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1Gener al | ntroducti on

This chapter introduces the challenges assoc
and provides a brief overview of the import
coatings that act as hydrogenhyperomgeaeni opt blae
steel

1. Chall enges and background

One of the major challenges in sustainable energy production is the mismatch between
electricity generation and consumpfiod For instance, solar energy systems often generate
excess electricity during the summer months, while energy demand typically peaks in the
winter. As largescale battery storage remains insufficient for seasonal energy storage,
alternative solutions arequired to bridge this gap. Among the most promising approaches is
the use of electrolysis to convert surplus e
by renewable sources which can then be stored and later reconverted to electricity during
petiods of high demand. However, efficient storage and transport of hydrogen remain
significant hurdles. Conventional storage methods, such as liquefaction at cryogenic
temperatures or compression in hijgtessure tanks, are expensive. To address these
limitations, various chemical storage methods have been proposed, including thé&@team
proces§ lalnd t he emer gi ng 0 p dvaehereéxcessalectrioty isiusedd c o
to reduce aluminum hydroxide to elemental aluminum, which can later be oxidized to release
hydrogen and hedtor hydrogen transport over long distances, steel pipelines are preferred due
to their costeffectiveness, high efficiency, and safetyy ]14 ] Nonet hel ess, st eel
to hydrogen absorption and diffusion can significantly degrade its mechanical properties, a
phenomenon known as hydrogen embrittlement (HE) ]6 Qaboratory studies have shown

that hydrogen accelerates fatigue and crack growth in pipelines steel and its welds; the reported
crack growth acceleration factors is h[gtY The stress corrosion cracking (SCC) susceptibility

of X60 steel was studied with slow strain rate tests in a solution simulating groundwater: it was
found that the failure process was controlled by hydrogen embrittiement and anodic dissolution
[ 8\\Vvhen considering the repurposing of existing gas pipelines for hydrogen transport, it is
crucial to evaluate the hydrogen embrittlement sensitivity of the pipeline steels. In fact, X60
steel has been observed to exhibit increased embrittlement severitseemdary crack
formation under pure hydrogén9 &nd tensile tests have revealed an 83% reduction in ductility

in hydrogercharged environmenfs 1.0Hydrogen embrittlement impairs the integrity of steel
pipelines, increasing the risk of hydrogen leakage and subsequent combustion or explosion due
to hydrogends wi fé&,15.Bayond aipelines; HEyposesaatialpikty and
safety issues for metal structures in aerospace, automotive, construction, and particularly in
critical energy infrastructure such as power and nuclear glaht@ J1.4r¢ prevent or at least
significantly reduce hydrogen uptake in steel, hydrogen permeation barriers (HPBs) offer a
promising solution. HPBs are specialized coatings designed to block or limit hydrogen ingress
into the underlying steel substrate. Achieviogtimal performance with these barriers,
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however, remains a formidable challenge. It requires not only reproducible and carefully
tailored substrate surface preparation, but also precisely controlled coating procedures and
rigorously regulated deposition parameters. The complexity of theseamgumits highlights

the innovative and demanding nature of developing effective HPBs for advanced energy
infrastructure application$loreover, it is essential to recognize that the effectiveness of HPBs
cannot be fully assessed without also consideringptbperties and behavior of the base
material itself. As the steel substrate forms an integral part of the system for hydrogen transport,
its microstructure, hydrogen diffusion characteristics, must be studied alongside the coatings.
This is crucial for degloping a strong solution for safe and reliable hydrogen transportation in
advanced energy infrastructure.

1. Dbjectives of this research:

1 Development of an analytical approach by combining electrochemicauch as
(DevanathanStachurski cell) for in situ investigation of hydrogen diffusion behavior in
materialsand surface analytical techniques for characterizing materials that act as
HPBs.

1 To study hydrogen permeation and diffusion in X60 steelising a combination of
analytical techniques and electrochemical cells

1 To investigate the hydrogen trapping in X60 steeldetermining both the effective
diffusion coefficient and subsurface hydrogen concentration.

1 The optimization of a hydrogen permeation barrier (HPB) based on R¥F
magnetron sputtered tungsten coatings on steel substrat@his includes varying the
substrate roughness and coating thickness to evaluate their influence on barrier
performance and hydrogen uptake.

1 To establish an innovative analytical approach for determining through thickness
porosity, integrating XPS analysis with electrochemical permeation data to directly
correlate microstructural features with functional performance.

1. 3Structure of the thesis
This work is organized into six chapters, followed by an appendix:

1 Chapter 1 provides a brief introduction to the challenges and background of this
research, giving the importance of characterizing steel and developing effective
hydrogen permeation barriers (HPBS).

1 Chapter 2 presents a comprehensive literature review on the danger of hydrogen
embrittlement, as well as proposed solutions involving HPBs. A wide range of examples
of HPBs from the literature are discussed, and tungsten is introduced as a candidate
material, withan overview of its relevant properties.
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1 Chapter 3 describes the experimental procedures in detail, including sample
preparation and the characterization techniques employed in this study.

1 Chapter 4 presents the results obtained from experimental investigations.

1 Chapter 5is dedicated to the discussion and interpretation of the results, linking them
to the research objectives and existing literature.

1 Chapter 6 provides the main conclusions of the work and discusses perspectives for
future research.

Following the main chapters, the appendix is divided intedparts.Appendix 7.1 contains

the physical principles underlying the techniques used in this study, Wppendix 7.2
contains supplementary data related to the@y photoelectron spectroscopy (XPS) analyses,
including tables reporting the curiigting parameters and representative XPS spectra.
Appendix 7.3contains all the published papeetated to this PhD thesis.
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2L1I terature review

This chapter reviews the challenges associ
devel opment and effectiveness of hydrogen
tungsten as a promising HPB materi al

at
pe

1. 4.The danger of hydrogen embri-t

Hydrogen embrittlement (HE) is a phenomenon in which metals become brittle and prone to
cracking due to the absorption and diffusion of hydrogen atoms within their structure. This
process has been studied for a long fing] 2 ]

2.1.1 Formation of hydrogen at oms

Hydrogen atoms can be produced, in principle, from hydrogen moleculezaéii through
dissociation and adsorptign 3 Pnce they enter the steel microstructure, hydrogen atoms are
distributed between voids in the lattice (referred to as latticbile hydrogen) or trapped in
microstructural inhomogeneities such as grain boundaries, dislocations, and-iguitisZ.1)

In the environment containing gaseous hydrogen, thadtfecules are chemically adsorbed on

the metal surface, dissociate (in small amount) into H atoms that then permeate into the material
(Figure2.1) In aqueous environments atomic hydrogen can be produced by electrochemical
process, e.g. cathodic protection, corrosion, or electroplating. In these circumstances where the
source of hydrogen is not from gaseous phase, the term is Internal hydrogettiesndni

(IHE).

\ Dissociation

® Metal lattice atom

@® Hydrogenatom

©®® Hydrogen molecule

Crack initiation

Figure2.1. Hydrogen atom formation and hydrogen uptake in steel

2.1.2 Hydrogen embrittlement of st

Hydrogen embrittlement in steels is c¢closel
ingress and diffusion throughout its structure. The permeability of hydrogen in steels is a critical
parameter, as it directly influences the ability to whighrbgen can penetrate and accumulate

at microstructural defects, subsequently leading to embrittlement phendménp 5 ]
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Compared to other bulk materials, such as pure metals (e.g., palladium, nickel) and certain
ceramics, steels generally exhibit moderate hydrogen permeability, with the actual value
depending strongly on alloy composition, microstructure, and temperature

Pure metals like Vanadium, Niobium , Titanium, Iron Nickel and Molybenum have the higher
hydrogen permeability, while the permeability of tungsten is extremely low in order'®f 10
mol Hy/(m s Pa>9), In contrast, steels (Ferritic steels and Austenitic steels) exhibit hydrogen
permeability on the order of #mol Hy/(m s P& as indicated irTable 2.1 [ 6The
permeability in steels are sufficiently elevated under numerous service conditions to permit
considerable hydrogen absorption, thereby presenting an ongoing risk of hydrogen
embrittlement. This highlights the critical importance of comprehending egdlating
hydrogen transport within steels.

Table2.1. Hydrogen permeability of metals, steels, and ceranic8 ]

Metals Vanadium 2.9 1 10
Niobium 7.5 1 10
Titanium 7.5 1 10
Iron 1.8 I 10 ¥
Nickel 1.2 1 10 7
Molybdenum 1.2 1 10 71
Tungsten 4.3 1 10 ¥

Steels Ferritic steels 3.0 I 10 717
Austenitic steels 1.0 I 10 717

Ceramics Titanium carbide (TiC) 8.0 I 10 ¥
TiC/TiN layered 7.0 1T 10 7
Aluminium oxide [9.0 I 10 ¥
b-SiC 1.0 T 10 |

2.1.3 Critical i nfluencing factors

Hydrogen permeability and uptake are critical considerations in the performance and reliability
of steels, especially in applications subjected to hydroighror corrosive environments. High
strength steels for example; characterized by their refinesbstiactures and increased levels

of alloying elements, generally exhibit high susceptibility to hydrogen embrittlemérithe
permeability of hydrogen in these steels is often moderated by microstructural featuies

Several other key factors in additionnicrostructure influence the susceptibility of steels to
hydrogen embrittlement such as:

Hydrogen Concentration: The amount of hydrogen absorbed by the steel, for example during
fabrication or service as hydrogen may enter the steel during processing steps such as welding,

Page [/



pickling, or electroplating, or during service in corrosive or hydraggnenvironments] 8 ]
directly affects the material 6s susceptibildi

Residual Stress residual stress promotes crack initiation and propagation in the presence of
hydroger. 9 ]

2. 2. Hydrogen per meation barriers

Hydrogen permeation barriers (HPB) are an effective means to block or at least greatly. reduce
the permeation of hydrogen atoms into the base metal, mostly carbon &tefl}l Re$earch

has been performed in the past in the fields of nuclear plants (avoid ingress of radioactive
tritium), in the space industry (hydrogen is used as fuel for rockets) and in energy research, too.
Several reviews have been published, and the promisidgbgen permeation barriers have
been identifiedThese can be metals, oxides, carbides or nifride® 1,8 1 #réspective of

the type of barrier the main challenge is to produce an as much defect free barrier (coating) on
the substrate. In the following paragraphs candidates for hydrogen permeation barriers are
presented, discussed, and compared respect tHearemdy; the main results shall be
summarized in a comprehensivable2.2.

The factor that help the researcher classify the effectiveness of the HPBs is known as the
permeation reduction factdPRF). PRF is determined as the ratio of the ststaly

hydrogen flux through the uncoated substrate to the coated saml&——).[ 1 5 ]

2.2.1 Materials for HPB

Hydrogen Permeation Barrier requires a little defect such as pores, cracks and should have a
compact microstructure, low hydrogen diffusion, hydrogen diffusion coefficient, hydrogen
permeability and high Permeation Reduction Factor .
Permeation Reduction factor is defined as the ratio of the permeation through the uncoated
membrane wcoatedv€rsus the permeation ratio through the coated membsare J
The information presented here focuses on the last recent promising hydrogen barriers,
including metals, ceramics such as oxides, nitrides, carbon, and carbide and polymers.

T Met al s
The microstructure and microstructure defect of metals plays significant function for metallic
hydrogen permeation barrier (MHPBS). As instance MHPBs requires a compact microstructure.
For ferritic (BCC) and austenitic steels (FCC) as example, thereassaderable difference
between diffusivity values: 1¢m?s for the (BCC) ferritic steels and'1bMm?/s for the (FCC)
austenitic steels at room temperaturé 6 ]
Metal alloy has a considerable effect on the diffusivity of hydrogen. Marqugds & #ighlight
in their work The effect of GgNieqon some steels in addition to their work on the-3QNi
non equiatomic high entropy alloy and 262N high entropy alloy.Theyconcluded that the
Cr and Ni concentration define the type of crystal structural and the formation of biphasic
(austenite and ferrite) they well also showed that the hydrogen diffusivity decreased with the
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increase of Cr concentration. Nemanic ¢ d Faye measured the hydrogen permeability of
pure bulk chromium and it wa = 3.23x10° mol Hy/ s/m/P&- and diffusivity D»=9.0x10°

m/s.

However, the elements constitute the HPBs should have also low hydrogen permeability,
hydrogen solubility and high permeation reduction factor (PRF). Lakdhér & #iaye studied

the effect of W concentration on the hydrogen permeability. The addition of W-@&n Al
coating deposited on 100C6 steel improved the hydrogen permeation resistance. Houben et al
[ 1 Baje also deposited pure tungsten on Eurofer 97 steel bydd@etron sputtering and

the permeability was reduced by 8 (PRF).

A comparative study have been done by Zhand elaBn] AlICrTaTiZr, AICrTaTiZrN and

AICrTaTiZrO coatings deposited on CLF steel. They concluded that AICrTaTiZr coating had
the higher hydrogen permeability.

T Oxi des an[d2Clarbi des
Oxides are the dominant hydrogen permeation barriers presented in the literature due to their
ability to form over uneven geometrical forms simply by exposing the metal to air at elevated
temperatures. Several oxidesi,umuacXhi ds @Zmudi n
oxide (Er 0O ), chromium oxi de, titanium oxi
effective hydrogen permeation barriers. These coatings can significantly reduce hydrogen
permeation, with some achieving permeation reductiotofs up to 1000 when applied to steel
substrates.
Carbides, including titanium carbide (TiC), silicon carbide (SiC), and vanadium carbide (VC),
have been widely studied as hydrogen permeation barriers. TiC coatings on stainless steel have
shown permeation reduction factors (PRFs) of around 10, whileTiGNDbilayers on
martensitic steels can achieve PRFs up to 100, which is ten times higher than TiC alone. Silicon
carbide (SiC) coatings, known for their high melting point and excellent corrosion resistance,
have also demonstrated PRFs of 10 at elevatepktertures when deposited on steel substrates

T Nitrides
Nitrides are categorized as hard ceramic materials. They are primarily used -assigtant
coatings and serve more often as hydrogen permeation barriers than carbides. The literature
features numerous studies on this topic.
Metal nitride have been significantly used as barriers because of their high mechanical
propertiesWN,CrWN, CrN, CgN, AICrN and ZrN were used as hydrogen permeation barriers
on Eurofer97 steel and they were investigateMlayt Nj 2 | & &n{ tke PRF were 38, 100,
117, 263, 300 and 4600 respectivelhe deposition technique used was physical vapor
deposition. All coatings showed a good propethey werecrack free, dense and adherent.
Based on the PRF value ZrN showed the best performance, and it was concluded that ZrN
contained an amount dfydrogen thatvas outgassing during the permeation measurement.
Titanium nitrides TiNis one of the most famous members of refractory grdaaproperties
such as high thermal and chemical stability and corrosion resistance make it a good barrier. TiN
deposited osteelandstainless steels show a good performance with PRFL100[ 2 [L 2.2 ]
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However, a study by LuLu Hu efal2 ghpwed thamanonitridemultilayer coatingsavehigher
hydrogen permeation resistance than monolayer coatings for instance the permeability of CrN
AITiN multilayeris 10 time lower than CrN and AITIN monolayer coated on 304 stainless steel.

T Pol ymer s
Recent research has increasingly focused on the development and application of polymeric
coatings as effective hydrogen permeation barriers. Polymers spalyasyl alcohol (PVA),
andpolyetheleneiming€PEl), polyvinlidenefluoride (PVDF),polyester polyamide (PA), and
ethylene vinyl alcohol (EVOH) have garnered significant attention due to their inherently low
hydrogen permeabilityDue to the presence of hydroxyl groups, materials such as poly(vinyl
alcohol) (PVA), which is abundant in hydroxyl groupghibit excellent resistance to hydrogen.
This is because the hydrogen bonds formed between the polymer chains of poly(vinyl alcohol)
create a highly compact structure with minimal channels for hydrogen pgds2ngimmons
K.L e al have studied in the hydrogen compatibility of variety elastomers commonly used in
infrastructure includefutyl rubber (1IR) Silicone rubber and they found that most of the tested
materials showed a good compatibility with hydrogen gas ampién® ]

2. 2. 2. Performance of HP B

The performance of HPBs is evaluated by comparing the permeation reduction factors for
hydrogen diffusion through coated and uncoated materials. Over the years, a wide variety of
materials such as metals, oxides, carbides, and nitrides, as discussquenithes section,

have been extensively studied. The data presenfEabile2.2 lists examples of hydrogen
barriers, including metals, oxides, nitrides and carbides presents in the literature. The
permeation reduction factor, permeabilities of both coating and substates(Rnd Rim),

and test methods are reported. The thickness of the substrate used in these articles ranged
between 0.5 mm and 2 mm.
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Table2.2. list of hydrogen permeation barriers (data points for, [P8]), [33], [40], [41] were extracted from [23]
()

Material

Substrate

Gas

P (Pa)

Gas
T (°C)

Test method

Al203 1 316L Stainless Steel | 15.02 10° 300 Gas phase technique| 1000 1.3 25.9 [26]
Cr203 10 Chromium containingd 6.9 >10° 950 1000 0.017 0.72 [27]
alloys
Cr203/Al203 1 316L Stainless steel | 3.8 105-10 Membrane gas 3500 1.3 7.41 [28]
7 permeation
Er203 1 Eurofer 97 3.14 107 Membrane gas 1000 1.3 25.9 [29]
and 16F permeation
Er203 1.3 RAFM steel 1000 1.3 33.7 [30]
SiO2 0.2 Stainless steel 3.14 2x1CP | 212 Gas phase permeatio 1 0.13 1711 [31]
382
BN 15 316L Stainless steel | 5.5 10° 500 differential pressure | 100 0.13 193 [21]
methods
TiN 15 316L Stainless steel | 5.5 10° 500 differential pressure | 100 0.13 193 [21]
methods
TiN 1.78 AISI 316l Stainless 5.65 2x10° | 550 1100 0.13 5.7 [22]
steel
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TiN 1.7 AISI 316L Stainlesg 5.65 2x1¢ 1000 0.13 21.8 [22]
steel
SiN 0.5 Eurofer 6.28 1.2x1C¢ | >400 2000 1.3 6.5 [32]
WN 2.3 Eurofer 97 6.28 1.2x1C¢ | >400 38 1.3 1570 | [13]
CrWN 4.4 Eurofer 97 6.28 1.2x1C | >400 100 1.3 1140 [13]
CrN 2.6 Eurofer 97 steel 6.28 1.2x10 | >400 117 1.3 576 [13]
CraN 2.2 Eurofer 97 steel 6.28 1.2x1C | >400 236 1.3 241 [13]
AICrN 4.5 Eurofer 97 steel 6.28 1.2x10 | >400 350 1.3 333 [13]
ZrN 1.4 Eurofer 97 steel 6.28 1.2x1C | >400 4600 1.3 7.9 [13]
TiC 1 316L Stainless steel | 15.07 5x10> | 500 Gas Phase technique 10 0.27 2750 [33]
5x10*
TiN+TiC 1+0.25 Martensitic  stainles{ 5.65 2x1® | 197 to| The membrane 100 1.3 234 [34]
steel 297 technique
Al203 0.2 316L Stainless Steel | 7.85 10°- 242 Gas phase technique| 42 [35]
5x10" | 469
Al203 0.8 316L Stainless steel | 7.85 10%- 242 Gas phase technique| 60 [35]
5x10* | 469
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Al203 1.6 316L Stainless steel | 7.85 10°- 242 Gas phase technique| 80 [35]
5x10" | 469
Al-Ti-W 4 100C6 steel 31.4 Electrochemical [11]
permeation test
AICrTaTiZr 4 CLF-1 Steel 4.55 Electrochemical [19]
hydrogen permeation
test
AICrTaTiZr(N) 4 CLF-1 Steel 4.55 electrochemical [19]
hydrogen permeation
test
AICrTaTiZr(O) 4 CLF-1 Steel 4.55 electrochemical [19]
hydrogen permeation
test
AICrTaTiZr 4 CLF-1 Steel 1.88 7x10" | 550 to| gasdriven deuterium [19]
200 permeation tests
AICrTaTiZr(N) 4 CLF-1 Steel 1.88 7x10* | 550 to| gasdriven deuterium [19]
200 permeation test
AICrTaTizZr(O) 4 CLF-1 Steel 1.88 7x10* | 550 to| gasdriven deuterium [19]
770 permeation test
CrN/AITIN 7x10° Stainless steel 3.14 4x104 | 673 gasdeuterium 5000 0.1 3x10 [23]
. permedion test
multilayer
CrN/AITIN 18x10° 304 Stainless Steel | 3.14 4x104 | 673 Gasdeuterium 1300 0.1 8 x1¢ |[23]
. permeation test
multilayer
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CrN/AITIN 32x10° 304 Stainless steel | 3.14 4x10¢ | 673 Gasdeuterium 1300 0.1 8 x1G |[23]
multilayer permedion test
CrN/AITIN  multi | 70x10° 304 Stainless steel | 3.14 4x10¢0 | 673 gasdeuterium 1000 0.1 3x1C¢° | [23]
layer permed&ion test
CrN/AITIN 110x10° | 304 Stainless steel | 3.14 4x10¢ | 673 gasdeuterium 500 0.1 9x1C® | [23]
multilayer permeation test
Al203 Ferritic steel FeCr-| 3.14 High 400 gasdeuterium 1.64x10* | 0.2 [36]
Al-Air vacuum permed&ion test
Al2 O3 Ferritic steel FeCr-|3.14 High 400 gasdeuterium 1.64x10* | 0.2 [36]
Al- Ar 7700 ppm Q vacuum permeation test
Al2 O3 Ferritic steel FeCr-| 3.14 High 400 gasdeuterium 1.64x10* | 0.003 | [36]
Al--Ar 1700 ppm Q vacuum permedon test
W 2 Eurofer97 steel 4.9 25x1C¢ | 300 deuteriumgasdriven | 8 [18]
810t | 550 permeation
WN 2 Eurofer97 steel 4.9 25x1C¢ | 300 deuterium gaslriven| 31 [18]
810t | 550 permeation
WN+W 2 Eurofer97 steel 4.9 25x1C | 300 deuterium gaslriven | 1000 [18]
810t | 550 permeation
Ti2AIN 2.7 430 ferritic stainless UHV | 301400 | deuterium gas| 45 [37]
steel permeation test
TiAIN 1.7 316L Stainless steel | 10.97 2x1 | 550 6800 0.13 0.92 [22]
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TIAIN 5 316L Stainless steel | 10.17 2x1 | 550 20000 0.13 6.5 [22]
ZrO2 0.18 Ferritic steel 12.56 10° 300 electrochemical 1000 [38]
550 permeation test
ZrO2 0.1 Ferritic steel 3.14 100 400 electrochemical 100 [39]
permeation test
SiC martensitic steel JL.E | 3.14 3x10* | 500 deuterium permeatio| 160 [40]
test
SiC martensitic steel JL.E | 3.14 9x10* | 500 deuterium permeatio| 35 [40]
test
SiC 15 austenitic SS316 6.25 8x10* | 500 0.1 4.1x10 | [41]
SiC 1.5 ferritic/martensitic 6.25 8x10* | 500 1 9.2x10 | [41]
(RAFM) steel F82H
Ti-Al-Ni 5 Eurofer97 12.56 107-10 | 400 20.000 [42]
6
AIN 0.4 316l Stainless steel | 4.9 600 Gas permeation test | 36 [43]
AIN 0.4 316l stainless steel | 4.9 400 Gas permeation test | 53 [43]
AIN 0.4 316l Stainless steel | 4.9 250 Gas permeation test | 144 [43]
FeAl/Al203 4 316l stainless steel | 3.14 Electrochemical [44]
permeation test
Er203 0.2 316l stainless steel | 4.9 12x10 Deutrium permeatiof [45]

test
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Ni 23 QP980 steel Electrochemical [46]
permeation test

Ni-Graphene 20 QP980 steel Electrochemical [46]
permeation test

Graphene X70 pipe steel 15 - - Electrochemical 48 [47]

. hydrogen permeatio

multilayer test

MXene-4mg/ml X70 pipe steel 15 - - Electrochemical 9.43x102 | 2.85x1 | [48]
hydrogen permeatio ote
test

Mxene-2mg/ml X70 pipe steel - - Electrochemical 1.36x13° | 2.85x1 | [48]
permeation test ote

Mxene-1mg/mi X70 pipe steel - - Electrochemical 1.34x106° | 2.85x1 | [48]
permeation test ote

Mxene-0.5mg/ml X 70 pipe steel - - Electrochemical 2.38x10G° | 2.85x1 | [48]
permeation test ote

GO-AI203 0.8 RAFM steel 4.52. 10° 500 Gas Deuteriun| 178 4.49x1 | [49]
permeatios test 08

GO-AIPO4/Cr203 AISI 316 L stainlesy 4.55 100 550 Gas Deuteriun| 100 0.02 2x10° | [50]

steel

Permeation test
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2.2.3 Technologies to produce HPB

The advancement of effective hydrogen permeation barriers is fundamentally reliant on the
selection of appropriate coating technologies. Hydrogen barrier coatings must exhibit low
hydrogen permeability, high permeation reduction factor, and high adh&wen. recent
decades, an extensive study of coating technologies has been investigated to mitigate hydrogen
ingress in metals employed in pipelines, pressure vessels, nuclear reactors, fuel cells, and
hydrogen separation membrare$,[L 2.4 ]

The literature consistently demonstrates that the choice of coating techniques influences the
resultant coating performance, which directly impacts hydrogen transport behabidr]

This section provides a comprehensive review of the principal coating technologies utilized for
hydrogen permeation barriers suchrealliccoating technologieseramicand oxides coating
technologies and polymers coating technologies.

T Metallic coating technologies

The following subsection will discuss the Physical vapor deposition (PVD) and electroplating
and electroless deposition techniques for metallic deposition:

Physical vapor deposition( PVD) methodsluding magnetron sputtering and electb@mam
evaporation, are widely used for the fabrication of thin metallic. PVD enables precise control
over coating composition, thickness, and microstructure. Commonly used PVD barrier
materials include palladiummickel, chromium, titanium, aluminum, and multilayer metallic
stacks. Extensive research demonstrates that PVD coatings deposited under optimized
conditions can achieve low hydrogen permealjilif.2The primary limitations of PVD
deposition s it is high costs, which currently restrict lesgale industrial deployment.

Electroplating and electroless depositrepresent some of the earliest methods implemented
for the fabrication of metallic hydrogen permeation barriers. Metals such as nickel, copper,
chromium, and their alloys have been extensively studied due to their lower hydrogen
diffusivity relative to stels. In particular, electroless nickghosphorus (NiP) coatings have
garnered considerabddtention[ 5.St{idies have reported that dense electroplated coatings are
capable of reducing hydrogen permeatiprb;4hjowever, the major issue related the
introduction of hydrogen into the substrate during electroplating process that might prone to
hydrogen embrittlemerjt 5.5 |

1T Cer ami ¢ dmdk eadx ichbbeat i ng technol ogi es

Thermal oxidation and chemical conversjgmocesses form oxide layers directly on metallic
substrates. RO3/€CreOs oxideu layers] &bsBds ddunonstrated efficacy as
hydrogen barriers due to their inherently low hydrogen solubility and diffusivity. In addition
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other studies have studied the oxide films grown on iron nickel base stainless steel by thermal
oxidation at high temperatures which showed a good barrier properties that exhibit different
composition such as chromia or spinel oxides, F@gr 5.7 |

These studies indicate that naturally grown or thermally formed oxides can significantly reduce
hydrogen permeation; however, their effectiveness is highly dependent on factors such as oxide
thickness, and adhesion.

Chemical vapor depositioqCVD) facilitates the formation of dense, conformal ceramic
coatings, including alumina coatingd 5.8Vultiple studies have demonstrated that GVD
grown ceramic layers can substantially reduce hydrogen permeation, especially when coating
thickness exceeds the critical defpetrcolation thresholfl. 5,0 & Bidwever, Researcher on
modeling CVD processes demonstrate that conventional CVD typically requires requires
temperatures between 6Q000°C, which are high enough to cause significant and often
change in microstructure and mechanical properties of stesirateg 6.1 ]

T Polymer coatings technologi es
Polymerbased coatings, are widly used on steel substrate to reduce the hydrogen permeation ,
particularly in low temperature applications, several deposition techniques such as Dip
coating and spray coating were applied by several literature in theofiteddng compatibility
to complex geometries, however limitation can be attributed to themiéorm thickness or
solvent evaporation issues geometfie§-2 ]

T Comparison of Deposition Techniques for
Advantages and disadvantages

As discussed in the previous section, deposition techniques such as PVD, CVD, electroplating,
electroless and dip/spin coating were used in the literature to produce the coating that act as a
barriers again hydrogen uptake , which offers distinct advasmta disadvantagegable2.3

provides a comparatives overview of these deposition techniques. These comparative studies
highlight how the coating method choice must balance factors such as coating uniformity and
adhesion.

Table2.3. Coating techniques; advantages and disadvantages.

Physical vapor depositio Corrosion, resistance Durabilil Expensive
(PVD) and Microstructure control
Chemical vapor depositio] Dense and uniform coating Require high temperature
(CVD)

Electroless deposition No need for external powg Slower deposition rate and hig
supply cost of chemicals
Electroplating Strong adhesion on substrate| Environmental and chemic
safety and possible residu
stress
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Thermal oxidation Simple and high temperatu| Limited control over coating
resistance (composition and thickness)
Dip and spin coating Simple and compatible wit| Non uniform coating thickneg
simple geometries and solvent evaporation issue

2.3  Tungsten as hydrogen permeation barrier

The body of literature on tungstéased coatings as hydrogen permeation barriers for

structural steels is still relatively limited. Most existing studies focus on bulk tungsten or
tungsten alloys under conditions relevant to fusion reactors, while exgregahmvestigations

of thin tungsten coatings deposited on steel substrates are comparatively scarce. In particular,
there is a notable lack of systematic research addressing the hydrogen permeation
characteristics, trapping mechanisms, and-@nm stabity of tungsten coatings applied to

carbon or lowalloy steels. This gap is especially significant for pipeline and energy
infrastructure materials, where exposure to hydrogen is expected to increase with the growing
adoption of hydrogeiased energy stams. In this section, the properties of tungsten,

hydrogen permeability and diffusion in bulk tungsten, as well as a few example of studies on
tungsten as HPB , together with the critical factors influencing barrier performance, will be
reviewed.

2. 3. 1. Properties of tungsten

Tungsten is a refractory metal <characterized
excellent mechanical stability. Thermodynamically, tungsten exhibits a strong affinity for
oxygen, and the formation of favorablg,ss reflected xi d e s

by the substantial negative Gibbs free energy of oxide formation. Kinetically, however,
oxidation proceeds slowly at room temperature, resulting in the development of a thin native
oxide layer. Although a comprehensive thermodynaemd kinetic analysis of tungsten
oxidation is beyond the scope of this thesis, a thorough investigation of its exceptional oxidation
properties is essential for understanding the subsequent analysis of barrier performance.

T Thermodynamic affinity of tungsten with o

The thermodynamic affinity of tungsten for oxygen is a factor that affects the oxidation
behavior. Tungsten exhibits a particularly strong tendency to oxidize, as evidenced by the
highly negative st andar dG°Horhslmdded, suechas\Vandke r gy o
WOo,. [38]. tungsten trioxide (W§), reported asg 764.056 kJ/mol at 298 K, while tungsten

dioxide WQ) al so posses §°a 298 K gchordingetg thet NIST Stanghard
Reference Database [136.3 |

The Ellingham diagrarh 6,4vhich consists of the Gibbs free energy of oxide formation as a
function of temperature for various metals, gives a good comparison of the oxidation behavior.

The Ellingham diagramHgure2.2) further illustrates the high affinity of tungsten for oxygen,
as the formation line for Wgies significantly below those of many other metals. An example
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of an Ellingham diagram constructed using data from the NIST database is pres€idadein
2.2.
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Figure2.2. Ellingham diagram constructed using the data reported in [63]

T Phase stabiiOi phaasmed Di mgrWm

While tungsten trioxide (WO ) I's thermodyna
stability is highly dependent on both temperature and the chemical potential of oxygen.
Consequently, the phase behavior of the tungsteygen system is most effeatly described

using the WO phase diagram (Figure 3 frdm6)5which delineates the stability regions of

metallic tungsten, its various oxides, and the transitions between them under varying conditions.

Phase stability in the tungstemygen (WO) system is dependent by both temperature and
oxygen content (see phase diagranmFigure 2.3) at low oxygen concentrations, tungsten
remains in its metalli@ -W phase. When oxygen content increases, oxidation initially forms
tungsten dioxide (Wg), further increase in oxygen leads to the formation and stabilization
tungsten trioxide (Wg), The diagram presents indeed, a series of intermediate oxides phase

Page RO



such as WeOs9, W240es and members of the Mzn2 series. In addition, W@exhibits
structural polymorphism and phase transitions occur at different temperature during heating or
cooling ( 9,Thdimost bommanly fdundrpom aemperature stable phase is the
monoclinic | @WOgz) from 17 to 330°C. When heated above 33038®V(Qs) is converted to
orthorhombic 0-WQOs3) and is stable up to 740°C, for T> 740°C, tetragaralNOs is found.
However,these two phases aomly stable at high temperatures and upon cooling, they are
converted back tg-WO:s.
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Figure2.3. Phase diagram of the tungsten oxygen systerOj\|\66]

T Oxi dation mechanisms and[Bbhetic behavi

Adsorption of oxygen on tungsten surfaces
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Upon exposure to oxygen, clean tungsten surfaces adsorb oxygen in a variety of atomic and
mol ecul ar states. At | ow temperatures (bel ow
while at room temperature, molecular adsorption acts as a precursmmto adsorption. This

process leads to the formation of ordered oxygen superstructures on the tungsten surface and,

as temperature increases, more extensive coverage and the formation dikexsieface

layers, often described as adsorbed oxide, asergbd. These surface phenomena have been
investigated extensively, revealing that the initial stages of oxidation are dominated by surface
adsorption processes.

Diffusion and permeation of Oxygen

Following adsorption, oxygen can diffuse into the tungsten crystal lattioceturethe diffusion

coefficients for oxygen in polycrystalline tungsten at 1700°CGegperted a® = 1x107 to 5x10
8cmfls . t

Oxidation Kinetics and oxide layer growth

The oxidation of tungsten depends on the temperature and oxygen partial pressure. Even at
room temperature a thin native oxide layer, typically 3¢@n form, the thickness increases
slowly with temperature up to around 200°C, but beyond this the growtrace&derates.

Humidity further increases the oxidation rate. Betweerid2d 0 AC, a thin oxi de
forms and acts as a protective layer and growing according to a parabolic rate law due to
diffusion-limited processes. At higher temperaturesyaeo 500 AC), t he oxi de

above 6 0s0orms Gn theWEof the first thin layer. W@ permeable to oxygen, and

its growth is initially mixed parabolic and linear but becomes strictly linear once the inner layer
reaches maximum thickness. Sublimation of ZMDe c omes si gni fi cant ab
mat ches the oxidation rate above 1300 AC, I
temperatures.

At very high temperatures @1 00 K) and | ow oxygen xforanst i al |
more rapidlythanWeg and above 2500 K, metal volatil i z

T Permeability and diffusion of pure tungst
Tungsten exhibits exceptionally low intrinsic hydrogen permeability relative to other metals
and alloys, primarily due to its low hydrogen solubility and moderate diffusion rates. In pure
tungsten, hydrogen atoms preferentially occupy interstitial sitgg8cplarly tetrahedral
positions, migrating between them via thermally activated jumps with activation energies
ranging from 0.20 to 0.38 eV, depending on the migration pathway and computational model
employed. Density functional theory (DFT) studies abarate that tetrahedral interstitial
sites are the most energetically favorable for hydrogen, and that the migration energy barriers
between these sites govern the overall diffusion behavior. Diffusion coefficients and
permeability values derived fromdirprinciples calculations are in good agreement with
experimental observations. Notably, hydrogen diffuses more rapidly than its heavier isotopes,
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such as deuterium and tritium, owing to its lower atomic mass and reduced migration energy
barriers] 6 7 ]

Hydrogen permeability in thin tungsten films and bulk specimens has been experimentally
determined through extended permeation tests. For instance, studies on maigisied
tungsten films at 400 AC under caonstant hydr
coefficients ranging from approximately 3.2
results further demonstrate the inherently low hydrogen permeation characteristics of tungsten
when compared to more permeable mdtalls bhese values align with previous experimental
diffusion studies, which demonstrate that hydrogen within the bulk tungsten lattice at elevated
temperatures exhibits Arrhentiygoe behavior, with diffusivity and solubility parameters
indicative of an intetgtial diffusion mechanisnj. 6 Bhermodynamic models that account for
grain boundary effects in polycrystalline tungsten indicate that grain size significantly impacts
effective hydrogen solubility, diffusivity, and thus permeability, up to temperatures of at least
1000 K. By incorporang hydrogen binding energies at grain boundaries and adjusted

diffusion barriers, these models can accurately predict macroscopic hydrogen transport,
showing good agreement with experimental observations in polycrystalline tuhg&tén]
Experiments with hydrogen isotopes have further clarified the isotope dependence of

diffusion and permeability in tungsten. Tritium permeation studies conducted on
polycrystalline tungsten over temperatures from approximately 573 to 873 K demonstrated
Arrheniustype behavior, characterized by a specificgxponential factor and a temperature
dependent activation energy. These findings are particularly valuable for fusion safety
analyses, highlighting the practical importance of accurate hydrogen tradafzoin the

design of reactor systemis7 0 ]

2.3.2. Tungsten coatings as hydrogen p

Although bulk tungsten exhibits intrinsically low hydrogen permeability, its practical use as a
hydrogen permeation barrier (HPB) in engineering applications typically involves its

deposition as a thin coating on structural substrates. Magrsgitdteredungsten coatings

applied to reducedctivation ferriti¢d martensitic (RAFM) steels, such as F82H, have been
extensively investigated as model hydrogen permeation barriers (HPBs). Systematic

per meation experiments c¢ o n7dou cdv@lled trathigh ow t e mp
purity tungsten films with nominal thickness
hydrogen permeability compared to uncoated steel, with permeation reduction factors (PRFs)
ranging from approximately 3 up to 4000. Thicker caggigenerally achieved greater

reductions in hydrogen flux. The wide variation in PRF values was largely attributed to

differences in coating quality, particularly the occurrence of microcracks, pinholes, and other
imperfections that serve as preferentaihvays for hydrogen penetration. Among the factors
studied, coating thickness had a more substa
preparation before depositiof. 7 1 ]

One limitation of using tungsten coatings as hydrogen permeation barriers is the mismatch in
thermal expansion coefficients between the tungsten coating and common structural

substrates. For example, substrates like Eurofer97 or F82H experience changes in

microstructure when exposed to high temperatures during thermal annealing or repeated

thermal cycling in service. This mismatch generates internal stress that often cause cracks to
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form in the pure tungsten coating. Such cracks can act as pathways for hydrogen diffusion,
reducing the effectiveness of the barfier. 2 ]

SEM crosssectional microscopy studies have shown that pure tungsten coatings frequently
develop these defects after annealing, resulting in actual barrier performance that is
significantly lower than predicted by the intrinsic diffusivity of bulk tungste@ 2 ]

2.3.3. Critical i nfl uencing factors or

Although hydrogen permeation barriers can provide an effective solution for preventing
hydrogen ingress, several factors may compromise their performance and should be carefully
considered. Further literature research is needed to fully understand theseaes. Key
factors include microstructural defects, coating thickness, operational temperature and thermal
cycling, interface adhesion, substrate compatibility, deposition technique, microstructural
control, and coating composition.

1T Defects and microstructure
Defects and the microstructure of HPB coatings can strongly affect their performance. These
defects, such as microcracks, columnar grains, and voids, may act as pathways for hydrogen
transport and diffusion, reducing the effectiveness of the bdrriérl ]

T Coating thickness
Increasing the thickness of a coating can improve its effectiveness as a hydrogen permeation
barrier; however, this improvement depends on the presence of microstructural defects. For

example, under identical d e p o shatedemonstatech di t i o
hi gher permeation reduction flatit]lJors (PRFs) ¢
T Temperature and Ther mal Cycling

Temperature has a big impact on how well hydrogen permeation barriers work. When the
temperature goes up, hydrogen moves and diffuse more easily in mtefiflfhough
tungsten and tungstdrased coatings are good barriers, they can develop problems when
heated and cooled repeatedly. This is because tungsten and steel expand at different rates,
causing stress that leads to cracks in the coating, especiallyeinymgsten. These cracks
make the barrier less effective. However, experiments show that tungsten nitride (WN)
coatings without cracks can still block hydr
while pure tungsten coatings are more likelyrack and lose their protective ability7.2 ]

T Substrate coating adhesi ons
The adhesion between the coating barrier and
l'imit the effectiveness of hydrogen per meat:.
hydrogen permeati pagdbbhowiadheerdéorimandee t o
which can form as a |[redsudat iofelsy bismpadtei g utg
the coating and the substrate. Additionally,
interface can create weak spots or | ocalized
penetfraBfiomr.ing strong and uniform adhesi on
perfor mance
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SExperi ment al

This chapter presents the experimental procedures and methodologies employed to investigate
the X60 steelnd oftungstercoated X60 steel. Three series ofddated samples (Series 1,
Series 2, and Series 3) were deposited using radio frequency magnetron sputtering. The chapter
provides detailed descriptions of the experimental approach, including materials, sample
preparation, and the various characterization and testing methods utilized.

The electrochemical hydrogen permeation test served as a primary technique to evaluate
hydrogen transport behavior in the samples. In selected samples local hydrogen measurements
were conducted using the microcapillary cell technique

and also the total hydrogen content was determined by inert gas fusion analysis using the
oxygen, nitrogen, hydrogeanalyzer LECO ONH836 The surface analytical techniques
included Xray photoelectron spectroscopy (XPS) and, in some cases, combined conventional
XPS and Hard Xay photoelectron spectroscopy (HAXPES) were used for surface
characterization

Furthermore, complementary methods such aayXdiffraction, portable Xay fluorescence
(p-XRF), surface roughness testing, Rutherford Backscattering Spectrometry/Elastic Recoll
Detection Analysis (RBS/ERDA), scanning electron microscopy with energyerdisp
spectroscopy (SENEDS), and metallography were employed. RBS/ERDA analysis and data
elaboration weralsoperformed

This chapter is based on my personal work under the superofdtwof. Antonella Rossi, Prof.
Marzia Fantauzzi, Prof. Bernhard Elsener, Dr. Nicoletta Zacchetti, Dr. Claudia Candailieri,
Lars P.H. Jeurgerand Dr. Deborah Biggio.

Threeseries of coatings were deposited within the Coating and NDT Group at RINA Consulting
T CSM S.p.A.. Series 1 was prepared and depositédrbifrancesco Sciarrabba, while Series

2 and Series 3 were prepared by me and depositedd¥rancesc&ciarrabba in my presence
during an internship at RINA Consultin@EM/EDS measurements were performed at the
Advanced Metallography Laboratory at RINA ConsultihgCcSM S.p.A., Castel Romano,
Rome. TheX-ray diffraction (XRD) analyses were performed by Dr. Claudsmdellieri at
EMPAOGs Ce maydmalytitsp DibeKdorf, Switzerland, in my presence. RBS/ERDA
measurements were performed by Dr. Arnold Mdller at the Laboratory of lon Beam Physics,
ETH Zurich. Inert gas fusion analysis using a LECO ONH&3&lyzemwas performed bs.

Emma Trivellin at the Analytical Center Laboratory, EMPA Dubendorf, Switzerland.

Unless explicitly stated otherwise, all other experiments were performed.by me

Part of the experimental work and data analysis described in this chapter has been published in
three scientific papefs 11713 |

The published papers are included in the appendix of this thesis for refélgmendix 7.3)
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3. 1. Material s

3.1. 1. The substrate: X60 steel

The substrate used in this study is APl 5L X60QS steel. According to the American Petroleum
Institute, API 5L is the standard specification for pipelines, and X60 is the minimum yield
strength (415 MPa). The steel is quenched and tempered (Q), whichegravddmbination of

high strength and toughness due to controlled heat treatment. S indicates that the material is
intended for sour service applications. The chemical composition of X60 steel, as specified by
the API, is presented ifiable3.1.

Table3.1: Chemical composition in weight percentage (wt.%) of X60 steel according to the
analysis of API datashept4 |

Balancel O 1|0 0/O 0|0 0|0 0/O 0/O 0|0 O

Metallographic characterization was performed on the steel substrate after etching with 2%
Nital solution for 5 seconds and were conducted at the Advanced Metallography Laboratory at
RINA Consulting CSM S.p.A, Castel Romano, Rome and were characterizeg the
Scanning electron microscopy (SEM). The instrument details are presented in section 3.7.5.

3.1. 2. Roughness test

The average surface roughness) (6 the samples is measured by a Mitutoyo-300 H4
surface roughness tester in RINA Consulting CSM S.p.A laboratories.

3.31. Coating materials and deposition:

Prior to deposition, samples were degreased and ultrasonically (US) cleaned in ethanol acetone
and isopropanol for 10 minutes and blown dry with nitrogen for 3 minutes. The tungsten
coatings were deposited by radiofrequency (RF) magnetron sputtering Am* golasma

sputtering chamber in the laboratories of RINA Consulting CSM S.p.A, the partner of this
project. Before coating, the steel had a 6 minutes glow, an 11 minutesipaapd a 5 minutes

cleaning time. Sputtering targets of pure tungsten (pur@9.85 %) were used. RF magnetron
sputtering (RF) with a power of 800 W was applied. The deposition temperature was 350 °C,

and the total pressure in the chamber wa$ lidr. The steel (substrate) was mounted on a
substrate holder and installed 75 mm from th

Three series of tungsten coatings were produced and named: Series 1 (S1), Series 2 (S2), and
Series 3 (S3), each differing in substrate roughness and coating thickabgs3(2). The
roughness of the steel surface was found not to be suitable for treeeposition characteristics

of the samples as hydrogen permeation barriers. The coating deposition time was 4 hours for
the 3 um thick coating and 2 hours for the 1.5 um one.
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Table3.2: Roughness and nominal coating thickness of the samples prepared by RF
magnetron sputtering.

Coating Tungsten | Tungsten | Tungsten
Substrate RoughnessiR 0.4 pm 0.2 ym 0.2 um
Nominal Coating Thickness | 3 um 3 um 1.5 um

3.2 Sample preparation

3.2.1. Sample preparation for hydrogen permeation test (Devanathan and Stachurski cell)

In this study, X60 steel samples with varying geometries (rectangular arshdised) were
employed to fit the requirements of the various experimental setupssiiaped samples (5

cm in diameter and 2 mm in thickness) were cut from X60 steel pipalteaere specifically

used for the 1ISO standard electrochemical cell (section 3.3.1). Rectangular samples 2cm x 2cm
x 2mm were cut from disk samples and were employed for the measurements in the modified
electrochemical hydrogen permeation test (secti8r2 3.

Preparation of X60 steel sampl es

Two distinct procedures were employed to clean the surface of the samples on both sides:

Five-Solvents Cleaning (C X60 steel)

Samples were sequentially ultrasonically (US) cleaned at 48if(@ five different solvents for
5 minutes each

1 Butan2-one, purity > 99.5% (CAS No. 783-3, Chemlab, Zedelgem, Belgium),

1 Acetone, purity -881)95.5% (CAS No. 67

T Ethanol absol ute, p15iHongywel, OfehbadhdGefma@n)S No .
1 Petroleum ether (CAS No. 6501-01, Carlo Erba Reagents S.r.l., Cornaredo, M,

Italy),
1 Doubledistilled water (specific conductivity 1.5 £ 0.1 uS/cm at 20° C).

Organic solvents were employed to minimize carbon contamination on the sample surface,
whereas the polar solvent (doudistilled water) was used to remove any inorganic salt that
might be present at the surface. After cleaning with each solvent, suR@yspectra were
recorded in three different areas of the samples. This protocol was developed to ensure
reproducible electrochemical measurements and to eliminate potential interferences from
surface adsorbates.

Fi el vent Cleaning combined with Mechanical
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Samples were first cleaned using the feadvent procedure described above and then
mechanically polished (MP) with 408@esh SiC paper (Struers, Ballerup, Denmark) using
ethanol as a lubricant for 3 minutes and 30 seconds. After polishing, sampleshjectesd to
ultrasonic cleaning at 40 °C in ethanol for 5 minutes, followed by immersion in ddishlied
water for 10 minutes at ambient temperature (25.0 °C £ 0.1 °C).

Preparation of square X60 steel

The samples were cleaned with isopropanol, acetone, and ethanol and mechanically polished
using 4008mesh SiC paper and distilled water as a lubricant for three minutes and thirty
seconds. After mechanical polishing, the samples were sonicated @ird6thanol for 5
minutes and irdoubledistilled water for 10 minutes. Following the cleaning and/or the
mechanical polishing the samples were blown dry with nitrogen.

Preparation of \Wcoated X60 steel (Series 1, Series 2 and Series 3)

The Wcoated samples were mechanically polished (MP) using a DP Plus cloth and diamond

sprays with particle sizes of 9 Om, 6 Om, an
was carried out for 3 minutes and 30 seconds. After each polishingretegamples were
ultrasonically cleaned in ethanol at 40 AC f

performed in doublglistilled water under the same conditions (5able3.3).

Table3.3. Mechanical polishing and ultrasonic cleaning procedure fao@ted samples

1 Mechanical polishing using DP Plus clot| 3 min and 30 seconds
and 9 ym diamond spray

2 US-cleaning in Ethanol 5 minutes at 40 °C.

3 Mechanical polishing using DP Plus clot| 3 min and 30 seconds
And 6 pm diamond spray

4 US-cleaning in Ethanol 5 minutes at 40 °C.

5 Mechanical polishing using DP Plus clg 3 min and 30 seconds
paper ad 3 um diamond spray

6 US-cleaning in Ethanol 5 minutes at 40 °C.

7 US-cleaning in double distilled water 5 minutes at 40 °C.

Before the hydrogen permeation test, all samples were heated at 80 °C for 15 hours to remove
any hydrogen that might be trapped in the steel after cutting.

3.2.2. Sample preparation for analysi s

For hydrogen analysis via inert gas fusion using the Oxygen/Nitrogen/Hydrogen Elemental
Analyzer ONH836 manufactured by LECO (US) samples with mass of 1.000g + 0.003g were
cut from X60 steel sample 2cm x 2cm X 2mm using a precision sectionizing mastshewn

in Figure3.1.a. This machine is used for accurately cutting small samples of materials without
damaging their structure. It uses a diamond blade to cut the sample, which is fixed in a holder.
The machine operates on three axes: X, Y, and Z, as shdviguire3.1.b. The samples were

cut along the Y axis. During the cutting process, tap water was used to cool the sample.
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Figure3.1. a: Precision cut off machine, b: holder sample, cutting axis, and diamond blade (at
Laboratory of joining technologies and corrosion EMPA DiibendGHi).

After cutting, the samples were degassed in an oven for one hour and thirty minutes at 200 °C.
Then they were polished with abrasive paper of 4000 grit, subsequently rinsed with ethanol,
and cleaned with diethyl ether; then, the samples were chargecelacarmchemical cell for

one hour and thirty minutes in contact with 0.1 M HCI solution. The applied current density
was -20 mA/cmz2. After hydrogen charging, the samples were mechanically polished with
abrasive paper until the corroded region was remawesigtep is essential because the LECO
instrument is highly surface sensitive), then rinsed with ethanol and cleaned in a beaker with
diethyl ether. These steps took around 7 to 10 minutes before the measurement.

3. 3. El ectrochemical hydrogen per

The electrochemical hydrogen permeation test is used to investigate hydrogen diffusion in steel,
and it was conducted using a Devanathan and StacHurSklydrogen permeation cell. It
consists of two compartments: the charging (or cathodic) cell, where hydrogen is produced, and
the detection (or anodic) cell, where hydrogen is detected.

3.3.1. El ectrochemical hydrogen per me
Uni veafsi @agl i ar i (Uni Ca) , I taly)

The surface of the sample exposed to the anodic and cathodic cells is 6(8feaiameter of

the sample is 5 cm). Both cells are equipped with three electrodes: an Ag/Ag&igiiEited)
reference electrode (RE), a platinum counter electrode (CE), and the sample under analysis as
the working electrode (WEJ{gure3.2.b). The three electrodes in the anodic and cathodic cells

are connected to two VersaSTAT3F Potentiostats, manufactured by Ametek (USA), which are
operated in floating mode; this procedure is carried out according to an optimized procedure
described in ISQ7081.
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The cell used for another experiments is still an electrochemical hydrogen permeation apparatus
and differs from the previous one for the geometry and for the potentiostats. The sample surface
exposed to the anodic and cathodic cells has a diameter cod@spto an area of 3 cm2. The
detection cell is equipped with three electrodes: an Ag/AgCI (saturated with KCI) electrode as
the reference electrode (RE), a platinum electrode as the counter electrode (CE), and the sample
under analysis as the workingeetrode (WE). These electrodes are connected to an lvium
potentiostat. The production cell is equipped with two electrodes: a platinum counter electrode
(CE) and the sample under analysis as working electrode (WE). These two electrodes are
connected to aih precision current and voltage source (DIGISTANT 4462, Burster,
Gernsbach, Germany).

The hydrogen permeation experiments with both the instrumental setups followed a precise
timing, which is summarized in the following. First, the H detection cell is filled with a 0.1 M
NaOH solution, and the opeircuit potential (OCP) of the mechanigapolished and heated

in oven at 80°C for 24 hours sample is recorded for 3600 sedéigdse3.2.a). Then an anodic
potential of + 0.3 V vs OCP is applied in the detection cell. The passivation current decreases
upon time, reaching values lower than 8A/cm? (Figure 3.2.a). Then, the charging cell is

filled with 0.1 M HCl and 0.2 g/L A£s.
A galvanostatic cathodic polarization was applied using a current density86fmA/ cr.

3.3.3 Data processing: determination of the diffusion coefficient

The hydrogen permeation experiment gives a current versus time curve that typically consists
of three main regions 6 ]

1 Transient (Build-Up): Immediately after the start of hydrogen charging, the permeation
current increases as hydrogen atoms diffuse through the sample, reaching a steady state.
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1 Steady state:Steady state is reached when the permeation current stays nearly constant.
This means the amount of hydrogen entering the detection side is equal to the amount
being supplied at the charging side.

1 Decay. After hydrogen charging is stopped, the permeation current decreases as the
hydrogen content begins to-ttap and to be oxidized to'H

The time lag method i§f) and the breakthroughptmethod[ 7afe used to determine the
effective hydrogen diffusion coefficient {p(m?/s) from the transient region in the permeation
curve. In theiig method, R is calculated usingquation3.1 and in the th method the:pis
calculated usine q u a32 on

0O — (Equadd) on

0O — (Equation3.4)

Where L is the thickness in (m) of the samplgid the time in (s) required to reach 63 % of
steady state current density)(iand is the breakthrough time in seconds that corresponds to
the intersection of the tangent line at the inflection point and-thesdin the permeation curve.

Al ternativel ysupt lmendt dercsaiyemte gh winlsd can -be dir
based per medtéggnadpmElguadGres pecti vel y.

=———B Qwn —— (Equation3.7)

=p ——=B Qwn ——— (Equation3.8)

where } is the permeation current at timegfthe initial steadystate current, anglis the new
steadystate current after the hydrogen production stops.

In addition, the subsurface hydrogen concentration of mobile hydrogetarCbe determined
by Equation3.9[ 8 ]

0 ———p mi(ppm) (Equatior8.10)

Where isis the steady state permeation current density PAmis the thickness of the sample
(m), Det is the effective diffusion coefficient @is), F is the Faraday constant (96,485 C/mol),
M is the molar mass of hydrogen (1g/mol), ardsrthe iron density (7.87 x §@/n?).

Data processing: determination of the diffusion coefficient for a coated sample

The effective diffusion coefficient d3is calculated with eq. (1) or (2) both for uncoated and
coated samples and it includes the contribution of both the substrate and the coating. To
determine the diffusion coefficient Df the coating (the hydrogen permeation barrier), a model
proposed by 9hjs to be used that takes into account thl@yr structure of the sample
(Equation3.11)
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0O (Equation3.12)

where: D is the diffusion coefficient of the film (m#/s),sls the diffusion coefficient of the
substrate (m?3/s), 4 is the effective diffusion coefficient of the twayer membrane obtained

from timelag analysis (m?/s) & =——, Lsis the substrate thickness (m) andd.the film

thickness (m).

PRF is the permeation reduction factor determined as the ratio of the-statedlyydrogen flux
through the uncoated substrate to the coated sampte’Q ——).

Data processing: determination of the trapped hydrogen concentration

The amount of trapped hydrogen in the X60 steel samples was determined using the
Zakroczymski approa¢h 6, which consists of analyzing the decay/desorption region of the
transient hydrogen permeation. The method consists of two main steps:

1) Determination of the diffusion coefficient
The diffusion coefficient of mobile hydrogen (also termed lattice diffusion coefficient), D
is obtained from permeation transients measured in the electrochemical permeation cell
described in Section 3.3.2. The charging conditions are identical except for the cathodic
current density, which is used as the only variable.
The sample is first charged at cathodic charging current den@ify mA/cm?2 until the
anodic current reaches the steady state. Immediately afterwards, the cathodic charging
current is increased tdl mA/cmz? to generate a second transient. The decaynrefjihe
second transient (corresponding to the cathodic current dehsitpd/cm?) is fitted using
the buildup equation Equation 3.3 to determine D. This provides the diffusion
coefficient of the mobile hydrogen.

2) Anal ysis of the decay/ desorption region to
Once D is known, the decay/desorption region of the transient permeation can be
determined to distinguish between trapped hydrogen and mobile hydrogen. Basically, the
anodic current of the desorption curygt) corresponds to the sum of the current of the
trapped hydrogend (t) and the current of the mobile hydrogen (t) (Equation3.7).

o O o 0o (Equation3.13)

Where, hu (t) is the desorption current of mobile hydrogen andt) is the desorption
current of reversible trapped hydrogen.

Knowing DL and assuming that the steastpte currentO (equivalent to the initial

desorption curreniO) corresponds to the desorption current of diffusible hydrogen, the
desorption current of mobile hydrogergI(t). was reconstructed using decay equation
(Equation3.4). Subtractingn+ (t) from the total desorption current (t) gives the trapped
hydrogen desorption current:

[(t) = In(t) - ImK(t) (Equation3.14)

The total hydrogen per unit area is given by the area under the measured curve:

n ., 000Qo (Equation3.15)
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Similarly:

n .00 Qo (Equation3.16)
n .00 Qo (Equation3.17)

Where @+ is the amount of mobile hydrogen and ig the amount of trapped hydrogen.
3. 4. Local hydrogen measurement s:

The glass microcapillary was prepared by softening a borosilicate glass microcapillary with a
heated filament and then stretching it by gravity to form atijged micropipette Rigure

3.3.a). Following pulling, the tip of the microcapillary is mechanically polished (MP) using a
microforge. The microcapillary is placed on the microforge stage, and the tip is gently brought
into contact with a heated glass bead to smooth and refine thegfeigure3.3.b ). ensured

a clean, reproducible geometry and removed any irregularities or sharp edges from the tip,
which is critical for consistent and localized hydrogen measurements.

Figure 3.3: Steps in glass microcapillary preparation: (a) thermal softening of a borosilicate
glass capillary followed by gravigssisted pulling to generate a fine tip; (b) mechanical
polishing of the microcapillary tip for final shaping (Laboratory of joininghtelogies and
corrosion EMPA Dibendorf (CH)).

The experimental procedure comprises two msEps: hydrogen charging and hydrogen
discharging.

1) Hydr ogen charging:
The steel samples were charged with hydrogen using an electrochemical cell using 0.1
M HCl and 0.2 g/L AsOs while applying a current 6f4mA for two hours using a two
electrode configuration, with a sample as WE and platinum as RE. the applied current
was controlled using a These two electrodes are connected to a the DIGISTANT 4462,
Burster.

2) Hydrogen discharging and | ocal measur emen
Hydrogen discharging is performed by the microcapillary cell. The microcell setup
(Figure3.4) consists of a glass microcapillary, a counter electrode featuring a 0.5 mm
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thick gold wire, and a stainlesseel quasreference electrode.(SSQRE) ;Quasi
reference el ect r o #lectrodeQiataintairs a coestamnt,rb@ dot a s 1
generally wel | defined, pot[&Oht Daihg i n a
microelectrochemical hydrogen measurements, the steel samples are exposed to a 0.2

M NaOH solution and anodically polarized at a potential within the passive range (+

520 mV vs SSQRE).

Figure 3.4. Microcapillary cell setup (ataboratory of joining technologies and corrosion
EMPA Dubendorf (CH))).

The experimental procedure involved the following steps:

3y Baseline measurements (uncharged X60 stee
The passivation behavior of the uncharged X60 steel is initially characterized by recording its
polarization curve using the microcapillary cell technique. This experiment passivates the
surface of the steel in the absence of hydrogen charging. Thiseigtiak$or distinguishing
subsequent hydrogaelated electrochemical phenomena from the passivation behavior of the
materials. This passivation current will then be subtracted from the measured data.

4) Hydrogen charged sample measurement s:

After the baseline is established the same microcapillary cell is applied to the hydrogen charged
X60 steel samples. During the process, atomic hydrog®rtt{at diffuses through the sample,

Page A1



is oxidized to H ions at the steel surface and then reacts withi@t$ from the 0.2 M NaOH
electrolyte and form water. The current associated with the hydrogen oxidation reaction is
measured and recorded.

Data processing

The hydrogen concentration is determined from the microcapillary cell measurements using the
approach based on the Faraday second law as descrjbddln| Far aday 6dates econd
At hat t he amount o f a given species (here,
proportional to the electric charge (here, the integral value between the oxidation current of the
reference and Thehdat eeetrit chargen{@)Ipa&s3ed during the oxidation of
hydrogen is obtained by integrating the current i (t) over the measurement interval, (t = Os to
1800s). For each sample, the charge measured for the hydrogeed X60 steel (Q) is

compared with the reference unchargaanple (Qs). The difference between these values
represents the charge associated with oxidized hydrogen and the hydrogen concentration is then
determined usingquation3.12:

O — (Equation3.18)
where: @ is the hydrogen concentration in ppmy @ the electric charge in Coulomb, C, of

the charged sample;&Qis the electric charge in Coulomb of the uncharged sample; n is the
number of electrons participating in the oxidation reaction (ie=H"+€) , F i s t he Fa
constant and V is the effective diffusion volumeéhich can be calculated using tliguation
3.13assuming the volume is a halllipsoid.

V -80 0 Si (Equation3.13)
0

Where a: is the radius of the microcapillary,i& the diffusion distance of the hydrogen during
the measurement.

3. 5. Hydrogen Analysis by inert g

This technique allows for accurate determination of the total hydrogen content, including both
mobile and trapped hydrogen, in metallic samples.

The hydrogen content of selected samples was determined by inert gas fusion analysis using a
LECO ONH836 analyser at the Analytical Center Laboratory, EMPA Dubendorf, Switzerland.

The measurements were performed bblefotthee | abo
instrument. In this method, each sample was placed in a graphite crucible and heated in a stream

of inert gas to 1000°C to release the hydrogen present in the material. The liberated hydrogen
was then carried by the inert gas to a thermal coihdty detector, where its concentration was
measured. Calibration was performed by the instrument technician using certified reference
samples (stainless steel) with a known hydrogen concentration.

3.6. Surface analytical technique

Surface chemical composition and chemical state of the elements present in the surface are
determined using Xay photoelectron spectroscopy (XPS). Two spectrometers were employed
in this work: a Theta Probe XPS, manufactured by Thermo Scientific, Eastéad (UK) and
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a combined XPS/hard-¥ay photoelectron spectroscopy (HAXPS) instrument, PHI Quihtes
fabricated by ULVAGPHI developed and fabricated by a joint venture between USA
(Chanhassen, MNgndJapan (Chigasaki, Kanagawa) .The Theta Probe XPS provides surface
sensitive measurements, and it is used in two different modes: standard lens modeiland an
resolved mode; some experiments are carried out in combination with argon ion etching, using
an Al KU source alternating acquisition and ion aetching. The PHI Quantes enables variable
information depth analysis through the combined use of Waid @ KU excitation sources

More details on the principle of the techniques are given in Appendix 1 of this thesis.

3.6.1. Xray photoelectron spectroscopy (XPS)

The Theta Probe spectrometer operates with a monochromated Alka source (hn = 1486.6 eV).
Measurements were performed using a nominal spot size of 400 um, with a current of 6.7 mA
and applying a voltage of 15kV.The analyzed area is calculated to be: 0ASunmy and
high-resolution spectra were acquired (

Table3.4, Table3.5, Table3.6,Table3.7 ) The pass energy was set to 200 eV for the survey
and 100 eV for the highesolution (HR) spectra in standard lens mode. Under these conditions
the full width at the halaximum height (FWHM) of the Ag 3d peak was found to be equal

to 0.96 = 0.05 eV. The angle between the source and the lens axis is 67.38°, while the emission
angle is 53°. Linearity response of the binding energy scale was periodically checked according
to ISO 15472:201p 1 and an accuracy on the BE measurements of + 0.1 eV was found. More
detailed information about the instrument can be found in Hannachi etla).

Table 3.4. X-ray photoelectron spectroscopy (XPS) acquisition parameters for the high
resolution spectra and survey spectra collected using XPS (at University of Cagliari) of X60
steel samples

Survey -10 1350 9 200 1

C 1s 279 298 9 100 0.05
O 1s 525 545 9 100 0.05
Fe 2p 700 740 9 100 0.05
Valence -5 40 3 100 0.1

Table 3.5.X-ray photoelectron spectroscopy (XPS) acquisition parameters for the high
resolution spectra and survey spectra collected at UniCa cb&ted X60 steel samples Series
1, series 2 and series 3

Survey -10 1350 9 200 1

C1s 279 298 27 100 0.05
O 1s 525 545 9 100 0.05
W 4f 25 50 9 100 0.05
Fe 2p 700 740 9 100 0.05
Valence -5 40 3 100 0.1
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Table 3.6. X-ray photoelectron spectroscopy (XPS) Acquisition parameters for the high
resolution spectra and survey spectra collected using XPS at UniCa for ion sputtered pure

tungsten

Survey -10 1350 9 200 1

Cls 279 298 27 100 0.05
O1s 525 545 9 100 0.05
W 4f 25 50 9 100 0.05
W 4d 230 270 9 100 0.1
W NNN 1280 1340 27 100 0.1
O KLL 950 1030 27 100 0.1

Table 3.7. X-ray photoelectron spectroscopy (XPS) Acquisition parameters for the high
resolution spectra and survey spectra collected using XPS at Unica for standard reference
tungsten oxides W£and WQ

Survey -10 1350 9 200 1

Cls 279 298 27 100 0.05
O1s 525 545 9 100 0.05
W 4f 25 50 9 100 0.05
W 4d 230 270 9 100 0.1
W NNN 1280 1340 27 100 0.1
O KLL 950 1030 27 100 0.1

Data processing

Spectra are processed using CasaXPS software (v2.3.26HR1.@I'he iterative Shirley
background subtraction routine was applied before the curve fitting. The contamination layer,
I, and the thickness of the native oxide layer, t, are determined using-tagf@emode[ 1.3 |

The curve fitting of the Fe 2p higlesolution spectra was performed according to parameters
reported in the literatufe 1 dnp based on standard reference compounds, while the fitting of
the W 4f highresolution spectra was carried out by fixing the parameters based on
measurements of the pure tungsten after ion sputtering and tungsten oxigasdW®Q as
references.

3.6. 3. X ray photoel ectron
spectroscopy (XPS/ HAXPS)

XPS/HAXPES spectra were collected using a PHI Quatepectrometer (ULVAEPHI )
equipped with a dual monochromatierXy source, soft AlKI(1486.6 eV) spot size 200 mm

at 48 W and a hard CrK(5414.7 eV) spot size 300 mm at 53W, which corresponds to an
analysis area of 0.03 nfrand of 0.07 mrh respectively. The AlKand CrKa %ray beams are
separated by an angle of 22 ° and are directed to the sample at effective angles 45° and 49°,
respectively, relative to the analyZerl 16 this instrument, the emission angle can be varied by
tilting the sample stage. In this work, the stage was tilted to 90° and corresponded to an emission
angle of 0° (normal emission angle). The emission angle according to ISO-1.20P3 1 6 |

spectros
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i s d e fangiebetweanghe fiajectory of a particle or photon as it leaves a suyfzoa

the | ocal or av eTha gueey speatrd veere eneasuved with baih. the soft
AlK Usource and the hard-»&y CrkUsource and were measured at a pass energy of 224 eV,
while the HR spectra were performed at 69 eV pass energy using a step size of 0.1 eV for HR
spectra, and step size of 0.8 eV for survey spectra The acquired regions for W coated X60 steel

samples areresented inTable 3.8. The spectrometer was calibratbg—the—instrament
techniciamccording to 1ISO 15472 1 By]referencing the Au 4band Cu 2p>main peaks (as
measured in situ for corresponding sputtered cleaned;pugty metal references using the
soft X-ray) to the recommended binding energy (BE) positions of 83.96 and 932.62 eV,
respectively.

Table3.8. X-ray photoelectron spectroscopy (XPS) and hardyphotoelectron spectroscopy
(HAXPES) Acquisition parameters for the high resolution spectra and survey spectra collected
using a PHI Quanté¥ spectrometer (ULVAEPHI) at Laboratory of joining technologies and
corrosion EMPA Dubendorf (CH))) for Woated X60 steel Series 1, Series 2 8ades3

|
Survey 0 1200 9 224 1
XPS Cls 282 292 9 69 0.1
Alka source O 1s 523 540 9 69 0.1
(1486.6 eV) W 4f 25 50 9 69 0.1
W 4d 232 272 9 69 0.1
Fe 2p 700 740 9 69 0.1
Survey 0 5200 9 224 0.8
HAXPES Cls 279 291 9 69 0.1
CrKa source O 1s 526 537 9 69 0.1
(5414.7 eV) W 4f 26 50 9 69 0.1
W 4d 231 271 9 69 0.1
3.7 Other techniques
3.7.1. Xrkoafyl albblr e sXRmM)ce (p

X-ray fluorescence spectroscopy (XRF) is used to determine the bulk composition of both the
X60 QS substrate and the -¥dated X60, employing a haield, standardless XRF
spectrometer (SPECTRO xSORT, Spectro Analytical Instruments GmbH, Kleve, Germany).
The spectrometer calibration is automatically performed by the instrument itself, using the
ICAL algorithm. More details on the instrument calibration and set up are repoftetl # |

3.7.3. X ray diffraction (XRD)

Phase identification and microstructural characterization of the X60QS steel substrate and the
W-coated X60QS steel are carried out using a Bruker D8 Discovay Miffractometer in at
EMPAOGs C ey Analytids,dubenkiorf (CH), operating in Bréa@ggentano geometry.
Diffraction patterns are collected over drange of 1090°, and 2090°, with a step size of

0.02°. The instrument is equipped with a Qurddiation sources(= 1.5406 A).
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To simultaneously determine the average crystallite size and the microdijaithe
Williamsori Hall method (WH) was employed using tBguation3.13[ 1 8 |

rAT[ O KalD+4lsind (Equation 313)

bcodd was plotted versus 4sinand the crystallite size was obtained from the intercept, while
the strain was extracted from the slope.

Stress analysis has been performed oitoAted X60 steel samples of thicknesses range
between 1.5 mm and 3 mm using the same diffractometer.

The sin§ method was used for determining residual stresses in W coated X60 steel. It is based
on measuring the variation in the spacing of specific crystallographic plargagdhe sample

is tilted at different anglesyj 0°, 5°, 10° 15° 30 ° 45° and 6@8lative to the incident Xay
beamon the (211) plane.

When a material is stressed, the interplanar spacing changes depending on the direction of
measurement. By collecting diffraction data at multipléilt angles, the change in lattice
spacing can be plotted agudrersus sify .

From the slope of this plot, the residual stre§s(GPa) is calculated using the general
relationshipf 1 9 ]
A —m Eqyation 314)

where:

E is the Yoainsg 6tsh enoRlouilsussoon6s r atnivesjfyeurval m i s
A positive slope indicates tensile stress, whereas a negative slope indicates compressive stress.

3.7. 4. Rut herford Backscattering Spec
( RBS/ BERDA

Beam analysis (BA) was carried out by the technician at the Laboratory of lon Beam Physics,
ETH Zurich, using Rutherford Backscattering Spectrometry (RBS) and fieaviglastic

Recoil Detection Analysis (HERDA) to determine the elemental composition arhples in
particular to determine the depth profile of light elements such as hydrogen, oxygen and carbon.
For the RBS measurements, a 2 M#¥e ion beam was employed, and the backscattered
particles were detected with a Si PiN diode positioned at a Segtengle of 167.5°. For the
ERDA measurements, a 13 Mé&¥l ion beam was used, with recoil ions detected at a scattering
angle of 36°. The ERDA spectra were analyzed using the Potku softwy@nd elemental

depth profiles were obtained.

Depth profiles of ERDA have been established for H, C, N, O, and W in the caseaxdtéd

X60 steel across three series: S1, S2, and S3. However, the process of analyzing heavy elements
such as tungsten presents challenges, making precise quantitatysesagifficult. The data
provided should therefore be regarded as gprantitative. In the case of the X60 steel samples,
depth profiles have been obtained for H, C, O, and Fe.
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3.7.5. Scanning Electron -Magr 8peopybET
( SE/MDS) nendl!l | ogharpahatceri zati on

Scanning Electron Microscopy (SEM) combined with Energy Dispersivay)XSpectroscopy

(EDS) was employed to investigate the microstructure and composition of the samples. SEM
mi crographs provided detail ed i magasscrossf t he
sectional views, enabling direct measurement of the coating thickness. Scanning electron
microscopy investigations were carried out on three sample series and the X60 steel: Series 1
(Ra0.4 pm), Series 2R 0.2 um), and Series 3 @.2 um). TheSEM analysis of Series 1 was
performed using ESEM: FEI Quanta 208t CeSAR, CeSAR (Centro Servizi d'Ateneo per la
Ricerca) of the University of Cagliari using a 30 kV electron beam voltage in the secondary
electron mode. The SEM measurements of Serie 2 and Serie 3, SEM cross section analysis of
S1, S2 and S3 and the niktgraphic examinations of X60 steel were performed in the €ross
section of X60 steel after etching with 2% Nital solution for 5 seconds were conducted at the
advanced metallography laboratory at RINA Consulting CSM S.p.A. , Castel Romano, Rome
by SEM Zess EVO M 15 using a 1820 kV electron beam voltage in thackscattered electron

mode
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4 Resul t s

This chapter presents the results obtained from experimental investigdimoashieve a muki

scale evaluation, an unprecedented combination of advanced analytical techniques was
employed. These include highly surfesensitive methods (XPS, HAXPES), localized and
nearsurface probes (SEM/EDS, microcapillary cell technique, EBS&A), and bulk
characterization approaches (XRF, XRD, hydrogen quantification by inert gas fusion analysis,
hydrogen permeation testindjable4.1 summarizes the scope and spatial sensitivity of each
technique utilized in this work.

Table4.2. Overview of the technique used in this study

X-ray Photoelectron Spectroscopy (XPS) Surface (hanometers)

Hard X-ray Photoelectron Spectroscopy (HAXPES) Nearsurface (tens of nanometers)

SEM-EDS Surface / Neasurface
(micrometers)

Microcapillary cell technique Localized (surface / neaurface)

Rutherford Backscattering Spectrometry (RBS) / Ela Nearsurface to bulk (depth profile
Recoil Detection Analysis (ERDA)

X-ray Fluorescence (XRF) Bulk

Inert gas fusion analysis Bulk

X-ray Diffraction (XRD) Bulk / Phase analysis
Hydrogen permeation test Bulk transport properties

Local hydrogen measurement (microcapillary) Localized (surface / neaurface)
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To achieve a comprehensive understanding of hydrogen behavior in X60 steel substrate an array
of complementary analytical techniques was employed, each providing unique information

regarding surface, neaurface, localized, and bulk properties. The tegines include Xay
Photoelectron Spectroscopy (XPS), Hardray Photoelectron Spectroscopy (HAXPES),

Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS), Rutherford

Backscattering Spectrometry (RBS), Elastic Recoil Detection Anal{flSRDA), X-ray
Fluorescence (XRF), Xay Diffraction (XRD), Hydrogen Analysis by Inert Gas Fusion,

hydrogen permeation testing (Devanathan and Stachurski cell), the microcapillary cell method.

4. 1.

Ir. aly.

flXuorescence

( XRF)

X-ray fluorescence (XRF) analysis was performed to determine the elemental composition of

the samples, with the resulting data summarizethinie4.3. Elements that were not detected

in the spectra are either absent from the sample matrix or present at concentrations below the
instrumental limit of detection (LOD). For most transition metals and heavier elements, the

LOD typically ranges from a few piarper million (ppm) to several tens of ppm under standard

measurement conditions. In contrast, lighter elements generally exhibit higher detection limits
due to their lower fluorescence yields and increased absorption by the sample matrix and
detector winlow. Consequently, the absence of light elements in the acquired data indicates
that their concentrations fall below the analytical sensitivity of the XRF instrumentation

employed in this study.

Table 4.3. Elemental composition of X60 steel determined by portablayXfluorescence

spectroscopy; the average wt% calculated on the results obtained on three samples is provided
and the standard deviations are given in parentheses.

wt.%

98.2 (0.1)

1.2 (0.04)

0.20 (0.02)

0.10 (0.01)

0.10 (0.01)

0.10 (0.01)

4. 1.

Scanning electron microscopy coupled with energy dispersiag Xpectroscopy (SEMDS)

1.

2. ScanninegEnelrgot rda s pmircriovsec XpBD &y

spec

enables precise elemental analysis of localized microstructural regions, thereby providing

detailed compositional information at the microscopic scale. This techcmpigms the
presence and distribution of elements such as Fe, Mn, Cr, and Si within localizeFignaas (
4.1, Table 4.5). In Figure 4.1, the regions selected on the SEM micrograph for elemental
analysis are shown. The image was acquired at a magnification of Tdl}&4.4 reports the

chemical composition (in wt%) obtained from six marked areas, together with corresponding
mean values and standard deviations.
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Figure4.1. SEM micrograph of X60 steel

Table4.5. Elemental compositiowg.%) obtained by SEMEDS analysis in six different areas
on the sample surfacEigure4.1).

Wt.% Fe Mn Cr Si

1 97.9 1.6 0.2 0.3

2 97.7 1.5 0.3 0.4

3 98.3 1.4 0.3 0

4 98.1 1.5 0 0.4

5 98.1 1.5 0 0.4

6 98.2 1.5 0.3 0

Mean value 98.0(0.2) |15(0.1) |0.2(0.2) |0.3(0.2
(st. dev.)

The chemical composition determined by EDS analyses indicates that the investigated alloy is
predominantly iron, with an average Fe content of 98.0 wt%, and minor constituents including
Mn (1.5 wt%), and Cr (0.20wt.%). Mo, Ni, and Cu that were quantifieckKBF, were not
detected by SEMEDS, likely due to their low abundance and the spatial resolution limits of
the technique. On the contrary, Si were not identified-B§RjF-, due to the low sensitivity of

the technique to light elements under the adoptedrarpntal conditions. Collectively, these
complementary results confirm that the material consists primarily of iron, with minor amounts
of alloying elements.

4. 1.-tag Hiffraction (XRD)

The XRD patternKigure4.2) of X60 steel exhibits distinct diffraction peaks at\alues of
44.66°, 64.80°, and 82.3°, corresponding to the planes (110), (200), and (121), respectively.
The presence of these peaks confirms that the steel has-addyed cubic (BCC) structure,

as indicated on the ICSD 14754 card. Additionally, thakpintensity and sharpness indicate a
polycrystalline structure.
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Figure4.2. XRD pattern of X60 steel
4. 1. ¥.a4q. photoelectron spectroscopy ( XPS)

The XPS is used to provide information on the surface composition of X60 steel, the chemical
state of iron, the thickness of the oxide layer, and the hydrocarbon contamination layer after
various sample preparation and heat treatment procedures, incldivayirs at 80°C.

The XPS survey spectrum of the X60 steel following the cleaning procedure under different
conditions: cleaned with various solvents (C), heated cleaned (HC), mechanically polished
(MP), and heated MP (H MP) shownRigure4.3 indicates that iron (Fe) is the primary element
present. The signals assigned to oxygen (O) and carbon (C) are likely due to surface oxidation
and contamination of the steel's outer layer. The presence of these elements is due to the
exposure of the sample surface to the laboratory environment after cleaning, heating, and
transferring it to the spectrometer. A detailed description of the sapmpdedo XPS analysis

is given in the experimental chapter three, section 3.2.1
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Figure4.3. The survey spectra for X60 steel following the cleaning procedure under different
conditions: cleaned with various solvents (C), heated cleaned (HC), mechanically polished
(MP), and heated MP (H MP).

Processing of the higlesolution spectra, as showrFigure4.4, for H C and H MP X60 steel,
allowed us to distinguish the contributions due to various chemical states of the same element.
The curvefitting parameters for the O 1s and Fe 2p signals are listeahie4.6. The Fe 2p-

peak of both H C X60 steel and H MP X60 ste€lig(re4.4.a andFigure4.4.b) was fitted
according to the literatufg], identifying four distinct components. The peak energy for
metallic iron (Fe (0)) was measured at 706.8 (0.1) eV in both the cleaned and MP X60 steel
samples, and at 707.0 (0.1) eV in the heated cleaned and heated MP X60 steel samples. The Fe
(I1) oxide (FeO) component was detected at 709.4 (0.1) eV, with its satellite at 714.9 (0.1) eV.
The Fe (lll) oxide (Fg03) peak appeared at 710.6 (0.1) eV, while Fe (lll) oxyhydroxides
(FeOOH) was identified at a peak energy of 712.5 (0.15]e\Vhe peak energies are presented

in Table4.7.

The O 1s highresolution spectra following the fitting procedure showed four components
(Figure4.4.b, Figure4.4.d ); the peak energies of the components are at 530.1 (0.1) eV, 531.4
(0.1), 532.2 (0.1) eV, and 533.5 (0.1) eV, and they are assigned to oxygen present in the iron
oxides, hydroxides, adsorbed water, and organic contamination, respg@jvidie. results are
summarized iMable4.7.
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Table4.6. Fitting parameters used for O 1s and Fg.Bmh-resolution spectra of X60 steel.
Standard deviations are in parenthe3ée Fe 2p» was fitted according to the literatuig |,

FWHM (eV) | Line Position FWHM Area
Shape Constraint (eV) | Constraint Constraint
eV

O 1si Oxide 1.35(0.04) GL (40) 0 0
O 1si Hydroxide 1.35(0.04) GL (40) o} O 1soxide*1 0
O 1si Water 1.35(0.04) GL (40) o} O 1soxide*1 o
O 1s i Organic 1.35(0.04) GL (40) o} O 1soxide*1 0

contamination

Fe 2ppi Fe (0)  1.18(0.03) GL 707 706 1-1.2 3
(85)T(0.8)

Fe 2ppi FeO 2.56 (0.04) GL(30) 709.1709.3  2.4i2.6 3

Fe 2ppi FeOsat 2.56 (0.04) GL(30) Fe 2pni FeO 2.4i2.6 Fe 2p/7*0.08

+5.5

Fe 2ppi FeOs  2.47(0.06) GL(30) @ 2.42.6 1i 4

Fe 2ppi Fe (- 3.02(0.08) GL(30) & 1-4 3

OOH

Table4.7. Peak energy values (eV) of O 1s, Fexqre reported as mean values the standard
deviations are given in parentheses.

C X60 Steel Heated C X60 MP X60 Steel Heated MP X6C
(eV) Steel (eV) (eV) Steel (eV)

O 1s Iron oxide 530.1 (0.1) 530.2(0.1) 530.1 (0.1) 530.2 (0.1)

O1s Iron 531.4 (0.1) 531.4 (0.1) 531.4 (0.1) 531.5 (0.1)
hydroxide

O 1s Adsorbed 532.2 (0.2) 532.2(0.1) 532.2 (0.1) 532.3 (0.1)
water

O 1s Organic 533.5(0.1) 533.4(0.1) 533.5(0.1) 533.5(0.1)
contamination

Fe 2p Fe (0) 706.8 (0.1) 707.0 (0.1) 706.8 (0.1) 707.0 (0.1)

Fe 2p.2 FeO 709.4 (0.1) 709.4 (0.2) 709.3 (0.1) 709.4 (0.1)

Fe 2p» FeO sat 714.9 (0.1) 714.9 (0.2) 714.8 (0.1) 714.9 (0.1)

Fe 2p.2 Fe O 710.6 (0.1) 710.7 (0.1) 710.6 (0.1) 710.6 (0.1)

Fe 2p.2 Fe(lll-OOH 712.5(0.1) 712.6 (0.1) 712.5(0.1) 712.4 (0.1)
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Figure4.4. High-resolution spectra of Fe 2pand O 1s for HC (a, b) and H MP (c, d) X60
steel.

The composition of the surface layer was determined by considering the oxidized iron species;
the results are presentedTiable4.8.

The application of the thrdayer model (see experimental section 3.6.1) enabled the
estimation of the contamination layer thicknes$ @nd the oxide layer thickness (t), as
presented in the bar charthigure4.5.

Upon heating, the FeO content exhibits a significant reduction in both C X60 steel and MP
X60 steels, decreasing from approximately 5% to less than 1%. Conversely, the relative atom
percentage of E®; and FeOOH remain largely unchanged.

Table4.8. At omic percentages of FeO, Fe O , and
samples conditions.

Atomic % C X60 steel Heated C X60 steel MP X60 steel Heated MP X60 steel

FeO 5(2) 0.5(0.7) 4 (3) 0.9 (0.9)

FeOs 60 (2) 64 (3) 62 (2) 64 (2)

FeOOH 35 (3) 36 (3) 34 (3) 35 (2)
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C X60 steel H C X60 steel MP X60 steel H MP X60 steel

_ 7.7 (0.5)

5.5 (0.7)

4.1(0.5)

|3508)

2.740.3) 2.9.(0.5) 3.3(0:2)

Thickness (nm)
I
—

Figure4.5. Bar chart illustrates the thicknesses of the contamination layer (Ic) and oxide layer
(t), as determined by the thrkeay er model , for the steelsd sul
CX60, and H MP X60.

4.1.1.5 Rutherford Backscattering spectromet

Compositional depth profiles of the X60 carbon steel surface were obtained by Rutherford
Backscattering Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA), with a
representative profile presentedFigure4.6. X60 steel, a lowalloy carbon steel extensively
utilized in pipeline applications, is characterized by a high iron content and minor
concentrations of carbon, manganese, and other alloying elements that impact its mechanical
properties and corrosion retnce. The depth distribution of hydrogen, carbon, oxygen,
aluminum, and iron within the neaurface region reveals pronounced compositional gradients.
Iron dominates the bulk, while oxygen displays a distinct -sediace enrichment. The
concentration®f hydrogen, carbon, and aluminum remain minimal across the entire profile.
The RBS/ERDA data indicate that the nearface region contains a thin oxidized layer
enriched in oxygen, as evidenced by a sharp surfaaeO peak. The average elemental weight
percentages for the regions delineated by the red and blue dashed lines in the depth profile are
presented iTable4.9, beyond this region, iron content rises rapidly to approximately 98.7 wt%
and remains stable throughout most of the analyzed depth. small amounts of hydrogen (0.010
wt%) is detected, the amount of carbon is found to be 0.25 wt%, while aluminum is tesent
0.28 wt%; all exhibit low and only slightly varying concentrations with depth. Oxygen content

is slightly higher at 0.73 wt%, consistent with the presence of a surface oxide layer.
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Figure 4.6: composition- depth profiles measured by RBS/ERDA for the X60 steel
mechanically polished X60 steel MP. The average elemental composition was determined over
the depth range indicated by the blue and red dashed lines.

Table4.9. The average elemental composition of X60 steel MP was determined over the depth
range indicated by the blue and red dashed lines.

wt% 98.70+0.01 | 0.010+0.001| 0.25+0.01 0.73+£0.01 0.28 £0.01

4. 1.2 Electrochemical hydrogen per meat

To prepare the steel surface for electrochemical hydrogen measurements, the detection cell was
filled with 0.1 M NaOH solution. H C and H MP X60 steel samples were immersed in the
electrolyte, and their open circuit potential (OCP) was monitored for amedassess surface
conditioning.Figure4.7 show the OCP vs time plot for both surface preparations. Immediately
after i mmersion, the potential 1is around 127
vs Ag/AgCI after one hour. The results obtained on H MP X 60 steel are highly reproducible
(Figure4.7.b). The HC X60 sample achieved a slightly higher final OCP compared to MP X60,
indicating that heat cleaning produces a more uniform and protective passive film. These results

demonstrate that surface preparation has a significant influence on thecaleiical behavior
of X60 steel in alkaline media.
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After exposure at the OCP, the steels undergo anodic passivation at a potential of +0.3 V versus
OCP. This process aims to reduce surface condition variability, prevent oxidation of the
specimens, and improve hydrogen atom oxidation efficiency for momastent datgy]. The
passivation current decreases following a power law, reaching values below 0.5 pA, which is
less than 0.1 pA/cmz.

-180 -180
a — b
~ -200 ) " nes _-200 )
@) HC2 O
D _ " .
< 220 23 220 HME%
o) / Es) HMP 3
< -240 P £ -240
% R ~
-260/\( > 260 |/
Z HC1 =
£ 280 A £ 280
g '320( & -320
-340
-340
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
Time (hr) Time (hr)

Figure 4.7. Open circuit potential (mV vs. Ag/AgCI) over time for hydrogen permeation,
showing a) H X60 steel (heated cleaned X60 steel), and b) H MP X60 steel (heated,
mechanically polished X60 steel).

The production cell was filled with a 0.1 M HCI solution containing 0.2 g/kg eDA#Arsenic

oxide inhibits the recombination of hydrogen and promotes the formation of hydrogen
atom$8].The samples were exposed to this solution for 5 minutes, during which the OCP was
measured. Afterwards, cathodic hydrogen production was started with a cuir@mAf The
measured OCP values of H C X60 and H MP X60
During cathodic polarization a6 mA the potenti al was 1996 (
X60 steel and 11067 (83) mV vs. Ag/ AgCl for

Figure4.8 shows the experimental hydrogen permeation curves as current versus time for both
the H C X60 steel and the H MP steel. After the start of hydrogen production, the current
initially remained very low (at the passivation current < 1 pA); subsequenthapitly
increased during the butldb phase and reached a nearly stesidie value.

The hydrogen permeation curves from the H C X60 steel samipiggré 4.8.a) showed
consistent results. The hydrogen oxidation current begins to rise, with-staselgurrent )
values of 29.4A, 35.7¢A, and 41.&A, for H C1, H C2 and H C3 respectively. Similarly, the
curves for three H MP X60 steel samplégy(re4.8.b) showed similar patterns during both
buildup and decay phases. Thevalues of 29.@ A, 57.9¢A, and 35.GA for H MP1, H MP2,
and H MP3, respectively.
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Figure4.8. Hydrogen permeation curves for a) H C X60 steel and b) H MP X60 steel.

The hydrogen diffusion coefficient was calculated using the timealagEtjuation3.1) and
breakthrough ot (Equation 3.2) methods applied to the builp region of the hydrogen
permeation curve. The results are summarizéichlyie4.10.

Table4.10. Effective diffusion coefficients (&) of H C X60 and H MP X60 steels. The results

are given as average values calculated over three independent measurements and the standard
deviations are reported in parentheses.

H C X60 steel 2.4 (0.4) 2.8 (0.2)
H MP X60 steel 2.0 (0.4) 2.9 (0.5)

No significant differences were observed either in the effective diffusion coefficients of H C
X60 steel and H MP X60 steel, nor between the two methods.

An alternative approach for evaluating hydrogen diffusion involves fitting the permeation
current curve using the analytical solution of Fick's second law, also known as thepuild
equation Equation3.3). In Figure4.9.a andFigure4.9.b thepermeation buildup transient for

H C X60 and H MP X60 samples is showthe effective diffusion coefficient for H C X60
steel was determined to be 2.9 (0.9) T 10 7
I 10 ¥ m|] / s.
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Figure4.9. Permeation buildup transient for a) H C X60 steel and b) H MP X60 steel vs model
fit (black dashed)

These findings are in close agreement with values derived from bothgthedt , methods,
underscoring the consistency of the diffusion measurements across various analytical methods.
The consistency of results confirms the validity of the experimental procedures.

In addition to the hydrogen diffusion coefficient, the hydrogerssutace concentration on the
production side of the sample can be determined using EquattonThe subsurface
concentration is slightly higher in the H MP steel (0.8 (0.1) ppm) compared to the H C X60
steel (0.66 (0.02) ppm).

To quantify the amount of hydrogen trapped within the steel microstructure, the Zakrocymski
approach (chapter three section 3.3.2) was employed by analyzing the decay region of the
hydrogen permeation curvEigure4.9). The quantity of trapped hydrogemn{owas estimated

to be 8 (2) x 10 mo | H/ cm] for HC X60 stee

The reproduced curve was obtained using the decay equBtjoation3.4) by fixing all the
parameters at’=lss and }°=0, while fixing the diffusion coefficient D as the diffusion
coefficient of the mobile hydrogen {pm+) also called D that was determined experimentally
by first charging the sample at cathodic current densityhere ¢ =-0.5 mA/cm?, then atF

-1 mA/cm? and is found to be equal to 1.1 + 0.2 af/s, thus higher than the effective diffusion
coefficients Table4.10)

Page p1



1.3 Sample characterization after tF
4.1.3.1. Local Hydrogen Measurement s: Mi croc

The following results show the local hydrogen concentration determined by using the micro
capillary cell technique. This method allows us to estimate the absorbed hydrogen concentration
in steel within localized areas.

The local hydrogen measurements are presentBdyure4.10 for uncharged and hydrogen

charged X60 steel across three points. The oxidation current of the uncharged samples are due

to passivation of the sample surface during anodic polarization. These values are the
Abackground curr ent 0 dshbwagoodhepraductbibty. Bhe hydragént r a c t
concentration of the charged X60 steel was measured at three points. Point 1 was measured
after 5 minutes of hydrogen charging, point 2 after 30 minutes and Point 3 after 1 hour and 7
minutes of charging. These amirements show a higher oxidation current attributable to the
presence of absorbed hydrogen. The three points show different hydrogen oxidation currents,
The diffusion pathways of hydrogen or the increase of the oxidation current at point 2 and point

3 cauld be attributed to crevice corrosion.

— Uncharged reference sample pt1
1E-4 = — Uncharged reference sample pt2
Uncharged reference sample pt3
charged sample pt1
charged sample pt2
charged sample pt3

1E-5

Current (A)
m
&

1E-7 -

1E-8 +

1E_g N | v 1 N 1 v | N 1 N | v I N 1 N 1
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Figure4.11. Microcapillary results measurements on X60 steel.

The hydrogen concentration was calculated based on the electric charge conversion, following
Faraday's second law as described in the chapter three, section 3.4. The results are shown in the
Table4.11:
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Table 4.11. Hydrogen concentration CH (ppm) on charged X60 steel, determined on three
different points: ptl, pt2 and pt3. These measurements were performed in only three points in
one sample.

_ Charged X60 steel pt Charged X60 steel pt2 Charged X60 steel pt3

Ch (ppm) 0.2

The local hydrogen measurements performed using the microcapillary cell technique
demonstrated a nesmiform distribution of the hydrogen concentration of diffusible hydrogen
across the surface of charged X60 steel. which are 0.2 ppm 0.4 ppm and 0.3 pgimpgt?

and pt3 respectively.

4.1.3.2. Hydrogen Analysis by Inert Gas Fusi

The purpose of this analysis is to determine the hydrogen content in X60 steel using the inert
gas fusion method. The technique is described in chapter three, section 3.5.

The results are presentedTiable4.12.

Table4.12. Hydrogen Content in X60 Steel Samples Determined by Inert Gas Fusion

X60 Steel Samples E:Ac?r?tiz L:]rte (dppm) FRTETEEE]
Uncharged reference X60 Steel Sample ] 1.00 £0.01 1.50+0.01
Uncharged reference X60 steel Sample 2 1.02+0.01 1.40+0.01
Uncharged reference X60 steel Sample 3 1.02+0.01 1.06+£0.01

Charged X60 steel (measured after 7 mir|

. o} 2.20 +£0.03
charging)

The uncharged reference samples exhibit hydrogen concentrations ranging from 1.06 to 1.50
ppm that are slightly high for degassed steels and likely reflect the total hydrogen, including
both residual bulk hydrogen and hydrogen trapped at microstructiesl si

In contrast, the sample subjected to electrochemical hydrogen charging and measured after 7
minutes displays a significantly higher hydrogen content of 2.17 ppm. This increase, relative to
the reference samples, clearly indicates successful hydrogen upiaskeg the charging
process.

4.1.3.3 Rutherford Backscattering spectromet

Compositional depth profiling of the X60 carbon steel surface following hydrogen charging
was conducted using Rutherford Backscattering Spectrometry (RBS) in conjunction with
Elastic Recoil Detection Analysis (ERDA). A representative elemental depth episfil
presented irFigure4.13. The distribution of hydrogen, carbon, oxygen, aluminum, and iron
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within the neaisurface region reveals distinct compositional gradients. Iron is the predominant
constituent in the bulk material, whereas oxygen exhibits significant enrichment at the near
surface. Postharging analyses indicate an slight increase indg&h concentration relative

to precharging conditions, accompanied hyslightincrease in both carbon and oxygen
content. These observations suggest that a fraction of the incorporated hydrogen is likely
associated with surface oxide (e.g., hydroxidex) carbon species, rather than being present
exclusively as latticeiffusible hydrogen. Notably, a small amount of hydrogen introduced
during charging may be bound within the native oxide layer, the thickness of which was
estimated to be about 6 nm by XEata Figure4.12). The RBS/ERDA results further indicate

that the neasurface region comprises a thin, oxidized layer enriched in oxygen and carbon, as
evidenced by pronounced peaks for these elements in the sadjacent region of the profile.

The mean elemental wéigpercentages for the regions delineated by the red and blue dashed
lines in the depth profile are summariZeable4.13. Beyond this oxidized surface layer, the

iron content rapidly increases to approximately 98.4 wt% and remains constant throughout the
analyzed depth.

Concentration (at.%)

=200 0 200 400 600 800
Depth (1el5 at./cm?)

Figure 4.13. composition- depth profiles measured by RBS/ERDA for the X 60 steel
mechanically polished X60 steel MP after hydrogen charging. The average elemental
composition was determined over the depth range indicated by the blue and red dashed lines.

Table4.13.The average elemental composition of X60 steel MP after hydrogen charging was
determined over the depth range indicated by the blue and red dashed lines.

wit% 98.44 +0.01| 0.014 +/0.28+0.01 | 0.85+£0.01 |0.43+0.01
0.001
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4. 2. Tungsten coatings as a hydro

In this section, the development and characterization of effective hydrogen permeation barriers
for high-strength steels is presented. Specifically, this work investigates the application of
tungsten coatings on X60 steel that presents both significaantifici challenges and
innovative potential. The formation of adherent, and chemically stable tungsten layers capable
of impeding hydrogen ingress is a complex task, complicated by issues such as coating
uniformity, interfacial integrity, and the preseneait of desirable mechanical properties. The
innovative aspect of this study lies in the systematic and-teghinique evaluation of tungsten

as a hydrogen barrier, employing advanced surface analytical techniques, electrochemical

hydrogen permeationcadlnd bul k characterization met hods

chemical, structural, and hydrogen diffusion information in the barrgrbstrate system.
Three distinct series of Woated X60 steel samples were characterized: each series differs for
the deposition and processing conditions. Series 1 was characterized by an average substrate
roughness R= 0.4em and a coating thickness ofeBn. Series 2 had an average substrate
roughness R= 0.2em with a coating thickness of&3n, while Series 3 exhibited an average
substrate roughness R 0.2em and a reduced coating thickness ofelnrb

4. 2.1 Characterization of the coat ed

4. 2.1ay Kluorescence (XRF) results

X-ray fluorescence (XRF) analysis was performed to quantitatively evaluate the surface
composition of tungstenoated X60 steel (VWoated X60 steel) samples from series S1, S2,
and S3; the results are summarized inTthiele4.14. Note that the analyzed depth of the sample

is in the order of 10 pnSeries S1 and S2, both characterized by a nominal tungsten coating
thickness of 3em, demonstrated high tungsten contents of 87 (1) wt.% and 88.7 wt.%,
respectively, accompanied by relatively low iron concentrations of 12 (1) wt.% for S1 and 10.6
(0.7) wt.% for S2. Conversely, series S3, which featured a thinner tungsten coatingrof 1.5
exhibited a significantly reduced tungsten content of 61 (1) wt.% and a correspondingly
increased iron content of 38 (1) wt.%.

Small amounts of molybdenum (Mo), between 0.12 and 0.16 wt.%, were found in all series.
Manganese (Mn) and nickel (Ni) appeared only in S3, with concentrations of 0.44 (0.04) wt.%
and 0.33 (0.01) wt.%, respectively.

Table4.14.XRF results of series 1,2 and 3

Fe 12 (1) 10.6 (0.7) 38 (1)
Mo 0.16 (0.03) 0.12 (0.01) 0.16 (0.01)
W 87 (1) 88.7 (0.1) 61 (1)
Mn 0.44 (0.04)
Ni 0.33 (0.01)
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4.2.1.2 Scanning electron microscopy (SEM) r

Scanning electron microscopy (SEM) was used to characterize theseabesmal morphology

of W-coated X60 steel. SEM cresection micrographs for each series are presentédi ig u r e
4.1 4while the measured coating thicknesses, as determined by SEMsectismial analysis,

are summarized infable 4.15 and compared with the corresponding nominal coating
thicknesses.

Series 1 (Ra 0.4 um) Series 2 (Ra 0.2 ym) Series 3 (Ra 0.2 uym)

Coating

Figure4.14. SEM cross section micrograph of W coated X60 steel, series 1, series 2 and series3

Table 4.15. Summary of Wcoated X60 steel thickness for all sample series. The standard
deviations are reported in parentheses.

Series Ra (Lm) Nominal thickness (um Measured thickness (um, SD)

1 0.4 3 3.6 (0.7) um

2 0.2 3 3.350 (0.004) um

3 0.2 15 1.59 (0.04) um
In Series 1, the substrate exhibited a mean surface roughrgss ®@. 4 Om , wi th a

coating thickness of 3 Om. SEM analysis show
relatively high standard deviation of 0.7 Or
SEM crosssection micrograph shows thaetinterface between the coating and substrate was

wavy.

For Series 2, the substrate exhibited a mean surface roughpess®R. 2 Om, whil e t |
coating thickness remained at 3 um. The measured coating thickness was 3.350 (0.004 um), the
small standard deviation of 0.004 um, indicating excellent thickness uniformity. The interface

was much smoother compared to Seriesith only minor undulations observed.

Series 3, the substrate exhibited a mean surface roughyress®. 2 Om, and the no
thickness was 1.5 Om. The me assmuSEM crossectiart i ng t
micrograph revealed a smooth and continuous interface, exhibiting a small variation in coating
thickness throughout the sample.
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4. 2.-1a8 Hiffraction (XRD)

X-ray diffraction (XRD) was performed to investigate the crystallographic characteristics of
W-coated X60steel. The XRD patterns of the series S1, S2 and S3 are prEgpm=t16.

The XRD analysis of the Woated X60 steel samples shows clear differences in
crystallographic orientation, influenced by substrate roughfégsre4.15). In Series S1, with

a el tungsten coat i ngmroughness, thrednwin peaks appeadat2h 0. 4
40.24°, 58.28°, and 73.13°, which correspond to the (110), (200), and (211) planes of BCC
tungsten CSD 64711 carfd This indicates a polycrystalline coating with various orientations.
Conversely, Series S2 @n coating, 0.22m roughness) and S3 (1¢5n coating, 0.22m
roughness) display strong peaks around 40.2°dinVizhile the (200) and (211) peaks are
present, their intensities are lower than that of the (110) peak, indicating a preferred orientation
along the (110) direction, likely due to the smoother substrate surface. Additionally, a slight
shift in the 2 position of the (110) peak occurs between Series 82S&) with the (110)
reflection at 40.24° in S2 and at 40.03° in S3.

Following the WH analysis using the equatioBquation 313) reported in the chapter three,
section 3.7.3, the crystallite size and microstrain were determined for the three series 1, 2 and
3

The WH analysis from WWH plots Figure4.17) provided quantitative estimates of crystallite

Ssize and microstrai neni ocro aatleghmsghdirat@eeadgheess), the s . F
average crystallite size was 35 N 1 samm, wi t
c oat i angroughhess) showed a slightly larger crystallite size of 37.0 + 0.6 nm and the
same microstrain value (0.007 £ 0.003 nm), indicating that reducing substrate roughness alone
does not significantly affect the strain but can promote marginal grain growdbnfrast, S3

(1.5em coating, 0.Z2m roughness) exhibited small crystallite size of 14.18 + 0.01 nm and the
highest microsain (0.010 + 0.001 nm), indicating that reducing coating thickness results in

finer grains and increased lattice strain.
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Figure4.16. XRD pattern of Wcoated X60 steel Series 1, Series 2 and Series 3
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Figure4.17. W-H plot with linear curve fit (black dashed) of-@dated X60 steel for a) Series
1, b) Series 2 and c) Series 3.

Residual stress in Woated X60 steel was estimated from XRD analysis. The results are shown
in Table4.16.
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Table4.16. Crystallite size (nm), Microstrain and residual stress values-co&ted X60 steel
Series 1, Series 2 and Series 3.

Series CrystallMicroetrainResidual
(nm)

35 (1) 0.007 NO.0147. N O
S2 37 (0.6 0.007 NO.0375. 4 N O
S3 23.6 (0.0.010 0 NO.393.09 N O

4.2.14 Rutherford Backscattering Spectrometry /Elastic recoil detection (RBS/ERDA)

Rutherford Backscattering Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA)
depthprofile measurements of \dbated X60 steel samples Series 1, Series 2 and Series 3 are
presented ifrigure4.18,

Figure 4.19 and Figure 4.20 and reveal a distinct elemental distribution indicative of dense
tungsten coatings with surface enrichment of light elements. Across all three series,-the near
surface region demonstrates intense signals for oxygen, carbon, and nitrogen, while tungsten
predominates in the subsurface and bulk, consistent with the intended coating structure. ERDA
detection of hydrogen indicates its presence only in small amounts from the regions delimited
by red and blue dashed lines; this is in line with expectations $atua uptake from the
deposition environment using RF Magnetron sputtering. The quantitative mass fractions,
calculated from measured atomic ratios and summariZeahle4.17, confirm that despite the
atomic abundance of lighter elements, tungsten constitutes the majority of the mass in all
coatings.

In Series 1, the depth profile identifies, in addition to tungsten, the presence of quite high
amounts of oxygen and small amounts of light elements. As detaileable4.17, the mass
composition is strongly tungstetominated (W = 97.7 wt%), with oxygen accounting for 1.79
wt%. Nitrogen, carbon, and hydrogen are detected only in small quantities for all series.

For Series 2, RBS/ERDA data indicate a reduced oxggeiched surface compared to Series
1. The corresponding weight percentagahle4.17,) supports this observation, with tungsten
content increasing to 98) wt%, the highest among the series, and oxygen decreasing to 1.46
wt%. Nitrogen, carbon, and hydrogen remain present only in small amounts (0.11 wt%, 0.04
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wit%, and 0.02 wt%, respectively), thus indicating the presence of a thinner or less developed
oxide layer and a more pure tungsten coating compared to samples from Series 1 and 3.

Series 3 exhibits a depth profile similar to Series 1, characterized by a more pronounced
oxygenenriched surface layer than Series 2. Consistent with the compositional depth profile,
Table4.17, reports W = 8.0wt%, O = 1.79 wt%, N = 0.18 wt%, C = 0.04 wt%, and H = 0.02

wt%. The oxygen mass fraction is nearly identical to that of Series 1, suggesting comparable

surface oxidation, while the contributions from hydrogen, carbon, and nitrogen remain
negligible.

s H
I c
EE T I N
— ()
— —
-
o 60 1
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©
g 40 -
iJ
c
o
[
20 A
D T T T
=400 =200 0 200 400

Depth (1el5 at./cm?)

Figure 4.18. composition- depth profiles measured by RBS/ERDA for-aated X60steel

(Seriesl). The average elemental composition was determined over the depth range indicated
by the blue and red dashed lines.
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Figure
4.19. composition- depth profiles measured by RBS/ERDA fordtated X60steel Series 2.

The average elemental composition was determined over the depth range indicated by the blue
and red dashed lines.

Page /2



120 -+

100 A1

20 20X

80 4

60 1

Concentration (at.%)

40 4

20 1

L] L] L] : = = i — - ‘I
~400 ~200 0 200 400

Depth (1el5 at./cm?)
Figure 4.20. composition- depth profiles measured by RBS/ERDA for-ddated X60steel
(Series 3). The average elemental composition was determined over the depth range indicated
by the blue and red dashed lines.

Table4.17. The average elemental composition oicdated X60 steel (Series 1, Series 2 and
Series 3) determined over the depth range indicated by the blue and red dashed lines.

Series 1 0.020 +0.001 0.12+0.01 0.20+0.01 1.80+0.01 97.70+0.01
Series 2 0.020 +0.001 0.04 +0.01 0.11 +0.01 1.45+0.01 98.10+0.01
Series 3 0.020 +0.001 0.04 +0.01 0.18+0.01 1.79+0.01 98.0+0.1

4. 2Pbrosity measutrcemnednrtds X tshe eW : Devel opm
XP8ased Analytical approach

The application of advanced analytical techniques, suchray Rhotoelectron Spectroscopy
(XPS), is crucial in this study for evaluating the barrier performance of protective coatings,
particularly in terms of coating uniformity. XPS offers high surfaessitivity and chemical
specificity, enabling detailed characterization of elemental distributions at the outermost layers
of the coated steel. Importantly, XPS allows for the analysis of multiple points across the sample
surface, thus allowing an evaliaat of the uniformity of the coating. In this study, three distinct
samples were investigated, with three points measured on each sample. Recognizing the
limitations of conventional methods for quantifying coating coverage, rayttwors and | have
develogd a novel, nomlestructive analytical approach based on XPS to accurately determine
the porosity of tungsten coatings.

Examples of survey spectra of the three series of coatings, Series 1, Series 2, and Series 3 are
presented in thEigure4.21. In all survey spectra, signals corresponding to tungsten (W 4f, W
4d, W 4p, and W 4s), oxygen (O 1s), and carbon (C 1s) were identified. A signal of Fe 2p from
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the steel substrate was detected at all analysis points of Series 1, on sample 2 of Series 3, and
no iron was detected in the samples of Series 2.

In each survey spectrum, the area of the Fe 2p signal and of the W 4f signal after Shirley
background substruction and aftecorrection was determined the percentage of the through
thickness porosity was calculated by dividing the area of the Fe 2p signal by the area of the W
4f signal taking into account the calculated sensitivity factors of the iron Fe 2p (16.42) and W
4f (9.8). The results are reported Trable4.18.
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Figure4.21. Examples of survey spectra of-ddated X60 steel of the three series examined.
Insert shows the Fe 2p region. The presence of iron was revealed for all samples of series 1.

Table4.18. Calculated througthickness porosity (%) obtained from the survey spectra of the
W-coated X60 steels
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Series 1 3.0 (1.1) 3.5 (0.7) 4.0 (0.3) 3.5 (0.8)
Series 2 0 0 0 0
Series 3 0 0.5(0.4) 0 n.d.

Clear differences emerged among the three series analyzed. Series 1 exhibited an average open
porosity of 3.5 % (with a standard deviation of 0.8 %), showing small variations between the
three replica samples. Sample 1 demonstrated the lowest porositiyeifgutvas a significant
difference in the points analyzed. While series 2 presents 0% porosity.

4.2.1.9.XPS highresolution spectra for chemical state identification.

Previously, bulksensitive techniques such as Rutherford Backscattering Spectrometry (RBS)
and Elastic Recoil Detection Analysis (ERDA) revealed the presence of oxygen within the W
coated X60 steel samples (Sectiorl.d.3, indicating significant oxygen incorporation
throughout the coatings. However, while these methods provide quantitative elemental profiles,
they do not offer information regarding the specific chemical states of the incorporated oxygen
or tungsten. To attess this critical gap, higlesdution X-ray photoelectron spectroscopy
(XPS) was employed for its exceptional surface sensitivity and unique capability to distinguish
between different oxidation states.

In addition to the survey spectra, which was used to assess porosity and coating uniformity
(section 4.2.4), high-resolution XPS measurements were performed on Series 1, Series 2, and
Series 3 to determine the tungsten oxidation state. The fitting parameters for the W 4f and W
5m2corelevel signals are presentedTiable4.20. The fitting parameters refer to pure tungsten

after ion sputtering and tungsten oxides W&Dd WQ) as reference compounds. The data
were recorded using the Theta Probe at UniCA and applying always the same analysis settings
described in chapter three, section 3.6.1. The spectra and the fitting parameters are presented
in appendix 2. In each seri¢ise W 4f spectr&igure4.22.a) displayed a component attributed

to elemental tungsten, with the characteristic \W-4hd W 4§, doublet clearly observed at

peak energy 31.9 (0.1) eV and 34.3(0.1) eV respectively. All the samples of the three series
exhibits the presence of oxidized tungsten on the surface; in detailsz¥ddd 4fs> signals

from WOz were found at 36.1 (0.1) eV and 38.3 (0.1) eV, respectively; the peaks due to the
spin orbit coupling W 4f,» and W 4fs;; ascribed to W@are found at 33.2 (0.1) eV and 35.1

(0.1) eV ([Table4.19). These values are in good agreement with the literpt$d.1 0 ]

The O 1s signald{gure4.22b) showed four components; the peak energies of the components
are at 530.9 (0.1) eV) .531.4 (0.2) eV, 533.2(0.1) eV and 534.4 (0.1) eV, and they are assigned
to oxides, hydroxides , adsorbed water , and organic contamination, respediamda(19).

Table4.19. Peak energy values (eV) of O 1s, W 4f, and W,5are reported as mean values,
and the standard deviations are given in parentheses.

O 1s- Oxide 530.7 (0.4) 530.9 (0.1) 530.8 (0.2)
O 1s- Hydroxide 531.4 (0.2)) 531.4(0.2) 531.4 (0.1)
O 1s- adsorbed water 533.2 (0.1) 533.2(0.1) 533.2 (0.1)
O 1s organic contamination 534.4 (0.1)) 534.7 (0.2) 534.7 (0.1)
W 4f 7,21 W (0) 32.0(0.1) 31.7 (0.3) 31.8(0.1)
W 4f 521 W (0) 34.2(0.1) 33.8 (0.1) 33.9(0.1)
W 5ps2 - W (0) 37.6 (0.1) 37.2(0.1) 37.3(0.1)
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W 4f 72- WO3 36.1(0.1) 36.0 (0.1) 36.0 (0.1)
W 4f 52 - WOs 38.3(0.1) 38.2(0.1) 38.2(0.1)
W 4f 721 WO, 33.2(0.1) 33.0(0.1) 33.0(0.1)
W 4f 521 WO, 35.1(0.1) 34.9(0.2) 34.9 (0.1)

Table4.20. Fitting parameters used for O 1s and W 4f and ¥é Bmgh-resolution spectra of
W-coated X60 steel. The FWHM are reported as average values over three independent
measurements and the standard deviations are in parentheses. The W 4f qyyve fitti
parameters are established by analysing pure tungsten after ion sputtering and pure tungsten
oxides as reference compounds (the XPS spectra of the analysed regions are presented in

Appendix 2).
Position FWHM
Line shape constraint (eV) FWHM constraint Area constraint
O 1s Oxide GL (30) - 1.49(0.1) | - -
O l1shydroxide GL (30) - 1.49 (0.1) | Ols- oxide *1 -
O 1si adsorbed
water GL(30) 1.49 (0.1)
O 1s organic -
contamination GL (30) 1.49 (0.1) | Ols- oxide *1 -
GL -
W 4f 7o W0O) (35)T(1.6) 0.84 (0.01) - -
GL W 4f7;2- W W 4f7/2-W (0) | W 4f7/2- W (0)
W 4f 5, W(0) (35)T(1.6) | (0)*+2.15 | 0.84(0.01) *1 *0.76
W 4f7;2- W W 4f7/2- W (0)
W 52 GL (45) (0)*+5.5 2.1(0.1) 2-2.9 *0.12
W 4f 72 (WO3) GL (45) 1.5(0.2) -
W 4f7p0 W 4f7/2 -
W 4f 5/, (WO3) GL (45) WOs+2.15 | 1.5(0.2) W 4f72- WOs*1 | WO3*0.76
W 4f 72 (WOy) GL (45) 1.40 (0.01)
W 4f701 W 4f721
W 4f52 (WO2) GL (45) WO,+2.15 | 1.40 (0.01) W 4f727 WO2*1 | WO2*0.76
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Figure4.22.a) W 4f, W 5p2,and b) O 1s XPhigh-resolution spectra of Series 1, Series 2, and
Series 3

The angle resolved XPS has been used as well for theatéd X60 steel series 2. Thigure

4.23 shows the atomic percentage of tungsten and tungsten oxides at different emission angles.
For tungsten, it can be observed that the atomic percentages decrease at higher emission angles
and the atomic percentages of tungsten oxides increase at higbsiperangles, and decrease

at lower emission angles, indicating that an oxide layer is present at the W surface.
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Figure4.23. Atomic percentage versus emission angle for tungsten and tungsten oxides

4.2.1.6 Combined Xi ray photoelectron spectroscopy and harera)X photoelectron
spectroscopy (XPS/HAXPS)

To achieve a deptlesolved assessment of the chemical states within toeatéd X60 steel

samples, the combined Xay photoelectron spectroscopy and harda)X photoelectron
spectroscopy (HAXPES) was employed. Measurements were performed usingAldea Sou
KUexcitation sources respectively.

The highresolution spectraof W4fand W&m c qui red using the Al K U
in Figure 21.a. Five peaks (1, 2, 3, 4, and 5) are observed, corresponding-el Wad), W

4fs2T W(0), W 421 WO, 3\ abdpVN 4420 WO , r es pec t-resoletiby’W’.~ T h e
4f spectra acquired wi Figuretd.2db, reeal th& presencewf c e,
metallic tungsten (W(0)) . Signals 1, 2, and 3 are attributed to metallic tungstemn &hdfwW

52, respectively. The O 1s higlesolution spectrum presented kigure 4.24.c, obtained

using the Al KU source, shows four peaks (.
hydroxides, adsorbed water, and organic contamination, respectively. In contrast, the O 1s
spectrum shown ifigure424. d (acquired using the Cr KU sot
corresponds to tungsten oxide, and peak 2 to adsorbed water. No attempt-Gttcugubese

data was performed.
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4.2.2 Electrochemical hydrogen permeation results (HPT)

Hydrogen permeation experiments were performed to evaluate the barrier properties -of the W
coated X60 steel samples (Series 1, Series 2, and Serieg@®e 4.25 shows the typical
hydrogen permeation curves for the three series, where the anodic current is plotted as a

function of time. Three replicates of the hydrogen permeation measurements were performed
for each series of coating.
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Figure4.26. Hydrogen permeation curves for a) X60 W series 1, b) X60 W series 2 and c)
X60 W series

The hydrogen detection current of theddatings of series 1 (Fig. 15 a) reaches values between

7 and 10 pA. For series 2 (thickness 3 um) and series 3 (thickness 1.5 pum) the current initially
remained very low (at the passivation current < 0.1 pA); sulesdty, it increased during the
build-up phase and reached a nearly stestdte value at low values ofi12 pA, indicating a

good hydrogen permeation barrier behavior of the tungsten coating.

The permeation reduction factor (PRF) and the effective diffusion coefficiesw) (Dr
hydrogen permeation through the coated samples was determined and preseatdsiin el

Table4.21. Effective diffusion coefficients (%) of W coatings on X60 steels for series 1, 2

and 3. The results are given as mean values with the respective standard deviations and are
reported in parentheses

X60 steel 2. 4 (9O 2.8(0.2)
W coat. Series 1 3. 3.5 (B 5 )

W coat. Series2 3.0 35-40 4.9(0.2)1 31

W coat. Series3 1.5 25-30 9.1(0.2)1 ¢1

The permeation reduction factor (PRF) of Series 1 shows a low value of 4. This may be due to
the high porosity of the coatings in Series 1 (see Section 4.2.1.5). Series 2 and 3 show high PRF
values, indicating good hydrogen permeation barrier effect. fibeige diffusion coefficients

of the coated samples is four to eight times lower thgmithe bare X60 steel.
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5 DI scussi on

This chapter provides a comprehensive discus:s

X60 steel by correlating surface chemistry,
properties. |l nsights are drawnes$yomn-abhwaeirng
Photoelectron Spectroscopy (XPS), Scanning
Di spermsaweSXectroscopgy (BEMI E®S)Ii, oX ( XRD) as
per meati on experiments, LECO hyedri ngge nS paercd Iryoe
and El astic Recoi l Detection Anal ysi s ( RB S

measurements before and after hydrogen charg

Tihs chapter is basedden mhepsupenal siwonkand
Antonell a Rossi, Prof . Mar zia Fantauzzi, Pro
Dr . Debor&8bm®igfyi bhe experi ment al resul ts di

presented[@dh atiRe i maper

5.1. Hydrogen diffusion in X60 st

5.1. 1. Surface composition and homoge

The XPS spectraere obtained on three independent samples, each with three spots on the steel
samples after cleaning, mechanical polishing, and heating (see chaftee binding energy
values of Fe (Il) oxide, Fe (lll) oxide and of Fe ({DOH (Table4.7) agree with the literature

[375]. They remain unchanged within the experimental uncertainty (£ 0.1 eV) for all the
samples regardless of the surface treatment.

The thickness of the hydrocarbon contamination layer showed a lower variation for the heated
C X60 (labelled as HC (2.7 (0.3) nm)) and for the heated MP (labelled as H MP (3.3. (0.2) nm)
X60 steelsFigure4.5) compared to the same samples before heating. (3.5 (0.8) nm for C X60
steel and 2.9 (0.5) nm) for MP X60 stedhe thickness of the oxide layers of the series of
heated samples is higher than that of the same samples before heating. This suggests that the
surface layer slightly grows upon heating, as expected. The higher standard deviation of the
thickness valuesf the cleaned samples after heating might be interpreted as an indication of
the growth of a noinomogeneous surfacerfil This indicates that mechanical polishing leads

to more reproducible surfaces, as evidenced by the reproducibility of theiopgnpotential

versus time curved=(gure4.7) for mechanically polished surface&studies have shown that
mechanically polished steel exhibits better reproducibility of passive film after immersion in
aggressive solutior[§].

Based on the binding energies of both the iron and oxygen peaks, we can conclude that the
surface film is composed of iron oxyhydroxides. Tito® is mainly present as Fe (IllJ&ble

4.17,). After heating, the atomic percentage of FeO strongly decreasé= (¢ component

in the fitted Fe 2p. spectrum almost disappears and this can explain the high relative
uncertainty, which characterizes this contribution to the signal after he@abtg4.8): from

5 (2) % to about 0.5 (0.7)% for C X60 steel and from 4 (3) % to about 0.9 (0.9) % in the case
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of the MP X60 steel)This decrease might be due to the fact that heating promotes oxidation
i nto more stabl e oxi desubstardiated by the srend-tleat idlicates T h i
an increase in the atomic percentage of Fe

RBS/ERDA depth profilig confirmed the presence of an oxygamiched neasurface region,
followed by a rapid transition to an iratominated bulk with Fe contents approaching ©8.5
98.7 wt%. The oxygen peak detected by RBS/ERDA directly correlates with the oxide layer
thicknessdetermined by XPS, providing strong validation and consistency between the two
analytical techniques.

5.1. 2. Hydrogen content in X60 steel

Before any hydrogen charging, the steel exhibits a low but detectable hydrogen content:
0.010 N 0.001 wt% hydrogen measured by ERDA
the near surface region i.e. in the-8D nmThe inert gas fusion (LECO) technique, which
measures the total hydrogen content released as moleculsori the bulk material by
integrating all hydrogen released during htgmperature melting of the sampig provides
values rangi ng f ritasmimpartar & ndteothatlthehgdrogep oontents
measured by inert gas fusion and ERDA are not expected to be identical, as these two techniques
probe different hydrogen depth scales and types. includes-diftizsible hydrogen, reversibly
trapped hydbgen at microstructural defects (such as dislocations and grain boundaries), as well
as more strongly trapped hydrogen.

In contrast, ERDA provides a depthksolved measurement of hydrogen concentration,
typically limited to the neasurface and subsurface regiofi8] ERDA is therefore more
sensitive to hydrogen present near the surface and at shallow trapping sites, such as oxides,
metal interfaces, and neaunrface defects. Additionally, ERDA measurements are influenced

by surface chemistry. The presence of a thiivaaixide layer, as identified by XPS, can locally
increase hydrogen content through hydroxyl functional groups or adsorbed water species. This
hydrogen contributes to the ERDA signal but represents only a small fraction of the total
hydrogen detected bgert gas fusion. Conversely, hydrogen trapped in the bulk and in deeper
microstructural defects contributes more significantly to the inert gas fusion analysis

The detection of hydrogen in the steel before any hydrogen charging is consistent with findings
in the literature, which indicate that hydrogen can be introduced into the steel microstructure
during manufacturing procesgé&y.

5.1. 3. Hydrogen uptake after hydrogen

To study the uptake and distribution of hydrogen in steel samples, we employed a combination
of depthresolved analytical techniques, electrochemical methods, and bulk techniques.

S
O

o

T Near surface hydrogen accumul ation and as

RBS/ ERIEAt h PBiguedlld)l eadqui r ed dfrtdew d roongee nmocnht ahr
reveals a slight increase in hypdrdaer -cemytc o
50 nrmh)is result i s consistent with previous
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close to the surface, where defects and chem
hydr @lglefhi s i s i ndeed accompanied by slight

(Table4.9, Table4.13) , suggesting that a fraction of th
surface oxides, -bgdtakxnd@Rlg, spedi ear bon
T El ectrochemical per meation tesBSsgéDkEvanat

Hydrogen diffusion coefficient of X60 determined k8 Bell

The effective hydrogen diffusion coefficientBralues Table4.10) calculated with theat and

to methods are comparable and no influence of the sample preparation method can be revealed.
This indicates that the hydrogen diffusion coefficient is governed by the bulk material
propertiesand it seems that it is not affected by nanometer thick surface layers. These two
methods (g and t), used frequently in the literatuy26,27] are based on the assumption that
the diffusion of hydrogen i n tHEgeationsBland c an
Equation %) [14] where | is the hydrogen flux, &is the effective hydrogen diffusion
coefficient, C the hydrogen concentration, x the distance from the surface and t the time.

¢

EGD  $ : (Equation5.1)
- $ — (Equation5.2)
The solution of Fickdéds | aws depends on the b

the Devanathan and Stachurski electrochemical double cell (see experimental) the conditions
are: 1) a membrane of finite thickness L; 2) C #a€x = 0, meaning a constant hydrogen
concentration € at the production side, 3) C = 0 at x = L, meaning that the hydrogen
concentration at the detection side of the membrane is zero.

The effective diffusion coefficients calculated for the H C X60 steel (2.4 (0:#)rfis) and

for the H MP X60 steel2(0 (0.4)101° m?%s) are in the same order of magnitude and are in
agreement with literature d4gtks]. The highest values ofelare reported for Armco iron (6.2
10° m?/s) [16] and pure annealed iron (4 9@ s)[17]. The literature databtained using
different steels shows that the hydrogen diffusion coefficieatoDX60 steel in this work is
similar to the one of X65 ste¢l.3 10'° m?%s) [15] and 3.5 13° m%s [18]. Other studies
reported hydrogen diffusion coefficient to be 6.24®%/s and 5.1 1&' m?/s for different grade
high-strength pipeline steels such as X70 C and X80 C steels, respefiRilifigh carbon
steel exhibited a & value equal to 2.2 1% m?/s)[16], which is lower tharthatof the Dy of

X60 steel] this may be attributed to its relatively higher carbon content, which can delay
hydrogen transport and act as a trapping[$t¢

In addition, other studies investigatee influence of different tempering temperatures on the
hydrogen diffusion on lovalloy high strength steel (LAHSE)$] showed that the hydrogen
diffusion coefficient R increased with tempering temperat|de3].
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Hydrogen suksurface concentration (L of X60 steel

The study of hydrogen subsurface concentration in steels is critical for understanding hydrogen
embrittlement. Hydrogen accumulation near the surface can initiate-onacks, which can
propagate under mechanical stress, leading to fdil@je

The subsurface hydrogen concentration &t the production side of the sample was calculated
from the hydrogen permeation curves udtdygiation3.5.

Table 5.1. Hydrogen subsurface concentration of different steel present in the literature
compared with those obtained in this work

o o) Comol H e

Heated C X60 steel 0.66 (0.02) 5.2 (1.4) This work
Heated MP X60 steel 0.8 (0.1) 6.3 (0.8) This work
LAHSS steel T640 0.21 1.65 [13]
LAHSS steel T600 0.87 6.85 [13]
LAHSS steel T560 1.52 11.96 [13]
High carbon steel 6.09 475 [16]
Weld X80 steel 2.21 17.43 [19]
HAZ X80 steel 2.12 16.71 [19]
Base X80 steel 1.54 12.12 [19]
Annealed iron 0.022 0.17 [17]
Armco Iron 0.085 0.662 [16]

*The values written in italic are converted values

The subsurface hydrogen concentratigrofheated C X60 and MP X60 steel is giveTable

5.1 together with the literature data from other steels of different composition, microstructure
and heat treatment. two different units are used to report hydrogen concentration: franhdH/m
ppm (Table5.1). The conversion factor is the iron density 7.87 d{dor the sake of clarity

this discussion uses only ppm. The lowest valuesoair€ reported for annealed iron (0.022
ppm)[17] and annealed Armco iron (0.085 ppfh$]. The hydrogen concentration (@ low

alloyed highstrength steel (LAHSS) at different tempering temperatures (560°C, 600 °C and
640°C) was found to be 1.52 + 0.01 ppm, 0.87 £ 0.08 ppm and 0.21 + 0.01 ppm, respectively
[13]. The influence of welding was tested on X80 steel, the hydrogen concentrgfitoneld,

heat affected zone (HAZ) and base X80 steel was found to be 2.21 ppm, 2.12 ppm and 1.54
ppm, respectively19].

Trapped Hydrogen in X60 steel

To quantify the amount of hydrogen trapped w
approach (see experi3nectaaml behaptadr dysantail gz
of the hydr ogenFipyehrt.aee afhidgobazber ur Toe ( quantity

hydr ogenwalsg determined to be 8 (2) x 10 mo
mo | H/ cm] for H MP X60 steel
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The reproduced curve was dhunai3ney Gsxnggt bheél

par ametlhedss adfitdd,] whil e fixing thwesidiigf ftulsd owna
obtained experimentally (see experimental S ¢
mobil e hydrogen, also termed as the | attice
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Figure5.3. An analysis of hydrogen desorption from the steel sample at the detection side
(decay region). gH is the amount of mobile hydrogeny: @ the amount of trapped hydrogen
and g is the total amount of hydrogen for a ) H cleaned steel and b) H MP steel

By analyzing the decay region according to t
area between the reproduced and experi ment al
hydrogen. The quantity of trapmetdelFy 8¢ dédn w
mo | HLcm | fcdre almetdh (HeECgdt eachd heat-MRB) meg&dh anti ea
samples. This indicates that surface prepar a
capacity of the materi al

The diffusion coeffiLei éat 16rh|OlmsA pii)l 6w ah§5dfr mwgrech
times higher than the effecti vestdaitfef upd rome act
measurement s.

This difference is characteristic of hydroge
repeated trapping and detrapping at microstr
resulting in a | ower [Z2@fharcerti ndi nfgusison nc gefo
the SEM/ EDS and XRF results in this resear
el ements in the steel that can serve as hydr
the X60 steel af aler selt chi oy wevdalns t he pre
carbides, both of which can[ Z2a1]so act as trap
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T The hydrogen concentr &t icerd |detserl micrmdd hyus

measurement using the microcapillary cell
Local hydrogen measurements using the microc
variability in hydrogen concentration acr oss
approximately 0.2 to 0.4 ppm.r olgheen tchhraereg i nmega s
steel show varying hydrogen oxidation curretl
including differences in the timing of me a s
mul ti phase microstructrurtee aafndX@0i nf & lofrs uam
addition, recent studies in numerical model |
mi crostructures significantly i ncrease | oca
accumul ation of hydrogen at omshadar omincdr oisrtaluw
cont ai meng@ldamr inclusions can exhibit | ocal
than those without inclusions, undeirsdcwaoedgg
damage sup2B8ptibility
A direct comparison can be made between the
mi crocapillary cel | and the opuldsedrefrand edx e thy d
el ectrochemical hydrogen permeation tests.
hydrogen concentrations of (C = 0.66 (0.02)
H MP X60 steel. These valtwuasi oepokeseintf abiebh

entry surface o#fsttahtee spteerenteoafutdidos |csot nedai dty

The 1 ocal hydrogen concentrations measur ed
| ower t hopan vaheaeg Cfrom permeation testing.
observations and can be expldeirnege dbgfCk bet § a
maxi mumundarce concentr-dtfdbosobl emobytdepgknt di

charfgapbowher eas the microcapillary cell measu
a confined surface vol@gmhbeamierobgpdrbbanycha
inherently sensitive to |l ocal diffusion, tra

the measurement site.

T Bulk hydrogen content assessed by inert g
Foll owing el ectrochemical hydrogen charging,
i nert gas fusion techniqgue increased to app
el ectrochemical charging of hydr adg@ams iimtca etal
remains modest, highlighting that inert gas
averaged value that i ntegrates hydrogen over
spati al variations or prrefsarldnt itahle a cnceurmu | gaat
data primarily refl gc2t8]t he total hydrogen co

1 Influence of steel microstructure and composition on hydrogen uptake in steel
The steel studied in this work is APl 5L X60 steel. API 5L is the standard specification for
pipelines of the American Petroleum Institute. The pipelines are made of carbon steel pipes
used for oil and gas tr ans mi s smimamyield Sirbngth ab br e
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(606000 psi or 415 MPa) . This (high) streng
el ements such as manganese, silicon and chro
a higher yield strength. Xay diffraction measurements confirmed that tregemals exhibit a
body-centered cubic (BCC) and the average crystallite size determined uskh@gmnalysis,

indicates a nanocrystalline microstructure of the steel. This microstructure is known to increase

the density of grain boundaries.

It is now interesting to evaluate the effective diffusion coefficiegt &nd the sulsurface
hydrogen concentrationo®f the different irorbased materialsA high effective diffusion
coefficient D is related to a very low hydrogen concentratiora@d vice versa: this appears

to be valid for various materials independently from the method applied for the calculation of
Derf and G. from annealed and Armco ir¢h6,17]over the X60 steels studied in this work to
X80 base material, welded and heat affected zone (lH&H as well as LAHSS steel tempered

at temperatures between 560°C and 64037

5. 2. Tungsten as a hydrogen perm

This section addresses the second objective
evaluation of tungsten coatings as hydrogen

Three main sections are highlighted in this

f Study the influence of substrate surface
perfor mance.

f Ilnvestigate the effect of coating thickne
T Corredfattimem substrate roughness and coat.
behavior.

5.2. I nfluence of surface roughness

Thr ee secroiaetse dofX6VW st eel THableBR) etso wstriedy rtetper
substrate roughness and coating thickness oI
confirm that the selected deptolsa taiome b afr@amed
thiclreesses 1 and Series 2, lBro,t he xwh it thi tn olmi ghha |

content (>87 wt %), whereas Series 3 displays
of i ts reducem) tehndckneesegsled shbat rtadtee XRd
i nformation depth. XPS surface analysis of t

rougher substxrhatbe t(sSar itéhg olu)gh t hi ckness porc

T ILnfluence of Surface Roughness on Coating

SEM cgectsi onalFi gadafg irnegv e(al s the cruci al rol e
determining coating uniformity and interfaci
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(F @m@Y results in a wavy interface and subst
substrates in SerimB Yi ahd SemiiesuB8ué$¢R and ui
results agree with othz29] findings from the |

XRD analysis in this study reveals that bo
significantly influence the crystallographic
coat Figupd.l6). Specifically, series 1 exhibits
Series 2 and Series 3 are characterized by
attributed to the use of smoot her suudb setsr atnes
|l iterature which highlight that the substra
influence the clo&a@] Hgwepveerrf,oranamceor k ext end
demonstrating through Wi lliamson and Hall ar
smal |l er crystall i t-etrsdizre,s iamdp darntcirculser mirmr rg
mi cr ost rt8.004 nn(Tabled.06) .

T ILnfluence of surface roughness on the por

Anot her particularly innovative agpesdtruacft itvhe
XPHased met hod f ort hgiucaknnte sfsy i mar ashirtoyu gihn t uncg
Fe/ W signal ratios, which repmtesehhliss apamtved

t hesis has al r[ealdtyh e emap @ru bil § sdhtetdached as ap

Clear differences emerged among the three se
porosity of 3.5% (with a standard deviati on
three replica sampl es. Sampl et hle rdee moanss tar astiegqo
di fference i n Tabledl18poi nt s analyzed (

The tungsten coatings ona,oXf6 0t hse esed b sptrroadtuec e@.
thickness 3 Om) did not show the presence of
thickness defects. The coating of series 3
thickness porosiitry orfe adfo utt h rOEaed®8 winil ya s amp

As a reason for the different porosity of th
and T2a bd.hes , the differemtasubtacdendbufgherdsstH
with higher surface roudghneknesbowoprdsh tyoQ. &
on the smoother substrate shows no pores. Th
was tested wistamplllReBs] Zh & ciomdruemase of asul0.fG& e |
(0.03) Om to 0.3 (0.03) Om, the appearance o
et [ 8Btudied the corrarsiCrnN btehhiacvki ofri lonfs 20.n3 6s t
roughnefssqQ. RO, GEGm2&nd amhls ®rr. Bdd t hat the coat.i
i ncreasing roughness. Fo¢l3puRWYDaCdRcceaseng
surface roughness decreased with polgmhing,
di amond past e[l.33¢ScC Mnpe2n/d s2 0a0 3r cabgtvees s haal 0e 2«
prevent corrosion. A |l ow porosity is even mo

Page B9



porosity affects hydrogen diffusion. No i nfl
tantalum cda&8t4diilng on steel

Thr ougéti ng defects can be revealed by Fe 2p

iron oxide in the pores, resulting from corr
at mosphere and mechanical poltitse irmeigggonl aud i @maon f
2p/spectra fcrooam edheX6W steel sample series 1
according to the-rlksbéuai obniegshieecrt erviidreel(ehd gthh e
of T ron oxides, includin@QOHRe®dDt wpedakiesesagites
712.6 eV, and 71II:a.b3d2eeV T hesepeetsiuvelsy ate in g
results obtained from the X60 steel Ssubstrat
[3alnd with other [f3FH]@6HhGgs in |literature
— Exp curve

Fe 2p,, -FeO
B Fe 2p,,-Fe (l11)-O0H

Fe 2p,,-FeO sat
----- Envelope

Intensity (a.u.)

Kf"

\;T\'M.J.

v I v I v 1 v 1 v 1 —- "I f l\nl
718 716 714 712 710 708 706
Binding energy (eV)

Figure5.4: Fe 2p/2 high resolution spectra revealed fromdd#ated X60 steel series 1

Table5.2. Peak energy values (eV) of Fs2mf W coated X60 steel /Series 1) are reported as
mean values and the sBattard deviations given in parentheses; the last three osllist the
peak energyalues from the literature

Peak energy (eV)  This work W coated This work -substrate: [35] [36]

Fe 2peiFe O (

X60 steel (Series 2) X60 steel (Table 4.7
and[37])
709.9 (0.3) 709.4 (0.2) 709.6 | 709.7
(0.2)
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Fe 2pai  Fe(lll)i | 712.6 (0.1) 712.6 (0.1) 712.7 [ 712.3
OOH

Fe  2ppql FeO| 715.4 (0.3) 714.9 (0.2) 715.1 | -
satellite (0.3)
- Surface Chemical Composition and Hydrogen
RBS/ ERDA profiling demonstr artiecsh tvmiatth atlHe ctc

exceeding 97 wt %, despite the presence of [
i's consistently-sab$aceed egnomn he whnlieemht-oni gpbst
deposition oxidation and environment al expos

Series 2 has the | owest oxygen content, i nd
oxidation susceptibility, consistent with it
I n fact, these results areSemninss s2 eax hitliotsse

Hydrogen was detected across all series; thi
process may introduce hydrogen into the coat
during deposition often occurtsandu e loty arort g i dhua
incorporation during coating is not exclusi\
al so been widely reported i[n3,8pjramde 3 :ne st hu cghr
amor ph@wsiAlg ther mal at[d@milJc | ayer depositior

The combined wuse of RBS/ ERDA, sXhS, tane HAXI
analysis that cannot be achieesdl|l byi any Ws #4
indicate the presence of oxygen as tsathagisdinon
(W)@dhhd they remained unchanged within the ex
and are consistent with 44,Ljé.8heeparetned fi cal
bot h WO and WO ca-depesiattitorni bax iedla ttioo np opsrto
influence the barrier performance of the coa

5.2. 2. |l nfl uence of coating thickness

To isolate the effect of coating thickness,
with identical asu®facé&dmyobghnessh(Rifferent
and 1.5 Om, respectively).

- Effect on Microstructure and Resi dual Str

Th®ERD analyses reveals that both Series 2 a
or i enkFigutedl6)n i( ndtilkcatt imgduci ng the coating thioc

alter the crystallographic texture when subs
content closely represents the true composit
sutbsate iron. I n contrast, foam $Sasricempald abt le

XRF sampling depth, which alUXowysaesnibsgtanti
Ssubstrate to be detected. Thingd raedulgtheri ffea f
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t he measurement. These findings underscore t
dept h-raryd aXtenuation when interpreting el eme

Wil liiddasdn anal ysis indicates that the thin
crystallite siz-esrand camnpatBbleéddd ;i Fbhosesugg:i
t hat strain accommodation in thinner coating
than el astic relaxation, consistent with the
and Series 3.

- Effect on Porosity

Series 3 (thickness 1.6hDmknessi potesveyy(+t+a

out of three replicate samples, with the re
This suggests that reducing itrher easd i p@gr d dii tc
as the substrate surface is sufficiently s
controll ed.

Literature findings hafviel nbesys treenpso,r twlde rien po

strongly influenced by factors such as depos
evolution than by thickness dionéil isM.de@loen
physical vapor deposition and they found t he
combined effects of deposition time, tempera
[ 4.3]In addition, according 6tsd railca ugief &lnmo dreo
porosity formation is primarily associated

conditiopd)4,] Zwhmeer el | i mited adatom mobility a
film growt h, |l eading to intercolumnar voids

When deposition conditions pr-ameisetedhdensdf
denasmred continuous coatings can be achieved e
with the | ow porosity observed in Series 3.

5. 2. 3. Correl ati on of t he substrate r
hydrogen permeation behavior

The hydrogen permeation tests on the X60 ste
average maxi mum hydrexgwas Ppeumeéat oothecaereehts

of el ectrochemical hydrogemat e@ecr €& &t isotne el e sst
summar iTaédlei n

From the ratio of the steady statigcogiedmdati o
the permeation rate tchiies dhhe tpheea meadti @oh memhur

was c al0dcWo-at-ed.
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The resul t®allreT el V&anmpilnes of series 2 did n
detection current; the permeation reduction
1 instead showed-5a PSRF ioefs o2nl(yc oaabtoiuntg 41 . 5 Om
with PRF @&nd one sample (sample 2) exhibited
porosity ofTabtehE) .c oRlte mmtgrsochemi c al hydrogen |
clearly demonstrate that tungsten coatings ¢

X60 steel. However, the extent of this reduc
than thiokepessSeries 1, despite having a thi
per meation reduction factor (PRF a 4), attr
irregularities. I n contrast, Seriesue2 uepx htiob i

30, despite the r edhbahsidghehri cRkRFe sishiadrfh t3heerhiissedr ¢
thicknebsgt (@mmh hi gher porosity.

Before going into details in the study of th
would |Ii ke to address the effective hydroge
noteworthy that the effedtidveahpiviessst bancobab
bare X60 steel. This observation confirms ¢t}
establishing his role as a hydrogen diffusio
To isolate the intrinsic hydrogen diffusion

coefficient wfast ktalfciulmt(e@ by considering th
samples. -Uayemng Bao & &8B pIn(i s equation i s only va
is free of defects, which is[4ah]ly it is not v

Thi s e(QRiau a toirmocnc o3u.nét)s. f or both the coatii ng an
was estimated from permeation data and the |
The cal ouwllauteed oD series 2 for the tungsten
effective diffusion coefficients meaBabrleed f 0
53antdheses ul ts are consistent with findings r
the diffusion coefficient of tungsten fil ms,
the ord®¥ §¥f6]10

Table 5.3 Effective diffusion coefficient i and diffusion coefficient of the W coating: D
obtained in this work compared with work in the literature;NRE: Radio frequency magnetron
sputtering, TVA: thermionic vacuum arc. Ra surface roughness, R = deposition rate

Studies Sample / Deposition W Conditions  Dett (M?/s) ((GHIWES)
Series technique Thickness
(Hm)
Thiswork |W Coat| RF MS 3 Ra=0.4mm |3.5(0.5)10° |-
Series 1 R=0.21nm/s
Thiswork |W  coat| RF MS ~3. Ra=0.2mm 4.9 (07018 (0.07) x
Series 2 R=0.21nm/s 104 ¥
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Thiswork |W Coat| RF MS ~1.5 Ra=0.2mm |9 . 1 ( 0%']0.8(0.2) x164
Series 3 R=0.21 nm/s

[46] W  coat| TVA 4.1 Ra (NA) 28 1 10
Sample 1 R=0.079 nm/g

[46] W  coat| TVA 2.7 Ra (NA) 0.21 1
Samp|e 2 R=0.045 nm/s

[46] W  coat| TVA 4.2 Ra (NA) 10 1* 10
Sample 3 R=0.046 nm/s

[46] W  coat| TVA 4.2 Ra (NA) 4.1%10
Sample 4 R=0.046 nm/s

By conthudi,cbapser mportanwora& kbiegmbhisghatekat

innovation in the developmentcoaontbi anhngntadygant
el ectrochemical andt s pecveotsicopti € hedhogemues
optimi zeashydigsegem per meat i onbabsardr ineertsh o dfo |l ma
established for the quantthit@akness dpedrea anitnyat
coatings. The results of t hex ped reiamrertdicshetmdac a |
this analytical method,-l ageceamphigt abhla¢- odhley c
freepononms acowas i ngs hold for serigshi tkesampl
porosity. This direct experiment al evidence
rel evance ofbasked appr XSh introduced in thi
advancehanatherization and optimization of h

—

should be noted that RF magnetron sputte

produce uni fcoornmm rahd edvelt bungsten coatings, i
However, this technique-smalye not ibiro n$ ieviaigti hbi png
pipelines due to practical constraints. The
influence coating microstructurell dehsiwhygchc
critical determinants of ditydiralgleyn yieabnleat alomn
as thermal spraying, chemical vapor depositi
with different characteristics and, conseque
met hodol ogi es adeivdealtoepde di nantdhivs -bsatsueddy , p graa stii
assessment and el ectrochemical permeation te

framework for evalwuating coatings produced b
Ssyst eonpattiinei zati on and supports the transl at.
worl d applications.

I n the present study, hydrogen charging was
o0i6 mA. Under these cathodic polarization cor
bel ow the region where actiofe tdiingsdlewnt ioxrc uars
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reports indiicatfeedthiavteltwnmaseinvated 4dt47llow p
Thus, tungsten demonstrates good stability u
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6Concl usi ons and outl ook

This work demonstrates 't haits tshuei tdhdV el ofpoerd ot
effelcydwvegen permeation barrier for API 5L X
anal ytical techniques aStda cehl uercstkrio ccheelnmi)c,ala (cD
guantitative assessment of hydr og eenv atlruaantsipoonr
of barrier effectiveness.

I n this study, both uncoated X6dbastdelhydnadg:
per meation barrier were investigated. Comp a
Ssubstrates enabled direct guanti ffifwast ioomn dt
applicativem abfadaf ffereant techniqgues all owed
effective hydrogen diffusion coefficients a
configurations, providing icveaperevodmacee o€ o
the tungsten coating.

Hydr ogen per meation testing provi ded preci s
di ffusion eegro@andi subsurfBce hly.dmiad aire sg o red retrm
t hrouglhagt iamed br eakt hrough time met hods, wer
The measured subsurface hydrogen concentrat.i
for #mitglkeenrgt h pipeline steel s.

A notable innovation odestthriusctsitvuedyquiasntti tie c
thickness porosity in tungsten coati-ma@y uUsi
photoelectron spectroscopy ( XPS)

El ectrochemical hydrogen permeation experi m
coating porosity and barrier efficiency. Den
and the effective diffusion <coef fliocweerntharwl
performance. These findings demonstrate that
densi ty, and interfacial integrity is the

performance, with coating. thickness as a sec
Depprhofiling anal yses, including RBS/ERDA an

oxyeeani chegdr fneae region within the tungsten
|l ayers further enhance the hydrogemcéamnrfier
combining analytical techniques wigtemeelaé ¢ omc
hydrogen per meation barriers.

Future work wildl aim to deepen the wunder st e
hydrogen per meation barriers and steel by i
experiments with multiscal &Stnaocdheulrisnkg.n pBbya tmaeoal
with physicality alppsed dniofdfed si, on t wi | | be p¢
descriptions of hydrogen transport t hat acc
mi crostructur al defect s, airhd st mgpppebhedt swi o1

guantitative assessment of hydrogen per meat.
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and provide greater insight into the i-nterpl
controlled processes.

An i mportant direction-tfeom fGSuttabié¢itgso®dr dhun
hydrogen permeation barriers under realistic
coating perfor mance under combs n,edamecloani
environments that simulate actual pipeline
monitoring the evolution of coating porosit
understanding how t hesreanfsapcotrotr sd uirn fnlgu eenxct ee nhdye
investigations are crucial for alassedimygdr dg:
barrier systems in practical applications.

The analytical framework established in thi
testing wietnksi $ wwvfraecaaod vddptcthar acteri zati on,
alternative coating material sdand dhfemenho
to diverse coating systems and substrate mic

for designragi sntyadnmtogmat er i al s. These compar
devel opi nguiadedtirneengf ord tolpea i smekati boan oédn hydr
barriers, wultimately supporting the safe and
storage infrastructure.
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7TAppendi x

7. 1. Techniques overview

This chapter outlines the physical principle
7.1.1.. Electrochemical hydrogen per me
Stachurski <cell

The hydrogen permeation test iStaanc tbhwer pkir foalme
all ows investigating hydrog€gnl]tirnantshpiosr tt, e cuhp
metallic sample that acts as a fAimembraneo se

charging (entry) side and a detecFignonréoxida
71 a.

a)

Potentiostat Potentiostat

RE CE

Detection cell

b)

Figonrea) Electrochemical hydr og®tna plreumelait | oa
b) Schematic representation (not to scale) o
the charging side (left), hydrogen diffusion
oxi dation on the detection sidlee(chghgi)ng Hyid
atomic hydrogen, which i sapgpaand adilfyf uasbesso rtbherd
sample toward the detection side, where it i
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On the charging side, a cathodic current s
aqgueous electrolyte, typically acidified to
el ectrochemical reactions arfe2zVol mer, Taf el
Vol mer Reaction

H*+ 2zeHads
Protons from the electrolyte are reduced to
surface.
Taf el Reaction (Recombination):

2 Hasz H2
Two adsorbed hydrogen atoms recombine to for
Heyrovsky Reaction

Haat "H "2 H>

An adsorbed hydrogen atom combines with a pr
However, the goal i n permeation studies is t

the metal | atti caezHmsgs atadrhiead HhHyhdamogerc obhbi ni nog
To inhibit the recombination reactions (Tafe
absorption, additiv®8 wmolwnassahygemiogeoaxireeo
poi sons are often addedd to the charging el ec
Hydrogen Diffusion Through the sampl e
Once hydrogen absorbed (Figure 1.b), hydroge
from the entry side to the detection side un
first | aw:

O 00— (1)
J is the hydrdgten flux in mol c¢m
D is the diff#ts$8ion coefficient cm
dC/ dx is the concentration gradient
Detection and Measurement at the Oxidation S
At the detection side (oxidation cell), hydr

i mmedi ately

Page [L03
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Haps»H" "+ " e

This oxidation reaction generates an anodic
hydrogen flux (J(t)):

I (2)
F is Faraday' smafjonstant (96, 485 C
A is the exposed area of %t he sample in the o
Data processing: models and calcul ations

The hydrogen per meation experiment gives a ¢
of three [maln regions

Bui-Uplk mmedi ately after the start of hydrogen
as hydrogen atoms diffuse through the sampl e

Steady Stenedy state is reached when the pern
means the amount of hydrogen entering the de
supplied at the charging side

DeciayAfter hydrogen charging is stopped, the
content Heampns to de

The time lIgaggamdt hbd gt enek thtordo B (ctan be used
effective hydr oger(dhis)f ufsricom tchoee ftfri ecr seinen t( Dr
per meation curve.
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ESteady statei

Current (pA)

Time (s)

Fi gnZ eA schemati citplnoet cofr vteh & hcaur reexrhti bi t s t |
butulpd sstteaadky and decay.pDasengthdembasdded ¢

progressively i ncr esasaetse, pfloaltleocawe dhdbeymaarecsatt eeadd
l ines, where the current remains relatively
the current enters the decay phase, characte

| n tapet hedis Dal cul ated using this equation.
(¢ — (3)
Il n dgnmheet htod D i s calculated using this equatic

]

- (4)

Where L is the thickdayesshent({meg oh (bBe sempl
steady stat eskguEmanttth ed ebnrsaakyt (rlough ti me i n

the intersection of the tanagxing iln nteheatpdrhme
cur Fegnd e
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Current (nA)

tb tlag Time (S)

Figonx eCharacteristic times for hitdmegen di ff

transi entst althe cureraedryt i s representedy bhet he
breakt hr guagchortriensepo(ntds t o the i nt-lep stercdn Dine rot
at its inflection point with the time (x) ax

For greater accufuacy,ndt e ctarya meige mtn sb wialnd b e

di ff-oased per medtdijlon equations

Bui-Upd Equati on:

=——B A@D—(5)

Decay Equation:

——=p ——B A@GDP——(6)

Whenies It he per meatilrhec urnriertatats ¢tafting nttth,e and
new sgteatdg current after the hydrogen produc
Il n addition, the subsurface hyodrogenbeodetat
by equdthilon (7)
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6 ——pm(7)

Wheresithe steady state e, meaitd otnh e utririemk n el
sampl ecifm)t h® effectivey d)fFussonhheoE&afadagn
C/ mold s ™Mhe mol ar mass ogf§ shytdireo g erno- fldge/ nnsai lt)y,
g /3m.

The diffusion coefficient within the hydroge
this model[ 6(Jequati on 8)

(o) (8)

wheries Dhe diffusion cogfsf itchiee dti fdfu sti hboen fciolen
substr ateeirs( mjh/ies )e,f flecti ve di-f Aysei omembeadhecock

from-ltaigmenal ys+ s silsm]t/hse) substr aties tthh ec kfnielsms
thickness (m).

PRF i s the permeation reduct i onstfatca olry drea gee
flux through the uncoat@®@& Osubsj)rate to the c

The amount of trapped hydrogen in the X60 st
Zakroczymsk4] wppcbacbnsi sts of analyzing the
hydrogen .pbemmat hod consists of two main ste

1T Determination of the diffusion coefficien
The diffusion coeffi,ciean d onotbail reed yfdrr omg em

The sample must be charged at a specific cat
current reached steady state. | mmedi ately af
increased to generate a secomd ttrraamssiiemtt. Th
(corresponding to t-hemdatmpidi canuf-upbheddaeansn
equation (equati.onlhb)s tpo odvel tdeersmitnhee Ddi f f usi or
hydr ogen.

T Analysis of the decay/ desorption region t
hydrogen

Oncei D known the decay/ desorption region of

di stinguish between trapped hydrogen and mob

t he desoryg(tti)onc ocurevsepolnds to the sum gft )t he ¢

and the current e#f( tt)h e engoubaitlieo nh9y)dr ogen |
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) O 00 ) O (9)

Wherm@g(t ) i s the desorptiongunprenst tbfe meliol e
of reversible trapped hydrogen.

KnowimagndD assumi ngst atae Of emrueawvabdent to the i1

curiOgntorresponds to the desorption current
current of meubt)he bwpdrbgenegcbnstructed using
6). Subwufta}tifmgom t he tatta) gliesos pthent cappe
desorption current.

L (WOt t) (10)

The tot al hydrogen per unit area is given by
N ) OAQ11)

Similarly:

) OAO(12)
) OAO (13)

21 2

Whernei § the amount of:dmebi he amduogeof andapgp!
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Current (1A)

= mn (D + ()

Time (s)

Fighdk e Exampl e of t hdu(diesc atyh ec uarrnvoed iocf lgsitrered n 't
(it the desorption culkdf @t tdife "Mesior@thypydr cge
reversible trapped hydrogen

7.1.2. The El ectrochemical Mi croc
The el ectrochemical microcapillary cell tech
spatially resolved investigat[i®]B]]DP]f hydrogen
The microcapillary techni edued iomoendf irmm ecsr otshceo pd Ic
using a glass capillary withl@]tnhaexFisngunuet i p( d
75 forms a | ocalized el ectrochemical cel |l on
defining the working electrode area, and int
el ectrode (CE) completing the oist@ui.t Tared rtetls
the speci men remains electrochemically inact

absorption are exclusively driven and measur
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Wherwd:s d he hydrogen eiosnceheéerafteonrioao @hpar g &
sampdees Qt he el ectric charge in C of the wunch
electrons, and V is the effective diffusion

£ -8 OC ip (15)

Where a is the radpus ®hetdief mrusirocagi $i1 angye
the measurement .

7.1.ray. pKotoelectron spectroscopy

The fundamematyalpbovtfoeXectron spectroscopy

X-ray photoelectron spectraeoeacpyi VE¥Panailgygtacm
used to determine the elemental composition

solid mané¢mThal method is based on the photoel
irradiated wi trhaynmoshexdreoebhéctcr ns and valenc

atoms within the sample. The kinetic energy
sectrometer, resulting in a spectrum compose
binding energies (BE) of electrons in specitf
the binding energy, photon enerdyel andr meass

given by the|[ERhstein relation:
BE =-KiEn3P( 24)

where hn is tdhgesphbeospeaergmeter work funct

kinetic energy. The binding energy is refere
the identification of elements and the deter
For conductive samples, electrical grounding
aligned with thaRi gooer e heed aspptdeRd] rfrmoedne e r t hes e
conditions, the kinetic energy of a phot oemi
l evel is described by

KE= hBIE- ¢ (25)

wher i 8Et he binding energy of the p#hotoel ect
denotes the work function of the sample ( se
ulti mately measured2)hy itshe n§paecthrcerdetbgr t h(e K
spectromet er 6 waonrdk tfhuantc toifont h(e sampl e, and i

KE= hBIE-¢-(¢SReS (26)
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The spectrometeéy workypivaazhli wnddt ermined thr
cali bration procedures.

KE, l KE,
Jo= -9
2 l¢ J
¢ B Es EgP
BEF VB Spectrometer Ejected electron
1 Indident X-ray (hv) [
] —
- o 90000

Sample )
b —eo—

K —oce——

Photoemission process

Fignae a) Schematic representation of the ener
during an XPS experiment adapted from [25] b
process

The photoemi ssion process:

The photoemi ssion process is illustrated sch
when the energy of the incident photon excee
allowing it to be emitted from the materi al

The photoionization cross section and sampl i

The relative intensity of spectral peaks in
photoionization cross section (s), which dep
and the proximity of the phot[oln3]energy to th

The depth from which XPS can probe, or the s
l eng)tvwhi(ch is related to the)dfnetlhrestdlico theeeami t
el ectrons. ThethHdFRvies agjef dnesd amxefian el ectr
energy can travel within a mat@grli2dgl before u
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The attenuation | ength further depends on th

materi al under investigation, and the emissi

The relationship between attenuafti2dn | ength
L=cagy 27)

The measured photoelectron signal i ntensity

exponenti al attenua?)] on | aw (equation 28)

0 Agb— (28)

wherge i(d the intensity a0osi gheatneygastomn dephn
is the emission angl e. the sampling depth i

d 203 q (29)

Sever al model s have been devel oped to esti ma
el ectrons and the properties of the materi al
formul ations is fhaltwhd &Smrmalhy aemdl dDemrcdhad r an
data to derive a sdpmplae faquwatiiomn offorelleMRR o(n

a — O6MOO(30)
where (A) and (B) are empirical parameters t
el ements, organics, inorganics), and KE is g
are (A = 143) and (B = 0.054) foicsesl,emandt § A
641) and (B = 0.046) for inorganics. [ 27]
I n addition to empirical approaches, more ph
TPPM model devel oped by Tanuma, Powel | |, and

The -MPeq(dtbihkres i nto -aspecufhi cmatectabnic pr
expressed as:

> 'R O c@®— 7 (31)

where (r) is the® nmatéM)alsdehsiayvofhgltcmt hmo

free electron plasmon energy, (Nv) 1is the nu
mol ecul e ( comp2oM nndosd)e,|l Tihse WwWiPdPel vy regarded f ol
broad range of materials, acal tpamazmetporatars

empirical fitting [28].

Data interpretation
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XPS provides qualitative and quantitative su
studying thin films, surface modifications,
materi al systems.

Survey aRedsoHiugthi on Spectra in XPS Analysis

El emental characterization of a sampleds sur
a survey spectrum, typically recorded over t
spectrum encompasses both phottoreréiectrelinhatinde

intensities primarily governed by [tlh3e] phot oi
El ement al identification is achieved by comp
energy (BE) values with those reported in st
[ 16, 17]

Foll owing theresoVeyi snaspekbitglasadsooredfderadt
spectra are collected for each el ement of in
procedures, wherein syntheti ct@meaalardhap esne nd
compounds, are fitted to the experimental da

the detected eflieteme nntgs .p rTohcee dcuurrevet ypi cally f ol
approach in which t hteed,ac&kmgd otumal 3 pedtimraslt fsa
model ed using a combination of Gaussian and

however, that this represents one possible m
the backgroundofsthectfuttedngsppacéess, partic
compl ex systems, After fitting, the chemical

energies of the resolved components and comp
Thr-eayer [mddel

For the quantitatitwe cknasluysiacseoff i hansomeatdert he

t he -t ddyere model can be applied. This model a
gradients and the | ateral -ehmo megdmaihtsy defr i va @
from the bulk are exponentially attenuated b
el ectrons emitted in the oxide | ayer are att
foll owing equations, acscoprodsisnigblteo ttoh edseet earsnsiul
and chemical composition of the | ayers:

O > L 8p Qwnoam. ° and)ﬁiFIL;;j%” "(32)

. s L o~ s o o e Lo .

o 8p Qondl: © @enl. " " (33)
Where A is the atomic weight, g is the trans
thickness, | ¢ is the thijcknebhs d®nsheycogl a
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7.

1.4. Conlyi podbtXel ectron-rsapyectroscop)

photoel ectron spectroscopy (XPS/ HAXPE S
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Th
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X-r
t h

Th
fi
de
di

Th

Th
de
s u
fo
2
ch

Ho
e X

p h

mbi aready XPhot oel ectron Spercdy oBltmtpye |[( XPtSr)o ra 1
ectroscopy (HAXPES) represent an advanced
mpositionl1®ff XRSeemplagy s oo fcte s (t y4p&&k.ad | vy
Mg (KKL2%¥3,6resulting in the emission of phi
ergies. These photoelectrons have short in
igpmademi nant | i Of mam otmed etresp 0F a sampl e, n
rface[ $2hsiti ve

contrast, HAXBESsourkcezsegphat dnX® nlee\g) es
ich i mpart greater kinetic energy to the e
ergy substantially extends thhwa tiIhMmP,t htehus
t @drsioanlet i meisl OWp ntagdd50k teesrcsape without signif
attering [32] . -ry wwareyigryg fclhenbii meidd &mPtS/ X A
pptrhof i 1 i ng of chemical states,n alulrdwicneg r e:
bsurface, and bul k phenomena without the n
eparation [ 32]

e principle underlying both techniques 1is
tail in the previous section ( Section 7.
ays calusesl colrectrons t o ber gy e(cKHE)d, merva s thr «

e spectrometer.

e XPS/ HAXPES approach is particularly powe
|l ms, engineered interfaces, ad@dstcowmpt exe he
prtehs ol ved chemical analysis thhtchemessewpnt |
ffusion processes, and the evpl@lion of bu

e probing -deytmhotno dlaedt Xon spectroscopy (

e probing -deytmhotnho dlaedt Xon spectroscopy (
termined by the inelastic mean free path (
bstantially with electron kineditche& MERPRY.
rmalism for 41 el ements have demonstrated
keV extends the anal-yanemaeatenr hsweff dcdbeyomd

aracteristic -odycphoeoéemiosnal osoéxp&ri ments
wever, the photoionization cross section d
hi biting an approximate asymptotic depende
otoelectron intensity at higher photon ene
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Il 1l lustrative example: Energy Dependence of t
| MF P

Figouh & presents the variation of the O 1s pt
photon energy, constructed wusi n[g2.G]hiTen et Mead rae t
clearly demonstrates sSketasymwi othi ¢ nde elaisneag
Specifically, the Scofield photraiyorinzatgiyomfc
1486. 6 eV (Al Ka) i s appr exitmat dlhyanl-rt &hyadr cadr
energy of 5414.7 eV (Cr Ka). This decrease |
simultaneous increase in inelastic mean free
calcul ated-2WMs imoglet haROURBERMawhornexampl e, the
increases from 2.7 nm at 1486.6 eV to 10.2 n
depth achievahblyeewici hahaod. X

a) CrKa b)

Monochromator

IMPF;ppom (CrKa)=10.2 nm 150000 Photoionization cross section for O 1s

-/ '

100000

80000

Photoionization cross section o (b)
B @
o (=3
(=1 (=3
o o
o o

Ejected electron Ejectedelectron | & 400004
Crko ® )
20000 - Vol
L — 0-0—e—0 \o- 0/, : I
L —\ @ lo—— \ _/ R e e &
K W v 0 10‘00 *20‘00 30‘00 40’0{) 50‘00* 60‘00 70‘00 80’00 9000

1486.6 5414.7
Photon energy (eV)

Fi g7 e a) 'l Tustration of the photoemission
(I MFP) of O 1s elethndns44atv . UNEREPIECE VK Al h &
phot oionization cross section as auesnction
reported by Scofield. [33].

7.1. 4. . Rut herford Backscattering Spe
Detection Analysis (RBS/ ERDA)

Fundamental of the 1l on beam analysis and the
l on beam analysis (I BA) includes an i mportan
interactions, both atomic and nucl ear, bet we
the atoms of a t argmdr gnatperrajad cptridfhes,n sau chha fash
particl e, i mpinges on a materi al, it undergo
(inelastic collisions) and nucl ei (el astic o
interactions result i ntitlheeb sprkoignreetsisci veen e rogsys :
materi al, a process known as stopping power,

path [ 2h]lgt h
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The i on bean analysis and data el aboration i
Laboratory of |l on Beam Physics in ETH Zuric

Rut herford Backscattering Spectroscopy (RBS)
Rut herford Backscattering Spectrometry (RBS)

ion beam analysis methods Il n RBS, a monoene
helium ions (He ) in the MeV energmsrange i s
elastically scattered by atomic nuclei. The
governed by the Rutherford differential Cros
S
~ - (16)

whedhe@ndaZe the atomic number@i soft hteh ei ntcairdgeentt
andgi s the scattering angle. [ 11]

The energy of thg,baskdebatetmraddi bg, thE kine

T

0O @0 (17)

wheri@ankhaMe the masses of the ionci déret iinon i af
energy. As the ions penetrate the material,

and nucl ei a process described by the stoppi
conversion of the measquadtenatpgyesgept humro

0w O —o (18)

By analyzing the RBS spectrum, one can deter

| ayer thickness, and depth profiles, with pa
in lighter matrices. [ 11] .

3.3.3. Elastic Recoil Detection Analysis: th
El astic Recoil Detection Analysis (ERDA) 1is

optimized for the detection and depth profil
an energetic ion beam, typicalhgrgbpasiandngt
the sample at a specific angle. Through el as
momentum to target at oms, causing light el em
oxygen to recoil forwaudfaod. eSbape feomi t e
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detected at a forward ampglies, reendattehdeitro mehaes u
ener@y byEthe ki ne2mati c factor (K)

O 0zO0(19)

0 Al ©(20) ( equat[idnh] adapted fror
wher® @md dgme the masses of the incidant i on
is the recoil angl e.

7.1.5. : |l nert Gas Fusion (LECO ONHS8S3E
The inert gas fusion method, as employed by
LECO RHEN60O0 and RHENG602 are hydrogen determ
an argon carrier gas, and ther mal cdornodguecnt i Vv i

on materif284[d2 4] pp m.

1. The procedure consists placing the sampl e
rel ease analyte gas. Oxygen present 1in th
CO anxdNiQO ogheynd raangde ne xt namcdreds msc tNi vel y.

2.Argon carrier sweeps the |iberated anal yt

3. The gas f |Socwhserttezled éswdig byt ze reagent, typical
pentoxide, is used to oxidize hydrogen (H
detection whegastbér €@ms3$ - o XTihes ?@0OdaOty H or
presaeteiten scrubbed out of the carrier gas

4 . A mol ecul ar sieve column separates the ni
hydr ogen pma&albe owlgehs t he si eve more quickly

mol ecul es and is detected using thermal <c
The intensity of the signal i s proportional
sample. Calibration is performed using cert.i
content, all owing for accurateigumartpipfm)c atri @

| owezr3, 2 4]
7.1.réay. dKffraction

X-ray diffraction (XRD) is an essenti al t echn
crystalline material s. l'ts principl e ayss base
by the periodic atomic pl-aagwawkt @inmgpidn gea y st
on a crystal at an incident angle g, constru
only if the path difference between rays ref

mul tiple of the wavelbeendytbhy. Blrha gsg cso nldaw:i on i

E_ cQi Qg21)
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where n is an integer (the order of reflecti
andgl2es,]

I n a typical XRD experiment, a goniometer sc
2q angles, and the resulting diffraction pat
positions of the diffraction @aeakareousedpba
identify phases present by comparison with r
di ffraction peaks provide information about

Peak broadening and saAacttsmicarnaoasberuanalt gkednt
crystallite size aHal Ini)Cc VAo asHtyréaeigqru ¥VR,bolra rezh2s) o n
| attice parameter changes due to alloying or

b cosB+& Kn (22)

pl obc asfer sudwa4ésicmnstructed, and the crystal/l
intercept, while the strain was extracted fr
mi ssing, please add the meaning.

Il n addition stress anal ysi symeatnh ddke whirdlo rinse d
determining residual stresses. I't is based o
crystall ogmaplaisc tnhleasasmp(e& is tiltedawpt diff
beam on the (211) planar.

When a material is stressed, the interplanar
measurement . By col |l ectyitnd tdiafnfgrl a&ct, i drhed atha n
spacing canhkoer plystsiend as d

From the sl ope of tihG@a)plcoan btehec arlecsuldautaedd sut:
relat[@@ship:

£ —m(23)

whedgphe resiydsaltidttr @asigl es E3siiss tthhee PYoiusnsggdrso
and m is t hevsfopipmdtpbsiheve sl ope indicates
negative slope indicates compressive stress.
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7. 2uppl emadantaaroyay XPhot oel ectron Sp
( XPS) Resul ts

2.1. XPS results of the ion sputtered pure t

120000 - W 4f

100000 ~
W 4d

80000

60000 ~

40000 ~

Intensity (CPS)

20000 ~

——

T T T T T T T T T
1000 800 600 400 200 0
Binding energy (eV)

Fi gn& e Survey spectrum of ion sputtere
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100000 -

Ex
P curve W 4f 2o
1= W 4f
80000 - W 5ps, W 4f
Background 5/2
|- =--Envelope ﬂ
& 60000 -
o
e
P
‘@ 40000 -
C
D
£
20000 -
0 -
I I N I ! 1 I N I I 1
44 42 40 38 36 34 32 30 28
Binding energy (eV)
Fignx eW4f amdP Wigph resolution spectra of
background substruction was used

Tab7lle W 4fand Whbppgdamagmeters of ion sputtered
W 4f 7, | GL (45) | 31.90 0.8 (0.01)
(0.04)
W 4fs, | GL (45) | 34.04 W 4f 7+ 2.15 0.8(0.01) |W4fz, | W 4f7,%0.76 (0.01)
(0.04) (0.01) *1.1 (0.1)
W 5ps2 | GL (45) | 37.40 W 4f 72+ 5.5 (0.1) | 2.1 (0.1) W 4f 7/2*0.76 (0.01)
(0.04)
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2.2. XPS results of the pure tungsten tri oxi

Exp curve
250004 -
W 4f - WO, W 4f ,,
1= W 5py, - WO,
20000 Background W 4f ¢
— |----Envelope
&
o 15000 ~
=
2
I 10000 ~
£
5000 -
o4 AN S
T T ! I i I ' I
50 45 40 35 30

Binding energy (eV)
Fi gnlrQe W4 f za¥Rl W pbilp resol ution spectra of 10

Shirley background substruction was used U 3

2.2. XPS results of the pure tungsten dioxid
Tab72e W,,dhd Whbpting parameters of pure tungs

W 4f72; WO, | GL(45) | 36.10 1.20 (0.01)
(0.01)(0.04)
W 4fsi WO, | GL(45) | 38.3 (0.1) | W 4f 72 1.20 (0.01) | W 4f 7, *1 W 4f 72*0.76
+2.15(0.01) (0.01)
W 5pazi WO, | GL(45)| 41.1 (0.1) | W 4f 7, 2.5 (0.1) W 4f 7,*0.76
+5.5 (0.1) (0.01)
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Tab7l3e W, dhd Whbpting parameters of pure tung:

(33.2 |) 1.38
W 4f 7o (WO2) | GL (45) (0.2)) (0.02)
35.4 W 4f721 1.38 W 4f721 W 4f721
W 4fs5, (WO2) | GL (45) (0.2) | WO2+2.15(0.01)| (0.01) WO, *1 WO,*0.76(0.01)
38.8 W 4f721 W 4f721
W 5p32 (WO2) | GL (45) (0.1) | WO2+5.5(0.1) W 4f721 WO2*0.12
2.1 (0.1)| WO2 *1 (0.01)
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ABSTRACT

XPS is used to characterize the surface of commercial X60 pipeline steel after chemical cleaning with a sequence of five solvents and follow-
ing mechanical polishing. This steel is used as material for pipeline construction aiming to green hydrogen transportation.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0003972

Accession #: 01976 and 01977

Technique: XPS

Specimen: X60 steel cleaned with five solvents (cleaned X60 steel)
and mechanically polished X60 steel (MP X60 steel)

Major Elements in Spectra: Fe, O, and C
Minor Elements in Spectra: None
Published Spectra: 8

Spectral Category: Comparison
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Instrument: Thermo Scientific Theta Probe i
INTRODUCTION Specimen Characteristics: Homogeneous; solid; polycrystalline
; ; ductor; metal;
API 5L grade X60 steel (standardized by American Petroleum - a7
Institute) has been used since long time as steel for natural gas and Chemical Name; AFI _SL gradessteel X6
i AN W Source: RINA Consulting—CSM S.p.A.
petroleum pipelines and in oil and gas applications. Recently, the Co ition: Fe. Mn<14%. Cr. Mo Ni. Cu. C<0.28% d
material has gained interest for hydrogen storage and transporta- x;posmon. , ?’ VILSRE A GOy Ny Sty Lx0.28%; an
tion (Ref. 1). The surface chemistry of X60 steel plays an important E L -<)(2.45% (1{ 3 sli) 2 (di thickn
role when performing electrochemical hydrogen permeation tests sorm. 6? stee l‘ ulSOxZ;nm Eillilmet_erx G al ?Ss) CSM S
(Rel. 2) because it might affect the hydrogen production and detec- tructure: ARD'results performed by-Rina consuiing M Spa
tion kinetics. In this work, x-ray photoelectron spectroscopy was showed that X6p steel has l?ody centered cubic (BCQ structljjre.
used for characterizing the surface of X60 steel after a thorough SEM'cmss-sectlonal analysxs. of X60 steel (etched with 2% Nital
cleaning procedure and following mechanical polishing. No signifi- ;cfluuon fi{ﬁs ) Cc;);l/[dtgxcte/;i ul:the (f/tl}e:in;gga pth};l I;lab(:ratory 0({
cant changes in the chemical state of the elements are detected D o N e bt
between the samples upon the different sample preparation proce- marFex:Asne and t?amne microstructures with the distribution of
dures. The mechanical polishing reduces the thickness of the His}t)(:er;mal::;ﬁsli:nxibtilf:ice The X60 steel was cut from a pipeline
. . ul 1]
naturl oxide layer presentionthe steel surface; tube to obtain disks of 2mm thickness and a diameter of
SPECIMEN DESCRIPTION (ACCESSION # 01976 and S THE Siifise TEle: Hetemiisd, tyd SN=a200
01977 surface roughness tester was 0.3-0.4 um.
) As Received Condition: The “as received” X60 steel after cutting is
Specimen: X60 steel, thickness 2mm, diameter 5cm; cleaned covered with an oil/grease film.
(# 01976) and mechanically polished (# 01977) Analyzed Region: Center and at least two other analysis points of
CAS Registry #: Unknown the sample surface
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SURFACE SCIENCE SPECTRA

Ex Situ Preparation/Mounting: Two different procedures were
applied:

Five solvents’ cleaning (# 01976): The as received samples were
cleaned by following the described procedure in ultrasonic bath
at 40 °C: butan-2-one (5 min), acetone (5 min), ethanol (5 min),
petroleum ether (5min), and double distilled water [specific
conductivity = 1.5(0.1) #S/cm] (10 min). After the cleaning pro-
cedure with five solvents, the sample was dried under an argon
stream and analyzed by XPS. The time between the drying step
and the sample insertion into the fast entry air lock of the spec-
trometer is less than 1 min.

Five solvents’ cleaning and mechanical polishing (# 01977): XPS
characterization was also carried out on the X60 sample following
cleaning with five solvents and mechanical polishing using SiC
4000-mesh paper in the presence of ethanol as lubricant for 3 min
and 30 s. After grinding, the samples were immersed in ultrasonic
bath at 40 °C in ethanol for 5 min and in double distilled water for
10 min. Also, in this case, the samples were dried under an argon
stream. The time between the drying step and the sample insertion
into the fast entry air lock of the spectrometer was less than 1 min.

In Situ Preparation: None

Charge Control: No charge control

Temp. During Analysis: 300 K

Pressure During Analysis: <1 x 107 Pa

Preanalysis Beam Exposure: 0s

INSTRUMENT DESCRIPTION

Manufacturer and Model: Thermo Scientific Theta Probe
Analyzer Type: Spherical sector
Detector: Other, multichannel plate detector

ARTICLE pubs.aip.org/avs/sss

Geometry

Incident Angle: 30°

Source-to-Analyzer Angle: 67.38°

Emission Angle: 53°

Specimen Azimuthal Angle: 70°

Acceptance Angle from Analyzer Axis: 60°
Analyzer Angular Acceptance Width: 30° x 30°

lon Gun

Manufacturer and Model: Thermo Scientific EX050

Energy: 3000 eV

Current: 0.002 mA

Current Measurement Method: Biased stage

Sputtering Species and Charge: Ar”

Spot Size (unrastered): 200 ym

Raster Size: 3000 x 3000 #m*

Incident Angle: 45.00°

Polar Angle: 58.43°

Azimuthal Angle: 24.20°

Comment: Sputtering of Ag, Au, and Cu samples was performed
before checking the linearity of the binding energy scale.

DATA ANALYSIS METHOD

Energy Scale Correction: Linearity of the energy scale was performed
recording the binding energy of Cu 2ps5, Ag 3ds;, and Au 4f;,
signals on sputter cleaned high purity copper, silver, and gold foils
(Goodfellow, Cambridge, UK). The binding energy values were
compared with those reported in ISO 15472:2010. The C 1s of ali-
phatic carbon at 285.0 eV was taken as internal reference.

Recommended Energy Scale Shift: —0.16 eV for the five solvents’
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Number of Detector Elements: 128 cleaned sample (# 01976) and —0.1 eV for the mechanically pol- *
ished sample (# 01977). o
INSTRUMENT PARAMETERS COMMON TO ALL Peak Shape and Background Method: Spectra were processed using 32
SPECTRA CasaXPS software (V.2.3.25PR1.0) (Ref. 5). Shirley background sub- =
traction was applied before curve fitting; the curve-fitting was
Spectrometer carried out using mixed Gaussian - Lorentzian product function as
Analyzer Mode: Constant pass energy line shape. In the case of Fe 2p5,, the metallic component was fitted
Throughput (T =E™): The energy dependence can be determined adding the tail for taking into account the asymmetry of the signal
. . i 2 \P (Ret. 6).
by the following equation: 5= (W) , where a and b are Quantitation Method: N/A
constants, E, is the pass energy, A is the peak area, and R is the
retard ratio equal to E/E,, where E is the kinetic energy. Three =~ ACKNOWLEDGMENTS
spectral regions [Cu 2p (925-940eV), Cu 3p (68-82eV), and This study was carried out under the project “e.INS, Ecosystem
Cu LsMy5M, 5 (561-577 V)] are recorded on a sputter cleaned of Innovation for Next Generation Sardinia,” funded by the National
copper sample at different pass energies (10, 20, 50, 100, 125, Recovery and Resilience Plan (PNRR)—Mission 4, Component 2,
150, 200, 300, and 400 eV) The values of a and b are then deter- “From research to business” Investment 1.5, “Creation and strength-
mined to be 26.66 and 1.11, respectively, by a linear least square  ¢pning of Ecosystems of innovation” and construction of “Territorial
fit of the data applying the equation described above (Ref. 4). R&D Leaders” (No. CUP F53C22000430001). The Ph.D. fellowship
Excitation Source Window: None of Raouaa Hannachi is cofunded by Ministero dell’Universita e della
Excitation Source: Al K, monochromatic ricerca (MUR)—Italy (No. CUP F22B22000560005) and by RINA
Source Energy: 1486.6 eV Consulting—CSM Sp.A.
Source Strength: 100 W
Source Beam Size: Nominal spot size: 400 x 400 ,umlspot size mea- AUTHOR DECLARATIONS
sured by analyzing Au/Si fresh cleaved sample using line scan .
m&sureymem );esu;gted to be equal to 355.8 x 519.2 ymgz. Conflict of Interest
Signal Mode: Pulse single channel The authors have no conflicts to disclose.
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