ppm after immersion in gas A and the highest value was 3.55 ppm when immersed in gas B.
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Figure 78: Hydrogen uptake after 30-day immersion of a steel L80 in different gases, electrolytes and salinity

at different temperatures; a) gas A (120 bar H:z), b) gas B (120 bar Hz + 15 bar CO3), c) gas C (120 bar Hz + 1 bar

H2S) and d) gas D (120 bar H: + 15 bar CO2 + 1 bar H:S); e) shows the pre-corroded steel L80 at room

temperature in the dry condition with gas A, with an electrolyte of 200 g/l NaCl rotating in gas A, gas B, gas C

and gas D
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The results show some scatter. Even under H2S-containing conditions, no significantly higher hydrogen uptake

was achieved with the pre-corroded material.

The same effect like for steel K55 can be seen for steel L80 when Ha:S is present. At 120 °C a faster formation of
sulfide layer is observed and a decrease of hydrogen uptake compared to room temperature is obtained. For the
experiments without H2S, only an oxide respectively a hydroxide layer is formed in the experiments as can be
seen in Figure 79 and Figure 80. Figure 81 and Figure 82 show results of SEM investigation on steel L80 in
investigated gases with H2S. In Figure 83 shows the steel L80 with a notch and pre-corroded specimens after 30

days exposure in gas D.
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Figure 79: Steel L80 after 30 days alternating in exposure 200 g/l NaCl solution and gas A (120 bar Hz) a) BSD

image at RT b) element mapping at RT; c) BSD image at 120 °C and d) element mapping at 120 °C
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Figure 80: Steel L80 after 30 days alternating in exposure 200 g/l NaCl solution and gas B (120 bar Hz + 15 bar
CO02) a) BSD image at RT b) element mapping at RT; c) BSD image at 120 °C and d) element mapping at 120 °C
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Figure 81: Steel L80 after 30 days alternating in exposure 200 g/l NaCl solution and gas C (120 bar Hz + 1 bar
H2S) a) BSD image at RT b-c) element mapping at RT; d) BSD image at 120 °C and e-f) element mapping at 120 °C
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Figure 82: Steel L80 after 30 days alternating in exposure gas D (120 bar Hz + 15 bar COz + 1 bar H2S) and
200 g/I NaCl solution a) BSD image at RT b-c) element mapping at RT; d) BSD image at 120 °C and e-f) element

mapping at 120 °C, g-i) shows the same condition as d-f) at higher magnification at 1000x another position

In the tests with H2S, an oxide and a sulfide layer were formed on the surface of the sample. Figure 81 a) still
shows a reasonably homogeneous sulfide layer, other conditions with HzS, lead to partial or not visible layers, as
given in Figure 81 and Figure 82. Figure 82 d) shows a localized corrosive attack after immersion in gas D at 120 °C
of up to 70 um. A conclusion on the thickness of the layer at different temperatures cannot be made because of
the high variation of the thickness, compare Figure 82 d) and g). Figure 82 d) shows a thinner layer with a
maximum thickness of 50 um, while Figure 82 g) shows a layer with 220 um thickness. The thicker layer is more

porous and the sulfide layer has not spalled off.
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Figure 83: Steel L80 after 30 days alternating in exposure gas D (120 bar Hz + 15 bar CO2 + 1 bar H2S) at RT a)
BSD image at the notch and b-c) element mapping at the notch; d) BSD image at the pre-corroded sample, e-f)

element mapping at the pre-corroded sample

When looking at the notched sample in Figure 83 a), one can see that the thickness of both layers is up to 100 um
and a localized corrosive attack of up to 30 um is present. In comparison the sample with a pre-corroded layer
has a maximum thickness of 75 um and a localized corrosive attack of up to 15 um. It is possible that deeper

attacks can be found in other parts of the specimen.

In addition to the previous tests, hydrogen permeation tests were conducted. Figure 84 shows the results of the
hydrogen permeation tests of steel L80. Figure 84 shows the two oxidation current as a function of time cycles

that have been performed like for the other materials where permeation tests have been done.

2 2
The effective diffusion coefficient Dert was 2.68 - 10°® % for the first loading and 3.98 - 10°® % for the second

loading.
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Figure 84: Hydrogen permeation current as function of time for steel L80 a) Overview of two charging cycles;

b) Detail of the first charging cycle; and c) Detail of the second charging cycle
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4.3.2 Steel P110

Figure 85 presents the time to failure in a CLT of the tempered martensitic steel P110 for tested gas conditions.
These conditions were dry hydrogen gas A (120 bar Hz), in gas A (120 bar Hz), in gas B (120 bar H2 + 15 bar CO2),
in gas C (120 bar Hz + 1 bar H2S), in gas D (120 bar Hz + 15 bar COz + 1 bar H,S) and with an electrolyte of 200 g/I

NaCl in rotating autoclaves. There was no fracture under any of the tested conditions.
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Figure 85: Time to failure in a CLT of tempered martensitic steel P110 at room temperature in gas A (120 bar
H:), gas B (120 bar H: + 15 bar CO:), gas C (120 bar H: + 1 bar H>S) and gas D (120 bar Hz + 15 bar CO2 + 1 bar

H2S) with an electrolyte 200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)

Figure 86 illustrates the hydrogen uptake at 25 °C in dry condition for gas A (120 bar Hz2) and with an electrolyte
of 200 g/I NaCl in gases A (120 bar Hz) to gas D (120 bar Hz + 15 bar CO:z + 1 bar HzS). The lowest measured value
was 0.09 ppm in dry gas A and the highest measured value was 1.65 ppm for gas D. The hydrogen content of the
blank material was 0.23 ppm, which is slightly above the measured value with dry hydrogen, which indicates
scatter of results. Under H,S free conditions, there is almost no hydrogen uptake. The addition of H»S increased

the hydrogen uptake significantly.
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Figure 86: Hydrogen uptake of steel P110 in autoclave tests at room temperature in gas A (120 bar Hz), gas B
(120 bar Hz + 15 bar CO), gas C (120 bar H:z + 1 bar H:S) and gas D (120 bar Hz + 15 bar CO: + 1 bar H:S) with an
electrolyte 200 g/I NaCl rotating and one dry condition with gas A (120 bar H>)

Figure 87 shows the cross-section of tempered martensitic steel P110 after testing at room temperature with

200 g/l sodium chloride in gases A to gas D (120 bar Hz + 15 bar CO2 + 1 H»S).

Testing in gas D yield to a significant localized corrosive attack with a maximum depth of up to 40 um on the
investigated surface area. Deeper attack can not be excluded. All other conditions (gas A, gas B and gas C) show

no localized damage. They show uniform corrosion at the surface with layer formation.
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Figure 87: SEM analysis of the surface of the tempered martensitic steel P110 at 25 °C after autoclave testing
with 200 g/l sodium chloride in gas A (120 bar Hz), b) gas B (120 bar Hz + 15 bar COz), c) gas C (120 bar Hz +
1 bar H2S) and d) gas D (120 bar H: + 15 bar CO: + 1 H:S) at magnification 300x; e) shows a detail of d) at higher

magnification of 1000x
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4.4 Corrosion Resistant Alloys

4.4.1 13 % Cr stainless steel

Figure 88 shows the time to failure in CLT of tempered martensitic 13% Cr-steel. Figure 88 illustrates the steel

under the five tested conditions. No fracture under any of the tested conditions occurred.
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Figure 88: Time to failure of a tempered martensitic 13% Cr-steel at RT in gas A (120 bar Hz), gas B (120 bar H:
+ 15 bar C0O), gas C (120 bar Hz + 1 bar H2S) and gas D (120 bar Hz + 15 bar CO: + 1 bar H:S) with an electrolyte
200 g/I NaCl rotating and one dry condition with gas A (120 bar H2)

Figure 89 illustrates the hydrogen absorption under the applied test conditions. The lowest hydrogen value is
0.42 ppm after exposure H2 atmosphere at 120 bar in dry condition and the highest value is 7.02 ppm when
immersed in gas D and addition of an electrolyte. HaS in the presence of an electrolyte resulted in highest

hydrogen uptake.

When considering a fairly high hydrogen uptake for the passive 13 % chromium steel with a tempered martensitic
microstructure, it is surprising that even under most aggressive conditions in Gas D no cracking did occur.
Nevertheless one must not forget that the hardness level is rather low for the material representing a SMYS of
70 ksi (or 525 MPa of actual Yield Strength). The low mechanical properties (and the high ductility of the

tempered martensite) are a result of the low carbon content of 0.19 % for this steel.
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Figure 89: Hydrogen uptake of a tempered martensite 13% Cr-steel at RT in gas A (120 bar H), gas B (120 bar
Hz + 15 bar CO2), gas C (120 bar Hz + 1 bar H2S) and gas D (120 bar Hz + 15 bar CO2 + 1 bar H2S) with an electrolyte
200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)

Figure 90 shows a polished metallographic section at the surface of the 13 % Cr stainless steel after being tested

at room temperature in Gas D (120 bar Hz + 15 bar CO:z + 1 bar H,S) with a highly saline electrolyte.

EHT = 20.00 kV WD = 8.5mm Signal A =NTS BSD IProbe= 1.0nA m L.
Date .25 May 2022 K. Auinger Mag= 300X File Marme = 13-Frozent-Cr_Fos-1_004

Figure 90: Cross section of a ferritic stainless steel 13% Cr at magnification of 300x, after testing in Gas D with
200 g/l NaCl at RT

The material shows pronounced uniform attack and a sulfide hydroxide layer at the surface. No localized attack

occurred during testing.
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4.4.2 Austenitic stainless steels 316L

Figure 91 depicts the time to failure of stainless steel 316L in CLT for both suppliers at room temperature in pure

dry hydrogen gas condition at (120 bar Hz) and in four gases A to D with 200 g/l NaCl containing electrolyte. There

was no fracture under any condition.
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Figure 91: Time to failure of a stainless steel 316 L for both suppliers at RT in gas A (120 bar Hz), gas B (120 bar

Hz + 15 bar CO:), gas C (120 bar H2 + 1 bar H2S) and gas D (120 bar Hz + 15 bar CO: + 1 bar H2S) with an electrolyte

200 g/I NaCl rotating and one dry condition with gas A (120 bar Hz); (no failure for both suppliers)

In Figure 92 hydrogen uptake of stainless steel from supplier no.1 is shown. The lowest value in autoclave tests

of the stainless steel 316L from supplier 1 at room temperature was 1.70 ppm (in dry hydrogen) and the

maximum value was 2.04 ppm after exposure to wet gas D. The blank hydrogen value of the stainless steel was

1.94 ppm. This is comparable with the value of the specimen that has been exposed to the dry 120 bar H: gas.
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Figure 92: Hydrogen uptake of a stainless steel 316L from the supplier 1 at RT in gas A (120 bar Hz), gas B (120
bar Hz + 15 bar CO2), gas C (120 bar Hz + 1 bar H2S) and gas D (120 bar H: + 15 bar CO: + 1 bar HzS) with an
electrolyte 200 g/1 NaCl rotating and one dry condition with gas A (120 bar H.)

Figure 93 shows hydrogen uptake of 316L from supplier 2. Hydrogen content after exposure to dry hydrogen gas
was 4.53 ppm, after immersion in gas C with a highly saline electrolyte. The blank value in the material is
3.20 ppm, which is 1.24 ppm higher than in 316L of supplier 1. Comparing the two Figures the initial hydrogen

content determines all. The presence of an electrolyte leads to a slight increase of hydrogen uptake.
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Figure 93: Hydrogen uptake of a stainless steel 316L from supplier 2 at RT in gas A (120 bar H), gas B (120 bar
H2 + 15 bar C0O2), gas C (120 bar Hz2 + 1 bar Hz2S) and gas D (120 bar Hz + 15 bar CO:z + 1 bar H2S) with an electrolyte
200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)
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In Figure 94 and Figure 95 the cross-sections of 316L stainless steels from both suppliers are given.

EHT = 20.00 kV WD = 9.5mm Signal A =NTS BSD IProbe= 1.0nA m L.
Date :25 May 2022 K Auinger Mag= 300X File Name = 376L_V10_Pos-1_010.F

Figure 94: Cross section of stainless steel 316L from supplier 1 at magnification of 300x, in Gas D containing

200 g/l NaCl at RT

10pm EHT = 20.00 kv WD = 8.0mm Signal A =NTS BSD IProbe= 1.0nA m L
Date :25 May 2022 K Auinger Mag= 300X File Name = 316L_V12_Pos-1_008.f

Figure 95: Cross section of stainless steel 316L from supplier 2 at magnification of 300x, in Gas D containing

200 g/l NaCl at RT

Under the tested conditions, the stainless steel 316L from both suppliers showed no corrosive attack on the

surface.
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4.4.3 Nickel-based Alloy 625

The time to failure of a weld-cladding Alloy 625 with a dendritic microstructure is depicted in Figure 96. Figure

96 depicts the time to failure at room temperature. There was no fracture under any tested condition.
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Figure 96: Time to failure of a dendritic welded Alloy 625 at RT in gas A (120 bar Hz), gas B (120 bar Hz + 15 bar
C03), gas C (120 bar H: + 1 bar H:S) and gas D (120 bar Hz + 15 bar CO: + 1 bar H2S) with an electrolyte 200 g/I

NaCl rotating and one dry condition with gas A (120 bar H2)

Figure 97 represents hydrogen uptake after CLT. The lowest value for weld-cladded Alloy 625 at room
temperature is 1.13 ppm when dry hydrogen is present, and the highest value is 6.86 ppm, when the specimen
was immersed in gas D with electrolyte of a high salinity. Blank value was 0.78 ppm, which is lower than the dry

condition. When H2S and an electrolyte were present, the hydrogen uptake increased substantially.
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Figure 97: Hydrogen uptake of a dendritic welded Alloy 625 at RT in gas A (120 bar Hz), gas B (120 bar H2 + 15
bar CO:), gas C (120 bar H:z + 1 bar H:S) and gas D (120 bar H: + 15 bar CO: + 1 bar H:S) with an electrolyte 200
g/1 NaCl rotating and one dry condition with gas A (120 bar Ha)

Figure 98 shows no surface attack of Alloy 625.

EHT = 20,00 kV WD = 9.5mm Signal A =NTS BSD IProbe= 1.0nA m L.
Date :25 May 2022 K Auinger Mag= 300X File Name = Alloy-625_Pos-1_004 tf

Figure 98: Cross section of a dendritic welded Alloy 625 at magnification of 300x, in Gas D containing 200 g/|
NaCl at RT

The cross-section of Alloy 625 also shows that there is no localized corrosive attack on the surface.
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4.4.4 Duplex stainless steel 2205

Figure 99 shows the time to failure of Duplex stainless steel 2205 in CLT. A fracture occurred during exposure to

gas D with electrolyte.
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Figure 99: Time to failure of Duplex stainless steel 2205 at room temperature in gas A (120 bar Hz), gas B (120
bar Hz + 15 bar CO2), gas C (120 bar H:z + 1 bar H2S) and gas D (120 bar H: + 15 bar CO: + 1 bar H2S) with an

electrolyte 200 g/1 NaCl rotating and one dry condition with gas A (120 bar H.)

Figure 100 shows the hydrogen uptake of Duplex stainless steel. The lowest hydrogen uptake was 4.08 ppm
exposure to dry hydrogen gas and the highest value was 7.02 ppm after exposure to mixed Hz2/CO2/H>S gas in the
presence of an electrolyte. The blank hydrogen value was 4.72 ppm, which is slightly higher than the hydrogen
content measured after exposure to dry pressurized hydrogen, which may be due to a scatter of results There is

a certain hydrogen uptake in the presence of an electrolyte. Finally cracking occurred near 7 ppm hydrogen.

In the Figure 101, the fracture surface of Duplex stainless steel 2205 tested under most severe conditions
including the Hz/ CO2/ H2S gas is shown. The fracture surface has been investigated with a scanning electron
microscope and recorded with a secondary electron detector, for topographical imaging. At the 12 o’clock
position, the initiation point of fracture can be seen. The upper area is a brittle hydrogen fracture, details are
shown in the green frames. The ductile area is visible at the bottom of the fracture surface, details can be seen

in the blue frames. The transition area between the zones is shown in the brown frame.

Figure 102 illustrates in details the different fracture zones of the duplex steel in SEM images. The fracture

surface of a hydrogen crack can be divided into three parts. In Figure 102 a) to d), a hydrogen fracture with river
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patterns can be seen in the green frame. Figure 102 e) shows the transition zone from brittle to ductile (brown

frame). Between 4 and 8 o’clock position there is a ductile fracture with coarse dimples. Figure 102 f) shows the

ductile fracture surface with the blue frame.
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Figure 100: Hydrogen uptake of a Duplex stainless steel 2205 at room temperature in gas A (120 bar Hz), gas
B (120 bar Hz + 15 bar CO3), gas C (120 bar Hz + 1 bar H2S) and gas D (120 bar H: + 15 bar CO: + 1 bar HS) with
an electrolyte 200 g/l NaCl rotating and one dry condition with gas A (120 bar H>)

EHT = 15,00 kV WD =11.0 mm Mag= 20X O. Binder  Date :30 May 2022 [T} | =
|Probe= 1.0nA Signal A = SE1 File Name = Dupex-2205_GAS-D_BF-kurz_001.1if Ny

Figure 101: Electron optical images of the fracture surface of a Duplex 2205 at room temperature, in a rotating

autoclave with 200 g/l NaCl in gas D
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Figure 102: Details of the fracture surface of Duplex steel 2205 in a) to d) brittle fracture area, e) showing the

transition area from brittle to ductile zones and f) showing the ductile fractured area
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5 Discussion

In order to investigate the hydrogen resistance of the materials, permeation tests were carried out. For this
purpose, the effective diffusion coefficient was determined by measuring the oxidation current over time, what

provides information about the trapping behaviour of the material.

Retained austenite, represents a fcc crystallographic structure, that can affect the hydrogen cracking resistance
of a steel substantially, due to its low diffusion, which allows it to act as a deep hydrogen trap. Commonly, the
steel which has this phase have lower Desf and higher solubility due to its close-packed lattice. On the contrary,
the ferritic phase, which has a bcc crystal structure, shows a high diffusion rate and a low solubility as a result of
its open lattice structure. The martensite, with a bct crystal structure, is more tightly packed than bcc, and the

hydrogen Detf value is between that of ferrite and austenite [62,156].

The normalized permeation transients resulting from the first and second loading of the electrochemical
permeation experiments are shown in Figure 103. Three ferritic pearlitic materials, whereby two of them were

in welded (J55 and K55) and one in its base (K55) condition, as well as one tempered martensite (L80) were
2 2
investigated. The effective diffusion coefficients Deft determined lie in the range of 6.5 - 10”7 % to 8.0-10° %

for the materials investigated, see Table 10. As shown in Figure 100, the hydrogen traps increase from ferritic
pearlitic steel K55, to tempered martensite L80, welded J55 and further to welded K55. What is additionally
visible from the normalized permeation current versus time is that the second loading for all investigated
materials are slightly faster than the first loadings, with the exception of welded steel K55, where the two

loadings are very similar.
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Figure 103: Normalized permeation transients of the first and second loading of four carbon steel grades

Figure 104 shows an overview of comparison of several data points of the measured Desf of the first and second

loading. Additionally, pure iron is plotted in the Figure 104 to show the effect of hydrogen trapping. In Table 10

results of the measured Defr are presented.

Since the second loading is slightly faster compared to first for steel K55, there are some deep traps, present. As
expected from the literature review, the results show diffusion coefficients for non-sour gas resistant steels. The
steel L80 has more traps because it has a different chemical composition and is differently heat treated than the
ferritic-pearlitic steel K55. The steel L80 has more traps due to the fact that this steel is also more deformed, in
the manufacturing process. Heat treatment, resulted in martensitic transformation, which distorts the lattice
and causes an increase in stress. From the lower diffusion coefficients of steel L80, it can be concluded, that in

L80 more traps are present compared to steel K55.

Diffusion coefficient of welded steel J55, are in correspondence with those found in literature. The welded
ferritic-pearlitic steel J55 has more traps than the ferritic-pearlitic steel K55 which is also more deformed by the
welding process, which also has a heat treatment effect on the material. As a result, the diffusion coefficients of

the welded material are lower. The welded steel K55 has more traps than the unwelded ferritic-pearlitic steel
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due to being more deformed. The welded steel K55 has the highest trap density of all the investigated materials.

As a result, the diffusion coefficients are lower [72,75,157].
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Figure 104: Plotting the measured values in the effective diffusion coefficient versus temperature [70]
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Table 10: Results of electrochemical permeation experiments

Material D¢ [cm¥s]

6.22-10°

7.96-10°

L80 1%t loading 2.68-10°
L80 2" |oading 3.98-10°
( 1.69 -10®

J55 welded 2 2.36-10°
K55 welded 15t 4.57 - 107
K55 welded 2nd 6.50 - 10”7

Additionally to permeation tests, autoclave tests were carried out. Hydrogen content was measured after 30 days
of exposure by the use of a TDS. Cross-sections were investigated in a SEM to characterize the depth of localized
corrosive attack. With this informations, it was possible to identify application limits for the investigated
materials. A summary of these results is shown in Table 11. Table 11 also includes a color code for the depth of
localized corrosion attack and for cracking. Green represents a localized attack that causes little or no harm (low
or no danger of HE), whereas red and orange represent a localized attack that causes cracking or failure (either
by ongoing localized corrosion or by HE). The most severe localized corrosive attack was observed in gas D, which

contained H: as well as H2S and COa.

The German Technical and Scientific Association for Gas and Water (Deutscher Verein des Gas- und
Wasserfaches: DVGW), together with the University of Stuttgart, investigated how susceptible the German gas
pipelines are to HE. In their investigations, samples were exposed to different loads in a hydrogen atmosphere
of 100 bar. There was not found any issue with hydrogen embrittlement. The authors state that only individual
plant components or some specific parts of the existing equipment might have to be replaced. It is now the
federal government’s turn to support this great potential and pave the way for the hydrogen economy, to an
accelerated climate protection. These results correspond to the present research work for applications with dry
and pure hydrogen. However, additional changes such as micro-organisms can lead to changes in the applicability

limit, see the following paragraph [158].
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Table 11: Summary of the autoclave results of the localized corrosive attacks for all investigated materials

max Depth of o
Material H-uptake / localized o7 esg)
blank value corrosion attack* y
20MnV5 2.71/0.11 <10 pm no
welded J55 2.95 /0.65 <10 pm no
welded 155 pre-
< mrmde(j’ 3.32 / 0.65 <5um no
Dﬂ "
welded J55 with
5 hoteh - <10 pm no
s
0 K55 2.33/0.22
e
Q K55 pre-
= coitnded 3.64/0.22 <5um no
[=Ta]
% K55 notched - 30
[49]
g welded K55 2.69 /0.49 <5pum no
i
'_ L80 1.03 /0.21 70 pm no
L80 pre-
corroded 3.55/0.21
L80 notched - 30 um no
P110 1.65 / 0.23 40 pm no
quenched yes, presence
material 0.86 / 0.20 fracture of H,
o 13%Cr 7.02 /0.52 <5um no
0
i 316L IGS 2.04/1.94 no attack no
nC
E% 316L Vallourec 453 /3.20 no attack no
® O
g “ | Duplex 2205 7.02/4.72 fracture \’eslol;rﬁfgme
c
= Alloy 625 6.86 / 0.78 no attack no

* low...< 10 pm/mt
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Low strength carbon steels:

H2S dissolved in an artificial brine results in an increased hydrogen uptake as mentioned already before. The
cross-section of steel 20MnV5 shows in the SEM analysis that there are no cracks on the surface. The material is
resistant under the tested conditions and is suitable for hydrogen applications without restrictions (except the

maximal applied partial pressures).

H2S free gases caused almost no hydrogen uptake in the welded steel J55 compared to the blank value (valid for
room temperature). Higher hydrogen uptake is indicated at 120 °C under same gaseous conditions.
Measurements with gases with attentional H2S show a significant increase in hydrogen uptake for both, ambient
temperature and elevated temperature. Due to the decreasing pH value by dissolving Hz2S into an electrolyte,
gases containing H2S are more severe than gases without H2S which yields in higher absorbed hydrogen contents.
The hydrogen uptake is even lower when the addition of H2S to the gas resulted in a faster sulfide layer formation
at 120°C. As a result, a reduction in the hydrogen uptake due to the layer that acts as a barrier was obtained
when compared to room temperature tests, where the sulfide layer formed at much lower rates. Although the
maximum value of 22 HRC from the standard was exceeded by more than twice the limit value in the heat-
affected zone, no irregularities occurred. The welded steel J55 is resistant under the test conditions and appears

to be suitable for hydrogen applications for underground hydrogen storage [32,159].

For the steel K55 the addition of H2S to the gas, resulted in a faster sulfide layer formation at 120 °C compared
to the tests carried out at 25 °C. As a result, the uptake of hydrogen content decreased. Altogether it can be
determined that the welded ferritic pearlitic steel J55 has a higher hydrogen uptake than the unwelded ferritic
pearlitic steel K55. The heat treatment by welding can be achieved by changing the stress concentrations, can be
responsible for this. It was found that the hydrogen uptake of the pre-corroded steel K55 are similar to the
welded and pre-corroded steel J55. The steel K55 is resistant under the test conditions, when localized corrosive
attack is not an issue and appears to be suitable for hydrogen applications for underground hydrogen storage,

this is also mentioned in the norm ISO 15156-1:2020 [159].

The welded material K55 has a higher hydrogen uptake than the not welded K55. The cross-sections shows that
there is no local attack starting from the surface. Although the hardness value in the heat-affected zone exceeded
the H2S applicability limit of 22 HRC, no cracking occurred. Therefore the welded steel is not susceptible to HE in

gas storage. As a consequence, it can be used for hydrogen applications [32].
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Higher strength carbon steels:

In the case of hydrogen, it is well-documented that the fracture elongation decreases with increasing tensile
strength of the material. Carbon steels which perform well in hydrogen service over long periods of time are
generally low strength alloys with a Specified Minimum Yield Strength (SMYS) < 52 ksi, which is equivalent to
359 MPa. The actual YS is usually higher than the SMYS, but particular attention must be given to higher strength
materials that exceed this limit [32,160]. When a steel has higher mechanical properties, especially Yield
Strength, which is the design measure in construction and also in oil and gas industry, higher stresses are applied
in service and consequently a higher hydrogen concentration at the crack tip can occur. On the contrary the
increase in yield strength does not affect the amount of absorbed hydrogen in deep traps, since saturation is
independent of yield strength [84]. According to Sieverts and Krumbhaar [44], a higher hydrogen pressure leads
to a greater amount of absorbed hydrogen in the material, see the following paragraph. The design guidelines
for hydrogen pipes and pipelines indicate that martensitic materials, when used, should be heat treated to

engineer the strengths at the lower end of the specification scale [32,161].

In the autoclave tests steel L80 at room temperature had a very low hydrogen uptake when no H»S was present.
When H:S is present, there is a certain hydrogen uptake at room temperature, which increases significantly in
the presence of an electrolyte. This is due to the lowering of the pH of the solution by H2S dissolution. The same
was found for the K55 steel. On the contrary, the addition of H2S leads at 120°C to a kinetically favoured
formation of a sulfide layer and the result is a reduced quantity of absorbed hydrogen compared to tests carried
out at room temperature. L80 is stable under the test conditions as long as localized corrosive attack is not an
issue, which only occurs when H:S is present and appears to be suitable for hydrogen applications for
underground hydrogen storage, with some limitation when HaS is present. Since also ISO 15156-1:2020 and
ISO 15156-3:2020 indicates that steel L80 is a sour gas resistant steel grade, it can be used at all temperatures,

even when HzS is present as long as localized corrosion is not an issue [159,162].

The tempered martensitic steel P110 has the same order of magnitude of hydrogen uptake like the tempered
martensitic steel L80 with a lower strength. In H»S significant localized corrosive attack with a maximum depth
of 40 um was obtained. Therefore, the material P110 can only be used to a limited extent in the presence of HaS.
According to ISO 15156-1:2020 [159] and ISO 15156-3:2020 [162], the steel P110 should only be used for H.S
applications at temperatures higher than 80°C. Consequently, at room temperature, it should not be considered
for sour service application. The steel P110 is much more susceptible to hydrogen embrittlement than the

guenched and tempered martensitic steel L80 with lower tensile strength.
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CRAs:

Austenitic stainless steels do not lose a high amount of their high ductility (or reduction of area) when being
exposed to dry hydrogen gas. In terms of resistance to hydrogen embrittlement, these materials appear to be
the best choice for hydrogen piping systems [32]. Austenitic stainless steel with high nickel equivalent is more
resistant to HE. The nickel-based alloys have excellent mechanical properties and corrosion resistance and are
therefore often used in hydrogen energy systems [163]. Nevertheless, austenitic stainless steel is not suitable for
long-distance hydrogen transport due to its low strength and high cost. Most pipelines are installed in
underground locations, so for large-scale hydrogen transport over long distances, pipeline steels are considered

to be the most environmentally friendly and economic material [164].

No localized corrosion damage has occurred. It is therefore apparent that the 13% chromium steel can be used
without restrictions for hydrogen storage. Although the standards ISO 15156-1:2020 and
ISO 15156-3:2020 [159,162] specifies a limitation for H2S concentration, 13 % Cr steel did not show any

indications for HE in the presence of HaS.

Stainless steels 316L (two suppliers) showed no cracking at all in all investigated conditions. The amount of
hydrogen uptake of the second supplier is double of the one of 316L of supplier 1. This is due to the significantly
lower grain size of the second supplier of 316L material. During the test, both stainless steels 316L showed no
corrosive attack on the surface. According to the standards ISO 15156-1:2020 and I1SO 15156-3:2020 [159,162],
steels 316L can be used for H2S applications if the partial pressure is less than 10.2 kPa. In the present tests the
material was investigated at 1 bar of H2S, which corresponds to 100 kPa HzS, which is outside of the application
limits of this steel. There is no corrosive attack on the surface of both specimens. Under the tested conditions,
the stainless steel from both suppliers is not susceptible to hydrogen embrittlement. The tested stainless steels
are well applicable for use in hydrogen atmospheres. From the design guidelines for hydrogen pipes and pipelines
[32] it was suggested that 316L austenitic steel is highly suitable choice for the use of high pressure dry hydrogen

gas.

When an electrolyte and gases with H»S are present, the hydrogen uptake of Alloy 625 in gases C and D are
increased. This is due to the fact that HzS lowers the pH of the solution. In autoclave tests performed without
H2S, hydrogen uptake is low to moderate. High hydrogen contents in the steel are induced by conditions
containing H2S. The cross-section of Alloy 625 shows no localized corrosive attack on the surface. Under the
tested conditions, the material appears to be highly resistant and suitable for hydrogen applications. It can be
used in a H2S environment at any temperature and partial pressure according to the standards

ISO 15156 [159,162].
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Duplex stainless steel 2205, which has a mixed austenitic and ferritic structure, is very susceptible to hydrogen
embrittlement. The microstructure of duplex steels influences their behavior in terms of HE due to the fraction
on the one hand of ferrite with a fast diffusion and a low hydrogen solubility and on the other hand of austenite
which has a low diffusivity for hydrogen and a high solubility. The solubility of hydrogen in the austenite phase is
two or three orders of magnitudes higher than in the ferrite phase, while the diffusion in the ferrite phase is up
to five orders of magnitudes faster compared to the austenite phase. Duplex stainless steel 2205 is considered
to be very susceptible to HE because of the fast diffusion in ferrite and the high hydrogen solubility in austenite,
the combination which leads to a fast reaching of the critical hydrogen concentration [165-167]. According to
the standards ISO 15156-1:2020 and ISO 15156-3:2020 [159,162], Duplex stainless steel can be used up to a H2S
content of 0.02 bar. Although the present tests we done at much higher contents, the use of Duplex stainless
steel in H2 atmospheres is not recommended. Since one fracture has occurred at 0.9 x YS, it is absolutely not
recommended to use this material in hydrogen environments. Duplex stainless steels can be significantly affected
by hydrogen embrittlement and should be avoided in the construction of underground storage facilities or

according to [32] shall only be used at low stress levels in dry hydrogen gas.
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6 Summary

In the course of decarbonization, numerous processes in industry, energy generation and transport must be
converted to operate with hydrogen. One of the challenges is that hydrogen negatively affects the mechanical
properties of metallic materials and can subsequently lead to material damage. Therefore, the aim of this work
was to find various casing and tubing materials for completion of wellbores in depleted fields or other
underground storage facilities, to find suitable materials for hydrogen storage. In order to find out the application
limits of interesting carbon steels as well as of corrosion resistant steels applied in underground storage facilities,
conclusion with respect to the results and also with consideration of ISO 15156 were established. From the
results, it can be seen that the hydrogen uptake for carbon steels is low under dry conditions. This situation
changes when an electrolyte and in addition HaS are present. For stainless steels compared to carbon steels, the

results show a significant higher hydrogen uptake.

Table 12 provides an overview of the applicability of all investigated steels for their use in hydrogen storage. In
Table 12, the applicability is indicated by a color code. Materials showing no cracking in Constant Load Testing
and neither or very minor localized corrosive attack are considered as ,,Applicable". Materials showing localized
corrosive attack although no cracking occurred in Constant Load Testing are considered as ,Applicable with
limitations". Finally, materials that failed during Constant Load Testing are considered as ,Not applicable". The
tests in this work were carried out with various gas compositions and temperatures. The tests with sour gas
composition (gas C and D) were performed with 1 bar HzS, which is considered as severe in comparison to the

standards of the ISO 15156 series [159,162,168].
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Table 12: Applicability in H2 environment of all investigated steels, 3™ column from ISO 15156 [159,162,168]

Material

Damage

Application with
H2S based on
ISO 15156

Applicability in
H>; environment

20MnV5 no damage Not specified well applicable
welded 155 no damage
welded J55 pre |-|A§ ceptlghle_ f{,r'f
3 application i :
torrode no damage sl et well applicable
welded J55 with HRC
< noteh no damage
2 K55 no damage
@ e Accepta‘lble for wgll a pliclablg
= pre- H5S application when localize
_'; corroded ma damage or all corrosion is not an
D . temperatures issue
3. | K55 with notch
g Acceptable for,
L welded K55 no damage Hﬁi?gﬁg::ﬂ%g if well applicable
S HRC
= deep localized
L80 Acceptable for
cfamage H,S application
L80 pre- or all
corroded temperatures
provided that it
L80 with notch is type 1

Acceptable for

applicable at RT

increasing alloy
content

P110 deecﬁlnc:galézed H,S application when no H:S is
g only if T° > 80°C present
qnl":g?;:}g? failure in H; Not applicable not applicable
Acceptable if :
13%Cr no damage pH,S < 10.2 kPA well applicable
316L1GS no damage Acceptable If well applicable
316L Vallourec no damage pHS < J0.2 kPR well applicable

Duplex 2205

failure in (H; +

Acceptable if

not applicable

CO; + HyS) pH,S < 2 kPA
Acceptable for
Alloy 625 no damage H2S ao‘r“;‘iiat'on well applicable
temperatures

failure

not applicable
in hydrogen
environment

no damage

well applicable
in hydrogen
environment
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For carbon steels, there is no concern at all in dry conditions, as in these conditions the hydrogen uptake was
low and no localized corrosive damage occurred at the surface. Adding H2S and an electrolyte did not cause any
problems like cracking or failure at lower strength materials, although more hydrogen was uptaken. The two
welded steel grades show no localized corrosive attack. For higher strength carbon steel L80 in the presence of
electrolyte and HsS, there is a localized corrosive attack. Therefore it can be used with some limitations regarding
H2S, although this is assumed to be uncritical in the standard 1SO 15156-1:2020 [159]. The even higher strength
carbon steel P110 should be considered with a certain risk for sour gas applications. The local damage of P110
was more pronounced than for L80. Fracture has only occurred in the case of the quenched material, which was
only used as a qualifying material for verifying a sufficient aggressivity of the chosen experimental set-up. All
stainless steels tested are recommended as suitable materials for tubings and casings, with the exception of

duplex stainless steel 2205.

There are no qualification standards for Hz use in wells yet. Based on the results of the present thesis, Vallourec

Mannesmann has qualified a number of its materials for hydrogen use (Figure 105) [169,170].

\. vallourec

Vallourec Qualifi

for a Wide Rane of Hydrogen
Applications

Hydrogen is set to play a key role in the energy
transition acting as a low-emission energy carrier
for various applications.

09/22/2022 - Energy transition 4 Seroll

Figure 105: Material qualification for hydrogen applications based on the results of Hystories [169]
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8 Appendix

Table 13: Stereo microscope images of the welded steel J55 in different gases with and without an electrolyte

atRT

welded J55,
1 g/l NaCl 200 g/l NaCl
25°C

Gas A

Gas B

Gas C

Gas D
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Table 14: Stereo microscope images of the welded steel J55 in different gases with and without an electrolyte

at120°C

welded J55,
1 g/l NaCl 200 g/l NaCl

2mm

120°C

Gas A

Gas B

Gas C

Gas D
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Table 15: Stereo microscope images of the welded steel J55 with a notched specimen in different gases with

and without an electrolyte at RT

welded J55
dry 200 g/I NaCl
notched, 25°C

Gas A

Gas B

Gas C

Gas D

-127 -



APPENDIX

Table 16: Stereo microscope images of the pre-corroded welded steel J55 in different gases with and without

an electrolyte at RT

welded J55, pre-
dry 200 g/l NaCl
corroded, 25°C

Gas A

Gas B

Gas C

Gas D

-128 -



APPENDIX

Table 17: Stereo microscope images of the steel K55 in different gases with and without an electrolyte at RT

K55, 25°C 1 g/l [NaCl] 200 g/I [NaCl]
Gas B
GasC
GasD
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Table 18: Stereo microscope images of the steel K55 in different gases with and without an electrolyte at 120 °C

K55, 120°C 1 g/l [NaCl] 200 g/1 [NaCl]

Gas A

2mm 2 mm

Gas B

Gas C

2 mm 2mm

Gas D

2mm 2 mm
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Table 19: Stereo microscope images of the steel K55 with a notch in different gases with and without an

electrolyte at RT

K55 notched,
dry 200 g/ [NaCl]
25°C

Gas A

Gas B

Gas C

Gas D
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Table 20: Stereo microscope images of the pre-corroded steel K55 in different gases with and without an

electrolyte at RT

K55 pre-
dry 200 g/l [NaCl]
corroded, 25°C

Gas A

Gas B

Gas C

Gas D
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Table 21: Stereo microscope images of the welded steel K55 in different gases with and without an electrolyte

at RT

welded K55,
dry 200 g/ [NaCl]
25°C

Gas A

Gas B

Gas C

Gas D
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Table 22: Stereo microscope images of the steel L80 in different gases with and without an electrolyte at RT

L8O, 25°C 1 g/I [NaCl] 200 g/! [NaCl]

o - -

[T e |
L

2mm

Gas C

2 mm

Gas D
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Table 23: Stereo microscope images of the steel L80 in different gases with and without an electrolyte at 120 °C

L80, 120°C 1 g/ [NaCl] 200 g/I [NaCl]

Gas A

Gas B

Gas C

Gas D
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Table 24: Stereo microscope images of the steel L80 with a notch in different gases with and without an

electrolyte at RT

L80 notched,
dry 200 g/ [NaCl]
25°C

Gas A

Gas B

Gas C

Gas D
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Table 25: Stereo microscope images of the pre-corroded steel L80 in different gases with and without an

electrolyte at RT

L80 pre-corroded,
dry 200 g/I [NaCl]
25°C

Gas A

Gas B

Gas C

Gas D
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