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Abstract

Stainless steels have been used for various applications in the oil and gas industry for a long
time due to, among others, their high corrosion resistance. However, immersion in seawater
is demanding of the material because of varying temperatures and the presence of Cl– ions.
Cathodic protection (CP) in the form of sacrificial anodes is therefore typically applied to
protect the stainless steel parts. It has been observed that cathodically protected stainless
steels suffer from hydrogen induced stress cracking (HISC), believed to have been caused
by the hydrogen development during CP. After the sacrificial anodes were removed, severe
corrosion attacks occurred on the materials, suspected to have initiated due to adsorbed
hydrogen during CP.

The objective of this work has been to investigate the effect of absorbed hydrogen on the
corrosion resistance of stainless steel. Samples from two different batches of UNS S32750
have been used as well as samples from UNS S31254. Welded samples of the second batch of
UNS S32750 were also provided. Simulation of cathodic protection was performed through
cathodic polarisation of the samples at fixed current densities. The effect of different hy-
drogen charge current densities (HCCD) and storage time after charging were investigated
on anodic polarisation curves and the critical crevice corrosion temperature (CCT). The
oxide film composition was examined with X-ray photoelectron spectroscopy (XPS), and the
electrical properties of the oxide film were studied with Mott-Schottky analysis. Scanning
electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) were used to
evaluate selective corrosion.

The results reveal a clear decrease in corrosion resistance of samples charged with hydro-
gen. A decrease in corrosion potential, Ecorr, and an increase in anodic current density was
observed in the polarisation curves. The decreased Ecorr for charged samples was explained
by the low equilibrium electrode potential of hydrogen oxidation compared to that of Fe
oxidation. The CCT of charged samples decreased compared to uncharged samples. Storage
time, however, resulted in higher Ecorr, lower anodic current densities and increasing CCTs,
indicating improved corrosion resistance with storage time. During storage, hydrogen dif-
fuses out of the stainless steel, leading to repassivation. SEM and EDS results confirmed
selective corrosion of the austenite phase. Results obtained with XPS revealed a higher rela-
tive atomic percentage of Cr(OH)3 in the oxide film on hydrogen charged samples, implying
lower corrosion resistance due to the higher defect concentration in hydroxides compared to
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protective oxides like Cr2O3 and CrO3, and thus a higher conductivity in the oxide layer. The
Mott-Schottky analysis showed electric properties of the oxide film which were contradicting
to previous studies, and the limitations of the method are discussed.

The work presented in this thesis shows that hydrogen has a detrimental effect on the corro-
sion resistance of stainless steel in seawater. The reason for the decreased resistance is likely
caused by interactions between hydrogen and the oxide film, resulting in higher concentra-
tions of hydroxides compared to oxides, thereby destabilising the film, and facilitating easier
and faster corrosion.
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Sammendrag

Rustfrie står har over lang tid blitt brukt til forskjellige formål i olje og gass industrien,
blant annet på grunn av materialets høye korrosjonsbestandighet. Eksponering i sjøvann
er krevende for materialet på grunn av varierende temperaturer og tilstedeværelse av Cl–

ioner. Katodisk beskyttelse (CP) i form av offeranoder blir derfor typisk brukt til å beskytte
rustfrie stål. Observasjoner viser at katodisk beskyttet stål er utsatt for hydrogenindusert
sprekking (HISC), som antas å være forårsaket av hydrogenutviklingen fra CP. Etter fjerning
av offeranodene, oppstod det kraftige korrosjonsngrep på materialene, som antas å ha initiert
på grunn av absorbert hydrogen fra CP.

Formålet med denne oppgaven har vært å undersøke effekten av absorbert hydrogen på ko-
rrosjonsbestandigheten til rustfritt stål. Prøver fra to forskjellige batcher av UNS S32750
har blitt brukt i tillegg til prøver fra UNS S31254. Sveisede prøver fra den andre batchen
med UNS S32750 ble også levert. Simulering av katodisk beskyttelse ble gjennomført ved
katodisk polarisering av prøvene ved gitte strømtettheter. Effekten av ulike strømtettheter
for hydrogenlading og lagringstid etter hydrogenlading ble undersøkt ved anodiske polar-
isasjonskurver og kritisk spaltkorrosjonstemperatur (CCT). Komposisjonen til oksidfilmen
ble analysert med røntgen fotoelektron spektroskopi (XPS), og de elektriske egenskapene til
oksidfilmen ble undersøkt med Mott-Schottky analyse. Skanning elektronmikroskop (SEM)
og energi dispersiv røntgen spektroskopi (EDS) ble brukt til å undersøke og evaluere selektiv
korrosjon i hydrogenladete prøver.

Resultatene viser en klar nedgang i korrosjonsbestandigheten til prøver ladet med hydrogen.
En nedgang i korrosjonspotensialet, Ecorr, og en økning i anodisk strømtetthet ble observert
på polarisasjonskurvene. Nedgangen i Ecorr for ladede prøver ble forklart ved det lave likevek-
tspotensialet til hydrogenoksidasjon i forhold til jernoksidasjon. CCT til ladete prøver sank i
forhold til uladete prøver. Lagringstid førte til en økning i Ecorr, lavere anodisk strømtetthet
og høyere CCTer, noe som indikerer bedre korrosjonsbestandighet om prøver ble lagret etter
hydrogenlading. I løpet av lagringen vil hydrogen diffundere ut av det rusfrie stålet, og føre
til repassivering. SEM og EDS resultatene bekreftet selektiv korrosjon av austenitt fasen.
Resultatene oppnådd fra XPS analysen viste en høyere relativ prosent av Cr(OH)3 i oksidfil-
men på hydrogenladete prøver, som impliserer en lavere korrosjonsbestandighet på bakgrunn
av en høyere defektkonsentrasjon i hydroksider sammenlignet med mer beskyttende oksider
som cr2O3 og CrO3, som igjen fører til høyere konduktivitet i oksidfilmen. Mott-Schottky
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analysen viste elektriske egenskaper for oksidfilmen som var motsigende til tidligere studier
og begrensningene til denne typen analyse er derfor diskutert.

Arbeidet som blir presentert i denne oppgaven viser klart at hydrogen har en skadelig effekt
på korrosjonsbestandigheten til rustfritt stål i sjøvann. Grunnen til nedgangen i korrosjons-
bestandighet skyldes sannsynligvis interaksjoner mellom hydrogen og oksidfilmen, noe som
resulterer i høyere konsentrasjoner av hydroksider sammenlignet med oksider. Dette fører
til destabilisering av filmen og fasilitering av lettere og raskere korrodering av det rustfrie
stålet.
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Abbreviations and nomenclature

Abbreviations

ASS Austenitic stainless steel

CCT Critical crevice corrosion temperature

CE Counter electrode

CP Cathodic protection

DSS Duplex stainless steel

EDS Energy dispersive X-ray spectroscopy

HAZ Heat affected zone

HCCD Hydrogen charge current density

HER Hydrogen evolution reaction

HISC Hydrogen induced stress cracking

ICPOES Inductively coupled plasma optical emission spectroscopy

OCP Open circuit potential

ORR Oxygen reduction reaction

PDM Point defect model

PREN Pitting resistance equivalent number

RE Reference electrode

RMS Root mean square

SASS Super austenitic stainless steel
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SDSS Super duplex stainless steel

TTT Time-temperature-transformation

WE Working electrode

XPS X-ray photoelectron spectroscopy

Nomenclature

α Ferrite

χ Secondary phase chi

∆E Potential drop

γ Austenite

γ2 Secondary austenite

ν X-ray frequency

φ Instrument spectrometer work function

σ Secondary phase sigma

ε Dielectric constant

ε0 Vacuum permittivity

C Total capacitance

CH Helmholtz double layer capacitance

CSC Space charge layer capacitance

DH Effective hydrogen diffusivity

DL Ideal lattice diffusivity

Eapp Applied potential

x



EB Binding energy of hydrogen

Ecorr Corrosion potential

EFB Flat band potential

Ef Passive film formation potential

Ek Kinetic energy

EM Minimum energy barrier

Epit Pitting potential

I Current

icorr Corrosion current density

ipass Passive current density

k Value between 16 and 30 used to estimate PREN

Na Acceptor density

Nd Donor density

R Resistance
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1 Introduction
Stainless steels have been used for industrial purposes for a long time. These materials are
especially favored in the oil and gas industry because of the combination of good mechanical
abilities and high corrosion resistance to both general and localised corrosion [1]. Corrosion
resistance is a material’s ability to resist deterioration of e.g. mechanical strength and sur-
face appearance originating from corrosive attacks [2]. Super duplex stainless steels (SDSS)
are a high alloyed version of stainless steels, which have experienced increased interest over
the last years because of valuable properties, like corrosion resistance, in chlorinated envi-
ronments like seawater [1]. Framo3 has been delivering seawater lift pumps made from UNS
S32750 grade super duplex stainless steel to the oil and gas industry for many years. Dur-
ing operation, the pump systems are exposed to a wide variety of seawater temperatures,
ranging from cold water with temperatures of 5-10 ℃ to warm water with a temperature of
35 ℃. Chlorinated environments with varying temperatures are demanding for the material.
Thus, to increase the lifetime of the pump systems under these conditions, cathodic protec-
tion (CP) in the form of sacrificial anodes are used. During cathodic protection, hydrogen
may form on the surface of the pump system. Hydrogen induced stress cracking (HISC)
has been observed on some of the pipe systems during operation, and is believed to have
been caused by the hydrogen development on the surface. The cracks always initiated close
to welded areas, and residual stress in the material is therefore a major contributing factor
to the cracking. In order to avoid further attack by HISC, the sacrificial anodes initially
used as protection were removed for selected pumps after a few years in operation. After
removal of the sacrificial anodes, the pump systems suffered from severe corrosion attacks.
The reason for the attacks is believed to be caused by absorbed hydrogen in the stainless
steel, originating from the hydrogen formation during cathodic protection, causing decreased
corrosion resistance and thereby promoting faster and earlier corrosion [3]. The objective
of this work has thus been to investigate the effect of absorbed hydrogen on the corrosion
resistance of the UNS S32750 grade super duplex stainless steel and the UNS S31254 super
austenitic stainless steel.

This master thesis is a continuation of the specialisation project “The Effect of Hydrogen
on the Corrosion Resistance of Super Duplex Stainless Steel in Seawater” conducted by
the author, where the same research question was investigated exclusively for UNS S32750
grade stainless steel [4]. The effect of different hydrogen charge current densities (HCCD)

3https://www.framo.com/

1



Chapter 1: Introduction

on polarisation curves and critical crevice corrosion temperature (CCT) were investigated.
Polarisation curves were obtained both at room temperature and at 60 ℃.

In this master thesis, the research done in the specialisation project will be continued and
extended. The effect of storage time after hydrogen charging on corrosion resistance is inves-
tigated through polarisation curves and CCT measurements. Stainless steel of both welded
and unwelded UNS S32750 grade, as well as UNS S31254 grade are used in the experimental
work. Chemical analysis of the passive oxide layer before and after hydrogen charging of UNS
S32750 grade stainless steel is performed using X-ray photoelectron spectroscopy (XPS), and
Mott-Schottky analysis is used to better understand the electrical behaviour of both charged
and uncharged UNS S32750 grade steel. In addition, a scanning electron microscope (SEM)
coupled with energy dispersive X-ray spectroscopy (EDS) is used to investigate whether
selective corrosion occurs in hydrogen charged UNS S32750 grade stainless steel.

2



2 Theory

Parts of section 2.1 to 2.3.2 have been written based on previous work by the author [4].

2.1 Super duplex and super austenitic stainless steel

Stainless steels are iron alloys that contain a chromium content of at least 12 wt%. Based on
microstructure, these alloys can be divided into four groups. These are ferritic, austenitic,
martensitic and ferritic/austenitic. Duplex stainless steels (DSS) are ferritic/austenitic steels
where the ferrite and austenite phases are present in large, separate volumes of relatively
equal amounts. Super duplex stainless steels (SDSS) are highly alloyed versions of DSS.
These steels contain a minimum of 25 wt% chromium and exhibit good mechanical properties
as well as resistance to stress corrosion cracking and localised corrosion [1].

Austenitic stainless steel (ASS) is the most commonly used type of stainless steel [5]. This
type of stainless steel, containing a much higher amount of austenite than the duplex and su-
per duplex stainless steels, commonly contains between 16 and 25 wt% chromium. Austenitic
steels can in addition contain a small amount of nitrogen, and both chromium and nitrogen
contribute to the good corrosion resistance exhibited by these stainless steels [5]. Nickel is
one of the most important alloying elements added to austenitic stainless steel, as it stabilises
the austenite phase at room temperature [6]. This will be discussed further in section 2.1.2.
Super austenitic stainless steel (SASS) is a highly alloyed version of the austenitic stainless
steel. These alloys contain a large amount of molybdenum, which makes it necessary to add
even more chromium and nickel to stabilise the austenite phase [6].

2.1.1 Microstructure

DSS and SDSS obtain their favorable properties from the dual phase composition of ferrite
(α) and austenite (γ). This combination of microstructure gives the material the mechanical
abilities of a ferritic stainless steel while also providing the corrosion resistance of an ASS
[7]. This dual phase composition is shown in Figure 2.1.
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Chapter 2: Theory

Figure 2.1: The dual phase composition of UNS S32750 SDSS, with dark α-
phase and lighter γ-phase [8].

DSS and SDSS have γ-contents ranging from 35 volume% to 65 volume%. The optimal
mechanical properties and corrosion resistance are obtained when the amounts of α and γ
are roughly equal [9, 10]. To obtain this preferred composition, a variety of alloying elements
are used, and these will be discussed in section 2.1.2. α and γ have different properties
regarding hydrogen. α exhibits a high diffusivity and low solubility of hydrogen, whereas γ
exhibits the opposite properties; a low diffusivity and high solubility. Thus, when hydrogen
is absorbed by SDSS, γ will by saturated with hydrogen, while α will inhibit a much lower
concentration [11].

2.1.2 Effect of alloying elements

Chromium

Chromium (Cr) is a α stabiliser which closes the γ-loop, shown in the equilibrium phase
diagram of iron and chromium in Figure 2.2. Based on this equilibrium phase diagram, it is
clear that Cr is more soluble in α than in γ. When Cr is added to steel, the formation of
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Chapter 2: Theory

α becomes favoured. However, when Cr is added to nickel rich steels, the γ → α formation
is delayed which makes it easier to maintain γ down to room temperature. When more
than 25 wt% Cr is added to the stainless steel, formation of the secondary phase sigma (σ)
occurs, which is undesired. This will be treated further in section 2.1.3. The main reason
for addition of Cr to stainless steel is to increase the corrosion resistance of the material by
formation of a thin oxide layer containing Cr on the surface [6]. This surface layer will be
explained further in section 2.2.1.

Figure 2.2: The equilibrium phase diagram of iron and chromium [6].
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Chapter 2: Theory

Molybdenum

Molybdenum (Mo) is a α stabiliser, found to be more soluble in α than γ [9]. For a long
time it has been known that addition of Mo to austenitic Cr–Ni stainless steels increases the
pitting corrosion resistance in chloride environments [12]. Cr is needed together with Mo to
increase the pitting corrosion resistance [12]. Mo exists in the passive oxide layer of stainless
steel in many different oxidation states. A majority of studies have shown that Mo4+ is found
in the inner layer, while Mo6+ is found in the outer layer. The reason of why Mo increases
the resistance to pitting is not well known [13]. Studies have reported that molybdenum in
Cr–Ni stainless steels thickens the passive oxide layer [14], while other studies suggest that
Mo impedes the adsorption of chloride on the surface by increasing the oxygen affinity of the
stainless steel, thereby making it more corrosion resistant [15].

Nickel

Nickel (Ni), as can be seen in Figure 2.3, is an γ stabiliser that extends the γ phase field
when added to stainless steel with high chromium content. Ni is found to be more soluble in
γ than in α [9]. When the Cr content of stainless steel increases, higher amounts of Ni are
required to maintain γ down to room temperature. For instance, for SDSS with a Cr content
of 25 wt%, about 15 wt% Ni is needed to achieve a stable γ phase at room temperature [6].
On the other hand, a SASS containing 20 wt% Cr and 6,5 wt% Mo would need a Ni content
of up to 24 wt% to stabilise the γ phase at room temperature [6]. When Ni is present in
stainless steel, the corrosion resistance increases noticeably, especially in strongly reducing
environments like acids because of Ni’s low solubility in acid [9].
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Chapter 2: Theory

Figure 2.3: The equilibrium phase diagram of iron and nickel [16].

Manganese

Manganese (Mn) is, like Ni, an γ stabiliser expanding the γ phase field. However, it is only
about half as effective av Ni. Thus, higher concentrations of Mn are needed to stabilise the
γ phase. For stainless steels without Cr, a Ms content of approximately 12 wt% is needed,
and this number increases with addition of more Cr [6].

Nitrogen

Nitrogen (N) is commonly added to steel to stabilise the γ. However, it is found that when
N is present in combination with Mo, a significant increase in both the general and localised
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corrosion resistance occurs [13]. With an increasing amount of N, an increased sensitivity to
formation of secondary phases arises. SDSS, which has a high content of both Cr and N, thus
exhibits a high susceptibility to formation of chromium nitrides [17]. N is mainly partitioned
to the γ phase, but it is found that with increasing temperature, the concentration of N in
the α phase also rises.

2.1.3 Heat treatment and secondary phases

Secondary phases are known to form in SDSS in the temperature range from 300-1000 ℃. The
most important phases are σ, chromium nitrides, secondary austenite (γ2) and the chi-phase
(χ). The σ phase is of special importance due to its influence on both toughness and corrosion
resistance of the steel [1, 18]. A time-temperature-transformation (TTT) diagram contains
information about the temperature ranges and holding times for the different secondary
phases, and the TTT-diagram of UNS S32750 can be seen in Figure 2.4. As can be seen
from the TTT-diagram, temperatures between 800 and 1000 ℃should be avoided for longer
periods of time, as that is the range in which σ-, γ2-, χ-phases and chromium nitrides
precipitate [1].

Figure 2.4: The TTT-diagram of UNS S32750 [1]. The R-phase and α + α′-
phase are not discussed further in this work.
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Chapter 2: Theory

σ phase

Studies have shown that the σ phase is formed in a large number of stainless steels. This
precipitation is found in both SDSS and SASS because of the large content of both Cr and
Mo. Mo is also known to increase the stability of the σ phase towards higher temperatures
[1]. Nucleation and growth of this secondary phase occurs mostly in α or at α/γ phase
boundaries. This is because α has a high Cr and Mo content, which also holds true for the
σ phase [1, 19]. The formation of σ follows the eutectic reaction given in reaction 2.1 [1].

α→ γ2 + σ (2.1)

The σ phase is very brittle and affects ductility negatively at both room temperature and
higher temperatures. Due to the high Cr content in σ, the areas surrounding the phase are
depleted of Cr. This is believed to be the reason for the decreased corrosion resistance [18,
1]. With increasing aging time, the corrosion resistance of stainless steel is found to decrease
even more, due to formation of γ2 around the σ phase [18].

γ2 phase

γ2 can form during the same eutectoid reaction as the σ phase. The eutectoid reaction is
facilitated by rapid diffusion along α/γ boundaries, which results in a microstructure of σ
and γ2 in the α grains. The γ2 formed on these phase boundaries is low in Cr, especially
when chromium nitrides form in cooperation. This results in low corrosion resistance in
these areas, and explains why pitting corrosion is a problem when γ2 precipitates in SDSS
[1].

Chromium nitrides

As mentioned in section 2.1.2, SDSS contains high amounts of both Cr and N, which makes
the stainless steel susceptible to precipitation of chromium nitrides. N is mostly partitioned
to γ, but nitrogen content increases in α with increasing temperature. Since α is rich in
Cr it is more likely that chromium nitrides form with increasing temperature in α [19, 17].
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Chapter 2: Theory

Chromium nitrides precipitate inside α grains when the temperature rapidly decreases, but
may also form during isothermal heat treatment. By adjusting the heat treatment tem-
perature, the formation of chromium nitrides can be avoided. However, chromium nitrides
formed during rapid decrease of temperature are difficult to avoid, since the precipitation
occurs during quenching of the metal. Thus, the cooling rate affects the precipitation of this
secondary phase. An increased cooling rate results in precipitation within smaller α grains,
and the precipitates are simultaneously increasing in size leading to decreased corrosion
resistance [17].

χ phase

χ phase forms prior to the σ phase on the α/α interface and later grows into the α. χ phase
is thermodynamically unstable, and the σ phase will thus form on the expense of the χ phase
[20]. The χ phase has an adverse effect on both the corrosion resistance and toughness of
stainless steels, but it is difficult to quantify this effect, as the χ phase always occurs as a
minor phase together with the σ phase [1, 21].

Welding of stainless steel

During welding of stainless steel undesirable effects can develop in the resulting metal. Weld-
ing creates a heat affected zone (HAZ) which experiences temperature peaks ranging from
room temperature at the edges, to melting temperatures closer to the weld area. The cooling
and heating rates can also vary greatly, depending on heat input, structure of the material
and position relative to the weld zone [1]. SDSS generally exhibit good weldability with
regards to fluidity and resistance to hot cracking and delayed weld hydrogen cracking. How-
ever, an important part of welding SDSS is to control the thermal cycle to ensure that a
desirable α/γ ratio is achieved in the welded metal and the HAZ. Equally important is the
hindering of secondary phase formation, especially the σ phase [21].
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Chapter 2: Theory

2.2 Corrosion of stainless steel

2.2.1 The passive oxide layer

As mentioned in section 2.1.2, the corrosion resistance of stainless steel can be attributed
to the oxide layer formed on the surface. The structure of this oxide film is complex, and
often described as bi-layered. The inner layer of the structure is enriched in chromium oxides
like Cr2O3 and CrO3, while the outer layer is a mixture of iron oxides and other hydroxides
[22]. Other species also play an important role for the properties of the passive film. The
formation of Cr(OH)3 in the passive film promotes localised corrosion, while Mo has been
found to enhance the formation of more stable compounds from Cr3+ and Cr6+ ions [23, 24].
It has also been suggested that Mo slows down the corrosion process through formation of
compounds that adsorb corrosive species like Cl– [25].

It has been found that the inner layer of the passive film functions as a p-type semiconductor,
while the outer layer functions as an n-type semiconductor. Between the two layers, a clear
p-n junction has been observed. When stainless steel samples of 2205 DSS have been charged
with varying HCCDs, there has been observed a weakening of the p-n junction. This is caused
by a gradual conversion of the p-type semiconducting properties of the inner layer to n-type
behaviour [26]. The same effect is also documented for the austenitic stainless steel, AISI
310 [27]. A conversion of the p-type behaviour of the passive layer was changed to n-type
behaviour with increasing HCCD. The n-type behaviour was also linked to an increased
susceptibility to pitting corrosion [27]. The acceptor density in the p-type chromium oxide
layer and the donor density of the n-type Fe-rich outer layer have been found to decrease
when Mo is used as an alloying element [25].

2.2.2 Pitting corrosion

Pitting corrosion is a localised form of corrosion, which is hard to predict and model. Pit-
ting may therefore result in catastrophic failure of metal components during operation [2].
Pitting corrosion typically initiates through breakdown of the passive film on the metal sur-
face, through e.g. defects or intermetallic phases, in chloride containing environments [2,
28]. Metals which form a passive film and contain alloying elements, like stainless steels,
are therefore susceptible to pitting corrosion. During the attack, an electrochemical cell is
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formed, with the anodic site being the small area where the passive film is broken, and the
rest of the metal surface acting as the cathodic cite. Such a small anodic to cathodic area
ratio is unfavorable, as large current flows occur on the small, anodic area, accelerating the
corrosion process. At the anodic site, iron in stainless steels will dissolve according to [2]

Fe −−→ Fe2+ + 2 e− (2.2)

whereas oxygen reduction will occur on the larger, cathodic site according to [2]

1

2
O2 + H2O + 2 e− −−→ 2 OH−. (2.3)

The positive iron ions inside the pit will attract negatively charged chloride ions to neutralise
the charge difference between the inside and the outside of the pit [2], resulting in the
formation of FeCl3. The iron chloride reacts with water to form corrosion products according
to [2]

FeCl3 + 3 H2O −−→ Fe(OH)3 + 3 H+Cl−. (2.4)

Reaction 2.4 renders the pit more acidic, accelerating the pitting corrosion process even more
[2]. The corrosion product Fe(OH)3 will assemble at the pit opening, and may after some
time block the pit entrance and thereby stop the corrosion process.

As mentioned in section 2.1.2, Cr, Mo and N are the most efficient alloying elements to raise
resistance to both crevice and pitting corrosion of stainless steels [29]. A pitting index has
thus been derived to characterise the resistance of stainless steel to these forms of corrosion.
This index is called the pitting resistance equivalent number (PREN), given by equation 2.5.
The value for k in the equation can be between 16 and 30, but 16 is most frequently used
[29, 1]. In ISO 21457, the PREN is defined with k equal to 16, and the weight percent of
tungsten is also included in the equation [30]. PREN values for SDSS have to be equal to
or higher than 40 if they are to be used in natural seawater [8].

PREN = wt%Cr + 3.3 · (wt%Mo) + k · (wt%N) (2.5)
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2.2.3 Crevice corrosion

Crevice corrosion is a type of localised corrosion. The areas where crevice corrosion can
occur are designated by low diffusion and convection between the inside of the crevice and
the bulk solution. A high metal surface to solution volume ratio is needed, as well as presence
of large external surfaces exposed to the bulk solution. For many cases of crevice corrosion, a
significant solution resistance between the inside of the crevice and the outside is also needed.
Crevice corrosion occurs due to a change in environment, which allows anodic dissolution
of metal inside the crevice. For passive metals, like SDSS, the change in environment must
become severe enough to break down the passive film. The change in environment inside the
crevice is caused by local consumption of reactants, usually dissolved oxygen. This, coupled
with a local build-up of corrosion products due to the low diffusion and convection with
the outside of the crevice, results in the formation of a galvanic cell where the outside of
the crevice functions as the cathode and the crevice itself as the anode. Anodic dissolution
of the metal will thus happen inside the crevice according to equation 2.2. The surplus of
cations in the crevice needs to be neutralised. Anions, like Cl– , from the bulk are therefore
transported into the crevice, resulting in a decrease in pH and further acceleration of the
corrosion of steel [29].

2.3 Absorbed hydrogen in steel

Some of the most common ways for atomic hydrogen to enter steel are during corrosion in
acidic or poorly aerated environments, during overpolarisation from cathodic protection and
during pitting corrosion. Under these processes, the hydrogen evolution reaction (HER) is
one of the cathodic reactions that may take place on the surface of the metal. The HER
has two steps, given by the first two steps in reaction 2.6. These are adsorption of hydrogen
at the surface of the metal and recombination into hydrogen gas. Some of the adsorbed
hydrogen may be absorbed into the steel lattice according to the last step in reaction 2.6.

M + H+ + e− −−→ MHads

2 MHads −−→ 2 M + H2

MHads −−→ MHabs

(2.6)
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The hydrogen solubility in Fe is reported to be somewhere between 0.001 and 0.01 ppm
below 100 ℃, while the solubility of hydrogen in stainless steel has been reported to be as
high as 680 ppmw [31]. Thus, absorbed hydrogen may diffuse through the stainless steel
lattice, based on concentration gradients in the lattice. Absorbed hydrogen moves through
the stainless steel lattice by interstitial lattice diffusion, described by ideal lattice diffusivity
(DL). This parameter is related to the energy needed for hydrogen to overcome the minimum
energy barrier (EM) between different interstitial lattice sites. Existing trap sites in the lattice
can block the lattice diffusion of hydrogen. Trap sites can be grain boundaries, dislocations
or other particles in the stainless steel. Hydrogen can be irreversibly or reversibly trapped,
depending on the binding energy of hydrogen (EB) for the different sites. If EB is too high,
the trap site is known as an irreversible trap site and for a given temperature, hydrogen
atoms will not have the necessary thermal energy to overcome the energy barrier. For
reversibly trapped sites, EB is small enough for the thermal energy to overcome the energy
barrier. If EB > EM, the effective hydrogen diffusivity (DH) will be lower than DL. These
reversibly trapped hydrogen atoms, as well as the lattice hydrogen are known as the net
diffusible hydrogen atoms. These atoms can interact with the passive film and participate
in interfacial reactions on the stainless steel surface. The initial diffusion rate of hydrogen
through the stainless steel may be slow, as much of the hydrogen may be trapped irreversibly.
As the trap sites fill with hydrogen, the diffusion rate increases until a steady-state diffusion
is achieved. The hydrogen atoms will exit the stainless steel lattice and come into contact
with the passive layer, which causes destabilisation. As hydrogen is a strong reducing agent,
it can reduce oxygen, the passive film itself and oxygen containing species like O2

– and
OH– . In other words, hydrogen alters the chemical composition of the passive film, which
can further alter the electronic properties and promote destabilisation [32].

2.3.1 Cathodic protection

One of the most effective ways to protect metals against corrosion is the use of cathodic
protection (CP). CP is used to protect a wide variation of metallic structures in many
different environments. The protection is provided through connection of sacrificial anodes
to the metal that is to be protected, and thereby turning the metal into a cathode. The
sacrificial anode is made of a more active metal which will corrode before the protected metal.
By using CP to protect a metal surface, the anodic reaction of metal dissolution shifts from
the metal surface to the sacrificial anode [33]. The HER given in reaction 2.6 and the oxygen
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reduction reaction (ORR) given in reaction 2.3, are the two most common cathodic reactions
occurring on the metal surface during CP [34]. Thus, hydrogen is introduced to the metal
during CP through reaction 2.6 [27].

2.3.2 Hydrogen induced stress cracking

The presence of hydrogen in steel is known to cause hydrogen embrittlement [32]. HISC is
one of the results of hydrogen embrittlement, and is caused by three essential factors: stress
in the steel (either applied or residual), a susceptible microstructure and the presence of
hydrogen [35]. As mentioned in section 2.1.1, α has a higher hydrogen diffusivity than γ

[11]. As a consequence, hydrogen diffusion happens mainly through the α phase. γ on the
other hand, acts as a trapping site for the hydrogen because of its low diffusivity and high
solubility [35]. When atomic hydrogen accumulates at these trap sites, it can form hydrogen
gas, which increases the internal pressure in the steel. When this is coupled with applied or
residual stress in the steel (from e.g. welding), microcracks can form at exposed sites. When
enough microcracks have accumulated, the stainless steel can experience critical failure [36].

2.4 Semiconductors and Mott-Schottky theory

Semiconductors are distinguished from metals and insulators by electrical resistivity (ρ)
and electrical bandgap. The electrical resistivity of metals is commonly around 10−8 Ωm,
while insulators typically have electrical resistivity around 1010 Ωm. The electrical resistivity
of semiconductors can be found in between metals and insulators, with the actual values
depending on defects, impurities and ambient conditions [37]. The bandgap is the other
determining factor for semiconductors. In a metal, the conduction and valence band overlap
or have a very small band gap. This makes it easy for electrons to be excited from the
valence band to the conduction band, thus metals are good current conductors. Insulators
have a large bandgap, resulting in difficulties related to electron excitation from the valence
band to the conduction band. Semiconductors are found in between, and always present
some electric conduction [38]. Semiconductors are divided into two groups, namely intrinsic
and extrinsic semiconductors. Intrinsic semiconductors are pure semiconductors without
any kind of dopant species while extrinsic semiconductors have added dopant elements. Two
different extrinsic semiconductors exist, depending on what the major charge carrier in the
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semiconductor is. An n-type semiconductor uses electrons as charge carriers, while a p-type
semiconductor uses holes as charge carriers [38].

Based on the point defect model (PDM), passive films are regarded as highly defective,
where the main point defects are cation vacancies (Vx’

M), oxygen vacancies (V••O ) and cation
interstitials (Mx+

i ) [39, 40]. These ionic point defects are very important for conducting
current through the passive film [40].

Mott-Schottky analysis is used to study electrode interfaces. When used on a passive system,
like the oxide film on SDSS, information on the defect density and semiconductor behaviour
can be gathered [41, 42]. The method measures capacitance of the passive system as a
function of the applied potential, and the passive system can be regarded as two capacitors
in series. Thus, the measured capacitance of the passive system can be expressed as

1

C
=

1

CSC
+

1

CH
(2.7)

where C is the measured total capacitance, CSC is the space charge layer capacitance and CH

is the Helmholtz double layer capacitance [40]. Generally, the assumption that the double
layer capacitance is much higher than the space charge capacitance is valid, resulting in the
measured total capacitance being equal to CSC [43].

According to Mott-Schottky theory, CSC for semiconductors is given as

1

C2
=

2

εε0eNd

(
E − EFB −

kT

e

)
(2.8)

and

1

C2
= − 2

εε0eNa

(
E − EFB −

kT

e

)
(2.9)

for n-type and p-type semiconductors, respectively [42, 43, 44]. Here ε is the dielectric
constant for the semiconductor, ε0 is the vacuum permittivity, e is the charge of an elec-
tron, A is the surface area of the sample in cm2, E is the applied potential, EFB is the
flat band potential, k is the Boltzmann constant, T is the absolute temperature and Nd
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and Na are the donor and acceptor densities, respectively [40, 45, 43]. The plots of C−2

versus E is thus expected to be linear, with slopes inversely proportional to Nd and Na.
A positive slope indicates n-type semiconductor behaviour, and a negative slope indicates
p-type semiconductor behaviour [46, 44]. Oxides that generally exhibit p-type behaviour are
Cr2O3,MoO2, FeCr2O4, FeO,Cr(OH)3 andNiO while Fe2O3,MoO3, CrO3, Fe3O4 andFeO(OH)
generally exhibit n-type behaviour [45, 47].

2.5 XPS-analysis

XPS is a research tool used for surface chemical analysis. It can be used on a wide range of
materials, from metals and oxides to composites and biomaterials. XPS is a way of determin-
ing the elements and relative composition present on a material surface, by determining the
kinetic energy of photoelectrons ejected from the surface of the material. The method works
by irradiating the surface with X-rays with constant energy, hν. The X-rays interact with
core level electrons and transfer photon energy to the electrons, resulting in the emission of
a photoelectron. The relationship between the energy of the X-rays and the kinetic energy
of the photoelectron is given by equation (2.10).

hν = Ek + EB + φ (2.10)

Here the h is the Planck constant, ν is the X-ray frequency, Ek is the kinetic energy of the
photoelectron, EB is the binding energy of the electron relative to the Fermi level and φ is the
instrument’s spectrometer work function. Since the photon energy and spectrometer work
function are known, and Ek can be determined experimentally, the EB can be found using
equation (2.10). Binding energy of an electron in a particular shell of an atom is unique
to each element, thus the values found for EB identify elements present on the surface, and
relative composition can be determined [48, 49]. XPS can also be used for depth profiling,
and two methods are used; the non-destructive method or the destructive method. The
non-destructive method varies the emission angle of the X-ray, thus making the surface more
sensitive. To get an even deeper profiling, the destructive method must be used. Surface
layers are then removed by inert gas sputtering, typically with argon, and XPS analysis is
performed at each new surface. This gives the chemical composition of each layer. XPS can
also be used to estimate the oxide thickness [49].
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3 Materials and methods

3.1 Material selection and preparation

Test material of two different production batches of UNS S32750 grade stainless steel and one
batch of UNS S31254 grade stainless steel were used in the experimental work. Welded UNS
S32750 grade stainless steel samples from batch 2 were also supplied, and will be referred to
as welded UNS S23750 samples henceforth. The composition of the stainless steel is given
in Table 3.1. The test material was provided pre-pickled by Framo. However, the pickling
solution used for batch 1 of UNS S32750 was less effective than the solution used for batch
2 of UNS S32750, welded UNS S32750 and UNS S31254. This was confirmed by Framo.
Details concerning the pickling process can be found in Appendix A. Before use the samples
were thoroughly cleaned with acetone and distilled water.

Table 3.1: Chemical composition, given in wt%, of the two batches of UNS
S32750 and the UNS S31254 batch used in the experimental work,
provided by Framo. Only the major alloying elements are listed, as
well as PREN values. The full chemical compositions can be found
in the material specification sheets in Appendix A.

Grade Batch number Cr Mo Ni N Mn C PREN

UNS S32750
1

2

25.02

24.73

3.79

3.79

6.87

6.94

0.28

0.27

0.75

0.78

0.017

0.017

41.9

41.6

UNS S31254 - 20.10 6.37 18.36 0.20 0.55 0.017 44.3

Two different types of samples of the test materials were provided, shown in Figure 3.1.
Samples of the first type were used to record polarisation curves and conducting the Mott-
Schottky analysis, while samples of the second type were used to determine the critical
crevice corrosion temperature (CCT). The total surface area of both samples was 37 cm2,
and the dimensions of the samples were 4 cm × 4 cm × 0.3 cm. The diameter of the small
holes in the corner of the samples was 0.3 cm, while the bigger hole in the center of the
samples used for CCT was 0.7 cm.
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(a) Sample used for recording polarisation
curves and Mott-Schottky analysis.

(b) Sample used for testing critical crevice
corrosion temperature.

Figure 3.1: The two different samples types provided by Framo. UNS S32750
and UNS S31254 were supplied in both types.

3.2 Electrochemical measurements

Electrolyte

The electrolyte used in all experiments was a 3.5 % NaCl solution. The solution was made
by dissolving 70 g of NaCl in 2 L of distilled water. The resulting electrolyte had a pH of
6.5.

Reference electrode

An Ag/AgCl electrode in saturated KCl was used as reference electrode for all experiments.

3.2.1 Hydrogen charging

The hydrogen was introduced to the samples by cathodic polarisation at fixed current den-
sities at room temperature using a three-electrode array connected to a Gamry Interface
1000 potentiostat. A platinum mesh served as the counter electrode (CE), while the stain-
less steel samples served as working electrode (WE). The reference electrode (RE) was the
aforementioned Ag/AgCl electrode in saturated KCl. The CE worked as anode, while the
stainless steel samples worked as cathode, thereby being site for the hydrogen evolution re-

19



Chapter 3: Materials and methods

action shown in reaction 2.6. Higher hydrogen concentrations in the material were obtained
by using higher HCCDs. During hydrogen charging the electrolyte pH increased to 8.5,
rendering the electrolyte used for charging unusable for further experiments.

Samples that were not charged with hydrogen were instead exposed at open circuit potential
(OCP) to the electrolyte for a 24 hour period before being used in experiments.

3.2.2 Anodic polarisation curves

Table 3.2 shows the test matrix used to investigate the effect of different charge current
densities on the corrosion resistance of UNS S32750, while Table 3.3, 3.4, 3.5 and 3.6 show
the test matrices used to investigate the effect of different storage periods on the corrosion
resistance of the stainless steel. The anodic polarisation curves were recorded using a Gamry
Interface 1000 potentiostat.

To introduce hydrogen into the samples, hydrogen charging was performed according to
the description provided in section 3.2.1. After changing the electrolyte, the samples were
immersed once more and left for one hour to stabilise the OCP. While stabilising the OCP,
oxygen was simultaneously purged from the electrolyte by bubbling with high purity nitrogen
gas. Once the OCP had stabilised, anodic polarisation curves were recorded using the
same three-electrode array described in section 3.2.1. The samples were polarised in the
anodic direction from a potential of -0.1 V versus the OCP, with a scan rate of 0.167 mV/s.
Polarisation was stopped after reaching the pitting potential (Epit). The anodic polarisation
curves of selected samples were recorded at 60 ℃, the rest were recorded at room temperature.

A simple illustration of the setup can be seen in Figure 3.2.
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Figure 3.2: Schematic illustration of the experimental setup used to document
the effect of hydrogen on the corrosion resistance.

Table 3.2: Test matrix used for investigating the effect of different hydrogen
charge current densities on the corrosion properties of UNS S32750
samples at both room temperature and 60 ℃ [4].

HCCD [mA/cm2] Charge duration [h]

Uncharged N/A

-0.5 24

-1 24

-10 24
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Table 3.3: Test matrix used for investigating the effect of different storage
periods in air after polarisation on the corrosion properties of UNS
S32750 samples at room temperature.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 No

-0.1 24 1

-0.1 24 7

-0.1 24 30

-0.1 168 No

-10 24 No

Table 3.4: Test matrix used for investigating the effect of different storage
periods in air after polarisation on the corrosion properties of UNS
S32750 samples at 60 ℃.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 No

-0.1 24 1

-0.1 24 7

-0.1 24 30

Table 3.5: Test matrix used for investigating the effect of different storage pe-
riods in air after polarisation on the corrosion properties of welded
UNS S32750 samples at room temperature.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 No

-0.1 24 7

-0.1 24 30
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Table 3.6: Test matrix used for investigating the effect of different storage
periods in air after polarisation on the corrosion properties of UNS
S31254 samples at room temperature.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 No

-0.1 24 7

3.2.3 Critical crevice corrosion temperature (CCT)

Table 3.7 shows the test matrix used to investigate the effect of different HCCDs on the
CCT of the stainless steel, while Table 3.8, 3.9 and 3.10 show the test matrices used to
investigate the effect that different storage periods after hydrogen charging had on the CCT
of the stainless steel. The samples were tested in pairs to ensure reproducibility.

Beakers with 3.5 % NaCl electrolyte were heated by a water bath to the starting temperature
of 25 ℃. After hydrogen charging, the samples were cleaned with distilled water before being
mounted in spring loaded assemblies as described by ISO 18070 [50], using a torque of 2 Nm.
Figure 3.3 shows a sample mounted in the assembly. After the samples were mounted in
the crevice formers, they were immersed in the electrolyte in the beakers. Approximately
10 minutes passed from the cathodic polarisation was finished until the samples were mounted
and immersed in the electrolyte in the beakers. The samples were then left for an hour to
stabilise OCP. An important difference is that samples from batch 1 of UNS S32750 was
not left to stabilise OCP after immersion in the beakers. After immersion, the samples were
then polarised to a constant applied potential, Eapp, of 600 mVAg/AgCl during the experiment
using a potentiostat. This was done to simulate the potential reached in chlorinated seawater
[8]. The temperature in the water bath, and thereby the beakers containing the samples,
was then increased by 4 ℃/day. The recorded potential drop, ∆E, over the resistance was
used to calculate the current from the samples through Ohm’s law;

I =
∆E

R
. (3.1)
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The objective was to select a resistor which gave a maximum potential drop of 2 mV to
maintain the potential on the sample at approximately 600 mVAg/AgCl. The current density
was then found by dividing the current with the sample area. The CCT was determined
as the temperature where the current density reached stable values above 0.1 mA/cm2,
according to ASTM G150 [51]. Confirmation of the initiation of crevice corrosion was also
done visually by observation of brown corrosion products around the crevice.

Figure 3.3: Spring loaded assembly with sample used for finding CCT [50].

24



Chapter 3: Materials and methods

Figure 3.4: Schematic illustration of the setup used to determine CCT.

Table 3.7: Test matrix used for investigating the effect of different hydrogen
charge current densities on the CCT of UNS S32750. Two samples
were tested for each HCCD [4].

HCCD [mA/cm2] Charge duration [h]

Uncharged N/A

-0.1 24

-1 24

-10 24

-10 192
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Table 3.8: Test matrix used for investigating the effect of different storage
periods in air after polarisation on the CCT of UNS S32750. Two
samples were tested for each different storage period used, with the
exception of the uncharged sample.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 No

-0.1 24 1

-0.1 24 7

-0.1 24 30

-0.1 168 No

-10 24 No

Table 3.9: Test matrix for used for investigating the effect of different storage
periods in air after polarisation on the CCT of welded samples of
UNS S32750. Two samples were tested for each storage period used.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 7

Table 3.10: Test matrix used for investigating the effect of different storage
periods in air after polarisation on the CCT of UNS S31254. Two
samples were tested for each storage period used.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 No

-0.1 24 7
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3.3 Surface characterisation

XPS analysis

Samples from batch 2 of UNS S37520 used for XPS analysis were cut into smaller pieces,
roughly 6 mm × 4 mm × 2.5 mm. The surface to be examined was wet abraded with SiC-
paper of 220, 550, 1000 and 2000 grit, then polished with 3 µm diamond paste. The sample
pieces were further cleaned with acetone and distilled water in an ultrasonic bath. Four sets
of samples were then prepared according to Table 3.11.

A Kratos Axis Ultra DLD machine with a monochromatic AlKα source (12 mA, 12 kV) was
used for the XPS analysis. The pressure in the chamber was 2 · 10−9 torr. Depth profiles
of each sample were obtained by sputtering with an argon ion gun. CasaXPS software was
used for curvefitting, and Shirley background subtraction was used for all quantifications and
evaluations of the data obtained [52]. Full width half maximum was kept constant for oxide
components of each element, peak area ratio of the Mo doublets were kept constant, and
Gaussian/Lorentzian asymmetry was used for curve fitting using the parameters of standard
peaks.

Table 3.11: Test matrix used for XPS analysis of samples from batch 2 of UNS
S37520.

HCCD [mA/cm2] Charge duration [h] Storage time [days]

Uncharged N/A No

-0.1 24 No

-10 24 No

-0.1 24 7

SEM and EDS

A Quanta FEG 650 SEM was used to study the surface of a sample used for determination
of CCT after the end of the experiment. The sample in question was charged with a HCCD
of -10 mA/cm2. The SEM investigation was performed in order to determine if selective cor-
rosion occurred in either α of γ. EDS was performed to determine the chemical composition
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of the areas where corrosion occurred, and to calculate the corresponding PREN values.

Mott-Schottky analysis

Table 3.12 shows the test matrix used to investigate the semiconductor behaviour of the
passive film formed on samples from batch 2 of UNS S32750. The same potentiostat used
for hydrogen charging and to record anodic polarisation curves was also used for the Mott-
Schottky analysis. A film formation potential, Ef, was selected based on the polarisation
curves of the corresponding prerequisites. The samples were then polarised at the selected
potential for 4 hours, before Mott-Schottky analysis was started. This was done by sweeping
from the Ef in the negative direction with a voltage step of 5 mV. A frequency of 1 kHz and
a peak-to-peak amplitude of 10 mV root mean square (RMS) was used in the experiments.

The density of defects in the passive film was then found from the slope of the linear parts
of the Mott-Schottky plots.

Table 3.12: Test matrix used for Mott-Schottky analysis of samples from batch
2 of UNS S37520. The samples were not stored between hydrogen
charging and the experiment.

HCCD [mA/cm2] Charge duration [h] Ef [mVAg/AgCl]

Uncharged N/A 650

-0.1 24 800

-10 24 800
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4 Results
As Ecorr and OCP are typically used interchangeably for the same value, Ecorr will be used
when addressing this value for the rest of this thesis.

4.1 Anodic polarisation curves

4.1.1 Effect of different hydrogen charge current densities

Figure 4.1 shows the anodic polarisation curves for samples from batch 1 of UNS S32750
charged with different HCCDs recorded at room temperature. As can be seen from the
figure there is a clear drop in Ecorr from around -0.1 VAg/AgCl for the uncharged sample to
approximately -0.7 VAg/AgCl for the charged samples. Epit (might also be an oxygen reaction)
for all samples, independent of charge current density, is equal to 1 VAg/AgCl. With increasing
hydrogen charge current densities, a clear increase in the recorded corrosion current densities
(icorr) from approximately 10−8 mA/cm2 to 10−6 mA/cm2 is observed, as well as an increase
in the anodic current densities.
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Figure 4.1: Anodic polarisation curves for UNS S32750 samples recorded at
room temperature for different hydrogen charge current densities,
according to Table 3.2 [4].
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Figure 4.2 shows the anodic polarisation curves for samples from batch 1 of UNS S32750
charged with different HCCDs recorded at 60 ℃. Ecorr drops from around -0.25 VAg/AgCl to -
0.7 VAg/AgCl going from the uncharged sample to the charged samples. Ecorr for an uncharged
sample is thus lower at 60 ℃ compared to room temperature, but the charged samples all
stabilise at a potential similar to the charged samples at room temperature. icorr increases
from an uncharged sample to a charged sample, from 5 · 10−8 mA/cm2 to 3 · 10−6 mA/cm2.
The magnitude of the increase is therefore similar to that at room temperature, but the
values at 60 ℃ are higher. Similar as for room temperature, the anodic current densities
increase with increasing HCCD. The pitting potential for uncharged and charged samples are
different at 60 ℃, unlike that observed at room temperature. Epit of the uncharged sample
is 0.8 VAg/AgCl, and charged samples show values around 0.4 VAg/AgCl. This indicates that
increasing temperature decreases Epit for both uncharged and charged samples and increases
the difference in Epit between uncharged and charged samples.
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Figure 4.2: Anodic polarisation curves for UNS S32750 samples recorded at
60 ℃ for different hydrogen charge current densities, according to
Table 3.2 [4].
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4.1.2 Effect of storage time

Figure 4.3 shows the anodic polarisation curves for samples from batch 2 of UNS S32750
with different periods of storage time recorded at room temperature. A drop in Ecorr is
observed for all samples that have been charged, however, Ecorr is also observed to increase
towards more positive values with increasing storage time. Ecorr for the charged sample with
no storage after hydrogen charging exhibits a Ecorr of around -0.7 VAg/AgCl while the sample
stored for 30 days after hydrogen charging exhibits a Ecorr of around -0.55 VAg/AgCl. A
decrease in icorr and anodic current densities is observed with longer storage. Epit stabilises
around 1 VAg/AgCl for all samples independently of hydrogen charge current density and
storage time.
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Figure 4.3: Anodic polarisation curves for samples from batch 2 of UNS
S32750 samples recorded at room temperature for different pe-
riods of storage after hydrogen charging, according to Table 3.3.
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Figure 4.4 shows the anodic polarisation curves for samples from batch 2 of UNS S32750 with
different periods of storage recorded at 60 ℃. A similar drop in Ecorr from the uncharged
sample to the charged samples observed at room temperature is also found at 60 ℃. Ecorr

for the uncharged sample at 60 ℃ is approximately 0.45 VAg/AgCl lower than Ecorr for the
uncharged sample at room temperature. Similar to the observations made at room temper-
ature, Ecorr increases with increasing storage time also at 60 ℃. However, the difference
between the sample with no storage time after hydrogen charging and the sample stored for
30 days is smaller than at room temperature. icorr and the anodic current densities exhibits
the same decrease as the room temperature samples with increasing storage, but the differ-
ence is smaller than the one at room temperature. Epit stabilises around 1 VAg/AgCl for the
samples at 60 ℃, similar to that observed at room temperature.

10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3

i [mA/cm
2
]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

E
 v

s
. 

E
A

g
/A

g
C

l [
V

]

Uncharged

No storage

1 day of storage

7 days of storage

30 days of storage

Figure 4.4: Anodic polarisation curves for UNS S32750 samples recorded at
60 ℃ for different periods of storage after hydrogen charging, ac-
cording to Table 3.4.
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Figure 4.5 shows the anodic polarisation curves recorded at room temperature for the
welded samples of UNS S32750. The welded samples exhibit a drop in Ecorr from around
0.05 VAg/AgCl for the uncharged sample to -0.7 VAg/AgCl for the charged sample without
storage after hydrogen charging. Ecorr also jumps from -0.7 VAg/AgCl for the charged sample
without storage time to -0.6 VAg/AgCl for the sample that was stored for 7 days after hydrogen
charging. As figure 4.5 shows, anodic current densities exhibit a wide range of values, from
10−9 mA/cm2 for the uncharged sample to 10−5 mA/cm2 for the sample with no storage
time after hydrogen charging. Epit stabilises at approximately 0.6 VAg/AgCl for all samples.
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Figure 4.5: Anodic polarisation curves for welded UNS S32750 samples
recorded at room temperature for different periods of storage after
hydrogen charging, according to Table 3.5.
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Figure 4.6 shows the anodic polarisation curves recorded for UNS S31254 samples at room
temperature. Ecorr for the uncharged sample is 0.1 VAg/AgCl. A drop in Ecorr of approximately
0.8 V to -0.7 VAg/AgCl is observed for the charged sample without storage after hydrogen
charging. A difference of 0.1 V in Ecorr is observed when comparing the sample with and
without storage after hydrogen charging. There is also a difference in anodic current densities
between the two samples, with the stored sample exhibiting the lowest values. Epit stabilises
at 1 VAg/AgCl for all samples.

10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5 10-4

i [mA/cm
2
]

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

E
 v

s
. 

E
A

g
/A

g
C

l [
V

]

Uncharged

No storage

Stored for 7 days

Figure 4.6: Anodic polarisation curves for UNS S31254 samples recorded at
room temperature for different periods of storage after hydrogen
charging, according to Table 3.6.
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Table 4.1: Summary of some critical parameters from the anodic polarisation
curves recorded in this work. The test conditions are presented in
the following sequence; HCCD, charge duration and storage time.
Passive current density for uncharged samples are presented as a
range, as a clear passive current density is difficult to determine
for these samples. All potentials given are versus the Ag/AgCl
electrode in saturated KCl.

Steel grade Test conditions E corr [V] ipass [mA/cm2] Epit [V]

Batch 1 of UNS S32750, at RT

Uncharged -0.1 1 · 10−8 - 4 · 10−6 1

-0.5 mA/cm2, 24 h -0.7 5.5 · 10−6 1

-1 mA/cm2, 24 h -0.7 1 · 10−5 1

-10 mA/cm2, 24 h -0.7 1.5 · 10−5 1

Batch 1 of UNS S32750, at 60 ℃

Uncharged -0.25 4 · 10−8 - 3 · 10−6 0.8

-0.5 mA/cm2, 24 h -0.7 8 · 10−6 0.4

-1 mA/cm2, 24 h -0.7 1.3 · 10−5 0.4

-10 mA/cm2, 24 h -0.7 1.6 · 10−5 0.4

Batch 2 of UNS S32750, at RT

Uncharged 0.1 1 · 10−8 - 1.5 · 10−6 1

-0.1 mA/cm2, 24 h, no storage -0.7 2 · 10−6 1

-0.1 mA/cm2, 24 h, 1 day of storage -0.69 1.7 · 10−6 1

-0.1 mA/cm2, 24 h, 7 days of storage -0.65 6.5 · 10−7 1

-0.1 mA/cm2, 24 h, 30 days of storage -0.6 5.5 · 10−7 1

-10 mA/cm2, 24 h, no storage -0.7 1.3 · 10−5 1

Batch 2 of UNS S32750, at 60 ℃

Uncharged -0.3 2 · 10−8 - 1.6 · 10−6 1

-0.1 mA/cm2, 24 h, no storage -0.7 2.4 · 10−6 1

-0.1 mA/cm2, 24 h, 1 day of storage -0.7 1.9 · 10−6 1

-0.1 mA/cm2, 24 h, 7 days of storage -0.65 1.5 · 10−6 1

-0.1 mA/cm2, 24 h, 30 days of storage -0.6 8 · 10−7 1

Welded UNS S32750

Uncharged 0.05 3 · 10−9 - 1 · 10−6 0.6

-0.1 mA/cm2, 24 h, no storage -0.7 5 · 10−6 0.6

-0.1 mA/cm2, 24 h, 7 days of storage -0.66 7 · 10−7 0.6

-0.1 mA/cm2, 24 h, 30 days of storage -0.6 1 · 10−7 0.6

UNS S31254

Uncharged 0.1 2 · 10−9 - 2 · 10−6 1

-0.1 mA/cm2, 24 h, no storage -0.7 1.5 · 10−6 1

-0.1 mA/cm2, 24 h, 7 days of storage -0.65 5 · 10−7 1
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4.2 Critical crevice corrosion temperatures

In section 4.2.1 and 4.2.2 current densities are presented as a function of time and tempera-
ture. Based on the definition of the CCT provided in ASTM G150 and the recorded current
densities, the CCTs of the different samples were determined. They are presented in Table
4.2, 4.4, 4.3 and 4.5. The difference in CCT between the uncharged samples and the charged
samples is also given in the same tables, labeled as ∆T. If the two uncharged samples exhibit
different CCTs, the highest temperature is chosen as reference.

4.2.1 Effect of different hydrogen charge current densities

Figure 4.7 shows the recorded current densities for two uncharged UNS S32750 samples from
batch 1. The current density for sample 1 reached a stable value above 0.1 mA/cm2 at 52 ℃,
while sample 2 reached a stable value at 56 ℃.
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Figure 4.7: Recorded current densities for two uncharged UNS S32750 samples
from batch 1, according to Table 3.7 [4].
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Figure 4.8 shows the recorded current densities for two UNS S32750 samples from batch
1 charged with hydrogen using a HCCD of -0.1 mA/cm2. Both samples exhibit current
densities above 0.1 mA/cm2 already at 25 ℃. The current density for sample 1 was higher
than for sample 2 over the whole duration of the experiment.
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Figure 4.8: Recorded current densities for two UNS S32750 samples from
batch 1 charged with hydrogen using a HCCD of -0.1 mA/cm2,
according to Table 3.7 [4].
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Figure 4.9 shows the recorded current densities for two UNS S32750 samples from batch
1 charged with hydrogen using a HCCD of -1 mA/cm2. Both samples show initiation of
crevice corrosion from the start at 25 ℃, with current densities above 0.1 mA/cm2. Sample
2 exhibits a current density higher than sample 1 for approximately 7.5 hours, after which
sample 1 has a higher current density.
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Figure 4.9: Recorded current densities for two UNS S32750 samples from
batch 1 charged with hydrogen using a HCCD of -1 mA/cm2,
according to Table 3.7 [4].
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Figure 4.10 shows the recorded current densities for two UNS S32750 samples from batch 1
charged with hydrogen using a HCCD of -10 mA/cm2. Sample 2 shows stable current density
values above 0.1 mA/cm2 from 25 ℃ until the end of the experiment. Sample 1 on the other
hand, exhibits current density lower than 0.1 mA/cm2 until initiation of crevice corrosion
after almost 120 hours at 36 ℃, where the current jumps to values above 0.1 mA/cm2.
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Figure 4.10: Recorded current densities for two UNS S32750 samples form
batch 1 charged with hydrogen using a HCCD of -10 mA/cm2,
according to Table 3.7 [4].
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Figure 4.11 shows the recorded current densities for two UNS S32750 samples from batch 1
charged with hydrogen using a HCCD of -10 mA/cm2 over an 8 day period. Both samples
exhibit current densities above 0.1 mA/cm2 at 25 ℃, though the current values are signifi-
cantly higher than all the other samples tested. Sample 2 reached values close to 2 mA/cm2

after 15 hours, while sample 1 showed values of 2.5 mA/cm2 after only 7 hours.
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Figure 4.11: Recorded current densities for two UNS S32750 samples from
batch 1 charged with hydrogen for 8 days using a HCCD of -
10 mA/cm2, according to Table 3.7 [4].
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Based on the Figure 4.7 presented above and the given method of determining CCT, the
CCTs for the samples tested are given in Table 4.2.

Table 4.2: The determined CCTs for UNS S32750 samples from batch 1
exposed to different HCCDs. ∆T is the temperature difference
between the highest CCT of the uncharged samples and the CCT
of the charged sample.

HCCD [mA/cm2] Charge duration [h] Sample number CCT [℃] ∆T [℃]

Uncharged 24
1

2

52

56

N/A

N/A

-0.1 24
1

2

25

25

31

31

-1 24
1

2

25

25

31

31

-10 24
1

2

36

25

20

31

-10 192
1

2

25

25

31

31
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4.2.2 Effect of storage time

Figure 4.12 shows the recorded current density for one uncharged UNS S32750 sample. The
sample exhibits low current density until initiation of crevice corrosion at 66 ℃.
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Figure 4.12: Recorded current densities for one uncharged UNS S32750 sam-
ple, according to Table 3.8.
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Figure 4.13 shows the recorded current densities for two samples of UNS S32750 charged
with a HCCD of -0.1 mA/cm2, with no storage after hydrogen charging. Sample 1 exhibits
an current density close to 0 mA/cm2 until initiation at 37 ℃, while sample 2 exhibits a
higher current density that increases steadily from 50 hours to around 80 hours and with
crevice corrosion initiation at 37 ℃.
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Figure 4.13: Recorded current densities for two UNS S32750 samples charged
with hydrogen using a HCCD of -0.1 mA/cm2, with no storage
after hydrogen charging, according to Table 3.8.
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Figure 4.14 shows the recorded current densities for two UNS S32750 samples charged with
a HCCD of -0.1 mA/cm2, with 1 day of storage in air after hydrogen charging. Both samples
show noise during the experiment, especially at the start. The water bath stopped working
after 125 hours, as can be seen by the drop in temperature. The current densities of both
samples steadily rose until the water bath was turned off. The temperature was therefore kept
at 45 ℃ for an extra 24 hours. During the second period with the water bath temperature of
45 ℃, the current densities of both samples stabilise above 0.1 mA/cm2, indicating initiation
of crevice corrosion.
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Figure 4.14: Recorded current densities for two UNS S32750 samples charged
with hydrogen using a HCCD of -0.1 mA/cm2, and stored in air
for 1 day after hydrogen charging, according to Table 3.8.
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Figure 4.15 shows the recorded current densities for two UNS S32750 samples charged with a
HCCD of -0.1 mA/cm2, with 7 days of storage in air after hydrogen charging. Both samples
exhibit a spike in their respective current densities at 40 ℃, and sample 2 reaches a current
density higher than 0.1 mA/cm2 at this temperature. Sample 1, on the other hand, initiates
crevice corrosion at 50 ℃.
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Figure 4.15: Recorded current densities for two UNS S32750 samples charged
with hydrogen using a HCCD of -0.1 mA/cm2, and stored in air
for 7 days after hydrogen charging, according to Table 3.8.
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Figure 4.16 shows the recorded current densities for two UNS S32750 samples charged with
a HCCD of -0.1 mA/cm2, with 30 days of storage in air after hydrogen charging. Both
samples exhibit current densities close to 0 mA/cm2 during the first 100 hours, followed by
an increase until sample 1 initiates crevice corrosion at 41 ℃ and sample 2 initiates at 45 ℃.
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Figure 4.16: Recorded current densities for two UNS S32750 samples charged
with hydrogen using a HCCD of -0.1 mA/cm2, and stored in air
for 30 days after hydrogen charging, according to Table 3.8.
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Figure 4.17 shows the recorded current densities for two UNS S32750 samples charged with
a HCCD of -0.1 mA/cm2 over a period of 7 days, with no storage after hydrogen charging.
The current density of sample 1 steadily decreases up until 120 hours, followed by a spike
exceeding 0.1 mA/cm2 indicating crevice corrosion initiation at 46 ℃. Sample 2 also shows
a decrease in current density during the first 80 hours. However, after 80 and 100 hours, the
current spikes and crevice corrosion initiates after 110 hours at 41 ℃.
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Figure 4.17: Recorded current densities for two UNS S32750 samples charged
with hydrogen using a HCCD of -0.1 mA/cm2 over a 7 days
period, with no storage after hydrogen charging, according to
Table 3.8.
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Figure 4.18 shows the recorded current densities for two uncharged welded UNS S32750
samples. A jump in current density is observed for both samples following the increase in
temperature. Both samples showed no signs of corrosion when the current densities reached
values above 0.1 mA/cm2, thus the experiment was extended beyond the usual limit for
determining CCT. The experiment was ended when corrosion products were observed on the
samples, which was at 57 ℃ for sample 2 and at 61 ℃ for sample 1.

0 50 100 150 200 250

Time [h]

  0

0.1

0.2

0.3

0.4

0.5

0.6

i 
[m

A
/c

m
2
]

20

25

30

35

40

45

50

55

60

65

T
e

m
p

e
ra

tu
re

 [
°C

]

Sample 1

Sample 2

Temperature

Figure 4.18: Recorded current densities for two uncharged welded UNS
S32750 samples, according to Table 3.9.
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Figure 4.19 shows the recorded current densities for two welded UNS S32750 samples charged
with a HCCD of -0.1 mA/cm2, with no storage after hydrogen charging. The same jump in
current density is observed for these samples. Initiation of both samples happened when the
temperature increased to 49 ℃.
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Figure 4.19: Recorded current densities for two welded UNS S32750 samples
charged with a HCCD of -0.1 mA/cm2, with no storage after
hydrogen charging, according to Table 3.9.
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Figure 4.20 shows the recorded current densities for two UNS S32750 samples charged with a
HCCD of -10 mA/cm2, with no storage after hydrogen charging. Both sample 1 and 2 show
current densities around 0 mA/cm2 until peaks occur after 120 h. Similar to that observed
in figure 4.14, the water bath stopped working and the temperature was kept at 45 ℃ for
an additional 24 hours. Sample 2 shows crevice corrosion initiation at 46 ℃, while samples
1 initiates at 49 ℃.
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Figure 4.20: Recorded current densities for two UNS S32750 samples charged
with a HCCD of -10 mA/cm2, with no storage after hydrogen
charging, according to Table 3.8.
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Figure 4.21 shows the recorded current densities for two uncharged UNS S31254 samples.
The current densities for both samples are very low until corrosion occurs at 56 ℃ and 58 ℃
for sample 1 and 2, respectively.
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Figure 4.21: Recorded current densities for two uncharged UNS S31254 sam-
ples, according to Table 3.10.
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Figure 4.22 shows the recorded current densities for two UNS S31254 samples charged with
a HCCD of -0.1 mA/cm2, with no storage after hydrogen charging. Both samples initiated
corrosion at 25 ℃, because of the stable current densities above 0.1 mA/cm2 coupled with
visible corrosion products on both samples.
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Figure 4.22: Recorded current densities for two UNS S31254 samples charged
with a HCCD of -0.1 mA/cm2, with no storage after hydrogen
charging, according to Table 3.10.
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Figure 4.23 shows the recorded current densities for two UNS S31254 samples charged with a
HCCD of -0.1 mA/cm2, with 7 days of storage in air after hydrogen charging. Both samples
exhibit low current densities until initiation of crevice corrosion at 57 ℃.
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Figure 4.23: Recorded corrosion current densities for two UNS S31254 samples
charged with a HCCD of -0.1mA/cm2, with 7 days of storage in
air after hydrogen charging, according to Table 3.10.
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Based on the Figure 4.12 to 4.23 presented above and the given method of determining CCT,
the CCTs for the samples tested are given in Table 4.3 to 4.5.

Table 4.3: The determined CCTs of UNS S32750 samples from batch 2 with
different periods of storage. ∆T is the temperature difference be-
tween the CCT of the uncharged sample and the CCT of the
charged sample.

HCCD [mA/cm2] Charge
duration [h]

Storage
time [days]

Sample
number

CCT [℃] ∆T [℃]

Uncharged 24 No 1 65 N/A

-0.1 24 No
1

2

37

37

28

28

-0.1 24 1
1

2

45

45

20

20

-0.1 24 7
1

2

50

40

15

15

-0.1 24 30
1

2

45

45

20

20

-0.1 168 No
1

2

41

46

24

19

-10 24 No
1

2

49

45

16

20
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Table 4.4: The determined CCTs of welded UNS S32750 samples exposed to
different HCCDs. ∆T is the temperature difference between the
highest CCT of the uncharged samples and the CCT of the charged
sample.

HCCD [mA/cm2] Charge duration [h] Sample number CCT [℃] ∆T [℃]

Uncharged 24
1

2

61

57

N/A

N/A

-0.1 24
1

2

49

49

12

12

Table 4.5: The determined CCTs of UNS S31254 samples with different peri-
ods of storage. ∆T is the temperature difference between the high-
est CCT of the uncharged samples and the CCT of the charged
sample.

HCCD [mA/cm2] Charge
duration [h]

Storage
time [days]

Sample
number

CCT [℃] ∆T [℃]

Uncharged 24 No
1

2

56

58

N/A

N/A

-0.1 24 No
1

2

25

25

33

33

-0.1 24 7
1

2

57

57

1

1
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4.3 Surface characterisation

4.3.1 XPS

Figure 4.24 to 4.29 show the results obtained from the XPS analysis of the samples from
batch 2 of UNS S32750.

Figure 4.24 shows that the atomic percentage of oxygen is high independent of HCCD and
storage time. The oxygen content decreases with increasing sputtering time, i.e. depth
into the material. The highest atomic percentage of oxygen is observed for a HCCD of
-10 mA/cm2. The atomic percentage of Fe and Cr are close. Fe increases with sputtering
time, while Cr and Mo are relatively constant. Figure 4.24a and 4.24d, for the uncharged
sample and the sample stored for 7 days, respectively, are similar, both in trends and values.
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Figure 4.24: Overview of the atomic percentage of Fe, Cr, Mo and O as a
function of sputtering time in the samples prepared according to
Table 3.11.
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Figure 4.25 shows a clear difference between the sample charged with a HCCD of -10 mA/cm2

and all the remaining samples. All the metallic compounds result in a lower atomic percent-
age at -10 mA/cm2 compared to the other samples, while oxygen is displaying highest values
at -10 mA/cm2. Common for Fe and Mo is the increase with sputtering time.
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Figure 4.25: Comparison of the atomic percentage of Fe, Cr, Mo and O with
different HCCDs and storage time according to Table 3.11, as a
function of sputtering time.
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Figure 4.26 shows the relative atomic percentage of the elements Fe, FeO, Fe2O3 and Fe3O4.
The uncharged sample, the sample charged with -0.1 mA/cm2 and the sample stored for 7
days are all showing high relative atomic percentage of Fe which increases with sputtering
time, a relative atomic percentage of FeO which decreases with sputtering time and similar
Fe2O3 and Fe3O4 relative atomic percentage which decreases fast with sputtering time and
stabilise, except the sample stored for 7 days where they are stable the whole time. A HCCD
of -10 mA/cm2, on the other hand, results in a relative atomic percentage of Fe which is
lower than that of FeO and a relative atomic percentage of Fe2O3 and Fe3O4 which is higher
than for the other samples and not showing similar values. 7 days of storage results in the
lowest relative percentage of Fe oxides.
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Figure 4.26: Overview of the relative atomic percentage of Fe, FeO, Fe2O3 and
Fe3O4 as a function of sputtering time in the samples prepared
according to Table 3.11.
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Similar to the results obtained in Figure 4.25, the sample charged with -10 mA/cm2 is
showing results which are deviating from the remaining samples in Figure 4.27 as well. The
Fe oxides are showing highest relative atomic percentage at -10 mA/cm2 which decreases with
sputtering time, while Fe is showing the lowest relative atomic percentage which increases
with sputtering time. The uncharged sample and the sample charged with -0.1 mA/cm2

are showing similar trends and values. Fe2O3 and Fe3O4 for the uncharged sample and the
sample charged with -0.1 mA/cm2 are showing a steep decrease in relative atomic percentage
during the first 20 seconds of sputtering before they stabilise.
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Figure 4.27: Comparison of the relative atomic percentage of Fe, FeO, Fe2O3
and Fe3O4 with different HCCDs and storage time according to
Table 3.11, as a function of sputtering time.
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Figure 4.28 shows that the uncharged sample and the stored sample both show highest
relative atomic percentage of Cr2O3. The sample charged with -0.1 mA/cm2 has a highest
percentage of Cr(OH)3 at sputtering time 0 to approximately 7, thus at the surface of the
material, however, with increasing sputtering time the percentage of Cr2O3 increases above
that of Cr(OH)3. The relative atomic percentage of Cr increases with sputtering time for all
samples except the one charged with -10 mA/cm2. The sample charged with -0.1 mA/cm2

and the sample stored for 7 days are showing increasing relative atomic percentage of Cr2O3

with sputtering time. The relative atomic percentage of Cr(OH)3 and Cr2O3 for the sample
charged with -10 mA/cm2 are showing opposite trends; when Cr(OH)3 increases Cr2O3

decreases, and vice versa.
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Figure 4.28: Overview of the relative atomic percentage of Cr, Cr2O3,
Cr(OH)3 and CrO3 as a function of sputtering time in the sam-
ples prepared according to Table 3.11.
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Figure 4.29 is also showing that the sample charged with -10 mA/cm2 deviates from the
other samples. While the relative atomic percentage of Cr increases with sputtering time
for the uncharged sample, the sample charged with -0.1 mA/cm2 and the stored sample,
it is relatively constant for the sample charged with -10 mA/cm2. The relative atomic
percentage of Cr(OH)3 and CrO3 is highest for the sample charged with -10 mA/cm2, while
the percentage of Cr2O3 is lowest for the same sample. The charged samples are showing
highest relative atomic percentage of Cr(OH)3 and CrO3 at sputtering time 0. The uncharged
sample is showing very little variation in the percentage of Cr2O3, Cr(OH)3 and Cr2O3 with
increasing sputtering time.
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Figure 4.29: Comparison of the relative atomic percentage of Cr, Cr2O3,
Cr(OH)3 and CrO3 with different HCCDs and storage time ac-
cording to 3.11, as a function of sputtering time.
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The Cr2O3/CrO3 ratio was calculated from the results obtained with XPS at sputtering time
0 s for each test condition. The estimated ratios are shown in Table 4.6. A decrease in the
Cr2O3/CrO3 ratio is observed with increasing HCCD. The sample stored for 7 days exhibits
the highest value.

Test condition Cr2O3/CrO3 ratio

Uncharged 5.26

-0.1 mA/cm2 3.30

-10 mA/cm2 1.23

7 days of storage 5.55

Table 4.6: The estimated Cr2O3/CrO3 ratio for samples examined with XPS
according to Table 3.11 at sputtering time 0 s.

The OH–/O2– ratio was calculated from the results obtained with XPS at sputtering time
0 s for each test condition. The estimated ratios are shown in Table 4.7. An increase in the
OH–/O2– ratio is observed with increasing HCCD. The sample stored for 7 days displays
the lowest ratio.

Test condition OH–/O2– ratio

Uncharged 2.83

-0.1 mA/cm2 4.86

-10 mA/cm2 15.51

7 days of storage 0.53

Table 4.7: The estimated OH–/O2– ratio for samples examined with XPS
according to Table 3.11 at sputtering time 0 s.

4.3.2 SEM and EDS

Figure 4.30 shows the SEM image taken of a UNS S32750 sample from batch 2. The whole
area is found under the crevice former. The left and right parts of the image show no signs
of corrosion. The middle part, however, shows the corrosion attack where areas showing
different degrees of corrosion are seen. Selected spots were studied by EDS, and these are
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shown in Figure 4.31. Spot 1 and 2 are situated outside of the corrosion attack, while spot 3
to 8 are found within the corroded area. Spot 3, 4 and 7 are showing less signs of corrosion
compared to spot 5, 6 and 8. The weight percentages of Cr and Mo obtained with EDS for
the different spots are given in Table 4.8. The PREN value for each spot was estimated using
Equation 2.5 without wt% N since N cannot be measured with EDS. The obtained PREN
values are therefore lower than what the actual values would have been if wt% N had been
included. The difference in PREN value for spot 5, 6 and 8 compared to spot 3, 4 and 7 is
found to be approximately 8, where the latter spots display the highest values. The PREN
values for spot 1 and 2 are found to be in between those of spot 5, 6 and 8 and spot 3, 4 and
7.

Figure 4.30: SEM image of crevice corrosion attack on a UNS S32750 samples
charged with a HCCD of -10 mA/cm2.

63



Chapter 4: Results

Figure 4.31: SEM image with selected areas highlighted where EDS analysis
was performed.
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EDS spot number wt% Cr wt% Mo PREN

1 25.79 3.26 36.6

2 26.41 2.54 34.8

3 26.97 3.87 39.7

4 27.57 3.71 39.8

5 25.18 1.81 31.2

6 22.88 2.56 31.3

7 27.77 3.66 39.9

8 25.19 1.68 30.7

Table 4.8: Overview of the weight percent of chromium and molybdenum and
the calculated PREN values using Equation 2.5 for the different
EDS sites shown in Figure 4.31. The PREN values were estimated
without wt% N.
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4.4 Mott-Schottky analysis

Figure 4.32 shows the Mott-Schottky plot recorded for the passive film formed at
650 mVAg/AgCl on an uncharged UNS S32750 sample. Based on the transition from a positive
slope to a negative slope at -500 mVAg/AgCl, the oxide layer exhibits a change in semiconductor
behaviour from n-type at potentials lower than -500 mVAg/AgCl to p-type at higher potentials.
The highest value for 1/C2 is found to be 5 · 1012 cm4/F2 at the transition potential. Based
on Equation 2.8 and 2.9 and the slopes of the plot, the donor and acceptor densities were
calculated to be 3.54 · 1014 cm−3 and 3.19 · 1014 cm−3, respectively.
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Figure 4.32: Mott-Schottky plot of the passive film formed at 650 mV for a
UNS S32750 sample not charged with hydrogen.
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Figure 4.33 shows the Mott-Schottky plot recorded for the passive film formed at
800 mVAg/AgCl on a UNS S32750 sample charged with a HCCD of -0.1 mA/cm2. Based on the
transition from a positive slope to a negative slope at -500 mVAg/AgCl, the oxide layer exhibits
a change in semiconductor behaviour from n-type at potentials lower than -500 mVAg/AgCl

to p-type at higher potentials. The highest value for 1/C2 is found to be 2.25 · 1013 cm4/F2

at the transition potential. Based on Equation 2.8 and 2.9 and the slopes of the plot, the
donor and acceptor densities were calculated to be 8.74 · 1013 cm−3 and 1.05 · 1014 cm−3,
respectively.
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Figure 4.33: Mott-Schottky plot of the passive film formed at 800 mV for a
UNS S32750 sample charged with hydrogen using a HCCD of
-0.1 mA/cm2.
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Figure 4.34 shows the Mott-Schottky plot recorded for the passive film formed at
800 mVAg/AgCl on a UNS S32750 sample charged with a HCCD of -10 mA/cm2. Based on the
transition from a positive slope to a negative slope at -600 mVAg/AgCl, the oxide layer exhibits
a change in semiconductor behaviour from n-type at potentials lower than -600 mVAg/AgCl

to p-type at higher potentials. The highest value for 1/C2 is found to be 10 · 1013 cm4/F2

at the transition potential. Based on Equation 2.8 and 2.9 and the slopes of the plot, the
donor and acceptor densities were calculated to be 2.22 · 1013 cm−3 and 2.25 · 1013 cm−3,
respectively.
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Figure 4.34: Mott-Schottky plot of the passive film formed at 800 mV for a
UNS S32750 sample charged with hydrogen using a HCCD of
-10 mA/cm2.
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5 Discussion

5.1 Effect of different hydrogen charge current densities

Anodic polarisation curves for batch 1 of UNS S32750 were recorded with varying HCCDs,
and presented in Figure 4.1 and 4.2, at room temperature and 60 ℃, respectively. Hy-
drogen clearly affects the anodic polarisation curves as the Ecorr decreases approximately
600 mVAg/AgCl and 450 mVAg/AgCl from uncharged to charged samples at room tempera-
ture and at 60 ℃, respectively. A decrease of the Ecorr in the orders found here indicates
a decreased corrosion resistance for samples charged with hydrogen. The increased anodic
current density (later called current density) for charged samples also indicates a decreased
corrosion resistance for these samples. Guo et al. (2013) investigated the effect of hydro-
gen charging on the pitting corrosion susceptibility of UNS S32750 in a 0.5 M H2SO4 + 3
% NaCl solution at room temperature [53]. Yao et al. (2016) investigated the effect of hy-
drogen charging on the electrochemical characteristics of UNS S32205 in deoxidised borate
buffer solution with various chloride concentrations [26]. HCCDs used by Guo et al. ranged
from -0.1 mA/cm2 to -10 mA/cm2 with a charge duration of 24 hours, while those used by
Yao et al. ranged from -0.5 mA/cm2 to -10 mA/cm2 with charge duration of 1 hour. Both
studies were performed at room temperature. The results obtained by Guo et al. and Yao
et al. revealed a decrease in Ecorr with increasing HCCD and a simultaneous increase in
current density [53, 26], indicating decreased corrosion resistance for the charged samples.
The results shown in Figure 4.1 display the same increase in current density, while the Ecorr

is found to be similar for all the charged samples, independent of the HCCD. The largest
potential difference between the uncharged samples and the charged samples was 400 mV
and 250 mV for Guo et al. and Yao et al., respectively. A larger potential difference of
600 mV is observed in Figure 4.1. This might be due to Ecorr values around -350 mVAg/AgCl

of charged samples tested by Guo et al., which is approximately 350 mV more positive than
those obtained here, or in the case of Yao et al., the low Ecorr of the uncharged sample at
-500 mVAg/AgCl. The only significant difference in the experimental parameters found when
comparing this study to the one performed by Guo et al. is the electrolyte, since Guo et
al. used the same material, charge duration and HCCDs. The large difference in Ecorr for
charged samples observed when comparing the study of Guo et al. to the one performed
here, can thus be expected to have been caused by the effect of the electrolytes. Ecorr and the
current density show similar trends at 60 ℃ as at room temperature for the charged samples
of batch 1 of UNS S32750, and the values are similar too. The uncharged sample, on the
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other hand, shows a decrease of approximately 300 mV in Ecorr when the temperature is
increased to 60 ℃. An increase of approximately one order of magnitude is also observed for
the corrosion current density, icorr, and a decrease in Epit of approximately 200 mV, implying
lower corrosion resistance of the uncharged sample with increasing temperature as well.

Epit at room temperature for batch 1 of UNS S32750 is close to 1 V for all samples, inde-
pendent of HCCD. Yao et al. observed the same for their samples, while Guo et al. saw
a decrease in Epit of approximately 900 mV when the HCCD was increased to 10 mA/cm2.
Guo et al. thus concluded that pitting corrosion susceptibility increased with a high HCCD
at room temperature. The same can not be said based on the study of Yao et al. or the
results obtained here. However, at 60 ℃, the charged samples show a decrease in Epit of ap-
proximately 400 mV compared to the uncharged sample, see Figure 4.2. The decrease implies
a lower pitting corrosion resistance with increasing temperature for the charged samples. As
a consequence of the decrease in Epit, the passive area extends over a smaller potential range
of approximately 700 mV at 60 ℃ compared to the 1400 mV range at room temperature.

As can be seen from the determined CCTs shown in Table 4.2 to 4.4, hydrogen clearly
decreases the CCTs of batch 1 of UNS S32750 and welded UNS S32750 samples. All charged
samples of batch 1 initiated crevice corrosion at 25 ℃ independent of HCCD and charged
duration, except sample 1 of the parallel charged with a HCCD of -10 mA/cm2, which is
regarded as an outlier. The CCT of the charged samples is thus more than halved compared
to the uncharged samples which initiated at 52 and 56 ℃. The welded samples of UNS S32750
also show a decrease in CCT when comparing uncharged samples to charged samples, see
Table 4.4. However, the decrease in CCT observed for the welded samples is only between
8 to 12 ℃. Thus, a large difference in the decrease of CCT for the charged samples from
batch 1 and the charged welded samples is observed, indicating a larger, negative effect of
hydrogen charging on batch 1.

When hydrogen exits stainless steel in aqueous environment, it could undergo oxidation to
form H+. This reaction has an equilibrium electrode potential which is approximately 1.8 V
lower than that of the oxidation of Fe [54]. Thus, the Ecorr of hydrogen charged stainless
steel is lower than the uncharged samples, as seen in all polarisation curves. This could
also explain the difference in Epit found for batch 1 at 60 ℃. As explained in section 2.2.2,
pitting corrosion typically initiates as a result of localised breakdown of the passive film
on stainless steels. Thus, the decrease in pitting corrosion resistance observed at 60 ℃ is
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likely a consequence of interactions between hydrogen and defects present in the passive film
[53]. Absorbed hydrogen from the cathodic polarisation diffuse into the metal and oxidise
to protons in the passive film. The protons gather around defects and thereby create an
attraction site for negatively charged Cl– ions which may adsorb on the passive film. Higher
chloride concentration on the surface could cause local breakdown of the passive film, and
thereby initiate pitting [53].

The decreased corrosion resistance observed for hydrogen charged samples is expected to
have been caused by hydrogen interacting with the passive film on the stainless steel surface.
Hydrogen is known to destabilise the oxide film and also alter its chemical composition, see
section 2.3. The effect is, however, reversible [32], which is why stored samples are showing
improved corrosion resistance. A significant difference between batch 1 and batch 2 of UNS
S32750, as well as the welded UNS S32750 samples, is observed when comparing CCTs, see
table 4.3 and 4.2, where batch 2 and the welded samples display higher temperature values.
One possible explanation for this might be a difference in experimental procedure used. Batch
1 was not left for 1 hour to stabilise Ecorr, while both batch 2 and the welded samples were.
This could be a contributing factor for the higher current density values experienced from the
start of the experiments for batch 1, and thus the low CCTs determined for these samples.
During the 1 hour Ecorr stabilisation, hydrogen might have diffused out of the stainless steel,
similarly to that observed for stored samples. A lower hydrogen concentration within the
stabilised stainless steel samples could explain the higher CCTs compared to the unstabilised
samples from batch 1. The less effective pickling solution used for batch 1 of UNS S32750
compared to more effective pickling solution used for the samples from batch 2 of UNS S32750
as well as the welded samples from UNS S32750, may be another contributing factor to the
large differences in CCT between the charged samples of these materials. Choi et al. (2003)
investigated the effect of pickling on the pitting corrosion of a hyper duplex stainless steel.
They found that with increasing pickling time, the pitting potential and passive region
increased [55]. Previous research have also found the difference in CCT between pickled
and unpickled samples of welded UNS S31254 grade stainless steel to be around 20 ℃ [56].
As can be seen from Table 3.1, there is not a significant difference in chemical composition
between the two batches of UNS S32750, thus the chemical composition is not the reason
for the large differences observed between the two batches.
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5.2 Effect of storage time

Anodic polarisation curves for batch 2 of UNS S32750, welded UNS S32750 and UNS S31254
were recorded with different storage times. As can be seen from Figure 4.3 to 4.6, Ecorr

increases and the current density decreases with increasing storage time, independent of
material type and temperature. Thus, storage time clearly exhibits a positive effect on the
corrosion resistance of stainless steel that has been charged with hydrogen.

Epit for batch 2 at room temperature is independent of storage time, and is found around
1 VAg/AgCl, similar to that obtained for batch 1 in Figure 4.1. This indicates that Epit is
independent of both HCCD and storage time for UNS S32750 at room temperature. At 60 ℃
the samples stored for 7 and 30 days are showing Epit values around 300 and 400 mVAg/AgCl,
see Figure 4.4, respectively, while the other samples have Epit values similar to those obtained
at room temperature. A storage time of 7 and 30 days thus results in similar Epit values
as samples with no storage time charged with HCCDs of -0.5 mA/cm2, -1 mA/cm2 and
10 mA/cm2 tested at 60 ℃, see Figure 4.2. However, the current density in the passive
area is lower for the stored samples. The effect of increased storage time thus increases the
corrosion resistance more than an increased HCCD decreases the corrosion resistance.

Epit of the welded samples of UNS S32750 is approximately 400 mV lower than the samples
from batch 2 of UNS S32750 indicating increased pitting susceptibility for the welded sam-
ples, see Figure 4.3 and 4.5. The current density in the passive region for samples stored for
7 days is similar for the two stainless steel samples. However, the welded sample stored for
30 days shows lower current density than the UNS S32750 sample stored for the same period.
The lower current density value might indicate a larger positive, effect of storage time on
the welded samples compared to the non-welded UNS S32750 samples regarding corrosion
resistance. As mentioned in section 2.1.3, the welding process can introduce enough heat to
allow precipitation of secondary phases in the metal. The precipitation of the σ phase can be
a reason for why the Epit decreases significantly for the welded UNS S32750 samples, caused
by the chromium depleted areas left behind when the phase precipitates, see section 2.1.3.
The determined CCTs for the uncharged and charged samples of welded UNS S32750 are
not indicating the precipitation of the σ phase, as the difference is only 12 ℃. Precipitation
of the σ phase, however, has not been investigated in this work.
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Similar potential and current density values are observed for samples from UNS S32750 and
samples from UNS S31254 at room temperature in Figure 4.3 and 4.6. Thus, no evident effect
of the difference in chemical composition is observed when comparing the electrochemical
behaviour of the materials in the form of polarisation curves.

No Ecorr values lower than 800 mVAg/AgCl are observed for any sample independent of HCCD,
storage time and temperature. This could indicate that there exists a limit as to how much
hydrogen charging and storage time can decrease the Ecorr values of the materials used in
this study, and that this limit might be around 800 mVAg/AgCl. The current density, on
the other hand, depends on both HCCD and storage time, and the largest differences are
observed between samples with different storage time.

The effect of storage time on the CCTs of samples from batch 2 of UNS S32750 and samples of
UNS S31254 was investigated, and the results are presented in Table 4.3 and 4.5. Similar for
both materials is the decrease in CCT for charged samples compared to uncharged samples.

The samples from batch 2 stored for 1 day and 30 days exhibit the same CCTs of 45 ℃. The
fact that these temperatures are equal, indicates that the hydrogen present in the samples
diffuse out of the material fast, and more than 30 days of storage may be needed to get a
larger repassivating effect on the stainless steel. This is, however, contradicting to the results
gathered from the polarisation curves, where a clear decrease in current density is seen for
samples stored for longer time.

The two samples from batch 2 stored for 7 days are showing both higher and lower CCTs
when compared to the samples stored for 1 day and 30 days. The mean value is however
equal to the CCTs obtained after 1 and 30 days of storage. The reason for the differences in
observed temperatures could be stochastic differences in the samples, and previous research
has also shown that recorded CCTs for the same material may span over a wide range of
temperatures, sometimes as large as 30 ℃ [56].

Surprisingly, unstored UNS S32750 samples from batch 2 charged with -0.1 mA/cm2 for
168 h and samples charged with -10 mA/cm2 for 24 h show CCTs which are higher than the
unstored sample charged with -0.1 mA/cm2, indicating a positive effect of increased hydrogen
concentration on the CCT. Further examination is required to conclude upon whether these
result are within a statistical error margin.
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As can be seen in Table 4.5, unstored, charged UNS S31254 samples show a similar decrease
in CCT as the charged samples from batch 1 of UNS S32750. The stored samples, however,
show a similar CCT as the uncharged samples. The fact that the CCTs for the uncharged
samples and the stored samples are similar indicate that the stored samples have repassivated
completely. This is very contradicting to the polarisation curves for the uncharged and stored
sample, which show that the stored sample have a decreased corrosion resistance compared
to the uncharged sample.

The large difference in CCTs between uncharged and charged UNS S31254 samples can be
explained by the microstructure of the material. As UNS S31254 is a austenitic stainless steel,
it will contain mainly austenite. As mentioned in section 2.1.1, the solubility of hydrogen
in austenite is much higher than the solubility in ferrite. Thus, charging UNS S31254 with
hydrogen would lead to a higher concentration of hydrogen in the samples, when compared
to samples of UNS S32750, which contains roughly 50 % austenite. This would lead to a
much more destabilised oxide layer when the higher concentration of hydrogen reacts with
the oxides existing in the film. Since UNS S31254 contains a higher amount of austenite
than UNS 32750, the effect of hydrogen charging would thus be much more severe. This is
clearly seen from the CCTs determined for the UNS S31254 samples [11, 53, 57]. Figure 4.30
and 4.31 also confirm this selective corrosion of the austenite phase, which will be discussed
further in section 5.3.

The positive effect on the corrosion resistance observed with increasing storage time could
be due to repassivation of the samples during storage. Due to the low solubility of hydrogen
in stainless steel, it tends to diffuse out of the material [54]. In ambient atmosphere the
hydrogen would exit the steel as gas [54]. As the stainless steel samples investigated in this
work were stored in ambient atmosphere, it is expected that hydrogen diffused out of the
samples and thus contributed to the increased corrosion resistance.
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5.3 Surface characterisation

XPS

The atomic percentage of Fe, O, Cr and Mo are similar for the uncharged sample and the
sample stored for 7 days, see Figure 4.24, indicating that storage returns the material com-
position to near its initial state. However, the same is not observed for the relative atomic
percentage of various Fe and Cr oxides and hydroxides. Additionally, the OH–/O2– ratio
for the sample stored for 7 days is approximately 5 times lower than that of the uncharged
sample, indicating a more defect-free oxide film for the stored sample. The polarisation
curves, however, indicate a significantly better corrosion resistance for the uncharged sam-
ple compared to stored samples. The results from XPS and polarisation curves are thus
clearly contradicting on the matter of the corrosion resistance of stored samples compared
to uncharged samples.

The XPS-results for the samples charged with a HCCD of -10 mA/cm2 are very different from
the results gathered from the other three samples. This could indicate that larger alterations
of the oxide layer occur with higher HCCDs. The larger current densities observed on the
anodic polarisation curves with increasing HCCD also support this.

Guo et al. (2017) studied the effect of hydrogen on the passive film of a UNS S32750 stainless
steel. Hydrogen charging was performed for 48 h with a HCCD of -1 mA/cm2 [47]. They
found that the oxide film structure of uncharged duplex stainless steel was mainly composed
of Cr(OH)3, Cr2O3, Fe2O3 and FeO, while it after hydrogen charging primarily consisted of
Cr(OH)3, CrO3, Fe3O4 and FeOOH [47]. Here, at 0 sputtering time, the uncharged sample
shows highest percentages for Cr2O3, Cr(OH)3, Fe and Fe3O4, while the sample charged with
-0.1 mA/cm2 reveals that the oxide film mainly consists of Cr(OH)3, Cr2O3, Fe, FeO and
Fe3O4. Thus, similar chromium oxide compounds are observed for the uncharged samples,
however, the iron oxides show completely opposite trends from this study compared to that
of Guo et al. Both studies observe a decrease in the percentage of Cr(OH)3 for the charged
samples, but unlike the results collected here, Guo et al. observed a total disappearance of
Cr2O3 for the charged sample. A significant difference between the results is that the results
obtained here show high percentages of Fe and Cr at the surface, while Guo et al. mainly
found oxides. Thus, the results are not comparable, which is surprising as the materials are
similar. One reason for the deviations for the charged samples may be different HCCDs,
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but this is not expected to be the full explanation. However, further explanations are not
known.

Maurice et al. (1998) studied the passive film formed on Fe-18Cr-13Ni single-crystal surfaces
[58]. They observed a dehydration of Cr(OH)3, leading to more Cr2O3 in the oxide film.
Growth of CrO3 was also observed [58]. The XPS results obtained here show that the relative
atomic percentage of Cr(OH)3 is highest for the charged samples at sputtering time 0 s, see
Figure 4.29c. Cr(OH)3 has been found to promote localised corrosion, see section 2.2.1.
Thus, charging stainless steel with hydrogen results in the formation of compounds in the
oxide film which do not promote protection, but rather corrosion. The corrosion resistance
is therefore expected to decrease. A possible explanation for the higher amount of Cr(OH)3
observed on the charged samples could be that the absorbed hydrogen, in the form of protons,
might slow down the formation of protective Cr2O3 and CrO3 from Cr(OH)3. Protons may
additionally react with chromium at the surface and form more Cr(OH)3. This, however,
needs further examination. The ratio of Cr2O3/CrO3 decreases with increasing HCCD, see
Table 4.6, implying an effect of hydrogen on the formation reactions for these compounds.
Figure 4.25c reveals that the atomic percentage of Mo is lowest for the sample charged with
-10 mA/cm2. Mo contributes to formation of Cr2O3 and CrO3 from Cr3+ and Cr6+. Both
of these oxides are key species in the protective oxide film formed on stainless steel [22]. A
low atomic percentage of Mo therefore implies less protective oxides in the oxide film which
could further explain the decreased corrosion resistance observed for charged samples.

Guo et al. (2017) observed that hydrogen charging of UNS S32750 increased the conductivity
of the passive film, explained by the increase in the OH–/O2– ratio for charged samples [47].
The calculated OH–/O2– ratio for the samples examined with XPS in this work increases
for samples charged with increasing HCCD as well, thus implying a similar effect as that
observed by Guo et al. An increased conductivity could be explained by the higher amounts
of hydroxides in the oxide layer for charged samples, which typically contain more defects,
and thus charge carriers, than oxides [59]. A higher conductivity contributes to more current
and thus lower corrosion resistance of the material. Yang and Luo (2001) observed increasing
pitting susceptibility for AISI310 stainless steel charged with hydrogen, and explained it with
the higher disorder of the passive film under the influence of hydrogen [59].
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SEM and EDS

The EDS analysis of the corroded UNS S32750 sample reveals clear differences in PREN
values, depending on how severe the corrosion affected the different areas. The corroded
areas with analysis spot 5, 6 and 8 show a much lower PREN value of approximately 31
compared to the uncorroded areas analysed in spot 3, 4 and 7 showing PREN values close
to 40, see Table 4.8. This may explain why spot 5, 6 and 8 are affected by the corrosion
attack, while spot 3, 4 and 7 are seemingly unaffected. Inclusion of N in the estimation of
the PREN values for spot 3, 4 and 7, would highly likely increase the PREN values above 40,
which is the minimum value needed for stainless steel to be applicable for use in seawater,
due to their already high values. Spot 1 and 2 exhibit PREN values lower than the values
for spot 3, 4 and 7, which is surprising considering that spot 1 and 2 look unaffected by the
corrosion. The difference of 1.8 between the PREN values for spot 1 and 2 is also significant.
As mentioned in section 2.1.2, Cr and Mo are more soluble in α than in γ. The lowered
Mo value for spot 2 compared to spot 1 could indicate that spot 2 is γ, but the higher Cr
value could indicate that it is α. It is thus hard to accurately conclude upon the difference
in PREN value between spot 1 and 2. The increased values of both Cr and Mo in spot 3, 4
and 7 compared to the values of spot 5, 6 and 8 could indicate that the corroded areas are
γ while the uncorroded areas are α. This implies selective corrosion of γ. Tsai et al (2003)
investigated the selective corrosion of a 2205 duplex stainless steel in 0.01 M NaCl solution.
They found that γ corroded before α [60]. Guo et al. (2013) also found that pitting initiated
in γ before spreading into the α phase [53]. Both these studies support the results obtained
from the SEM and EDS analysis of this work. As mentioned in section 5.3, Guo et al. (2017)
observed that hydrogen increased the conductivity of the oxide film on UNS S32750, and the
highest conductivity was found in the oxide film on the γ phase due to its higher hydrogen
solubility compared to α [47], which could explain the observed selective corrosion of γ.

Mott-Schottky analysis

As can be seen from the Mott-Schottky plots shown in Figure 4.32 to 4.34, the general shape
of the plots does not change much, regardless if the sample was charged with hydrogen
or not. All the samples exhibit both n- and p-type semiconductor behaviour, at different
applied potential ranges. The potential where the semiconductor behaviour shifts from n-
type to p-type changes from -500 mVAg/AgCl to -600 mVAg/AgCl for the uncharged sample
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compared to the sample charged with a HCCD of -10 mA/cm2. This shift indicates that
hydrogen charging increases the potential range for p-type behaviour, and increasing HCCD
shifts the potential range to lower values. Yao et al. (2016) used Mott-Schottky analysis
to study the effect of hydrogen charging, and found that uncharged samples exhibited both
p- and n-type behaviour. Increasing HCCD, however, lead to gradual disappearance of the
p-type behaviour, as well as higher donor densities [26]. The calculated values for Nd and
Na decrease with increasing HCCD. This is most unexpected, as the recorded polarisation
curves and CCTs all point to a negative effect of hydrogen on the corrosion resistance. Based
on these results, the densities of charge carriers should increase to ease the process of charge
transfer, and thus corrosion. However, the results from this Mott-Schottky analysis imply
the opposite. Yang et al. (1999) came to the same conclusion as Yao et al. regarding the
disappearing p-type behaviour when they performed Mott-Schottky analysis on uncharged
and charged AISI310 stainless steel samples. The results obtained in this thesis are thus
contradicting to those obtained by Yao et al. and Yang et al., both with regard to n- and
p-type behaviour and Nd and Na with increasing HCCD.

Marconnet et al. (2008) obtained contradicting results from photoelectrochemical measure-
ments compared to results from Mott-Schottky analysis, and partly explained it by a poor
signal to noise ratio from Mott-Schottky [61]. However, the assumption of an ideal capacitor
used in Mott-Schottky analysis was also used by Marconnet et al. to explain the deviat-
ing results and claimed not to be valid for stainless steel [61]. The results obtained from
Mott-Schottky analysis depend on the solution media, the applied potential and the chosen
frequency [47, 61]. Thus, a comparison of Mott-Schottky results obtained from different
studies may not be easily comparable, which could partly explain why the results obtained
in this work deviate from previous studies.
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5.4 Further work

The effect of hydrogen on the corrosion resistance of various stainless steel grades can be
investigated further with the following steps.

As stated in [32], the applied HCCDs used in relevant studies have not necessarily been
selected based on realistic conditions when hydrogen from CP diffuses into stainless steel.
This is, however, useful when investigating the effect hydrogen has on the corrosion resistance
of stainless steel. Thus, a determination of correct HCCD based on field measurements of
hydrogen concentrations within stainless steel after CP is needed.

Because the CCT of a material may vary over a wide range of temperatures, more tests on
each material are needed to calculate a mean CCT with standard deviation for all samples.
Repeating experiments up to 10 to 15 times might be necessary to get a statistically signif-
icant number of experiments. A lower starting temperature than 25 ℃ should be used for
the samples that initiated crevice corrosion at 25 ℃ to find the lowest starting temperature.

The amount of dissolved Fe for uncharged and charged samples during electrochemical testing
can be measured with inductively coupled plasma optical emission spectroscopy (ICPOES)
and compared, similar to the analysis conducted by Thomas et al. (2016) [54]. The electrolyte
should be slightly acidic to assure that Fe ions stay soluble and thus can be detected with
ICPOES.

Similar tests as performed here should be conducted on stainless steel samples polarised in
actual seawater, and the effect of immersion time, applied potential and seawater temperature
should be investigated. The effect of calcareous deposits formed during exposure should also
be examined.
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6 Summary and conclusions

The effect of different hydrogen charge current densities and storage periods on the corrosion
resistance of stainless steel exposed to artificial seawater were investigated in this thesis.

The anodic polarisation curves for the samples from batch 1 and 2 of UNS S32750, welded
UNS S32750 and UNS S31254 show the same trends. The Ecorr decreases drastically from the
uncharged samples to samples charged with hydrogen. The anodic current densities were also
found to increase with increasing HCCDs. An increase of the Ecorr and a decrease in anodic
current densities when the samples are stored after hydrogen charging was also observed.
The anodic polarisation curves thus show that hydrogen charging decreases the corrosion
resistance, while storage after hydrogen charging improves the corrosion resistance through
repassivation. The determined CCTs also result in a large difference between uncharged and
charged samples, similar to that observed in the anodic polarisation curves. The charged
samples show lower CCTs than the uncharged ones. Samples from batch 1 of UNS S32750
shows the largest differences between uncharged samples and charged samples, compared
to the other materials, likely caused by the use of a less effective pickling solution for the
treatment of batch 1. The XPS results show that the hydrogen charged samples have an in-
creased concentration of Cr(OH)3 species in the oxide layer, compared to the more protective
species like Cr2O3 and CrO3. The OH–/O2– ratio is also found to increase with increasing
HCCD. All the gathered results show a clear negative effect of hydrogen on the corrosion
resistance of stainless steel. A few possible phenomenons could explain this decrease in cor-
rosion resistance. Oxidised hydrogen in the form of protons in the passive film could gather
around defects and thus create attraction sites for species like Cl– , which would then adsorb
on the oxide layer, causing local breakdown of the film. Oxidised hydrogen could also slow
down the formation of Cr2O3 and CrO3 from Cr(OH)3. In addition, the protons might react
with pure Cr and create more Cr(OH)3. As Cr(OH)3 in the passive film promotes localised
corrosion, the increased concentration of this species in the hydrogen charged samples could
explain the decreased corrosion resistance. The increase of OH–/O2– ratio with increasing
HCCD also suggests a higher conductivity in the passive film of hydrogen charged samples,
which implies a lowered corrosion resistance.

SEM and EDS analysis show selective corrosion of γ in the hydrogen charged sample. The
higher hydrogen dissolution and lower hydrogen diffusion in γ compared to α is likely the
cause of the selective corrosion of γ.
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Mott-Schottky analysis results in electrical characteristics of the oxide film which are contra-
dicting to results obtained in previous studies, thus further analysis is needed on this point.
However, due to the dependence of Mott-Schottky analysis on frequency, applied potential
and electrolyte, results from different studies might not be comparable.
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Appendices
A Material specification sheets

Below follows the material specification sheets for batch 1 and batch 2 of the UNS S32750
samples and the material specification sheet for the UNS S31254 samples used in the exper-
imental work.
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ChapterA: Appendices

Pickling procedure for the steel samples

In this section a detailed description of the pickling process Framo performed on the stainless
steel used in this project is found.
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RUTINE FOR BEISING 

Hensikt  
 
Rutinen skal sikre at beising gjennomføres 
etter en standardisert metode som ivaretar 
bedriftens krav til kvalitet og personlig 
sikkerhet.  

Ansvar 
 
Operatør ved beis er ansvarlig for at beising 
gjennomføres ihht.gjeldene rutine. 

OPERATØR SKAL 
 
Alltid bruke egnet verneutstyr ved arbeid i 
beisehall; vernestøvler, hansker og egnet 
kjeledress. 

 Når håndbeising pågår skal hel 
kjemikaliedress og friskluftsmaske 
med hette benyttes. 

 Når deler spyles med høytrykkspyler 
etter beis, skal friskluftsmaske med 
visir benyttes. 

 
Ha gjort seg kjent med utstyret gjennom 
nødvendig opplæring. 
 
Kun benytte godkjente beisevæsker, det vil 
si væsker som er registrert i stoffkartotek 
med gyldige datablad. 
 
Kun benytte løfteutstyr som er av rustfritt 
stål og syntetiske stropper. 
 

Påse at det ikke foregår arbeid i beisehall 
hvis lokk i syrekar er åpent. 

 

RUTINE FOR PICKLING 

Purpose 
 
This routine shall ensure that pickling is 
executed using a standardized method and 
that the company’s requirements for quality 
and personal safety are maintained.  
 
 

Responsibility 

 
The operator is responsible for ensuring that 
the work is carried out according to the 
prevailing routine.  
 

OPERATOR SHALL 

 
Always use suitable protection while working 
in the pickling hall: protective footwear, 
gloves and appropriate coveralls. 

 Under pickling by hand a chemical 
suit and supplied air respirator with 
hood shall be used. 

  When parts are flushed with a 
pressure washer after pickling, a 
supplied air respirator with a visor 
shall be used.  
 

Have familiarized themselves with the 
equipment through sufficient training.  
 
Only use approved pickling medium, i.e. 
fluids registered in the substance index with 
valid data sheets. 
 
Only use lifting equipment that are of 
stainless steel and synthetic straps. 
 

Ensure that there is no ongoing work in the 
pickling hall if the lid of the acid tank is open. 
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Beise rutine 
 
Beisen inneholder:  
 
SALPETERSYRE  HNO3 

 ca 130 g/l 
FLUSSYRE   HF 

 ca 24 g/l 
VANNSTOFFPEROKSYD H2O2 

 25 - 30 l/døgn 
 
Beisetemperatur:   32 - 35 ºC 

  

Beising skal alltid skje ihht følgende 

prosess 
 
Operasjoner i beisehall (vernestøvler og 
hansker skal benyttes): 
 

 Inspisere deler som skal beises og 
påse at de er fri for slagg og skader. 

 Samle deler som skal beises og 
legge de forsvarlig i beisekorg. 

 Korg løftes over i biokar ved hjelp av 
traverskran.  

 
 
Operasjoner fra kontrollrom: 
 

 Korg flyttes fra biokar til syrekar. 
Stropper skal alltid ligge over kanten 
på syrekar når beising pågår. 
Traverskran skal brukes. Lukke lokk 
på syrekar. I de tilfeller hvor deler i 
korg eller del er av en slik karakter at 
lokk i syrekar ikke kan lukkes, skal 
hovedbryter til kran slåes av. Det er 

da ikke tillatt å oppholde seg i 
beisehall. 

 Beisetid ihht tabell. 
 
 
 

 

Pickling routine 

 
The pickle medium consists of: 
 
Nitric acid                                       HNO3     
           ca 130 g/l 
Hydrofluoric acid                            HF 
           ca 24 g/l                                                               
Hydrogen peroxide                         H2O2 

                25 - 30 l/day 
 
Pickling temperature:                   32 - 35 ºC  
 

Pickling shall always be done according 

to the following process 

 
Operations in the pickling hall (protective 
shoes and gloves shall be used): 
 

 Inspect parts that shall be pickled to 
ensure that they are free of slag and 
damages. 

 Collect parts that shall be pickled and 
place them properly in the pickling 
basket.  

 The basket is to be lifted into the bio 
tank by using the traverse crane.  

 
Operations from the control room: 
 

 The basket is moved from the bio 
tank to the acid tank. Straps shall 
always be placed over the edge of 
the acid tank during the pickling 
process. Travers crane shall be 
used. The lid of the acid tank shall be 
closed. In cases where parts in the 
basket or the dimension of the part 
prevent closing of the lid, the main 
switch of the crane shall be turned 

off. Under these conditions it is not 
permitted to reside in the pickling 
hall.  

 Pickling time according to table.    
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Operasjoner i beisehall (Vernestøvler og 
hansker skal benyttes): 
 

 Stropper løsnes fra kran. 

 Annet arbeid i beishall kan pågå når 
lokk i syrekar er lukket. 

 
Operasjoner fra kontrollrom: 
 

 Korg løftes opp av syrekar og 
overrisslingsanlegg skal brukes når 
korg er hengende over karet. Påse at 
avrenning er stoppet før korg er klar 
for skyllekar. 

 Korg løftes over i skyllekar ved hjelp 
av traverskran og lokk til syrekar skal 
lukkes. Påse at stropper senkes 
lengre ned i skyllekaret enn de var i 
syrekar. Skyll grundig. 

 Korg løftes over til spyleområde ved 
hjelp av traverskran. Settes over rist i 
gulv. 

 
Operasjoner fra beisehall (Vernestøvler, 
hansker, friskluftsmaske og kjemikaliedress 
skal benyttes): 
 

 Spyle/rengjøre deler med 
høytrykkspyler. Deler skal dusjes, før 
høyt trykk blir benyttet. Dette for å 
sikre avrenning av eventuelle 
syrerester. Temperert vann skal 
benyttes. Spyling skal pågå til alt løst 
avfall i overflaten er borte. 

 Visuell kontroll av overflaten skal 
utføres. I de tilfeller hvor det er tvil 
om kvaliteten på beisearbeidet skal 
formann kontaktes. 

 
 
 
 
 
 

 
Operations in the pickling hall (protective 
shoes and gloves shall be used): 
 

 Straps are detached from the crane. 

 Other work in the pickling hall can 
commence when the lid of the acid 
tank is closed. 

 
Operations from the control room: 
 

 The basket is lifted up from the acid 
tank and the deluge system shall be 
used when the basket is hanging 
above the tank. Ensure that run-off 
has stopped before moving the 
basket to the rinsing tank.  

 The basket is lifted into the rinsing 
tank by using the traverse crane, and 
the lid to the acid tank shall be 
closed. Ensure that straps are 
submerged further down into the 
rinsing tank than what they were in 
the acid tank. Rinse thoroughly.  

 The basket is lifted over to the 
flushing area by using the traverse 
crane. Place the basket over the 
grate in the floor. 
  

Operations from the pickling hall 
(protective shoes, gloves, supplied air 
respirator, and chemical suit shall be 
used):  
 

 Flush/clean parts with a pressure 
washer. Parts shall be showered 
before high pressure is applied. This 
to ensure run-off of any acid 
remnants. Temperate water shall be 
used. Flushing shall continue until all 
loose contaminations on the surface 
are removed.  

 Visual control of the surface shall be 
executed.  In cases where there is 
doubt with regard to the quality of the 
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Beiserutine ved håndbeising 
 
Følgende verneutstyr skal brukes ved 
håndbeising: Hel kjemikaliedress, 
friskluftmaske med hette, vernestøvler, 
gummihansker. 
 
Ved utførelse av håndbeis, skal det alltid 
være to kvalifiserte operatører tilstede. 
En for å utføre håndbeisingen og en for å for 
å overvåke arbeidet og påse at ikke 
uvedkommende kommer inn i beisehallen. 
 
Etter håndbeising og skylling, skal det 
ventes i to timer før operatørene inspiserer 
håndbeisede tanker og frigir de til transport. 
 
Alt utstyr som benyttes ved håndbeising skal 
fjernes straks håndbeisingen er utført. 
 
Rester av beisepasta tynnes med vann og 
helles i syrekar. 
 
Koster, filler etc. skylles ved rist og legges i 
container for spesialavfall. 
 
Håndbeising skal alltid skje ihht følgende 
prosess: 
 

 Påse at lufttemperatur ikke er under 
+5 grader C. 

 Påse at sveist gods er kaldt. 

 Rengjør godset slik at det er fritt for 
fett, olje, kjemiske avleringer, smuss 
og andre urenhet som ikke er 
forenelig med stålet før beising. 

 Beisen omrøres godt i noen minutter 
før bruk. 

 Påfør væsken med bruk av egnet 
kost eller sprøyte. 

 Påfør væsken i et tynt lag over hele 
overflaten som skal behandles. 

 La beisevæsken virke i 30-120 
minutter eller lengre, avhengig av 
stålkvalitet og temperatur. 

pickling work, the foreman shall be 
contacted.  
 

Routine for pickling by hand 
 
The following safety equipment shall be 
used when pickling manually: Chemical suit, 
supplied air respirator with hood, protective 
shoes and rubber gloves.  
 
When executing pickling manually there 
shall always be two qualified operators 
present. 
One to execute the operation and one to 
oversee the work and ensure that 
unauthorized persons do not enter the 
pickling hall.  
 
After pickling and rinsing, the operator shall 
wait two hours before inspection of the tanks 
and releasing parts for transport. 
 
All equipment that has been applied during 
the process shall be removed once the 
pickling has been performed.  
 
Pickling paste leftovers are diluted with 
water and shall be poured into the acid tank.  
 
Brushes, rags etc. are to be rinsed by the 
grate and placed in containers for special 
waste. 
 
Manual pickling shall always be executed 
according to the following process: 
 

 Ensure that air temperature is not 
under +5 grader C. 

 Ensure that welded goods are 
cooled. 

 Before pickling clean the goods so 
that it is free of grease, oil, chemical 
begets, dirt and other impurities that 
are not compatible with the steel.  

 Pickle medium is to be agitated 
thoroughly for a few minutes prior to 
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 Skyll med temperert vann. Bruk 
høytrykkspyling. 

 Beiserester skal nøytraliseres til PH7. 
 
 

Renhold av beisehall og utstyr: 
 
Beisehallen skal til enhver tid være ryddig og 
alt som ikke tilhører arbeid relatert til 
beiseprosessen skal fjernes. 
 
Området rundt syrekar skal rengjøres 
grundig hver fredag. Friskluftsmaske og 
kjemikaliedress skal benyttes. 
 
Stropper skal rengjøres daglig i eget kar for 
rengjøring. Dette skal utføres daglig. Vann i 
skyllekar for stropper byttes ukentlig. 
 
Vinduer på kontrollrom mot beisehall skal 
rengjøres ukentlig. 
 

 

use.  

 Apply pickling medium by using an 
adequate brush or spray. 

 Apply the pickling medium in a thin 
layer over the surface to be treated.  

 Let the pickle work for 30-120 
minutes depending on steel quality 
and temperature.  

 Flush with temperate water. Use 
pressure washing.  

 Pickling leftovers shall be neutralized 
to PH 7.  

 

Cleaning pickling hall and equipment:  
 
The pickling hall shall always be tidy, and 

equipment that is not related to the pickling 
process shall be removed.  
 
The area around the acid tank shall be 

thoroughly cleaned every Friday. A supplied 
air respirator and a chemical suit shall be 
used.  
 
Straps shall be cleaned daily in a separate 

tank for cleaning. Water in the rinsing tank 
for straps shall be changed weekly.  
 

The windows of the control room towards 
the pickling hall shall be cleaned every 
week.  
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OVERSIKT OVER FRAMO FLATØY 

MATERIAL DATA ARK (MDS) 

OVERVIEW OF FRAMO FLATØY’S 

MATERIAL DATA SHEETS (MDS). 

 
 

MDS 
No. 

Populær 
Betegnelse (name) 

 
Matr. Type 
 

 
Beskrivelse (Description) 

Beisetid 
min.* 
(pickling time 

min.*) 
001 316L 316L Seamless /straight seam welded steel pipe 15-60 
002 316L 316l El. fusion welded austn. steel pipe HT serv. 15-60 
003 316L 316L Wrought austn. s.s. pipe fittings seaml./weld. 15-60 
004 316L 316L Forged or rolled pipe flanges/ forged fittings 15-60 
007 316 316 B8M Alloy-st./ s.s. bolting materials for h.temp. serv. 15-60 
008 316 316 Carbon and alloy steel nuts for h.p/ h.temp serv. 15-60 
009 316L 316L Heat resisting stainless steel plate for pres.vess. 15-60 
010 SMO/6MO 254 SMO Heat resisting stainless steel plate for pres.vess. 30-150 
011 SMO/6MO 254 SMO Seamless /straight seam welded steel pipe 30-150 
012 SMO/6MO 254 SMO El. fusion welded austn. steel pipe HT serv. 30-150 
013 SMO/6MO 254 SMO Wrought aust. s.s. pipe fittings seaml./weld. 30-150 
014 SMO/6MO 254 SMO Forged or rolled pipe flanges/ forged fittings 30-150 
017  SS gr. 660 Stainless steel bolting material 15-60 
020 SUPERDUPLEX UNS S-32750 Austenitic-ferritic castings for press.cont. parts. 60-240 
021 SUPERDUPLEX UNS S-32750 Seaml. and weld. ferritic/ austenitic SS pipes 60-240 
022 SUPERDUPLEX UNS S-32750 Heat resisting stainless steel plate for pres.vess. 60-240 
023 DUPLEX UNS S-31803 Seaml. and weld. ferritic/ austenitic SS pipes 30-150 
024 DUPLEX UNS S-31803 Austenitic-ferritic castings for press.cont. parts. 30-150 
025 DUPLEX UNS S-31803 Heat resisting stainless steel plate for pres.vess. 30-150 
026 SUPERDUPLEX UNS S-32750 Stainless and heat-resist. steel bars and shapes 60-240 
027 SMO/6MO UNS S-31254 Stainl. and heat-resist. steel bars for press.vess 60-240 
028 DUPLEX UNS S-31803 Stainless and heat-resist. steel bars and shapes 30-150 
038 SMO/6MO UNS S-31254 Castings, iron-chrom-nickel, corr. resist. 30-150 
039 SMO/6MO UNS S-31254 Austenitic/ ferritic castings for press.cont. parts. 30-150 
040 DUPLEX UNS S-31803 Wrought ferritic/austenitic SS piping fittings 30-150 
041 DUPLEX UNS S-31803 Forged or rolled pipe flanges/ forged fittings 30-150 
043 SUPERDUPLEX UNS S-32750 Forged or rolled pipe flanges/ forged fittings 60-240 
044 SUPERDUPLEX UNS S-32750 Wrought ferritic/austenitic SS piping fittings 60-240 
049 DUPLEX UNS S-31803 Longitudin. welded tubes f/ hyd. press line od 18 15-60 
051 DUPLEX UNS S-31803 Seaml. cold finished tubes f. hydr. press. lines. 15-60 
052 316L UNS S-31603 Austenitic, aust.-ferr. cast. for press.cont. parts. 15-60 
063 BS5S.100 BS4S.100 S143 Precipitation hardening martensitic stainl. steel 15-60 
068 DUPLEX UNS S-31803 Ferritic/ Austenitic stainless steel pipes 15-60 
100 DUPLEX UNS S-31803 Ferritic/ Austenitic stainless steel forging 15-60 
104 INCONEL UNS N-06625 Inconel 625 plate 15-60 
105 INCONEL UNS N-06625 Inconel 625 pipe 15-60 
106 INCONEL UNS N-06625 Inconel 625 pipe 15-60 
107 SUPERDUPLEX UNS S-32750 Ferritic/austenitic SS piping and fittings 60-240 
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ANDRE MATERIAL BETEGNELSER (Other material terms) 

 
BETEGNELSE 

(Name) 

 
Populær betegnelse 

(name) 

 
Mat.type 

 
Beskrivelse (description) 

Beisetid 
min.* 

(pickling 

time min.*) 
UNS S-32750 SUPERDUPLEX   60-240 
UNS S-32760 SUPERDUPLEX   60-240 
UNS S-32550 SUPERDUPLEX   60-240 
UNS S-31803 DUPLEX   15-60 
UNS S-31603 316L   15-60 
UNS S-31600 316L   15-60 
W.NO. 1.4462 DUPLEX   15-60 
6Mo 6Mo   30-150 
AL6XN SMO/6MO   30-150 
¹UNS R-3006 Stellite 6   10-20 1)           
¹UNS R-3012 Stellite 12   10-20 1)           

1) Komponenter som skal pålegges Stellite 6 eller 12 må beises grundig før påleggingen.     
1) Components that shall have Stellite 6 or 12 must be pickled thoroughly before applying.  

 

Andre rutiner som gjelder 

beiseanlegget og beiseprosessen 
 
Dok. Nr.: 70.3.12 Driftsrutine – Beiseanlegg 
Dok. Nr.: 70.3.22 Instruks for behandling av 
beisevæsker 
Dok. Nr.: 70.3.50 Prosedyre for oppjustering 
av syrebad 
Dok. Nr.: 70.2.16 Arbeidsinstruks for 
operatør, kjemisk overflatebehandling. 
 
Opplæringsplan for personell som utfører 
syrevasking/beising. 
 

Other routines that apply the pickling hall 

and the pickling process 
   
Doc. Nr. 70.3.12 – Operation routine - 
Pickling hall 
Doc. Nr. 70.3.22 – Instructions for treating 
pickling fluids 
Doc. Nr. 70.3.50 – Procedure for upward 
adjustments of acid bath 
Doc. Nr 70.2.16 – Work instructions for the 
operator, chemical surface treatment 
 
Training plan for personnel that conduct acid 
washing/pickling.  
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