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ABSTRACT

Studies on the impact of Hydrogen on the electrochemical and mechanical be-
haviour of Iron-based materials have been increasingly conducted in the past few
years. This is mainly due to the ever-growing demand for sustainable energy
sources, which involve Hydrogen and to meet the high structural and economic
demands from the automobile sector and other industrial demands for which high-
strength steels like dual-phase steels have been developed. Steels may absorb hy-
drogen both throughout the production process and during different phases of use.
High-strength steels (particularly dual phase steels) and martensitic stainless steels
are highly susceptible to hydrogen embrittlement. Moreover, hydrogen embrittle-
ment is already possible at quantities as low as 0.1 ppm[1]. Therefore, understand-
ing Metal-hydrogen interactions is essential.

This thesis aims to study the effect of Hydrogen charging on three different
iron-based materials and the possible effect on the electrochemical/corrosion perfor-
mance. The Iron-based materials used in the study are Pure Iron, DP100o and AISI
420. The methodology involves using an electrochemical procedure based on poten-
tiostatic Hydrogen charging and Cyclic Voltammetry (CV), applied on these Iron-
based materials having different phases to monitor H-uptake in the materials. The
materials are charged with Hydrogen both on the active and passive surfaces. The
electrochemical method is capable of measuring the diffusible H concentration (in-
cluding mobile Hydrogen) for the steel alloys under H-charging conditions. Using
X-Ray Diffraction (XRD) Technique, microstructural analysis is carried out on Pure
Iron, DP10oo and AISI 420 stainless steel to identify the different phases interacting
with Hydrogen. To gain additional insights relating to the electrochemical/corro-
sion performance of the investigated materials and into the H-related findings, po-
tentiostatic polarization techniques, Electrochemical Impedance Spectroscopy (EIS)
and Scanning Kelvin Probe (SKP) are carried out.

As a result, it was discovered that Pure Iron had the maximum amount of dif-
fusible Hydrogen under the charging conditions tested, followed by DP1ooo and
then AISI 420 Steel with the lowest amount. EIS technique was useful in identifying
a trend between the barrier properties of the passive layer and the H desorption
values for the three materials. The results also revealed that materials charged with
Hydrogen on active and passive surfaces behaved differently with respect to the the
amount of Hydrogen desorption. The microstructural features of the active surface
and the passive oxide film that formed on the materials are further discussed in
relation to this.
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INTRODUCTION

The end of the nineteenth century saw emerging interest in research on the relation-
ship between hydrogen and the mechanical properties of Iron-based alloys[26]. It
was found that hydrogen had a damaging effect on the mechanical properties of
many metallic materials such as the alloys of iron (Fe), nickel (Ni)[27, 28] and alu-
minium (Al)[29] among others[30]. For instance, the decrease in fracture toughness
and breaking strain in certain iron-based alloys after immersion in hydrochloric
(HCl) and sulphuric acids (H,SO,) was first reported by Johnson[26]. Since then,
the subject has been widely researched and discussed, and all phenomena related
to hydrogen-induced mechanical degradation and its detrimental effects have fallen
under the umbrella of Hydrogen Embrittlement (HE). In addition to microstructural
characteristics, the hydrogen diffusivity and the hydrogen absorption capacity play
a significant role in how susceptible a metal is to hydrogen embrittlement. Al-
though HE phenomena has been extensively studied, the complexity of the phenom-
ena makes sure that its underlying mechanisms are still reviewed, and new theories
are suggested and discussed.

Hydrogen is the lightest element in the periodic table and at low temperatures
(-50 °C to 100 °C) can diffuse very strongly into steels through coatings, pore layers
and cracks on its surface [31]. The form of H, that can bring about degradation
in metals is usually present in the environment. Hydrogen can be physisorbed on
the surface of the metal as H, molecules (thermal charging) and then undergo di-
rect dissociation to atoms. Or in the absence of an active site, the H, molecules
can undergo surface diffusion and then disassociation [32]. Surface absorption of
hydrogen as H;O" ions (electrochemical charging by proton or water reduction) is
also possible and will follow a similar dissociation mechanism as in the case of the
H, molecule [13]. Most of the diffused hydrogen then gets trapped in the intersti-
tial sites of the regular lattice. Grain boundaries, phase boundaries, dislocations,
vacancies, solute atoms and interfaces between particles or inclusions and the metal
matrix are just some of the many microstructural trap sites for hydrogen[32]. The
solubility of hydrogen in steel is largely dependent on its chemical composition,
structure and temperature.

Hydrogen may interact with iron-based alloys in a variety of applications. Still,
one that is attracting a lot of attention has to do with the energy industry. The
international energy market is undergoing a massive transformation from the more
conventional energy sources: coal, petroleum fuel, and natural gas, to more envi-
ronmentally - friendly energy sources. One such environmentally-friendly energy
route is the conversion of water to hydrogen and oxygen by electrolysis. The hydro-
gen generated can then function as an energy storage medium where the energy
stored can be later converted to electricity through the use of a fuel cell or by some
other means. Another area where a hydrogen related sustainable technology is
replacing a traditionally unsustainable process is the recent plan from Tata Steel,
IJmuiden to pursue the hydrogen route with respect to steel production. For this
plan to be effectively adopted it is very important to fully understand the effect that
hydrogen can have on every facet of the production process. Hydrogen likely will
be an essential pillar in the clean-energy foundation and therefore, ensuring the
safe and cost-effective storage and transportation of H, is of utmost importance. In
the oil and gas industry, HE mainly occurs due to the exposure of steel to gaseous
or liquid hydrogen sulphide (H,S). Hydrogen embrittlement can also occur due to
the cathodic reaction of hydrogen evolution; in a corrosion cell, during an electro-
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plating process, during acid cleaning, during surface treatments like (degreasing,
pickling, tumbling) and in cathodic protection systems[33, 31].

The interaction of H, with metals, in particular with Iron-based alloys such as
High Strength Steels (HSS) and Martensitic Stainless Steels (MSS), is of key interest
in this study. Steels may absorb hydrogen both throughout the production pro-
cess and during different phases of use. High-strength steels (particularly dual
phase steels) and martensitic stainless steels are highly susceptible to hydrogen
embrittlement[34, 35, 36, 37]. Dual phase steels and martensitic stainless steels
are exposed to heat treatments during the manufacturing process, and such heat
treated steel microstructures can have several potential hydrogen trap sites. Certain
dual phase (DP) steel alloys, for example, are composed of ferrite and martensite
phases, where hydrogen can possibly be trapped at phase boundaries in addition to
grain boundaries, dislocations, and lattice vacancies[38]. Several approaches (elec-
trochemical permeation, hot extraction, etc.) can be utilized to gain quantitative
information on the diffusible hydrogen in steel.

Research Approach and Thesis Focus

The present study aims to compare three Iron-based materials - Pure iron, dual-
phase steel and martensitic stainless steel — containing different microstructural fea-
tures and chemical compositions to evaluate the H/material-interaction and also
understand the effect that this interaction has on the corrosion properties of the
material. The main research questions for this thesis are therefore as follows:

e How does the H/material-interaction compare for pure iron, dual-phase steel
and martensitic stainless steel based on their chemical composition and mi-
crostructural features?

e How is the passive oxide layer formed on pure iron, dual-phase steel and
martensitic stainless steel affected by the H/material-interaction?

o What is the aftermath that the H/material-interaction has on the corrosion
properties of pure iron, dual-phase steel and martensitic stainless steel?

These questions will be answered using a combination of different experiments,
both to research the microstructure and corrosion properties. For this purpose,
microstructural characterization using X-Ray Diffraction (XRD) and electrochemical
analyses have been performed.

This thesis is divided into six main chapters.

e Chapter 2 provides an insight into steel microstructure, the corrosion be-
haviour of iron-based materials, the interaction of hydrogen with iron-based
materials, and finally introduces the various methods to qualitatively and
quantitatively analyse hydrogen/material-interaction.

e Chapter 3 will discuss the different materials and experimental methods used
in the study.

o Chapter 4 will present the results obtained from the experimental methods.

e Chapter 5 will discuss the results and analyse what they mean with respect to
the research questions.

e Chapter 6 and 7 will present the conclusions and recommendations for future
research related to this study.
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Materials of Interest

Phase Transformation of Steel

Ferrous alloys have significant technological importance due to their tremendous
versatility of use and their abundance in the earth’s crust (4.2%). Steel is primar-
ily an alloy of iron, small amounts of carbon and other elements the quantities
which, when fine-tuned based on chemical composition can generate a multitude
of materials, all different types of steels, that can cater to various applications. Heat
treatment of steel can produce a wide range of microstructures and properties. The
iron-carbon phase diagram is the basis for all the studies on the heat treatment of
steel(Figure 2.1).
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Figure 2.1: The Fe-C equilibrium diagram up to 6.67 wt.% C. Solid lines represent Fe—Fe;C
equilibrium; dashed lines represent Fe-graphite equilibrium; A1 - the upper limit
of the ferrite-cementite phase field, A3 - The boundary between the austenite and
austenite-ferrite fields, Acm - boundary of the austenite and austenite-cementite
phase field[2].

The Fe-C phase diagram shows the stable temperature-composition regions of
different phases of steel and the equilibrium boundaries between the phases. The
X-axis of the Fe-C phase diagram goes from o wt% up to 6.67 wt% of carbon, and the
Y-axis is a temperature scale. At percentages of carbon less than 0.008%, the metal is
assumed to be pure iron. The phase diagram assumes that the system has attained
equilibrium. However, the effect of alloying elements is not observed in the dia-
gram. Therefore the diagram mostly functions as a guide. Iron alloys that contain
less than 2.14wt% of carbon are known as Carbon Steel (CS), and alloys that have
more than 2.14wt% of carbon are known as cast irons Cast Iron (CI)[2]. Depending
on the temperature and at atmospheric pressure, Iron (Fe) which is an allotropic
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element, can have more than one stable crystal form. The table Table 2.1 shows
the stable temperature ranges for the different phases. When the solid solubility of
carbon in ferrite or austenite, exceeds the limit a new phase called cementite or iron
carbide (Fe;C) is formed. In figure Figure 2.1, along the lines A1, A3 and A.m, the
temperature change is arrested, and phase change occurs. The temperature remains
constant until the phase change is completed (thermal arrest). The effect of alloying
elements on the properties and behaviour of steel will be looked into later.

Table 2.1: Phase - Temperature relation from the phase diagram[24] (Figure 2.1)

Stable alloy phase Temperature range (°C)

‘ Alpha Iron (ferrite)* ‘ 0-912 ‘
‘ Gamma Iron (austenite)* ‘ 912 - 1394 ‘
‘ Delta iron (delta ferrite)* ‘ 1394 - 1538 (Melting Point (MP) of pure iron) ‘
‘ d-ferrite + Liquid = y-iron (austenite), peritectic reaction® | 1495 ‘
‘ Liquid = Fe;C + y-iron, eutectic reaction® ‘ 1148 ‘
‘ y-iron = oferrite + Fe;C, eutectoid reaction® ‘ 727 ‘

* - They constitute the pure iron end of the Fe-C phase diagram
a - Invariant three-phase equilibria, Fe;C is the stable high carbon phase

Different Types of Steel Microstructures

Steel microstructures are complex and diverse. Mainly influenced by various fac-
tors such as the section size, composition, homogeneity and processing, steels can
generate a multitude of microstructures. To illustrate the microstructures that will
be discussed, SEM and optical microscopy images are shown in Figure 2.2, Figure 2.3
and Figure 2.4.

o- lron and Ferrite

Alpha iron is a Body-Centred Cubic (BCC) form of iron that is stable in the tem-
perature range mentioned in table Table 2.1 while ferrite is a solid solution in BCC
iron. At room temperature, ferrite is stable in pure iron until 912°C, after which
the Face-Centred Cubic (FCC) austenite phase is stable. Still, then it reverts to ferrite
(high-temperature ferrite, also known as delta ferrite) at 1394°C. Atomic volume
expansion of approximately 1-3% accompanies the change from austenite to alpha
ferrite[39]. It is essential to understand their geometry since that provides an un-
derstanding of the solubility of non-metallic elements such as carbon, nitrogen and
hydrogen. The solubility of carbon in ferrite that is in equilibrium with cementite
is very low for low temperatures[39]. The maximum solubility of carbon in ferrite
is about 0.02 wt.% carbon at 727 °C[24]. The morphology of ferrite can change
drastically based on the cooling rate and chemical composition.

Austenite or y- Iron

Austenite is a FCC form of iron that is stable in the temperature range mentioned
in table Table 2.1. It is possible to retain austenite to room temperature by the
addition of alloying elements like Ni and Mn. Carbon has a much higher solubility
in austenite, which is stable in higher temperatures, compared to ferrite, which is
stable at lower temperatures[24]. At 1148°C, austenite can dissolve up to 2.11% of
carbon. The cooling down of austenite to the ferrite phase comes with the associated
reject of carbon by diffusion.



21.2.3

21.24

21.25

2.1 MATERIALS OF INTEREST |

Figure 2.2: Austenite microstructure of the tested steel processed by recrystallization con-
trolled rolling and ultra fast cooling [3].

Cementite

Cementite, also known as iron carbide (Fe;C), is a metastable phase and has an or-
thorhombic crystal structure. The equilibrium state of cementite is graphite. There
are plenty of carbide phases present in steels; among them, cementite is the phase
that is most commonly found. Cementite is formed as a new carbide phase to ac-
commodate the substitutional alloying elements, including carbon that gets rejected
when the solid solubility of the ferrite or austenite phase is exceeded[40, 41].

Figure 2.3: Microstructure of pearlite, a lamellar mixture of ferrite and cementite[4].

Pearlite

Pearlite is a mixture of ferrite and cementite that is formed below a temperature
range of 1150°C to 723°C and due to the eutectoid decomposition of austenite upon
slow cooling. The diffusion of carbon atoms during the cooling lets the ferrite and
cementite grow contiguously. The transformation of austenite to pearlite usually
takes place in the grain boundaries of austenite as they are regions of high energy
and have a greater atomic disorder than inside the grain. The carbon precipitates
as Fe;C between ferrite laths, and forms parallel laths of Fe and Fe;C. This unique
lamellar morphology is usually noticed in pearlite[4].

Bainite

Bainite, like pearlite, has a two-phase microstructure that usually includes ferrite
and cementite. It is formed by the cooling transformation of austenite with a cooling
rate higher than that of pearlite but lower than that of martensite. There are two

5
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forms of bainite, upper bainite and lower bainite. Bainite has one of the most
complex solid-state phase transformations to understand because of its formation
in a temperature range that is neither so high that the atoms are very mobile nor
so low that the atoms cannot diffuse quickly. In this intermediate range, it may or
may not be possible for the carbon to diffuse. Upper bainite forms at temperatures
between 550°C and 400°C and lower bainite forms at temperatures between 400°C
and 250°C[42]. Unlike pearlite, bainite has a non-lamellar carbide distribution and
grain structure that is finer. Nucleation during transformation starts due to partial
shear.

Martensite

Martensite is a Body-Centred Tetragonal (BCT) form of iron that is formed due to
the rapid cooling of the austenite phase. It is a tough and brittle phase mainly
due to the microstructure being supersaturated with interstitial carbon. There is
no diffusion carbon but a sudden diffusionless shear process that occurs during
martensite formation. Based on the composition of steel, a temperature range can
be set to define the martensite start and finish temperatures(Ms and My)[42].

Figure 2.4: Main scenarios of phase transformations in steel[5].

Alloy Properties

The choice of alloying elements in stainless steel is crucial for its properties. In mul-
ticomponent steels, the starting structures are the basic allotropes of iron. Some al-
loying elements may replace the iron atoms in the FCC or BCC structures due to their
similarity in size and electronic structure. These elements are called Substitutional
Alloying Elements (SAE) as they form substitutional solid solutions with iron. Ni
and Mn (stabilize the FCC iron), Cr and Mo (stabilize the BCC iron) are examples
of SAE. Interstitial Alloying Elements (IAE) as the name suggests are elements that
are substantially smaller in size than the iron atoms and therefore take positions
in the interstices between the Fe atoms. Carbon and nitrogen are examples of IAE.
Hydrogen, the smallest atom that can be found in steel can diffuse large distances
instantaneously even at room temperature. The capability of the iron allotropes to
dissolve the IAE is one of the main reasons for the variety of steel microstructures.
Alloying elements such as Cr, Mo, Ti, V, and Nb are added to steel to improve their
mechanical properties since they are strong carbide forming elements[24]. Alloy-
ing elements can also be divided based on their effect on the equilibrium diagram.
They can be vy-stabilizers that expand the y-field by encouraging the formation of
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the austenite phase or be o-stabilizers that contract the y-field and encourage the
formation of ferrite over a wider compositional limit.

Figure 2.5: SEM image showing a typical microstructure of a DP steel. The darker, smooth
areas are ferrite. The light-colored,embossed islands are martensite[6].

Table 2.2: Effect of alloying elements on DP steels [25]

Alloying element Effect on the material

Strengthens the martensite

¢ Stabilize the austenite
Mn Solid solution strengthening in ferrite
Stabilize the austenite
‘ Cr ‘ Retards pearlite or bainite formation ‘
‘ Mo ‘ Retards pearlite or bainite formation ‘
‘ Si ‘ Promotes ferrite formation ‘
‘ v ‘ Precipitation strengthening and microstructure refinement ‘
‘ Nb ‘ Precipitation strengthening and microstructure refinement ‘

2.1.4 Stainless Steels

Stainless steels (SS) is a type of ferrous alloy that distinguishes itself from other
ferrous alloys due its corrosion resistant properties. The corrosion resistance of SS is
mainly in part due to the presence of Cr, in quantities ranging from 10.5% to 30%,
and other alloying elements such as Ni[43]. The presence of an appreciable amount
of Cr in sS leads to the instantaneous formation of chromium oxide, on the surface
of the steel, which acts as a protective layer. There are five major varieties of SS on
the basis of their crystal structure: AsS, Ferritic Stainless Steels (FSS), Mss, Duplex
Stainless Steels (DsS) and Precipitation Hardening Stainless Steels (PHSS).

2.1.4.1 Austenitic Stainless Steel (ASS)

ASS is the most commonly used type of Ss with a primarily austenitic crystal struc-
ture. These iron based alloys have greater corrosion resistance than FSs and Mss,
and exceptional mechanical properties over a wide range of temperatures. Most
grades of ASS are paramagnetic in nature. Ni, Mn and N can be used as austenite
phase stabilizers, Cr is used to improve corrosion resistance and Mo can be used to
generate resistance against pitting corrosion.
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Ferritic Stainless Steel (FSS)

FsSs is a type of s with a primarily Ferritic (BCC) crystal structure. It differentiates
itself from other Ss by the presence of higher quantities of Cr. FSS also has very low
or no Ni in it, which is also the case for Mss. FsS IS not hardenable by heat treatment
and is magnetic. They also have carbon percentages below 0.2%[44].

Martensite Stainless Steel (MSS)

Martensitic grades have high strength, wear resistance, fair corrosion resistance and
are magnetic. Their compositions are close to the composition of ferritic stainless
steels. Addition of nickel, copper and molybdenum to the steel improves its tough-
ness and corrosion resistance. Light water reactors (LWRs) and other industries use
martensitic stainless steels (MSSs) such as Type 403, 410, and 420 as components of
pumps, valve seats, stem rods, nuts, and blots[34].

Duplex Stainless Steel (DSS)

Dss are iron based alloys with two crystal phases, an austenite phase and a ferrite
phase. Their design focuses on providing greater corrosion resistance and higher
strength compared to most standard grades of AsS. With respect to its composition,
DsSs has higher quantities of Cr (20 - 28%) and Mo, and lower amounts of Ni with
respect to ASS[45].

Precipitation Hardening Stainless Steel (PHSS)

PHSS are steels such as martensitic, austenitic or semi-austenitic steel that can be
precipitation hardened to yeild a material that has exceptionally high strength and
has a corrosion resistance equivalent to that of Ass. Alloying elements such as
aluminum, copper and niobium can be added to increase the strength of the alloy.

Advanced High Strength Steels

Advanced High Strength Steels (AHSS) are multiphase steels which have a minimum
tensile strength of at least 440 MPa[46]. They are lightweight and have high tensile
strength. The impressive formability of AHSS is what makes it appealing to the au-
tomobile industry. AHSS usually has a ferrite phase in combination with another
constituent or phase such as martensite, bainite, austenite or retained austenite. De-
pending on the phase combinations present, steels with unique properties can be
designed. Dual Phase steel is a highly popular type of AHSS that is used predomi-
nately in the automobile industry. Transformation Induced Plasticity (TRIP) steel is
another example of an AHSS and they have multiple crystal phases such as ferrite,
martensite, bainite, austenite and/or retained austenite.

Dual-Phase Steel (DP Steel)

DP steels are high strength automotive sheet steels that have a mixed microstruc-
ture that is formed as a result of its chemical composition and the application of
mechanical and thermal treatment. DP steels have high strain hardening, High uni-
form elongation and low yield strength to tensile strength ratio. Tensile Strength (T5)
of DP steels usually range from 450 to 1200 MPa[47]. With respect to its microstruc-
ture, when low or medium carbon steels are cold rolled followed by continuous an-
nealing and quenching from a temperature between the A1 - A3 range, they result
in the formation of a ductile ferrite matrix that is interspersed with high strength
“hard” martensite islands[47]. Figure 2.5 shows a typical microstructure of DP steel.
While the ductile ferrite phase offers good formability, the martensite phase offers
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substantial strengthening. DP steels are generally prone to hydrogen embrittlement
due to the presence of high carbon martensite (Carbon percentage in martensite,
Cym 0.6%)[47]. The effect of alloying elements on DP steels can be seen in table
Table 2.2.

Basics of Corrosion and Corrosion Prevention

Corrosion is defined as ‘an irreversible interfacial reaction of a material (metal, ce-
ramic, polymer) with its environment which results in consumption of the material
or in dissolution into the material of a component of the environment[48].” The
deterioration of the metal to its more stable form (such as its oxide, hydroxide or
sulphide state) is a result of corrosion. Corrosion processes occur on the surface,
and the type and rate of corrosion are hugely dependent on the metal and the en-
vironmental conditions around the metal. It is essential to understand the chemical
and physical conditions of the interface between the metal and the surrounding en-
vironment. The chemical composition, microstructure and stress of the bulk-solid
phase of the metal are important parameters that define the corrosion process and
influence the electrochemical properties of the metal. The electrolytic medium and
its properties are also essential in understanding corrosion phenomena.
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Figure 2.6: Rust, the Result of Corrosion of Metallic Iron. Iron is oxidized to Fe**(aq) at
an anodic site on the surface of the iron, which is often an impurity or a lattice
defect. Oxygen is reduced to water at a different site on the surface of the iron,
which acts as the cathode. Electrons are transferred from the anode to the cathode
through the electrically conductive metal. Water is a solvent for the Fe** that is
produced initially and acts as a salt bridge. Rust (Fe,Oj3 - xH,O) is formed by the
subsequent oxidation of Fe**by atmospheric oxygen [7].

For instance, in the electrochemical process of corrosion of steel in an aerated
neutral/alkaline solution which can be thought to occur in stages, the anodic site
releases ferrous ions into the solution first. The electrons from the oxidation of the
anode travel through the metal to the adjacent cathodic site in the material where
reduction to hydroxyl takes place (see Figure 2.7). In the case of an acidic medium
or an aerated acidic medium, H, gas or H,O is generated. Steels and iron are used
in various applications both structurally and otherwise; making sure that these
engineering systems do not fail due to corrosion is critical. Many researchers have
investigated the influence of microstructure on the corrosion behaviour of different
steels. The primary reaction involved in steel corrosion is the conversion of steel to
its oxide form in the presence of oxygen and moisture (see Figure 2.6). Due to the
presence alloying elements in steel such as Cr, at certain environmental conditions,
a passive oxide layer forms on the surface of the steel. This passive film is both
chemically and physically stable and acts as a protective layer. Studying the passive
film properties of steels leads to a better understanding of its corrosion resistance
and mechanical behaviour.

There are a couple of ways to combat the corrosion of steels. One way to prevent
the corrosion of steel is by using the method of cathodic protection. Cathodic pro-

9
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Figure 2.7: Schematic representation of the corrosion mechanism for steel [8].

tection prevents corrosion by shifting the electrode potential to a lower value so that
the surface to be protected is negatively polarised. The anodic (active) sites on the
metal surface get converted to cathodic (passive) sites by providing free electrons
from an external source. One way this can be achieved is by using sacrificial anodes,
which is a less noble metal than the metal to be protected. Galvanized steel is an
example of a sacrificial anode, where steel is dipped into a bath of molten zinc. The
zinc undergoes the anodic reaction instead of the steel, thereby protecting it (see
figure 2.8).

Environment

. Zing

Figure 2.8: The release of electrons by the more active zinc layer causes the iron to be
cathodic[9].

Anodic protection is another method, by which the rate of corrosion can be sig-
nificantly reduced. This method involves shifting the electrode potential to a higher
value so that the surface protected is positively polarized. Anodic protection con-
verts the active state of the metal to the passive state. Passivation happens when
there is a sudden reduction in the corrosion resistance of an active metal due to pos-
itive polarization of the metal surface, which thereby increases the oxidizing power
of the environment. In the case of stainless steels, the presence of Cr leads to the
formation of a thin film of chromium oxide on the steel surface when exposed to
oxygen. Passivity can be best explained using polarization curves. Starting from
the corrosion potential (Eorr), if the potential is increased until the passivation po-
tential (Epgss), a critical current density (ic,) is reached. A substantial reduction in
the current density follows this, which is caused by passivation.

In the passive region, the current density remains more or less constant. Increas-
ing the potential further, a point is reached, beyond a certain value called Ej, where
the current density increases again, indicating movement into the transpassive re-
gion (see figure 2.9). The sharp increase in current can be due to the breakdown
of the passive layer or the onset of another reaction[49]. Ej, can be called the break-
down potential when it corresponds to the breakdown potential.
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Figure 2.9: Anodic polarization and overvoltage curve for iron in 1 N H,SO,,[10].

The presence of dispersed chromium in the crystal lattice of stainless steel makes
the steel resistant, to a large extent, to corrosion degradation. Chromium, by passi-
vation, can rapidly form a thin oxide layer (Cr,Oj;) on the surface of the metal. This
oxide layer prevents the further oxidation of the original metal layer underneath
the chromium oxide layer. The Cr,Oj; layer formed is and must be highly stable,
well bonded to the metal, thin, and free of pores and other defects. Another way of
preventing or reducing the effects of corrosion is by using corrosion inhibitors. Cor-
rosion inhibitors are substances that can be added to the metal environment in small
amounts to reduce, slow down or prevent the corrosion of the metal. Corrosion in-
hibitors can be anodic, cathodic, or mixed. The use of paint coatings and chemical
conversion coatings on metal is also a suitable method of corrosion prevention, but
it is out of the scope of this work.

Passivation

Passivity is primarily the loss of chemical reactivity experienced by metals when in
certain environmental conditions. There are two competing theories for the cause
of passivity in metals. One is the oxide film theory, which assumes that passivity
is due to the formation of an oxide layer on the metal’s surface. The other theory
is that passivation is a process in which oxygen is adsorbed onto the metal surface.
Since oxide films can be formed via stages of oxygen adsorption, the two theories
do not conflict too much. To prevent the anodic dissolution of the metal, the oxide
layer has to have low ionic conductivity and low solubility[10]. These characteristics
of the passivating oxide layer will prevent considerably the transportation of the
metal ions in the crystal lattice of the metal to the liquid environment. But the
slow dissolution through the oxide layer is still possible, and it corresponds to the
passive current density (iy). The i) is usually much lesser than the current on an
active surface at the same potential. Three major kinds of surface oxide layers can
be grouped to study the practical effects of corrosion[10].

e Surface films that can impede the anodic dissolution effectively while allowing
cathodic reactions (electron transfer) to take place across the external surface
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of the film. Fe, Ni, Cr, and their alloys are examples of this type of surface
layer formation.

e Surface films that can impede both anodic dissolution and cathodic reactions.
Oxide film layers formed on aluminium are an example of such a surface layer.

e The deposition of corrosion products like rust and salts can reduce the anodic
and cathodic reaction, but not adequately enough to give effective passivity.
The surface layer thus formed will be porous.

In certain pH ranges, when the potential is changed some metals can change from
an active state to a passive state. These metals are called active-passive metals
and Fe, Ni, Ti, and their alloys are some typical examples. Pourbaix diagrams
can be used to understand the passivation behaviour of these metals with respect
to pH levels close to the metal surface. In fig. 2.10 a side by side view of the
Pourbaix diagram of iron in water with the anodic overvoltage diagrams of the
same is shown. The figure shows corresponding regions of immunity, activity and
passivity. It can be seen that the passive state illustrated in the overvoltage curve
indicates a thermodynamically stable Fe,O;.
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Figure 2.10: Pourbaix diagram and anodic overvoltage curves for iron in water[10].

Passive films on the surface of steels can be either formed naturally or can be
artificially induced by immersing the steel in an electrolyte or by applying anodic
polarization in the Ep,ss region. Corrosion resistance gained from artificial passiva-
tion would be much more superior when compared to corrosion resistance gained
from passivating naturally[50]. An alternative for anodization of alloys to gain high
quality passive films would be cyclic potentiodynamic anodization (CPA)[51].

The stability of the passive layer is essentially denotes the ability of the passive
layer to maintain its state of passivation. It can be characterised by the Efja4e, Epass,
the potential at which passivation ends and the i, in the passive region. Generally,
having a higher E, means the passive layer is more stable.

Properties of the Passive Layer on Iron-based Alloys

The degree of passivation is determined by the stability, compactness, and conti-
nuity of the surface film formed, which in turn is governed by the kinetics of the
system. Meanwhile, the stability of the oxide layer formed on steel is dependent
on the composition of the alloy and the environment, the passivation temperature
and the passivation time. The oxide layer thus formed mainly consists of iron oxide
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and if chromium and molybdenum are present, chromium oxide and molybdenum
oxide.

To better understand the properties of the passive layer on steels it is important
to understand the passive layer formed on pure iron. From the equilibrium Fe-O,
phase diagram in fig 2.11, it can be predicted that a eutectoid mixture of O, and
Fe;O, will be formed at standard conditions. The oxide layer thus formed is very
thin (20-100 A) and very difficult to unambiguously characterize. This ambiguity
arises due to the thinness of the film and its similarity in electron density to the
metal substrate underneath[52].
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Figure 2.11: Equilibrium phase diagram for the iron-oxygen system. a, ferrite; v,
austenite[11].

Since the formation of the passive film is essentially the result of dynamic equi-
librium of the system, the thickness of the film depends on the favorability of the
oxidation reaction. If the rate of oxidation is more that the rate of diffusion of metal
ions, then the thickness of the film increases and vice versa. In austenitic stainless
steels exposed to an acidic environment, increasing the potential of the system to-
ward more positive values can result in increasing the thickness of the passive film
The range of potential when increased from the Flade Potential ("The flade poten-
tial is an indication of the change in gibbs free energy of a metal immediately before
the final transition step from the passive to the active region[53].”) to the potential
at the transpassive region, the passive layer showed an increase in thickness from
0.8 to 2.5 nm[54].

Passive layers can be imagined as semiconductors as they show semiconductor
like behaviour, which in turn can be used to improve the corrosion resistance of
the material. Depending on the dominant imperfections in the passive layer, n-type
and p-type semiconductor behaviour can be determined. If there is insufficient
metal ions or extra cation vacancies in the passive layer, then the layer is said to
show p-type behaviour. Similarly, the presence of extra cations in the interstitial
sites or anion vacancies in the passive layer, can be be attributed to the passive
layer showing n-type behaviour[55]. Mott-Schottky analysis is widely utilized to
understand the electronic behaviour of the passive layer by estimating the point
defect concentrations in the crystal structure of the passive layer. The Mott-Schottky
plot is a representation of the reciprocal square interfacial capacitance as a linear
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function of the applied potential. In a study[55] on the semiconductor properties of
the passive layers of ferritic stainless steels, it was observed that the inner Cr-rich
film showed p-type semiconductor behaviour, while the Fe-rich outer layer showed
n-type semiconductor behaviour. This behavior of Fe and Cr can be generalised for
most stainless steels.

It is the general idea that the passive layer formed on stainless steels is a bilayer
structure comprised of an inner iron-chromium-rich oxide and a precipitated outer
hydroxide layer. Stainless steels rich in Cr usually have oxide layers that describe
a bilayer model. An anhydrous inner layer which is Cr-rich, mainly Cr,O; and
Cr(OH); and outer fe-rich hydrated layer, mainly Fe,O; and Fe(OH),/Fe(OH);.

Qiang Guo et al.[56] studied the passive film formed on the martensitic stainless
steel in neutral 3.5 wt% NaCl solution at different potentials. The study found that
the passive layer formed at passivity potential is composed of iron oxides-rich outer
layer (FeO, Fe,O;) and an inner layer rich in chromium oxides (Cr,O5, Cr(OH);)
while the passive film formed at open circuit potential(OCP) shows a single layer
rich in chromium oxides(Cr,O5, Cr(OH); and Fe).

During the passive layer formation on dual phase steel, the diffusion stage, which
involves the diffusion of oxygen ions through the metal oxide layer to the metal
substrate, controls the layer formation process. The electrochemical reaction process
is faster than the diffusion process and gets activated at the metal-metal oxide layer
interface. This results in the passive oxide layer being an n-type semiconductor, as
the layer predominates in oxygen vacancies or metal ions[57]. Some studies show
that the Dual phase steels can be assumed to have a passive layer with a bilayer
structure composed of an inner magnetite (Fe;O,) layer and an outer maghemite
(v-Fe.O3) layer[58, 59]. Due to the composition of dual phase steels, it is possible
to exclude the effects of alloy elements and focus on the effects of the two different
crystal phases.

Kei Yanagisawa et al.[12] studied the passive layer formed on dual phase carbon
steel (50F50M - 50% Martensite and 50% Ferrite) by comparing it with the passive
layers formed on carbon steel sheets of pure ferrite phase (100F - 100% Ferrite) and
pure martensite phase(100M - 100% Martensite). The study showed that the reactiv-
ity of the pure martensite sample surface was higher than the pure ferrite sample
surface. The dynamic polarization curves of the three samples show that the Eor
for the dual phase sample lies in between the 100M and 100F samples, with the
100M sample having lower E., values. The higher reactivity of the martensite
phase surface was attributed to the high surface energy of the martensite phase.
From the Mott-Schottky plots of steel specimens after film formation (see figure
2.12), it can be seen that the passive layers on all the specimens show n-type behav-
ior with a positive slope for all the curves. The Mott-Schottky equation for n-type
semiconductors was used,

)(E_Efb_ —), (2.1)

where C~2 (10%cm*F_5),is the reciprocal square interfacial capacitance of the passive
layer, e is the elementary charge, Np is donor density, ¢p an de are permittivity in
vacuum and the relative permittivity, respectively, Ey, is flatband potential, k is
Boltzmann constant and T is absolute temperature. Mott- Schottky plots of the
three samples showed that the donor density (Np) values, obtained from the slope
of the curves, indicated higher values for the 50F50M and 100M samples compared
to the 100F sample. Since the number of defects in the passive film is related to
the Np, Yanagisawa ascribed the higher Np of the samples with martensite, to the
large number of lattice mismatches in the martensite phase compared to the ferrite
phase. Additionally, the grain boundaries in the 50F50M phase was said to form a
defective passive layer due to the different crystallographic orientations of the two
phases involved. The passive film layer on dual phase steel is illustrated in figure
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Figure 2.12: Mott-Schottky plots of steels after film formation at the film formation
potential(E¢) = 0.9 V (SHE) for 3600 s[12].

2.13. It can be seen that the oxide layer on the martensite surface is thicker than that
of the ferrite phase and has a larger fraction of Fe;O,. The study concluded that the
passivation behaviour of dual phase steels is limited by the partial passivity of the
martensite phase.

metal

Figure 2.13: Schematic of passive film on dual-phase steel[12]. The thickness is in the order
of nanometers.

Passive Layer Breakdown

Any factors that compromises the oxide formation on the metal surface are a cause
for concern. Chlorine ions, which can be abundantly found in seawater and other
saltwater environments, can inhibit oxide formation and compromise the integrity
of the oxide layer formed, thereby posing a risk to metals that are protected by pas-
sivation. The formation of a defective oxide layer can also lead to corrosion degra-
dation of the metal. Barbucci et al.[60] found that when the electrolytic medium has
sulphate or chloride ions and the steel (304 stainless steel) has been cold worked, its
increased susceptibility to pitting corrosion is due to dislocation pile-up. The pres-
ence of defects in the grains and at interfaces leads to the formation of a defective
oxide layer. Austenization of a ferrite/perlite matrix to yield a ferrite/martensite
matrix after quenching can lead to the release of chromium from carbides and the
release of Carbon due to the austenite phase having higher solubility. Austenizing
at high temperatures of up to 1100°C can increase the general corrosion resistance
by the dissolution of carbides thus leading to the increase of chromium in the alloy
matrix. But further increase in the austenizing temperature will be counterproduc-
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tive as the release of additional carbon results in internal lattice stress. The presence
of these internal stresses can cause the passive layer to be defective[61].

Exposing the passive layer to halide environments can cause the oxide layer to
break down locally[62]. If repassivation does not occur, those areas may be sus-
ceptible to pitting or crevice corrosion. The next chapter will discuss the effect of
Hydrogen on the passive layer of steels.

Hydrogen in Steels

It is a well-known fact that the presence of hydrogen (H) in metals, leads to a deteri-
oration in the metals’ mechanical and corrosion properties, which leads to a decline
in its overall performance. Hence, it is crucial to understand the mechanisms of
interaction between hydrogen and the metal. Over the last decade or so, the in-
terest into hydrogen and its effects on the performance of steels has progressively
increased. To satisfy the high structural and economic demands from the auto-
mobile sector and other industrial demands, high strength steels like dual phase
steels have been developed. But, these steels have been reported to be susceptible
to hydrogen induced degradation. Hydrogen can enter the steels in the production
phase, during assembly and finishing, and while in service due to environmental
factors. Hydrogen can also enter the steel during electrochemical processes such
as pickling, electroplating and the the cathodic protection process to reduce corro-
sion degradation of the steel. Cathodic reduction reactions can take place on the
surface of the steel, and generate H,. The decomposition of the electrolyte will also
produce H™ ions that can enter and get absorbed into the steel. The hydrogen that
has entered the metal can accumulate at internal defects in the metal. Hydrogen
absorption reactions can be studied using charging or permeation methods, see
section 2.5.
Hydrogen transport behavior can be characterized by three points of interest,

e Absorption/desorption — How does the hydrogen enter and leave the mate-
rial?

e Diffusion - How fast or slow does the hydrogen move within the material ?
e Solubility - How much of the hydrogen is there in the material?

In the upcoming sections, these mechanisms and properties will be discussed in
detail.

Hydrogen entry and evolution

While some of the hydrogen formed in the reaction combines to release hydrogen
gas, a portion of it stays in its monoatomic form and enters the metal surface. In the
case of most metals, hydrogen can be physisorbed on the surface as H, molecules
(thermal charging) and then undergo direct dissociation to atoms H*. Or in the
absence of an active site, the H, molecules can undergo surface diffusion and then
dissociation. A study by Besenbacher et al.[63] also notes that adsorbtion of hydro-
gen on the metal surface can induce surface reconstruction. Hydrogen evolution
is a part of the cathodic reduction reaction in many electrochemical systems. The
process usually takes the form,

M + H,O — MO + H,, where M is the metal electrode.

The hydrogen cathodic reactions are governed by the surface reaction steps asso-
ciated with chemisorbed H: hydrogen adsorption desorption, H — H combination
and surface — bulk diffusion. To predict the conditions for hydrogen uptake (entry
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rate) into the metal with any accuracy requires knowledge of many variables, such
as,

e nature of the metal,

e thermal-mechanical history of the metal,

e surface conditions of the metal,

e composition of the electrolyte,

e cathodic current density or electrode potential,
e temperature of the system[13].

The kinetics of the hydrogen reduction reaction at the cathode, on bare metal elec-
trode surfaces, is determined by the cathodic overpotential, and surface conditions
such as, density of sites in the metal for adsorption of hydrogen and the free energy
of the hydrogen that has been adsorbed[13]. Figure 2.14 shows the energy potential
vs distance (w.r.t the metal) curves for hydrogen in or near the metal. It shows the
different hydrogen states such as the physisorbed and chemisorbed H in the initial
few atomic layers, the H in the sub-surface of the metal and the dissolved H in the
bulk[32].
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Figure 2.14: Diagram of the potential energy vs. distance curves for the various Hydrogen
states at the metal-gas interface; the two adsorption states (weakly bonded, on-
top, sites and strongly bonded, chemisorbed, sites), the sub-surface state (Hss)
and the bulk dissolved (absorbed) state H;qs.[13]

The hydrogen surface reactions in an aqueous electrolyte involve two different
pathways for hydrogen uptake into the metal. Hydrogen adsorption in an aqueous
medium can either occur chemically by the dissociation of dissolved hydrogen or
electrochemically from H;0" or H,O depending on the pH of the electrolyte.

e Chemical pathway for H adsorption

— First the dissolution of hydrogen gas in water takes place,
H,(g) = Ha(aq)

— Then the dissolved hydrogen is transported to the surface of the metal
electrode

— Finally, direct dissociative adsorption takes place,
H,(aq) + 2(M)ag == 2H(ads)(M)aq, where (M)aq is a hydrated site
where the H can be adsorbed and H(ads)(M)aq shows the H atom that is
adsorbed in a site (M)aq and hydrated.
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e Chemical pathway for H desorption

— The reverse reactions of H adsorption is the combination desorption of
hydrogen atoms. it is also known as the Tafel reaction.

e Electrochemical pathway for H adsorption (Volmer reaction)

- In this pathway, hydrogen adsorption is assisted by the presence of a
potential difference. Depending on the pH, reduction of H;O" or H,O
takes place.

- In an acidic electrolyte, after the rapid transportation of the hydrated
proton from the solution to the double layer on the cathodic electrode
surface, the hydrogen is adsorbed by electron transfer from the metal
electrode to the H;0O" in the outer Helmholtz plane.

H;0%(aq) + e-(\p) + (M)ag — H(ads)(M)aq

- In a neutral or basic electrolyte,
H,O() + e-oy + M)aq — H(ads)(M)aq + OH™ (aq), where e-(y; is an
electron from the metal M. This reaction is less dominant that the pro-
ton adsorption reaction and mostly only takes place when the proton
concentration is low.

e Electrochemical pathway for H desorption
The recombination of H3OJr or the recombination ofH,O, depending on the
pH can lead to electrodesorption of the hydrogen.

— In an acidic electrolyte,
H(ads)(M)aq + H;0"(aq) + e-(;) — Ha(aq) + (M)ag

— In a neutral or basic electrolyte,
H(ads)(M)aq + H,O(l) + e-yy — Ha(aq) + OH(aq) + (M)aq

e Surface - Bulk (of the metal electrode) transfer
H(ads)(M)aq + [M] — Hdiss[M] + (M)aq, where [M] indicates a vacant inter-
stitial site in the bulk metal matrix and Hdiss[M] indicates a hydrogen atom
that is bonded to the [M] site.

Surface modifiers on the metal such as a metal oxide layer or the presence of elec-
tronegative elements of columns 14-17 in the periodic table, that are chemisorbed
can influence H entry into the metal. While pure metal oxide layers are immune to
H gas adsorption by dissociation, they cannot completely withstand the adsorption
of atomic hydrogen, which in certain stoichiometric oxides can diffuse relatively
fast. At temperatures below 400°C, hydrogen adsorption is impeded by the oxide
film layer on the metal substrate[13]. Likewise, passive layers formed of metal sur-
faces after anodization can impede hydrogen adsorption. On most transition met-
als, the presence of electronegative elements in the electrolyte is said to poison the
surface hydrogen reactions that take place, since these elements are more strongly
chemisorbed than H on the metal. The addition of elements from groups 15 and 16
of the periodic table in the electrolyte can promote the penetration of hydrogen into
the bulk metal for metals such as iron and steels, Pd, and Pt[13].

The described model in Figure 2.14 for H adsorption and absorption does not take
into account the passive oxide layer that is present in most corrosion resistant alloys,
like stainless steels. Intuitively, it can be assumed that the presence of the oxide layer
adds another hindrance to hydrogen absorption. The oxide film decreases the rate
of hydrogen uptake into the metal[32].

Perng et al.[64] summarised the method of hydrogen evolution and entry in iron
and nickel as shown below, where M denotes either iron or nickel, and k1,k2,k3
and k’3 are reaction rate constants. The reaction shows a combination of discharge-
chemical absorption. This reaction follows the model of electroadsorption of hy-
drogen mentioned previously. From a review of literature done by Perng, it was
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concluded that in the case of iron and nickel, for electrochemical means of hydro-
gen charging, the hydrogen solubility in the metal was proportional to the square
root of the cathode charging current density (?? will give a better idea about hydro-
gen charging of metals).

+ _ k1 k3
H"+e™ + M — MH(ads) k: MH (abs)
3
¢

+ MH(ads) — 2MH(ads) 2 H, + M
Bockris et al.[65] on the issue of hydrogen entry and evolution in o-Iron (acid
electrolyte) summarised that the presence of grain boundaries did to affect the hy-
drogen permeation rate or the hydrogen entry mechanism, since the permeation
rate was found to be similar for both single crystal and polycrystalline iron.

Hydrogen Solubility - Iron and Steels

Thorough knowledge of the quantity of hydrogen in metals and its distribution
in the metal lattice is important to better understand the effect of H on the metal.
The lattice solubility of hydrogen in metals varies over a range of 10710 — 10~ 'mol
cm~3[66]. The hydrogen solubility in a metal influences the concentration of H that
can be found in the metal which thereby influences the mechanical properties of
the metal. If the hydrogen dissociation enthalpy is greater than or less than zero,
the hydrogen absorbtion in metals can be an exothermic or endothermic process. If
AHpyziss < 0, the process is exothermic and the concentration of H decreases with
increasing temperature and if the = AHpy ;s > 0, the process is endothermic and
the concentration of H increases with temperature. Iron displays an endothermic
behavior regarding hydrogen absorption.

Iron which has a BCC structure has a low hydrogen solubility of about 3x10~mol
cm=3,2 — 3x1078H/Fe at 25C and 1 atm. Apart from the hydrogen in the bulk
solution of the metal, hydrogen can be trapped at lattice defects or interfaces. H can
also be chemically combined with impurities in the metal. At ambient temperatures,
in pure iron, the hydrogen can be found not in the crystal lattice but at trapping
sites.

The solubility of Hydrogen in steels is largely dependent on the steels’ crystal
structure, alloy composition and temperature. The amount of hydrogen in steels
usually does not exceed 1 mass ppm[67]. Compared to hydrogen solubility in pure
iron at room temperature, the solubility in steel is higher mainly due to hydrogen
being trapped at lattice defects. H is found to be more soluble in the austenitic phase
than the ferrite or martensite phases. The solubility of hydrogen in duplex stainless
steel with 50% austenite phase is determined by the solubility in the austenite phase.

Ferritic steels have solubility rates that are close to that of « — Iron, while austenitic
stainless steels have solubility rates that are 3 - 20 order of magnitude larger. These
higher solubilities are firstly due to the different crystal structure of austenite and
secondly due to the presence of alloying elements such as Ni and Cr. Retained
austenite phase is also known for its high hydrogen solubilities.

A study by Song et al.[68] explains exactly why H is more soluble in the austenite
phase than the ferrite phase with respect to its crystal structure. Comparison of
the hydrogen dissolution enthalpy for hydrogen at interstitial and octahedral sites
in both austenite and ferrite phase was done. It was found that in the austenite
phase, hydrogen favoured the octahedral sites while in the ferrite phase, hydrogen
favoured the interstitial sites. The hydrogen dissolution energy for H at octahedral
sites in the austenite phase was smaller than that for H at interstitial sites in the
ferrite phase. This shows the favourability for the hydrogen being more soluble in
the austenite phase than the ferrite phase.
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Martensitic steels are said to have high solubility for hydrogen due to the large
network of dislocations and interfaces present between the martensite laths[69]. On
the other hand the solubility of hydrogen in austenite is still higher than that marten-
site. The Figure 2.15 shows the solubility of hydrogen in different steels.
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Figure 2.15: Solid solubility data of hydrogen in stainless steels and the data was obtained
through electrochemical permeation experiments [14].The hydrogen solubility
in grades of ASS, such as AISI 304, 302, 321 and 347, seems to be in the range of
25 - 9o mol /m3.MPa%>. The Hydrogen solubility in 13Cr and 16Cr, which are
martensitic stainless steels, seems to be in the range of 3 to 60 mol/ m3.MPa%5,
In alpha ferrite, the hydrogen solubility seems to be in the range of 1 to 10
mol /m3.MPa®>. These solubility ranges are taken with respect to different tem-
perature ranges.

2.4.3 Huydrogen Diffusion and Trapping - Iron and Steels

The understanding of H transportation and trapping mechanism is crucial when re-
viewing its effects on iron and steels. Hydrogen diffusion is the transportation of H
from a region of high concentration to a region of low concentration. There are two
types of H that can be found in a metal, diffusible hydrogen and trapped hydrogen,
which is non diffusible. H gets trapped in various crystal imperfections that include
vacancies/voids, dislocations, grain boundaries, phase boundaries, solutes, precip-
itates, inclusions, interfaces like carbide interfaces and crack tips to mention a few.
Since diffusible H can move from one interstitial site to another, it is the trapped H
that spends more time immobile. The trapping site distribution of H affects many
aspects of the metal with respect to hydrogen, such as the diffusion coefficient, the
solubility and the susceptibility of the metal to H embrittlement. The solubility of
H in a metal increases by hydrogen trapping. The driving force for H diffusion is
the chemical potential gradient that arises due to the concentration (C, mol cm~3)
gradient across the metal. The steady state diffusion flux (Je, mol cm™?2 s of H
permeating through the metal can be described by Fick’s first law as,

aC
Joo = —Dg, (2.2)
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where D (cm? s71) is the diffusion coefficient. Microscopically, this value denotes
the jumping frequency of the atoms in the crystal lattice.

D = Dyexp =, (23)

where Q is the activation energy for the diffusion process, Dy is the pre-exponential
constant term, and R (J mol~! K~1) is the gas constant. Permeation experiments can
be used to measure the values for D and the sub-surface hydrogen concentration
(Co). Fick’s first law can also be used in the case of H entry by cathodic polarization.

c= P, )
Where C; is the input H concentration in equilibrium with the Hj gas of pressure p;
and ¢ is the permeability coefficient. Both the lattice H and the weakly trapped re-
versible H are counted when the concentration of diffusive hydrogen is calculated.
The range of hydrogen coefficients for iron and steels can be seen in Figure 2.16.
section 2.5 looks at some of the ways to measure the hydrogen diffusion coefficient.
The equations mentioned above do not account for discrete processes such as re-
versible and irreversible trapping of hydrogen, and therefore the Fick’s laws have
to be modified. The general formulation given below was made by McNabb and
Foster[7o0].

a0 - a0
+ ZN,TtL = DLNZCL and ETtL = kiCL(l — 91‘) — piGi, (2.5)
1

aC,
ot
where k and p are trapping and detrapping parameters, Cy, is the concentration of

H in the lattice sites per unit volume, Ny, is the number of sites per unit volume and
6 is the fractional occupancy.
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Figure 2.16: Hydrogen diffusion coefficients in austenitic stainless steels[14].

Concerning the structural aspects of H diffusion, in FCC metals like Pd, Ni and
Pt, the H atom cannot jump directly from one octahedral site to another in the
< 110 > directions, because of close-packed atomic rows. Instead the H atom has
to make intermediate jumps from octahedral sites in the < 111 > directions, to the

eight nearest neighbour tetrahedral sites and then back again to the octahedral sites.
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Figure 2.17: Representation of hydrogen at interstitial lattice site and trapped location at (a)
atomic scale and (b) microscopic scale[15].

Meanwhile, for BCC metals like Fe, H atom can make direct jumps from one tetra-
hedpral site to the four nearest neighbour tetrahedral sites in the < 110 > directions,
or direct jumps from one octahedral site to the two nearest neighbour octahedral
sites in the < 100 > directions. Now, the diffusion coefficient can also be described
in terms of the number of jumps per time that the atom makes, which is essentially
the jumping frequency of the atom. Therefore it would see that the hydrogen dif-
fusion coefficient for BCC metals would higher when compared to FCC metals, as
the jumping frequency would be higher for lower activation energy involved in H
diffusion.

When H gets trapped in lattice imperfections, there is a reduction in the effective
diffusion coefficient. This thereby reduces the H transportation rate in the metal.
The decrease is dependent on,

e Strength of the traps, indicated by the binding energy (E;) of H in the trap,

e Density of trapping sites, Ny. Nt is the number of trapping sites per unit
volume.

Traps can be reversible or irreversible in nature. Irreversible sites are character-
ized by high activation energies. The activation energy for an irreversible trap is
high that of lattice diffusion. In fact the activation energy for an irreversible trap
would be higher that the E, for the trap[71]. Carbide interfaces, solutes, precipitates
and inclusions are examples for irreversible traps, where a large potential barrier
has to be surpassed for the H to escape. Reversible H traps, on the other hand,
have shallow energy barriers and detrapping is much easier. The reversibility of
trapping sites is dependent on the temperature. Dislocations, grain boundaries,
and microvoids are examples for reversible H traps. Figure 2.17 and Figure 2.18
show the schematic for H atoms at trapped sites and in the lattice. And Figure 2.19
shows a table with the H trapping sites and their corresponding trapping activation
energies for iron and steels.

Kiuchi et al.[72] found that in carbon and low alloy steels, if there were no H traps,
the diffusivity was the same as that of pure iron, D} = 7.23x10 8exp[—5.69x103 / RT)]
m? /s, at temperatures below 80 C and the H diffuses through tetrahedral sites. For
temperatures way above 9oC, the H diffuses through tetrahedral sites and octahe-
dral sites, D; = (1 —2.5)x10~7exp[— (6.7 — 7.12)x103 / RT] m?/s. In these steels, the
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Figure 2.18: Various location where hydrogen atoms are presented in microstructure are (a)
solid solution; (b) solute hydrogen pair; (c) dislocation atmosphere; (d) grain
boundary accumulation; (e) particle-matrix interface accumulation; (f) void con-
taining recombined hydrogen[16].

major trapping sites are dislocations, and interfaces between the crystal matrix and
particulates such as carbides and nitrides[32].

SN Trapping sites Trapping activaton
energy (KJ/mol)

Revergible trappng sites

1 Iron lattice 54-71

2  Grain boundary 172186

3 Anstemite/mertensite nterface n

4 Dislocation 264268

§  Austenite/dislocation boundary k1)

L] Microvord 35240

7 Fe oxide interface 47

Irreversible trappmg sites

B Ferrite/cementite interface 663684

9  Cr carbide interface &7

10 Y203 mterface 70

11 MnS mterface 72

12 ARO3 mieTiace 79862

13 Fe3C mterface 84

14 TiCinterface 6E—137

Figure 2.19: H trapping sites and their corresponding trapping activation energies for iron
and steels[17].

Martensitic stainless steels were studied by various authors to understand H dif-
fusion behaviour. AISI 410 AND 13Cr steels were taken into account. It was found
that in AISI 410 steels, dislocations acted as reversible trapping sites and interface
between the matrix and carbide particles acted as irreversible trapping sites. The
effect of the irreversible traps were said to dominate over the reversible traps. On
the other hand, in super 13Cr steel, irreversible H traps did not show any effect
on the hydrogen diffusivities. The presence of 12% austenite phase in this steel
lends a contribution to the H diffusivity as, the interface between the austenite and
martensite phase is a factor that affects the diffusion coefficient[32].

In austenitic stainless steels, weak trapping takes place and the trapping is mainly
dependent on the alloy composition[14]. According to a study by Ronevich[73] on
the hydrogen embrittlement of advanced high strength steels, it was found that
the Twinning-induced plasticity (TWIP) steel samples studied were not susceptible
to hydrogen degradation. This was attributed to the low diffusivity of H in the
austenite phase at room temperature. The diffusion coefficient of the austenite

23



24

244

| BACKGROUND AND LITERATURE

phase is found to be eight orders of magnitude lower than that of the ferrite phase
at the same temperature. Because of this low diffusivity of H, the H (introduced by
the charging process) is limited to the surface atomic levels of the steel instead of
the bulk. Dislocations, grain boundaries, and twins were also found to be the major
H traps and had a significant effect on the H diffusion.

Mine et al.[74] showed in their study that, when austenite transforms to marten-
site, excess H is released from the austenite phase. This excess H can then quickly
diffuse through the martensite phase. This is because hydrogen has a higher diffu-
sivity in the martensite phase than in the austenite phase, but a higher solubility
in the austenite phase. The austenite phase is almost said to behave as a reversible
trapping site ,since it lowers the trap binding energy, making hydrogen diffusion
easier.

In Duplex stainless steels such as 22 Cr and 25 Cr, H trapping occurs mainly at
the ferrite - austenite interface and at ambient temperatures. Compared to 13 Cr,
which has 12% austenite phase, the H diffusivity in 22 Cr and 25 Cr is lower and
they have more austenite phase ( 50%)[75].

Advanced high strength steels(AHSS) have complex microstructures, therefore
studying their H diffusion and trapping properties is a complicated endeavour. In
dual phase steels Winzer et al.[76] reported H trapping at the ferrite - martensite
interface. Dislocation and the ferrite - martensite grain boundaries act as reversible
trapping sites in DP steels[74]. The diffusion coefficient was also said to increase
with increasing amount of the martensite phase in AHSSs due to the martensite
phase having high dislocation density[77]. On the other hand the presence of Alu-
minium reduces the dislocation density in TWIP steels, this thereby eliminates hy-
drogen diffusion channels to an extent[71]. Researchers found that the major irre-
versible trapping sites were inclusions such as MnS.

Rudomilova et al.[78] reported that the hydrogen diffusion coefficient for marten-
site was five times lower than that for ferrite. The large network of dislocations
and the interfaces between the martenisite laths were said to be the cause for the
lower D. Steels with higher quantities of bainite were reported to have lower D val-
ues, due to the large number of reversible traps such as dislocations and bainite
lath boundaries. The presence of fine carbides in steels acts as hydrogen traps and
thereby reduce H diffusivity through the metal. And since most working metals do
not have perfect crystal lattices, it is important to do more study on them to avoid
failure. The interactions of hydrogen with lattice defects, inclusions and impuri-
ties in the crystal matrix are still not fully understood. It also difficult to compare
diffusivity data, due to sensitivity towards the environment, surface effects, com-
bined effects of traps and composition of the steels. Rudomilova et al.[79] also
reported that, when H permeation transient curves where measured at different
cathodic current densities for a DP1ooo sample, the H diffusion coefficient was not
affected by the smaller current densities. In contrast, the H diffusion rate increased
for a current density of 100 mA/cm?. This behavior was probably due to the H
being trapped in all the available trapping sites, leaving only the lattice diffusable
H behind. This indicates increasing diffusivity with increasing negative cathodic
polarization potentials.

Hydrogen and the Passive Oxide Layer on Steels

The absorption rate of hydrogen for metals is strongly decreased by oxide layers
on the surface of the metal at ambient temperatures. The rate determining step in
H absorption, which is the dissociation of H-H, is impeded by the quantity of oxy-
gen absorbed. In more detail, the reaction coefficient of the dissociation reaction,
changes by many orders of magnitude based on the amount of oxygen absorbed.
The oxide layer usually acts as a protective layer against H permeation in metals.
There is reduced H diffusion and solubility in the oxide layer for most metals[32].
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Thin suboxide layers that do not have maximal valance cations, impede H adsorp-
tion to a much smaller extent. Different types of chemical compositions in steels
tend to form surface oxides with varying properties.

Even though oxide layers are able to prevent H adsorption to a large extent, they
can still fail if the steel undergoes deformation. Freshly created created steel sur-
faces after elongation, are vulnerable to H - H dissociation on the surface[8o].

Zeng et al.[81] studied the effect of hydrogen on the passive film on microalloyed
steel (X70) by charging the steel with hydrogen before passivating it. They reported
that the presence of H in the passive film , decreased the film’s stability and re-
tarded its formation. H increases the rate of interstitial cation and anion transport
in the passive film. This thereby increases the amount of ferrous ions and oxygen
vacancies in the film leading to a degradation in film integrity. Hydrogen was also
reported to increase the capacitance and donor density of the passive film.

Luo et al. studied the effect of H in the passive film of a Cr-Ni-Mo-N duplex
stainless steel by exposing the passive film to H charging with different charging
times[82]. It was reported that H increased the conductivity of the passive film.
With an increase in charging time from 30 to 360 mins, the amount of Cr,O3 de-
creased from 41.6 at. % - 32.4 at.% and the amount of Cr(OH); increased from 23.9
at. % - 27.1 at.%. This decrease in the amount of Cr,O; can reduce the corrosion
resistance of the steel. The presence of H was also found to decrease the thickness
of the passive film. In this paper, H charging was found to degrade the passive
film formed on 2205 Duplex stainless steel. Overall, hydrogen is found to increase
the passive current in steels[82, 83, 84]. But there is not enough experiments done
on steels with similar properties in similar environments to generate comparable
results.

In an article by Legrand et al.[18], they studied the consequences of an oxide layer
on the hydrogen permeation test in the exit side of a martensitic steel membrane
sample. The oxide layer was reported to act as a global deterrent to hydrogen
diffusion and the H accumulates within the martensite membrane.The diffusion
coefficients for some protective layers and oxides is shown in Figure 2.20. The oxide
layer in steels is usually about 3-5 nm thick and its hydrogen diffusion coefficient
would land in between that of wustite and hematite. The passive layer on iron that
is mentioned in Figure 2.20, is assumed to be a bilayer structure, with an inner
Fe;0, layer and an outer y—Fe,O; layer.

Material + Owxide Diffusion
coefficient (m/s)
FPalladium 10
Wuastite on steel 10—
Passive film on iron 108
Hematite on stesl 10—

Figure 2.20: Oxide diffusion coefficients for various materials[18].

More details into the effect of Hydrogen on the mechanical behavior of iron and
steels is out of the scope of this study.

Impact of Hydrogen absorption on the properties of Iron-
based alloys

The presence of Hydrogen in Iron-based alloys can impact different aspects of the
metal such as its mechanical properties, microstructure or corrosion behaviour. In
particular, hydrogen can cause the following harm to metals and alloys: hydrogen-
induced blistering, hydrogen embrittlement (HE), cracking brought on by the cre-

25



26

2.5

2.5.1

| BACKGROUND AND LITERATURE

ation of hydrides, hydrogen attack, and cracking brought on by the precipitation
of internal hydrogen[85]. Hydrogen embrittlement (HE) is known as the decrease
in a metal’s ductility brought on by hydrogen absorption, also known as hydrogen-
assisted cracking or hydrogen-induced cracking (HIC). There is intense debate over
the impact of hydrogen on the mechanical behavior of steel. On the other hand, the
severe impacts of hydrogen on the mechanical integrity of engineering structures
are well established, and the issue needs to be addressed head-on if society is to tran-
sition to a hydrogen economy in the future. Because of the presence of dissolved
hydrogen at a level of a few atomic parts per million (appm) in steel, its fracture
toughness can be drastically reduced. So far mainly the so-called diffusible hydro-
gen has been identified as the main factor leading to hydrogen embrittlement[86].
In a study by Dong et al. on the effects of hydrogen-charging on the susceptibility
of X100 pipeline steel to hydrogen-induced cracking, it was found that the steel will
be more susceptible to HIC after hydrogen charging. The inclusions in the steel,
such as aluminum oxides, titanium oxides, and ferric carbides, are where cracks
start to appear most frequently[87].

The corrosion impact on some metals is a further consequence of hydrogen-metal
interaction. For instance, it has been demonstrated that hydrogen sorption on stain-
less steels has a detrimental impact on the corrosion behavior because it may de-
crease the durability of their distinctive passive protective coating. Although the
exact mechanism is still unclear, experimental evidence has shown that hydrogen
encourages the dissolution of the passive layer on type 304 stainless steel and hin-
ders the process of re-passivation. Additionally, the time frames for pitting corro-
sion are shortened as a result of these circumstances[88].

Techniques to study Hydrogen/Material Interac-
tion

Methods to Charge Hydrogen

Studying the effect of hydrogen in steels involves the use of a method that can
charge hydrogen in such a way that there is a homogeneous distribution of H.,
across the sample. There are a variety of methods that can be used to charge sam-
ples with hydrogen. Some of the H-Charging methods are listed below:

e High-Pressure Hydrogen Gas and Autoclave Methods - This technique is used
for H charging in dry conditions. The H, gas molecule dissociates to two
hydrogen atoms that then get adsorbed on the steel surface. The steel[89] can
then absorb the adsorbed hydrogen.

e Cathodic Charging Methods - Cathodic H, charging is sometimes prefered
over the other methods because of simplified testing requirements. The metal
sample acts as the cathode and the anode is usually platinum. Both the cath-
ode and the anode is submerged in an electrolyte. On the application of an
electrical potential across the electrodes, decomposition of the electrolyte takes
place, and protons (H;O" ions) are generated. Due to the applied potential,
there is a flux of the electrons through the electrodes and protons through the
electrolyte solution. The flux leads to a high concentration of hydronium ion
on the surface of the cathode (the sample). The potential also acts as a driving
force for hydrogen diffusion through the sample[go]. Table 2.3 lists the vari-
ous cathodic hydrogen charging parameters for different materials that have
been collected from literature.
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2.5.2 Methods to Quantify Hydrogen in Steels

The amount of absorbed hydrogen in steel can be measured using many technolo-
gies, like thermal conductivity method, fusion extraction method, vacuum extrac-
tion technique, hot-extraction thermal conductivity method, gas chromatography,
Barnacle Electrode method, Secondary Ion Mass Spectrometry (SIMS) and electro-
chemical methods[98]. Some of the H-Quantification and detection methods are
listed below:

e Thermal Desorption Analysis (Thermal Desorption Analysis (TDA) - Thermal
desorption analysis is a powerful technique used to study the hydrogen dif-
fusion process, gas-surface interactions and hydrogen trapping effects in the
steel. Temperature variation (usually constant rate linear variation) using a
temperature controller is used to study various phenomena. The gas evolved
is detected using a mass spectrometer.

e Electrochemical Methods - The electrochemical method involves oxidizing the
reduced hydrogen that has been absorbed in steel.

— Devanathan et al.[101] developed the most commonly used electrochemi-
cal method to quantify adsorbed hydrogen, the electrochemical hydrogen
permeation method. Permeation curves ((i») hydrogen flux vs time) can
provide information such as the diffusion coefficient(D), the steady-state
permeation rate , and the trapping behaviour of hydrogen in the steel, H
charging concentration, etc.

— Potential-based techniques like cyclic voltammetry and potentiostatic ox-
idation - These techniques can be used to measure the diffusible hydro-
gen concentration in materials that are charged with hydrogen. There is
no delay between the steps of hydrogen intake (Electrochemical Charg-
ing) and measurement. A study by the Ozdirik et al. proposed an elec-
trochemical procedure for monitoring hydrogen sorption/desorption in
steels[102].

2.5.3 Cyclic Voltammetry (CV) to study H/material Interaction

Cyclic voltammetry is an electrochemical method often used to study oxidation and
reduction reactions in an electrode/electrolyte system. A potential is applied to the
working electrode during the experiment, and this potential fluctuates over time.
The current passing through the working electrode is measured as a function of
the electrode potential. To calculate the net amount of charge and, therefore, the
number of electrons involved in the redox process, the area under the current versus
potential plot can be integrated. The working electrode’s voltage starts at an initial
potential E1, often chosen to prevent the chemical species under investigation from
being first oxidized or reduced. After following a linear sweep of the potential to
a voltage, E2, the scan’s direction is switched. The specified potential window (E2 -
E1) is set such that the relevant oxidation or reduction process occurs inside it (refer
figure 2.21.

The Nernst equation links the potential of an electrochemical cell (E) to the
species’ standard potential (Eo) and the relative activity of the oxidized (Ox) and
reduced (Red) analytes in the system at equilibrium. F stands for the Faraday con-
stant, R for the universal gas constant, n for the number of electrons, T for temper-
ature and [Ox] and [Red] represent the concentrations of the oxidised and reduced
species respectively in the equation below.

[Ox]
[Red]

_r0 RT
E=E +ﬁln
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Figure 2.21: (I): Applied potential as a function of time for a generic cyclic voltammetry
experiment, with the initial, switching, and end potentials represented (A, D,
and G, respectively)[19].

When an external voltage is supplied to the electrochemical cell, the concentration
of oxidized and reduced species fluctuates in accordance with the Nernst equation
until equilibrium is reached. A current is produced in the cell as a result of the
exchange of electrons that occurs during this process. A voltammogram is a graph
of the resulting current against cell potential[19]. The evolution of hydrogen during
cathodic charging is an oxidation process. Therefore, CV can be used to investigate
the H/material interaction[103, 102, 37, 104]. Various methods have also been used
to quantify the desorbed hydrogen from CV. The method that calculates the amount
of hydrogen corresponding to the hydrogen peak found in the initial CV scan fol-
lowing hydrogen charging is the one that is most frequently utilized[103, 102, 37].

Electrochemical Impedance Spectroscopy (EIS) to study
H/material Interaction

Despite the fact that there have been many studies on the iron-based alloys/hydro-
gen system, impedance measurements, a very effective technique for separating the
many processes involved in complex reaction mechanisms, have only been used in
a small number of studies. For example, in a study by C. Zheng and G. Yi on the
stress corrosion cracking behaviour of 2205 DSS in 0.5 M H,50, under Hydrogen
charging conditions, it was reported that the passive layer on 2205 DSS showed signs
of degradation after the material was charged with Hydrogen. This phenomenon
was reflected by the phase shift in the EIS which is closely related to the breakdown
and repassivation of the passive film[105]. A study by Dan et al. also concluded a
similar theory. After charging Alloy 690 with Hydrogen in a boric acid and sodium
sulphate solution, the EIS results reported a decrease in the passive film resistance
and the charge transfer resistance. This is an indicator of the decrease in the overall
corrosion resistance of the material. XPS studies conducted in the same study after
Hydrogen charging attributed the decrease in corrosion resistance to the increase
in defects in the oxide layer, causing the oxide layer to be less compact[106]. This
trend with respect to the decrease in corrosion resistance with hydrogen charging
was reflected in multiple studies[105, 106, 107, 104].
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2.5.5 Surface mapping of hydrogen

2.6

Detection of hydrogen in steels is one of the most problematic aspects involved in
the study of hydrogen permeation phenomena and hydrogen embrittlement. Depth
profiling can be carried out using Nuclear Reaction Analysis (NRA) and surface anal-
ysis (visualization of local hydrogen distributions on the surface) can be carried
out using hydrogen micro-print technique, SIMS, Kelvin probe force microscopy,
tritium autoradiography and Electron Stimulated Desorption (ESD) technique[108].
Scanning Kelvin Probe (SKP) can be used to determine the local H content as well as
the permeation and release kinetics. For instance, SKP and Scanning Kelvin Probe
Force Microscopy (SKPFM) can be combined together to yield quantitative H map-
ping with high spatial resolution. In a study by Schimo et al.[20] on the Rolling
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Figure 2.22: Representative SKP potential maps of hydrogen charged surface of ferritic steel
after 1, 5 and 10 h as well as uncharged surface with equipotential areas marked
for contact potential difference (CPD) values of - 0.2, - 0.1 and 0.0 V (SHE)[20]

Direction Dependent Diffusion Coefficients of Hydrogen in Ferritic Steel by SDCM
Charging and SKP Probing, it was found that the SKP mapping indicated a sharp
decrease in the Contact Potential Difference (CPD) values in the region where Hy-
drogen was charged, see figure 2.22. This drop has been reported to be associated
to Hydrogen in multiple studies[20, 109, 110, 111, 112]. After electrochemical hy-
drogen loading and subsequent cathodic polarization of the steel sample, the initial
surface oxides are totally converted to iron, influencing the Fermi level alignment.
This causes changes in the band structure of the oxides on the metal surface, thereby
reflecting as a decrease in the CPD.

General Discussion of Literature

e There are many factors that affect an electrochemical system involving iron
and steels, such as the as the composition of alloying elements, combination
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of different solid phases, grains and grain boundaries and defects in the metal
matrix, and the electrolytic medium and its properties. The effect of each of
these effects individually on the corrosion properties, was found to be difficult
to isolate.

Different growth models exist for the passive layer on steels. Stainless steels
and most other steels were found to have oxide layers with a bilayer structure.
In dual phase steel, the martensite phase was found to have a thicker oxide
layer compared to the oxide layer on ferrite. This was attributed to the marten-
site having a more reactive surface. It was concluded that in dual phase steels,
the passivation behaviour is limited by the partial passivity of the martensite
phase.

H is found to be more soluble in the austenitic phase when compared to
the ferrite or martensite phases. The differences in crystal structure and the
presence of alloying elements such as Cr and Ni also contribute to this result.

H diffusion coefficient is higher for BCC metals compared to FCC. Dislocations
are major reversible trapping sites in most steels, but have a lower influence
on H diffusion compared to irreversible H traps. The diffusion coefficient of
the austenite phase is found to be lower than that of the ferrite phase and the
martensite phase even though it has higher H solubility than both. Moreover,
it was reported that the hydrogen diffusion coefficient for ferrite was higher
than martensite. Since the interactions of hydrogen with lattice defects, in-
clusions and impurities in the crystal matrix are still not fully understood, it
is a path for more research to be done. A limited number of literature was
compared to understand the effect of H on the passive layer of steels. The
presence of an oxide layer is generally said to decrease H adsorption in most
steels. Since, there is not much literature to be found on the influence of oxide
layer characteristics on H absorption in different steels, there is a possibility
for conducting more research.

There is still a lack of studies done on H cathodic reactions with controlled
surface coverage by hydrogen and oxygen. Particularly the influence of H
on the microstructure of the surface sites in iron and steels. Such studies are
necessary to fully understand the technical limitations of steel alloys.

Different methods to charge H into metals was looked into, with a focus on
cathodic charging methods. Cathodic charging experiments are widely used
due to their ease of use compared to other methods of H charging. A limita-
tion of this technique is the non-uniform distribution of H in the sample. A
table comparing the different H charging parameters obtained from literature
was made. A combination of Potentiostatic H charging and cyclic Voltame-
try was found to be useful to detect and quantify H in steels. Different H
mapping methods can be used to answer various questions pertaining to H
behaviour in steels. These methods can be used alone or in combination with
other methods to yield more results.
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3.1

MATERIALS AND METHODOLOGY

This chapter details the materials and the experimental approach used in the study.
First of all, the elemental composition of the materials used in the study will be men-
tioned. The H/material-interaction of Pure Iron, DP steel and MSS was investigated
using various analytical techniques, including Open Circuit Potential (OCP), Cyclic
Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), SKP, and Potentio-
dynamic polarization. Finally, the microstructural characterization of the materials
at different steps of the electrochemical procedure was done using XRD. Choosing
the correct experimental methodologies for the thesis work was critical to providing
the best evaluation of the research scope. Therefore, the experimental methodolo-
gies used in this section are based on the critical experimental approaches utilized
by the authors highlighted throughout the literature review.

Material Composition

For this research, three different types of iron-based materials were used. A cold-
rolled sheet of Armco iron was supplied by AK Steel, Netherlands. The sheet with
a 2 mm thickness was cut into strips of dimensions approximately equal to 15mm
x 15 mm, using the Struers Discotom. Commercial grade AISI 420 martensitic stain-
less steel was received in the form of a sheet of thickness 3mm, which was then cut
into strips of dimensions approximately equal to 15mm x 15 mm, using the Struers
Discotom. Dual Phase 1000 (DP1000) was supplied by TATA Steel IJmuiden. As
received, 1 mm thick sample strips in 5mm x 1omm were used for the electrochemi-
cal experiments, while 15mm x 15mm sample strips were used for the XRD and SKP
measurements. Henceforth, the Armco iron will be referred to as pure iron, the
Dual-phase steel will be referred to as DP10oo, and the martensitic stainless steel
will be referred to as AISI 420. The chemical composition of the three materials is
presented in tables 3.1, 3.2 and 3.3.

Table 3.1: Chemical composition (wt%) of the pure iron samples.

Chemical composition wt. % (Fe balanced)
C Si Mn Cr Ni Mo P N Cu S Sn Al
0.001 0.003 0.040 0.014 0.012 0.001 0.003 0.0027 0.007 0.0033 0.002 0.004

Table 3.2: Chemical composition (wt%) of the DP10ooo samples.

Elemental composition wt. % (Fe balanced)
C Si Mn Cr Ni Mo P Cu \% S Sn Ti Al Ca
0.141 0.051 2.149 0.576 0.021 0.004 0.013 0.012 0.007 0.014 0.001 0.032 0.041 0.022

Table 3.3: Chemical composition (wt%) of the AISI 420 samples.

Elemental composition wt. % (Fe balanced)
C Si Mn Cr Ni Mo P N Cu Co \4 S Sn Ti Al As Nb
0385 042 067 1377 0.16 0.059 0.022 0.063 0.06 0.015 0.096 0.002 0.008 0.004 0.004 0.003 0.008
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Electrochemical and Corrosion Experiments
Sample Preparation

A length of copper tape was applied to the back of each metal plate in order
to link it to the potentiostat’s working electrode alligator clip. After which, the
samples with the Cu tape stuck to it, were immersed in a Struers ClaroCit epoxy
resin and cured for 40 minutes within a pressure vessel at 2 bar pressure. After the
epoxy had cured, the samples were ground using 8o to 4000 grit damp SiC sanding
paper. The samples were then polished using a Struers DiaDuo-2 fine diamond
suspension with particle sizes of 3 pm and 1 pm. After polishing, the samples were
ultrasonicated in an Isopropanol bath for 5 minutes and dried with compressed air.
These grinding steps were performed to guarantee that the sample surface was free
of scratches that may interfere with the uniform corrosion reaction. When there
are scratches and breaks on the surface of the sample, a pretty significant corrosion
response may develop. Figure 3.1, shows how the sample looked like after the
preparation steps.
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beddi i
am ing resin

Ietal Electrode

Tha region inside the
circleisselected as

¥ the working electrode
surface. Exposed Aes
=0.310cm?

Figure 3.1: Right: A schematic of the cold-mounted sample, Left: Picture of the actual sam-
ple. The blue circle on the pictures is just an indication of where the exposed area
is on the material.

Experiment to study H/Material Interaction

The test materials must be subjected to a hydrogen-rich environment to explore the
H/material interaction. Using a method that can charge hydrogen in such a way
that there is a homogeneous distribution of hydrogen across the sample is required
to study the interaction of hydrogen with the materials under investigation. There
are several methods for charging samples with hydrogen. Hydrogen charging can
be accomplished by exposing the sample to either a gaseous hydrogen environ-
ment or an aqueous environment in which hydrogen is electrochemically produced.
The electrochemical technique allows charging conditions to be changed more accu-
rately and establishes greater hydrogen activity at the sample surface. Furthermore,
there is no need for specialized equipment, making it an ideal way to do small-scale
research. The electrochemical charging procedure developed by Ozdirik et al.[102]
was used as the main guideline for the electrochemical methodology in the present
work.

Additionally, to compare the effect of Hydrogen charging and discharging on
the active surface and the passive surface of the metals, the experimental process
related to H/material interaction was divided into two. This division was based on
the pre-conditioning of the metal samples.
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Experimental Set-up

The electrochemical tests were all carried out with the help of a Biologic VSP-300
potentiostat and the EC-Lab V11.43 software. The experimental setup consisted of
a bottom-mounted, three-electrode cell with a reference electrode of Ag/AgCl (sat-
urated KCl) filled with 4M KCl, henceforth called SSCs;; in this study. To reduce
the impact of contamination, the filling solution was replaced regularly. The poten-
tial of the reference electrode was measured before and after each electrochemical
experiment, to verify the stability of the reference potential. A platinum wire mesh
was used as the counter electrode, and the material surface under investigation
functioned as the working electrode. The electrolyte was a 1M NaOH solution con-
taining 8g/L of Thiourea, and the electrolyte was freshly replaced for each test. The
pH of this solution was in the range of 13.1-13.7. Additionally, some experiments
were done with 1M NaOH only (without the addition of Thiourea) so as to under-
stand the effect of thiourea on Hydrogen adsorption in the materials, but that is not
the focus of the study here. Before beginning the electrochemical testing, the setup
was enclosed in a Faraday cage to protect it from outside electromagnetic interfer-
ence. All the experiments were conducted at room temperature. Figure3.2 depicts
the cell setup and a schematic of the three-electrode cell arrangement.
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Electrode,

" Ag/AgClL 4M
KC1(S5Csat)

‘Working
Electrode > Electrolyte: 1M
(WE) NaOH + 8gL
Thiourea

Figure 3.2: Right: A schematic of the three-electrode cell, Left: Picture of the actual set-up
used in this experiment, the sample is bottom mounted and clamped between the
two bottom plates with a circular area of 0.316 sqr.cm diameter being exposed to
the electrolyte.

Experimental Procedure for H Charging and Discharging on the Active
Surface

Open Circuit Potential

The open circuit potential, or OCP, is determined as the free potential between the
working and reference electrodes when there is no net current flowing through the
circuit. Typically, the OCP measurement is used as a pre-procedure to track the
system state. In this study, the OCP was measured for 1 hour to ensure that the
potential stabilizes to a constant value. The OCP is mainly used as a basic step for
Electrochemical Impedance Spectroscopy (EIS), but there will also be some observa-
tions that can be made from the development of the OCP. The OCP measurement
has been performed at least four times and the averages with the error are shown.
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3.2.1.2.2 Electrochemical Impedance Spectroscopy

EIS is a non-destructive method for characterizing electrode surfaces and is typically
carried out by employing a frequency response analyzer to track the impedance re-
sponse of working electrode materials. This technique can be used to understand
the complex phenomena occurring at the electrode-electrolyte interface. The tech-
nique entails periodically applying a small amplitude voltage or current disturbance
and monitoring the system’s response. The system is typically subjected to an AC
signal with an amplitude of 10 — 20 mV, and the current response is recorded. The
disturbance moves the system from its current state, followed by relaxation, into a
new steady state. Over a broad frequency range of the excitation signal, the sys-
tem’s relaxation process is investigated (1omHz to 10 MHz). Since this technique
is performed in-situ, multiple repetitions of measurements of the same electrode-
electrolyte system can be implemented.

EIS data can be evaluated by fitting the data to an equivalent electrical circuit.
The physical components of the metal/electrolyte interface should be described by
the electrical circuit elements.

In this procedure, the EIS was carried out three times: before Hydrogen charging,
after Hydrogen charging and after Hydrogen discharging. The first EIS measure-
ment was carried out before the hydrogen charging step, with the samples at OCP
to measure the various active electrochemical responses of the three materials of
interest. As a result, a baseline for comparison can be established. The second EIS
was carried out after hydrogen was charged into the materials. Finally, the third
step was carried out after the hydrogen was discharged from the materials. The
experimental EIS data were fitted into corresponding electrical circuits using the
Zview version 4.of software.

3.2.1.2.3 Chrnoamperometry

Chronoamperometry is an electrochemical method that involves stepping the volt-
age of the working electrode and measuring the current that results as a function
of time. In order to determine the current response and calculate the quantity of
charge as a function of time, chronoamperometric curves can be acquired.

In this procedure, the chronoamperometry step is used two times, for hydro-
gen charging and for hydrogen discharging. It should be noted that the effect of
the oxide layer becomes more pronounced with longer charging times, while the
amount of thiourea available in the electrolyte decreases. Because of these consider-
ations, the calculation of saturation time was not pursued in this work. Additionally,
Since the effect of charging duration on some steels has already been discussed in
literature[102], the present study will not compare between different duration times.

For Hydrogen charging: Hydrogen is charged by polarizing the sample cathod-
ically at —1.25 V (vs §5Cs) for 1 hour to have water reduction on the working
electrode. The Hydrogen evolved on the working electrode surface can then be
absorbed by the surface. For Hydrogen Discharging: Hydrogen is discharged by
polarizing the sample cathodically at —0.9 V (vs S5Cs4) for 30 minutes to have
Hydrogen desorption from the working electrode surface.

3.2.1.2.4 Cyclic Voltammetry

Cyclic Voltammetry (CV) is an electrochemical method that is commonly used to
determine the oxidation and reduction processes that can take place in an elec-
trode/electrolyte system within a selected potential window. A potential is applied
to the sample within the range of interest and the resulting current response is
measured as a function of the applied potential. CV has been used to study the
absorption of Hydrogen in steels (refer chapter 2.5.3).
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In this study, the CV step was carried out three times: before Hydrogen charging,
after Hydrogen charging and after Hydrogen discharging.

Before H charging: Initially, before hydrogen charging, the material was submit-
ted to 3 consecutive CV cycles. The first two CV cycles were done to generate
a reproducible sample surface, and the last CV cycle was done to obtain a refer-
ence/baseline voltammogram for comparison. After the chronoamperometry hy-
drogen charging step: 6 consecutive CV scans were carried out. The first CV cycle
was used to detect the desorbed Hydrogen, and consecutive CV cycles were car-
ried out to observe the oxidation and reduction state of the metal surface. After
the chronoamperometry hydrogen discharging step: 6 consecutive CV scans were
carried out. The CV cycles were carried out to observe the oxidation and reduction
state of the metal surface after Hydrogen discharging.

To achieve the active surface before the Hydrogen charging and discharging steps,
the initial potential (E;) and the final potential (Ef) for all the CV steps was set to
the same value of —1.250 V vs SSCs, (E;=E f), so as to facilitate the reduction of the
oxides formed in the forward cycle of the CV. The samples with the active surface
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will henceforth be known as samples with pre-conditioning A.
The table 3.4 shows the parameters for all the steps in chronological order. All
the tests were repeated at least three times to obtain reproducible data.

Table 3.4: Experimental Procedure for Pre-conditioning A

Step

Parameters

1 Open Circuit Potential (OCP)

Duration : 1 hour

Potentiostatic Electrochemical
Impedance Spectroscopy (PEIS)

Frequency Range: 50 kHz - 10 mHz
Voltage Amplitude: 1omV

3 Cyclic Voltammetry (CV)

Initial Potential (Ei): -1.25 V vs Eref

Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
Final Potential (Ef): -1.250 V vs Eref

Scan rate: 10 mV/s

Number of Cycles (nc): 3

4 Chronoamperometry (CA)

Applied Potential: -1.25 V vs E ref
Duration: 1 hour

5 Cyclic Voltammetry (CV)

Initial Potential (Ei): -1.25 V vs Eref

Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
Final Potential (Ef): -1.250 V vs Eref

Scan rate: 10 mV/s

Number of Cycles (nc): 6

6 Open Circuit Potential (OCP)

Duration : 20 minutes

Potentiostatic Electrochemical
Impedance Spectroscopy (PEIS)

Frequency Range: 50 kHz - 10 mHz
Voltage Amplitude: 1omV

8 Chronoamperometry (CA)

Applied Potential: -0.9 V vs E ref
Duration: 1 hour

9 Cyclic Voltammetry (CV)

Initial Potential (Ei): -1.25 V vs Eref

Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
Final Potential (Ef): -1.250 V vs Eref

Scan rate: 10 mV/s

Number of Cycles (nc): 6

10 Open Circuit Potential (OCP)

Duration : 20 minutes

Potentiostatic Electrochemical

" Impedance Spectroscopy (PEIS)

Frequency Range: 50 kHz - 10 mHz
Voltage Amplitude: 1omV

3.2.1.3 Experimental Procedure for H Charging and Discharging on the Passive

Surface

The passive oxide layer of the materials was generated so as to understand the
Hydrogen interaction with the passive oxide layer on the materials. This was done
using the Cyclic Voltammetry step. The final potential at which the cycle ends was
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chosen in the region of passivity as observed from the CV results. This will be
shown in the following chapter. The E ¢ was set as —0.40 V vs 55Cs4t. The samples
with the Passive surface will henceforth be known as samples with pre-conditioning
B.

The table 3.5 shows the parameters for just the changed CV steps. All the other
steps and parameters are the same as that for pre-conditioning A. All the tests were
repeated at least three times to obtain reproducible data.

Table 3.5: Experimental Procedure for H Charging and Discharging on on the Passive Sur-
face

No. Step Parameters

Initial Potential (Ei): -1.25 V vs Eref

Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
3 Cyclic Voltammetry (CV) Final Potential (Ef): -0.4 V vs Eref

Scan rate: 10 mV/s

Number of Cycles (nc): 3

Initial Potential (Ei): -1.25 V vs Eref

Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
5 Cyclic Voltammetry (CV) Final Potential (Ef): -0.4 V vs Eref

Scan rate: 10 mV/s

Number of Cycles (nc): 6

Initial Potential (Ei): -1.25 V vs Eref

Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
9 Cyclic Voltammetry (CV) Final Potential (Ef): -0.4 V vs Eref

Scan rate: 10 mV/s

Number of Cycles (nc): 6

Experiment to study the impact of Hydrogen charging and
discharging on the corrosion properties of the materials

Sea-water is one of the earth’s most abundant and common corrosive agents. Re-
searchers usually use 3.5wt% NaCl to simulate seawater conditions. Hence un-
derstanding the impact that hydrogen charging and discharging can have on the
corrosion properties of iron-based alloys when exposed to 3.5wt% NaCl solution is
crucial.

Experimental Set-up

The same three-electrode Electrochemical cell setup as mentioned in the previous
experiments is used here. The electrolytes used were 1M NaOH solution contain-
ing 8g/L of Thiourea and 3.5wt%NaCl solution, and the electrolytes were freshly
replaced for each test. The pH of this solution was in the range of 13.1-13.7 for
the 1 M NaOH + 8g/L Thiourea solution and 6.1-6.7 for the 3.5wt%NaCl soution.
All the other operating parameters are the same as the previous Electrochemical
experiments.

Experimental Procedure

The experiment was divided into two parts. For the first part, the corrosion prop-
erties of the materials in the 3.5wt%NaCl electrolyte were characterized using OCP
and Potentiodynamic Polarization tests. For the second part, the materials were first
charged and discharged with hydrogen using the chronoamperometry method in
the 1 M NaOH + 8g/L Thiourea electrolyte; then, the electrolyte was removed and
replaced with the 3.5wt%NaCl electrolyte. After which OCP and Potentiodynamic
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Polarization tests were conducted. The first part is used to generate a reference for
comparison with the results from the second part. In addition, it should explain
how the material corrosion properties in 3.5wt%NaCl solution change before and
after hydrogen charging and discharging. Table 3.6 shows the parameters and the
tests for the part 1 in chronological order.

Table 3.6: Experimental Procedure for part 1 - electrochemical characterization in NaCl elec-
trolyte before Hydrogen charging
No. Step Parameters
1 Open Circuit Potential (OCP) Duration: 1 hour
Scan Rate: 0.166 mV/s
2 Potentiodynamic Polarisation Initial Potential (Ei): -0.300 vs Eocp
Final Potential (Ef): -0.400 vs Eocp

Table 3.7 shows the parameters and the tests for the part 2 in chronological order.

Table 3.7: Experimental Procedure for part 2 - electrochemical characterization in NaCl elec-
trolyte after Hydrogen charging and discharging

No. Electrolyte Step Parameters

1 1 M NaOH + 8 g/L Thiourea Open Circuit Potential (OCP) Duration: 1 hour

Applied Potential: -1.250 V vs Eref
Duration: 1 hour

Applied Potential: -0.900 V vs Eref
Duration: 30 mins

2 1 M NaOH + 8 g/L Thiourea Chronoamperometry (CA)

3 1 M NaOH + 8 g/L Thiourea Chronoamperometry (CA)

4 3.5wt% NaCl Open Circuit Potential (OCP) Duration: 1 hour
Scan Rate: 0.166 mV /s
5 3.5wt% NaCl Potentiodynamic Polarisation Initial Potential (Ei): -0.300 vs Eocp

Final Potential (Ef): -0.400 vs Eocp

3.2.3 Scanning Kelvin Probe (SKP)

The SKP is a non-contact, non-destructive vibrating capacitor device that measures
the difference in work function between a vibrating tip and a conductive sample
or the surface potential of semiconducting or insulating surfaces[113]. The mini-
mum amount of energy required to remove an electron from an atom’s outer shell
is known as the work function. This value is a very good predictor of the sample’s
surface condition. A parallel plate capacitor is created by the surface under inves-
tigation and the vibrating tip. This happens when two distinct materials, usually
metals, come into electrical contact, a flow of charge between the two materials
takes place to balance their Fermi levels. This equilibration produces a potential
difference that causes the materials to develop a surface[21]. Figure 3.3 shows the
evolution of the Fermi level and the charging of the probe and sample. The elec-
trochemical potential of the electrons in both metals will be equal when two metals
(the probe and the sample) are linked. Due to this, one of the metals becomes more
charged than the other, which causes a potential difference between the two metals
in contact. This difference is known as the Volta potential difference or contact po-
tential difference. Thus, by measuring the Volta potential difference in relation to
a reference metal with a constant reference work function, the work function of a
metal can be determined. In a paper by Stratmann et al.[114] it is shown that the
contact potential difference of a metal is related to the corrosion potential measured
by a micro reference electrode.

In this study, Scanning Kelvin probe measurements were conducted to investigate
the H/material interaction for the iron-based alloys under study. The Volta potential
distribution across the sample area of interest is measured using scanning Kelvin
probe (SKP) in a humidity control chamber. The SKP technique is used two times for



40

3.2.3.1

| MATERIALS AND METHODOLOGY

Probe Sample Probe Sample Probe Sample
Surface Surface Surface
Eva Evaz \
eV,
W, W,
W, w,
W, E, W,
E
EW - E2
E, E -
(a) I I (b) I I (c) I - I
Probe Sample Probe Sample Probe Sample
Surface Surface Surface

Figure 3.3: When there is no electrical connection between the probe and the sample, each
has a unique Fermi level Ey;, and work function Wyp. Since the probe and sample
are electrically linked during an SKP measurement (b), charge flows from the
sample to the probe (c). As a result, a surface charge known as the contact
potential difference Vcp is created between the probe and sample. In SKP, a
backup potential Vb is provided between the probe and the sample (e) to null the
surface charge and restore the Fermi levels to their initial positions. This potential
is equal to the contact potential difference but has the opposite sign.[21]

each material; before hydrogen charging (on the bare metal surface after polishing)
and after hydrogen charging.

e Before Hydrogen charging - A freshly polished sample of the three materials
was used for the SKP experiment.

o After Hydrogen Charging - A freshly polished sample was electrochemically
charged with hydrogen and then used for the SKP experiment. To note: the
SKP tests were done within an 10 mins after charging with hydrogen.

Sample Preparation

The following steps were used to prepare the samples for Scanning Kelvin probe
(SKP) measurements. The as-received three materials, Pure Iron, DP100oo and AISI
420 were cut into strips of dimensions approximately equal to 15mm x 15 mm,
using the Struers Discotom. The samples were ground using 8o to 4000 grit damp
SiC sanding paper. The samples were then polished using a Struers DiaDuo-2 fine
diamond suspension with particle sizes of 3 pm and 1 pm.

Electrochemical experimental Set-up and Procedure for sample preparation

The same three-electrode Electrochemical cell setup as mentioned in the H-Charging
experiments is used here. The electrolyte was a 1M NaOH solution containing 8g/L
of Thiourea, and the electrolyte was freshly replaced for each test. All the other
operating parameters are also the same as the previous Electrochemical experiments.
For the samples After Hydrogen charging used for the SKP tests, the electrochemical
procedure used is detailed in the table 3.8.

Table 3.8: Electrochemical sample preparation for SKP - After Hydrogen Charging
No. Step Parameters
1 Open Circuit Potential Duration: 1 hour
Applied Potential: -1.250 V vs Eref
Duration: 1 hour

2 Chronoamperometry (CA)
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The samples before hydrogen charging and the samples obtained after hydro-
gen charging were gently washed with Isopropanol and dried with compressed air.
Following sample preparation, potential measurements were carried out using a
height-regulated scanning Kelvin probe (SKP5050) from KM Soft Control. The SAE
304 stainless steel tip of the SKP probe has a diameter of around 550 m. The probe
was calibrated against a Cu/CuSO, reference prior to the experiments. All the tests
were carried out at room temperature (23 C), with a relative humidity of approx.
53 percent. The figure 3.4 shows a schematic of the SKP sample (in grey), the area
charged with Hydrogen(in yellow) and the area of interest(in blue).

—» Area charged
with hydrogen -
0.310 cm?

) App.rt.)mmate
position of area

of SKP study.

Figure 3.4: A schematic of the SKP sample and the area of interest.

Table 3.9 shows the SKP parameters set for the line scans.

Table 3.9: SKP Parameters
No. SKP Parameters Values

1 Gradient Required 123 +/-6
2 Probe Amplitude 40

3 No. of Lines 4

4 Area scan (x) 508 um

5 Area scan (y) 1.02 cm
6 x step 254 pm

7 y step 254 pm

Mictostructure Characterization

X-Ray Diffraction (XRD)

XRD is a powerful, non-destructive analytical technique that can be used to ascer-
tain the atomic and molecular structure of crystalline and semi-crystalline materials.
X-rays produced in a cathode ray tube are fired at a sample while being accelerated
by a voltage. A portion of the energy is absorbed by electrons in the sample, and
as excitation takes place, inner shell electrons are knocked loose and generate a
distinctive X-ray spectrum. The spectra generated are identified using an existing
database, and they show the crystalline phases present in the sample material, pro-
viding information on the chemical composition. Crystalline and semi-crystalline
materials have distinct diffraction patterns that they produce. Additionally, data on
average particle size, structures, phase ratios, crystallinity, stress states, and crystal
defects can be obtained.

4
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The scattering phenomenon is represented by Bragg’s law, where n is an integer,
A is the x-ray wavelength, d is the distance between planes in the sample’s atomic
lattice, and 6 is the diffraction angle in degrees. Bragg’s law is represented by the
equation given below.

nA = 2dsinf

In this thesis, XRD is used to characterize the three materials under study to
gain a better understanding of its surface microstructure. The XRD technique is
used three times for each material; before hydrogen charging (on the bare metal
surface after polishing), after hydrogen charging and after hydrogen discharging.
The instrument used and the relevant settings and measurements made are shown
in table 3.10. The XRD technique was used at three different stages of the Hydrogen
charging and discharging process. For the case of XRD, the samples were extracted
from three different stages of the process detailed in table 3.4:

e Before Hydrogen charging - A freshly polished sample of the three materials
was given for the XRD characterization

e After Hydrogen Charging - A freshly polished sample was electrochemically
charged with hydrogen and then given for XRD characterization. To note: the
XRD tests were done within an hour after charging with hydrogen.

e After H discharging - A freshly polished sample was electrochemically charged
and discharged with hydrogen after which it was given for XRD characteriza-
tion.

Table 3.10: XRD Instrument specifications and parameters

After Hydrogen Charging and

Sample taken at which stage Before Hydrogen Charging After Hydrogen Discharging

Bruker D8 Discover diffractometer Bruker D8 Discover diffractometer
Instrument and Eiger-2 500k 2D-detector. and Eiger-2 500k 2D-detector.

Incoatec Microfocus Source (IuS) Incoatec Microfocus Source (IiS)
Emission source Cu Ku radiation, 50 kV 1000 pA. Cu Ka radiation, 50 kV 1000 pA.

Continuous 9 -29 scan 10° - 110°,

step size 0.04 ° 20, counting time per step 2s, 10s.
Continuous 9 -20 scan 20° - 80°,

step size 0.04 ° 20, counting time per step 10 s.

Continuous ¥ -29 scan 10° - 110°, First a relatively quick measurement with step
Measurement step size 0.020 © 29, time 2s was done, immediately after the charging
counting time per step 5s. treatment. After that a slower measurement with

a smaller 2theta range was performed with step
time of 10 s, to resolve small peaks. After
discharging only a full range slow measurement
was needed.

Data Evaluation Bruker software DiffracSuite. EVA vs 6.0.  Bruker software DiffracSuite.EVA vs 6.0.

3.3.1.1 Sample Preparation

The as-recieved three materials, Pure Iron, DP10oo and AISI 420 were cut into strips
of dimensions approximately equal to 15mm x 15 mm, using the Struers Discotom.
The samples were ground using 8o to 4000 grit damp SiC sanding paper. The sam-
ples were then polished using a Struers DiaDuo-2 fine diamond suspension with
particle sizes of 3 pm and 1 pm. After polishing, the samples were ultrasonicated
in an Isopropanol bath for 5 minutes and dried with compressed air. These grind-
ing steps were performed to guarantee that the sample surface was free of scratches.

Electrochemical Experiment Set-up for sample preparation

The same three-electrode Electrochemical cell setup as mentioned in the H-Charging
experiments is used here. The electrolyte was a 1M NaOH solution containing 8g/L
of Thiourea, and the electrolyte was freshly replaced for each test. All the other
operating parameters are also the same as the previous Electrochemical experiments.
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Table 3.11: Electrochemical sample preparation for XRD - After Hydrogen Charging

No. Step Parameters
1 Open Circuit Potential (OCP) Duration: 1 hour
Initial Potential (Ei): -1.250 V vs Eref
Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
2 Cyclic Votammetry (CV) Final Potential (Ef): - 0.4 V vs Eref
Scan rate: 10 mV/s
No. of cycles: 3
Applied Potential: -1.25 V vs Eref
Duration: 1 hour

3 Chronoamperometry (CA)

For the samples After Hydrogen charging used for the XRD test, the electrochemical
procedure used is detailed in the table 3.11.

For the samples After Hydrogen Discharging used for the XRD test, the electro-
chemical procedure used is detailed in the table 3.12.

Table 3.12: Electrochemical sample preparation for XRD - After Hydrogen Discharging
No. Step Parameters
1 Open Circuit Potential (OCP) Duration: 1 hour
Initial Potential (Ei): -1.250 V vs Eref
Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
2 Cyclic Votammetry (CV) Final Potential (Ef): - 0.4 V vs Eref
Scan rate: 10 mV/s
No. of cycles: 3
Applied Potential: -1.25 V vs Eref
Duration: 1 hour
Initial Potential (Ei): -1.250 V vs Eref
Potential Range (E1 - E2): -1.250 - 0.15 V vs Eref
4 Cyclic Votammetry (CV) Final Potential (Ef): - 0.4 V vs Eref
Scan rate: 10 mV/s
No. of cycles: 5
Applied Potential: -0.90 V vs Eref
Duration: 30 minutes

3 Chronoamperometry (CA)

5 Chronoamperometry (CA)
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4.1.1

RESULTS

Microstructure Characterization - XRD

The microstrustructural characterization of the metals in this study was performed
through XRD analyses. The samples for this analysis was taken from three different
stages of the Hydrogen charging and discharging process as mentioned in section
3.3.1.

Before Hydrogen Charging

Pure Iron is generally said to be composed of ferrite (x-Ferrite, BCC). In an earlier
study by Kar et al.[115] the same Pure Iron material was characterised using optical
microscopy. It was found that the samples have a single ferrite phase. This can be
confirmed from the XRD diffractogram seen in figure 4.1. All the major diffraction
peaks can be associated to the a-Ferrite phase.
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Figure 4.1: X-Ray Diffraction peaks of Pure Iron Before Hydrogen charging (Peak fitting with
the red lines - a-Fe).

Dual-phase (DP) steels are typically composed of ferrite and 5-20% martensite
and including some retained austenite, with yield strengths ranging from 500 to
1200 MPa. In an earlier study by Ozkan et al.[116] the same DP10oo material was
characterised using optical microscopy and SEM. It was found that the material had
a ferrite-martensite microstructure with a ferrite volume fraction of 50%. This can
be confirmed from the XRD diffractogram for Dual Phase 1000 steel which shown in
figure 4.2. The most contributing peaks relate to the a-Fe(BCC ferrite/BCT marten-
site). However, there are also a few minor contributing peaks associated with the
v-Fe (FCC retained austentite) phase that were found. XRD distinguishes various
crystallographic modifications of iron («-Fe, y-Fe). It cannot, however, clearly dis-
tinguish between ferrite and martensite. As a result of the investigated steels” low
carbon content, it was predicted that martensite would have a roughly cubic struc-
ture comparable to ferrite rather than a tetragonal structure[117].
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Figure 4.2: X-Ray Diffraction peaks of DP100o Before Hydrogen charging (Peak fitting with
the red lines - a-Fe and Peak fitting with the blue lines - y-Fe.

The XRD diffractogram in Figure 4.3 reveals that martensite makes up the major-
ity of the AISI 420 material. Additionally, a few minor secondary carbide peaks can
be detected. In an earlier research by Crousen et al.[118] on the same material, using
microscopy techniques, it was found that the microstructure was clearly dominated
by martensite laths. Retained austenite was, however, not easily distinguished in
optical microscopy. There were no distinguishable retained austenite peaks in the
XRD diffractogram in figure 4.3 either.
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Figure 4.3: X-Ray Diffraction peaks of AISI 420 Before Hydrogen charging (Peak fitting with
the red lines - a#-Fe ( BCT martensite).

The table 4.1 shows the possibly present crystalline phases in the materials before
H charging.
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Table 4.1: The table shows the possibly present crystalline phases in the materials before H
charging, using the ICDD pdf4 database.The color sticks mentioned correspond to
the colored fitting lines in the XRDs.

Material Compound  Values

Pure Iron  o-Iron Fe (red sticks)
a-Iron Fe (red sticks)

AlISI 420  Isovite Cri15.58Fe7.42C6 (blue sticks)
Iron Carbide Fe2C (Green sticks)

DP1000 a-Iron Fe (red sticks)

Austenite Feo.49Cro.29Ni0.16Co.06 (blue sticks)

4.1.2 After Hydrogen Charging and After Hydrogen Discharg-
ing

For the pure iron samples after H charging and after H discharging, the XRD
diffractogram in figure 4.4 showed peaks with respect to the a-Fe peaks(BCC Fer-
rite) phase, and there were some additional peaks related to Feroxyhyte (FeO(OH))
phase. Similarly, for the DP10ooo samples after H charging and after H discharging,
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Figure 4.4: X-Ray Diffraction peaks of Pure Iron After Hydrogen (dis)charging (Peak fitting
with the red lines - a-Fe (BCC Ferrite), Peak fitting with the blue lines - Feroxy-
hyte (FeO(OH)).

the XRD diffractogram in figure 4.5 showed peaks with respect to the a-Fe(BCC
ferrite/BCT martensite) phase and the y-Fe (FCC retained austentite) phase, and
there were some additional peaks related to Feroxyhyte (FeO(OH)). Now, the XRD
diffractogram for the AISI 420 material After H (dis)charging did not show any dif-
ferences with respect to the appearance of new phases in comparison with the XRD
from before H charging. The table 4.2 shows the possibly present crystalline phases
after H charging and H discharging.
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Figure 4.5: X-Ray Diffraction peaks of DP1ooo After Hydrogen (dis)charging (Peak fitting
with the red lines - a-Fe ( BCC Ferrite/ BCT Martensite), Peak fitting with the
blue lines - Feroxyhyte (FeO(OH), Peak fitting with the green lines - y-Fe).

Table 4.2: The table shows the possibly present crystalline phases after H charging and H

discharging, using the ICDD pdf4 database.

Material Compound  Values
Pure Iron a-Iron Fe
+ After H Charging Feroxyhyte FeO(OH)
+ After H Discharging Feroxyhyte = FeO(OH)
AISI 420 a-Iron Fe
Isovite Cri15.58Fe7.42C6
Iron Carbide Fe,C
+ After H Charging - -
+ After H Discharging - -
DP1oo0 a-Iron Fe
Austenite Feo.49Cro.29Nio.16Co.06
+ After H Charging Feroxyhyte =~ FeO(OH)
+ After H Discharging Feroxyhyte = FeO(OH)
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H/material interaction - Electrochemical Exper-
iments

Pourbaix Diagram

The electrochemical stability of an element in various redox states is plotted as a
function of pH on Pourbaix Diagrams. These diagrams, as previously mentioned,
are essentially phase diagrams that depict the potential and pH conditions (usually
in aqueous solutions) at which certain redox species are stable. When identifying
the peaks in the cyclic voltammograms of materials in electrolytes of varying pH,
a Pourbaix diagram is a very useful tool. Pourbaix diagrams in the relevant area
of interest need to be analyzed for this reason. For the understanding the elec-
trochemical processes alongside the potential range studied (-1.25 V to 0.15 V vs.
Ag/AgCl(sat-KCl) ), figure 4.6 depicts the Pourbaix diagram for iron. Iron is stable
up to a potential of -1 V versus SHE at a pH range of 13.1 - 13.7. Increasing the
potential to more positive values causes iron to oxidize to FeO, Fe;O,, and Fe,O;.
Around -0.65 V (-0.85 V vs Ag/AgCl), Fe oxidizes to Fe,O5;. The lower orange
dashed line represents the lower limit of water stability (LLW), below which hydro-
gen liberation begins. This corresponds to a potential of roughly -0.7 V (-0.9 V vs
SSCsat) in the pH range of interest in the Pourbaix diagram in figure 4.6. Due to
experimental inconsistencies, all the values read from the pourbaix diagrams when
converted into real values have to be considered with a degree of flexibility.
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Figure 4.6: Pourbaix diagram of iron. The red rectangle marks the pH range of the electrolyte
used in this study and the lower dashed orange line represent the stability region
of water. The filled regions in the diagram indicate a solid phase whereas empty
regions indicate dissolution of Fe ions.

The Pourbaix diagram of an Fe(87%)-Cr(13%) alloy resembling the composition
ratio (in weight) of AISI 420 stainless steel, if no other alloying elements were
present, is shown in Figure 4.7. Only Iron and chromium were considered since
they have the highest weight percentage with respect to all the other elements com-
posing the AISI 420 stainless steel. In the pH region of interest, from 13.1-13.7, until
approx. -1.5 V vs SHE, Fe(s) and Cr(s) are stable after which the Fe(s) is stable until
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-1 V vs SHE. Increasing to higher concentrations causes the Cr and Fe to oxidize to
Cr,03, FeO, Fe;0,, FeO,~, combined oxides of Fe and Cr, etc. The lower orange
dashed line represents the lower limit of water stability (LLW), below which hydro-
gen liberation begins. This corresponds to a potential of roughly -0.7 V (-0.9 V vs
SSCsat) in the pH range of interest in the Pourbaix diagram in figure 4.6. Due to
experimental inconsistencies, all the values read from the pourbaix diagrams when
converted into real values have to be considered with a degree of flexibility.
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Figure 4.7: Pourbaix diagram of Fe 87% Cr 13% system. The lower dashed orange line rep-
resent the stability region of water. The filled regions in the diagram indicate a
solid phase whereas empty regions indicate dissolution of Fe and Cr ions.

Determination of Operating Parameters

Sodium Hydroxide(NaOH) was chosen as the electrolyte for all the H charging
experiments so as to compare hydrogen sorption properties in passivity conditions.
Thiourea was used as a recombination poison to promote the absorption of H into
the material surface by preventing the recombination of H* ions to H, gas. Initially,
some tests were done using 0.1 M NaOH and 8 g/L of thiourea, but the results did
not show distinguishable peaks with respect to Hydrogen desorption. Therefore,
based on the study by Ozdirk et al.[102], a concentration of 1 M NaOH and 8 g/L
of Thiourea (TU) was used as the electrolyte. Additionally some tests were also
done without the addition of Thiourea i.e. with 1 M NaOH alone, as the electrolye,
so as to identify if the addition of Thiourea was necessary. The choice of potential
for H charging and discharging was on the basis of the Pourbaix Diagram for Iron
and steel systems and the literature study. This will be expanded upon later.

OCP Measurements

The figure 4.8 presents the OCP measurements that have have stabilised after 1 hour
for the three active materials. The figure shows the results of a single repetition
of each sample. It is crucial to note that a single repetition for the OCP value
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will not provide a reliable indicator of the typical behavior of the sample under
consideration. However, in this case, this representative OCP plot shows the general
trend as observed from all the repetitions. It shows that the AISI 420 material has
the most negative potential. This might be due to the continuous passivisation of
the steel in the alkaline medium. Additionally, the presence of thiourea might also
have an effect on the OCP value.
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Figure 4.8: OCP values for DP10oo, Pure Iron and AISI 420 in 1 M NaOH + 8 g/L Thiourea

The table 4.3 shows the OCP values of the three materials under study in the 1 M
NaOH + 8 g/L Thiourea electrolyte.

Table 4.3: OCP values of the three materials under study in the 1 M NaOH + 8 g/L Thiourea
electrolyte. The OCP measurement has been performed at least four times and the
averages with the error are shown.

. OCP
Electrolyte Material (V vs SSCsyt)
-0.404+
M NaOH + DP1o00 0.012
8 g/L Thiourea Pure Iron  039%*
0.010
AlSI 420 0500
0.020

Hydrogen Charging and Discharging Curves

Figures 4.9 and 4.10 show the chronoamperometric charging and discharging curves
for DP10oo in 1 M NaOH + 8 g/L Thiourea electrolyte. Both figures show stable
curves that indicate that there is no H, bubbling in the Electrochemical cell setup,
that might show up as perturbations in the I vs t curve. The CA curves for charging
and discharging have a similar profile across the three materials and for both active
and passive behaviour. Therefore, the CA curves for H charging and Discharging
in DP1000 is used as a representation here.

The Cyclic Voltammetry and the EIS results will be presented in detail in the next
section.
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Figure 4.9: CA curve for H charging at a constant potential of -1.25 V vs SSCsat for DP100o
in 1 M NaOH + 8 g/L Thiourea
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Figure 4.10: CA curve for H discharging at a constant potential of -0.90 V vs SSCsat for
DP100o in 1 M NaOH + 8 g/L Thiourea
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H/material interaction - Electrochemical Exper-
iments - Cyclic Voltammetry

Active Behaviour (Pre-conditioning A) - Attribution of Peaks

DP1000

Figure 4.11a shows the voltammograms obtained for the CV scan prior to hydrogen
charging for the DP10oo sample. Three consecutive CV cycles are performed on the
steel as pre-treatment before hydrogen charging. Three anodic and two cathodic
responses are observed in the voltammogram. Peak a1 decreases with cycling, while
peak a2 and peak c1 grow.
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Figure 4.11: Overview of the procedure for cyclic voltammetry, DP10ooo (a) three CV scans
before hydrogen charging, (b) six CV scans after 1 hour of hydrogen charging
and (c) six CV scans after 30 mins of hydrogen discharging in 1 M NaOH solu-
tion containing 8 g/1 thiourea solution (scan rate 10 mV/s).

During the forward scan (oxidation process), which starts at a potential Ei=-1.25
V vs SSCsat and increases in a positive direction, there appears to be a peak at
a1, as indicated in the figure 4.11a. For the anodic peak at a1, it can be seen that
an accompanying reduction peak does not appear in the reverse scan which is an
indication that an irreversible oxidation process is taking place. Either of the two
following reactions can take place,

Fe® + 20H™ —— FeO + H,O + 2e~
Fe® + 20H™ —— Fe(OH), + 2e~

As the potential becomes more positive, an anodic peak appears at a2 followed
by a peak at a3. The CV scan switches to the reverse sweep at a potential E2=0.15
V vs SSC. In the reverse scan (Reduction process, as the potential becomes more
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negative, a cathodic peak appears at c2 followed by a peak at c1. However, an
accompanying reduction peak does not appear in the reverse scan, indicating an
irreversible oxidation process. Additionally, the colour of the sample turns orange-
brown during the forward anodic scan, while the colour diminishes after the reverse
cathodic scan.

The integration of the peaks at a2 and c1 shows that the amount of charge re-
leased is similar. The standard potential of this reaction was calculated, and based
on the pourbaix diagram in the figure 4.6 and Literature[102, 37, 119, 120], the peaks
are generally attributed to (hydr)oxidation/reduction reactions. The following reac-
tions can take place, as to which exact reaction is taking place will be discussed in
the next chapter.

Fe(OH); +e~ +3H" == Fe*" + 3H,0O
a—FeOOH + e~ + 3H" = Fe** + 2H,O
0.5Fe;04 +e” +4H" = 1.5Fe*" + 2H,0

Similarly, the integration of the peaks at a3 and c2 shows that the amount of
charge released is similar. From literature[121], it can be assumed that the peaks at
a3 and c2 can be assigned to the redox system Mn304/Mn203. This agrees with
the composition of the dual phase steel. As these processes are not the focus of the
presented work, they will not be discussed further.

Then, in the potential region between approx -0.200V to -0.600 V vs SSCsat, the
current response is more or less constant, showing the passivity of the surface due
to the formation of oxide layers.

Figure 4.11b shows six consecutive voltammograms taken after hydrogen charg-
ing. For the scanning conditions mentioned earlier, the first anodic response in the
first CV scan contains four peaks a1’, a1, a2 and a3. In the second CV cycle, peak
a1’ is highly diminished and only the other three anodic peaks remain, showing a
decreasing trend from the first to the second cycle. From the third cycle on, peak
a1’ does not change significantly.

Peaks a1, a2, a3, c1 and c2 all occur at the same potentials as in the uncharged case.
However, a hitherto unknown peak a1’ was created at a potential of roughly -0.9 V
versus SSCsat. According to the Pourbaix diagram in the figure4.6, this potential
corresponds to hydrogen evolution. According to the equation below, hydrogen is
evolved from the electrolyte during the charging process.

Hags — H" + e~

The hydrogen atoms are initially adsorbed or chemisorbed on the sample sur-
face and subsurface, then diffuse into the bulk, where they may become trapped.
Accordingly, peak a1’ is attributed to diffusible hydrogen desorbed from the spec-
imen’s bulk. The hydrogen measured by this approach comprises contributions
from surface and subsurface sites, as well as reversible traps in the bulk of the speci-
men, such as grain boundaries[31]. Upon further cycling, the hydrogen-related peak
completely vanished. It can be inferred that the a1’ peak was related to complete
evolution of diffusible hydrogen from the material.

Additionally, from figures 4.11b and 4.11¢, it can be observed that with further
cycling the peak a1 disappears, while peak a2 and c1 stabilizes. It can be inferred
that the oxide products formed at peak a1 are the primary reactants for the oxida-
tion reaction taking place at a2. Any further increase in the intensities of peak a2
and c1 is probably due to the formation of multilayers of the metal oxide or is due
to surface roughening[102].

In the paper by Ozdirik et al.[102], it was suggested that the peak at a1 might
be formed due to two possible reaction phenomena. The first hypothesis was men-
tioned earlier and the second one is due to the presence of thiourea. They proposed
that the thiourea is adsorbed on the metal surface in alkaline electrolytes and gets
irreversibly transformed by hydrolysis. H,S is then adsorbed into the surface and
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decomposed to facilitate the formation of a chemisorbed layer of Sulphur on the
metal surface. It was assumed that the peak a1 could have been formed due to the
oxidation reaction of sulphur to sulphate at the respective potential.

To clarify the attribution of the peak a1, some CV experiments were done with
1 M NaOH (without Thiourea). The figure 4.12 shows a comparison of the peaks
ar’, a1 and a2 formed in the CV after Hydrogen charging for DP1ooo with two
electrolyte, 1M NaOH and 1M NaOH + 8 g/L Thiourea. It can be observed that the
the peak a1 appears in the case of both electrolytes and does not seem tot depend
on the presence of Thiourea. Therefore the first hypothesis seems more likely. The

DP1000, After Hydrogen Charging Cycle 1 - NaOH +TU|
Cycles 1 - NaOH
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Figure 4.12: Comparison of a1 peaks after hydrogen charging for DP1ooo in 1 M NaOH
solution and 1 M NaOH solution containing 8 g/1 thiourea (scan rate 10 mV/s).

table A.1 showing the peak values relating to the CV’s of the material can be found
in the appendix. The general peak positions of all the peaks are indicated.

Pure Iron

The analysis of Pure Iron with respect to CV is quite similar to the DP10oo steel.
The main difference between the two is that the current intensities of all the peaks
are more in the case of pure iron. Additionally, the Mn-related peaks are also not
seen in the CV for Pure Iron, which again agrees with the composition of the pure
iron sample. Figure 4.11 shows the voltammograms obtained for the CV scan of
Pure Iron.

The table A.2 in the appendix shows the peak values relating to the CV’s of the
Pure Iron - Pre-Conditioning A. The general peak positions of all the peaks are
indicated.

AlSI 420

The analysis of AISI 420 with respect to CV is quite similar to the DP10oo steel and
Pure Iron. Figure 4.14a shows the main difference between the CV’s for AISI 420
and the other two materials. The peak a1 in the CV’s for DP10ooo and Pure Iron,
that is related to the non-equilibrium (hydr)oxidation reaction, does not appear in
the CV for the AISI 420 material.

The integration of the peaks at a2 and c1 shows that the amount of charge re-
leased is similar. The standard potential of this reaction was calculated, and based
on the pourbaix diagram in the figure 4.6 and Literature[102, 37, 119, 120], the peaks
are generally attributed to (hydr)oxidation/reduction reactions. The following re-
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Figure 4.13: Overview of the procedure for cyclic voltammetry, Pure Iron (a) three CV scans
before hydrogen charging, (b) six CV scans after 1 hour of hydrogen charging
and (c) six CV scans after 30 mins of hydrogen discharging in 1 M NaOH solu-
tion containing 8 g/1 thiourea solution (scan rate 10 mV/s).
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actions can take place, as to the exact reactions will be discussed in the following
chapter in detail.

Fe(OH); + e~ +3H" == Fe*" + 3H,O
a—FeOOH + e~ + 3H" = Fe** + 2H,0O
0.5Fe;0, +e” +4H" = 1.5Fe*" +2H,0

Then, in the potential region between approx -0.2 V to -0.6 V vs SSCsat, the
current response is more or less constant, showing the passivity of the surface due
to the formation of oxide layers. During the reverse scan, apart from the c1 peak,
there is a peak in the current response at c2, indicating the irreversible reduction of
the oxidative species of non-equilibrium products.

The current intensities of the peaks a2 and c1 are observed to decrease with time
though not by a large degree. This might have something to do with the protective
air-formed oxide on the material or the oxide layer formed on the steel due to the
alkaline environment, which is comprised of chromates that do not get reduced in
the potential sweep range of (-1.25 to 0.15) V vs SSCsat. To prove the latter, some
additional CV tests were done with the AISI 420 material using a larger potential
window where oxidation/reduction of chromium species might be expected to oc-
cur. It was found that the peaks relating to a2 and c1 increased with subsequent
scans. It can be gathered that the redox reactions of the chromium compounds
allowed for or promoted the redox reactions for the Fe compounds in the steel.

Figure 4.14 shows the voltammograms obtained for the CV scan of AISI 420.
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Figure 4.14: Overview of the procedure for cyclic voltammetry, AISI 420 (a) three CV scans
before hydrogen charging, (b) six CV scans after 1 hour of hydrogen charging
and (c) six CV scans after 30 mins of hydrogen discharging in 1 M NaOH solu-
tion containing 8 g/1 thiourea solution (scan rate 10 mV/s).

After the material is charged with Hydrogeng.14b, in the first forward scan, a
peak a1’ appears that did not exist in the CV before Hydrogen charging. This peak
intensity decreases significantly with the number of cycles until the peak almost
disappears as it reaches the 4th CV cycle. The assignment of this peak is a bit
problematic in the case of AISI 420 as there is nothing in the Literature, to this
author’s knowledge, that could explain its presence.
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Now, there is hypotheses as to what this peak might represent. It is related to
H desorption; the peak appears at a potential range where H evolution can be
assumed to occur (pourbaix diagram 4.7).

It is known from Literature that diffusible H in the bulk of the metal bound to
relatively weak traps like grain boundaries and dislocations have low activation
energy. Therefore, it gets desorbed from the bulk of the alloy[122].

Hags — H" + e~

To give further proof to this hypothesis, tests were done with the AISI 420 mate-
rial in 1 M NaOH + 8 gk Thiourea, with a charging duration of 3 hours instead of
the 1-hour duration previously taken for the experiment. The figure 4.15 shows a
comparison of the peak a1’ for two CV curves after H charging for 1 hour and 3
hours. It can be observed that the peak a1’ is higher after H charging for 3 hours
compared to 1 hour. From this, it was assumed that the peak a1’ in figure 4.14b is

NaOH+TU, 3 hrs of H charging - First cycle after hydrogen charging
NaOH+TU, 1 hour of H charging - First cycle after hydrogen charging
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Figure 4.15: Comparison of the peak a1’ for two CV curves after H charging for 1 hour and 3
hours, AISI 420 in 1 M NaOH solution containing 8 g/I thiourea solution (scan
rate 10 mV/s).

related to H desorption.

The table A.3 in the appendix shows the peak values relating to the CV’s of the
material. The general peak positions of all the peaks are indicated.

Passive Behaviour (Pre-conditioning B) - Attribution of
Peaks

DP1000

The attribution of peaks is exactly the same as that for the DP steel in Active be-
haviour. The most important difference is in the current responnse of the a1’ peak,
which is associated with H desorption. In the figure4.16b, the current response is
lower than that in figure4.11b. Additionally, the a3 and c2 peaks related to the Mn
redox processes is also only barely visible. Figure 4.16 shows the voltammograms
obtained for the CV scan of DP10o0o.
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Figure 4.16: Overview of the procedure for cyclic voltammetry, DP100O, Pre-conditioning
B (a) three CV scans before hydrogen charging, (b) six CV scans after 1 hour of
hydrogen charging and (c) six CV scans after 30 mins of hydrogen discharging
in 1 M NaOH solution containing 8 g/1 thiourea solution (scan rate 10 mV/s).

The table A.4 in the appendix shows the peak values relating to the CV’s of the
material. The general peak positions of all the peaks are indicated. The values of
peak potentials are more or less similar for both active and passive behaviour.

Pure Iron

The attribution of peaks is exactly the same as that for the Pure Iron in Active
behaviour. The most importent difference is in the current responnse of the a1’ peak,
which is associated with H desorption. In the figure4.17b, the current response is
lower than that in figure4.13b. Figure 4.17 shows the voltammograms obtained for
the CV scan of Pure Iron.

The table A.4 in the appendix shows the peak values relating to the CV’s of the
material. The general peak positions of all the peaks are indicated. The values of
peak potentials are more or less similar for both active and passive behaviour.

AlSI 420

The attribution of peaks is exactly the same as that for the AISI 420 in Active be-
haviour. The most importent difference is in the current responnse of the a1’ peak,
which is associated with H desorption. In the figure4.18b, the current response is
lower than that in figure4.14b. Figure 4.18 shows the voltammograms obtained for
the CV scan of AISI 420.

The table A.4 in the appendix shows the peak values relating to the CV’s of the
material. The general peak positions of all the peaks are indicated. The values of
peak potentials are more or less similar for both active and passive behaviour.
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Figure 4.17: Overview of the procedure for cyclic voltammetry, Pure Iron, Pre-conditioning
B (a) three CV scans before hydrogen charging, (b) six CV scans after 1 hour of
hydrogen charging and (c) six CV scans after 30 mins of hydrogen discharging
in 1 M NaOH solution containing 8 g/1 thiourea solution (scan rate 10 mV/s).
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Figure 4.18: Overview of the procedure for cyclic voltammetry, AISI 420, Pre-conditioning B
(a) three CV scans before hydrogen charging, (b) six CV scans after 1 hour of
hydrogen charging and (c) six CV scans after 30 mins of hydrogen discharging
in 1 M NaOH solution containing 8 g/1 thiourea solution (scan rate 10 mV/s).
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Detection of Hydrogen and Data Processing

Several ways can be used to quantify the desorbed hydrogen from CV. The most
popular way is to determine the amount of hydrogen corresponding to the hydro-
gen peak seen in the first CV scan after hydrogen charging. This study also uses
the same method.The amount of hydrogen desorbed can be calculated using the
variables recorded by the potentiostat during the CV experiment, specifically the
total charge (Q). Each electron corresponds to one hydrogen atom (desorbed via
the Volmer-Heyrovsky pathway). As a result, it is feasible to directly correlate with
the quantity of hydrogen atoms desorbed off the material’s surface. It is important
to note that when the potential is near the Ei, a very small amount of hydrogen
is probably being adsorbed into the material. However, because this amount is so
small, it does not produce a hydrogen desorption peak on the CV scans before H2
loading and can thus be ignored.

The "Peak Baseline analyser” feature in the Origin Pro program is used to obtain
the H desorption data. The last anodic scan from the CV before H charging is used
as the baseline scan, which is then subtracted from the first anodic CV scan after
H charging. Then, the hydrogen related a1’ peak is deonvoluted from any overlap-
ping peaks, and the area under the peak is determined. This area is measured in
V.A/cmz2. Divided by the voltage sweep rate (V/s), this yields the surface charge
density. See equation below,

2y _ PeakArea(V.A/cn?)
Pdesorbed (C/cm?) = SweepRate(V /s)

A comparison of the hydrogen-related, after H charging, CV peak a1’ for DP1000,
Pure Iron and AISI 420 in both Active Behaviour (Pre-conditioning A) and Passive
Behaviour (Pre-conditioning B) is presented in figure4.19.
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Figure 4.19: A comparison of the hydrogen-related, after H charging, CV peak a1’ for
DP1ooo, Pure Iron and AISI 420 in both Active Behaviour (Pre-conditioning
A) and Passive Behaviour (Pre-conditioning B).

It can be seen from the figure4.19 that the pure iron sample has the highest peak
current intensity, followed by the dual phase steel sample and then the AISI 420
sample. The bar graph in figure4.20 shows the Hydrogen desorption as a function
of the surface charge density. It can be seen that for both pre-conditioning types, the
pure iron sample has the highest surface charge density, followed by the dual phase
steel sample and then the AISI 420 sample. When comparing the pre-conditioning
types A and B, it can be seen from both figures4.15 and 4.19 that more Hydrogen
is desorbed from the materials when the H is charged directly to the active surface
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instead of the passive surface. It can be speculated that this is due to the passive
layer on the metals” surface acting as a barrier for H adsorption. The next chapter
will address this in relation to the Microstructure and the EIS.

Pre-conditioning A
Pre-conditioning B

0,5 |—r|7

0,0

conditionil | conditionit| conditionii | conditionii conditioninlconditionil
DP1000 Pure Iron AISI 420

Figure 4.20: A comparison of the surface charge density under the a1’ peak for DP10oo, Pure
Iron and AISI 420 in both Active Behaviour (Pre-conditioning A) and Passive
Behaviour (Pre-conditioning B).

H/material interaction - Electrochemical Experi-
ments - Electrochemical Impedance Spectroscopy

(EIS)

Active Behaviour (Pre-conditioning A)

DP1000

Electrochemical Impedance Spectroscopy (EIS) is performed on the samples in the
solution medium, Before H Charging, After H Charging and After H Discharging,
to understand the electrochemical interface and the corrosion resistance of the sam-
ples. EIS investigations are demonstrated in the figure 4.21, which shows selected
Nyquist and Bode plots for the DP10oo material in 1 M NaOH + 8 g/L Thiourea
solution. From the figure 4.21b, the shape of the Nyquist plots is identical across
the samples, with an incomplete semi-circular appearance. Nyquist plots show that
the dual phase steel sample exhibits a larger arc diameter in before H charging
when compared to after H charging and after H discharging. The smaller arcs for
the other two steps, found at higher frequencies, are only clearly identified after
zooming in on the graph. It can be seen from the decreasing arc diameters across
the three steps (Before H charging, After H charging and After H Discharging) that
the sample before H charging shows a more corrosion-resistant electrochemical re-
sponse as the H charging procedure proceeds. The bigger the capacitance arc radius,
the higher the stability of the film[123].
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Figure 4.21: (a) Bode plots of DP1ooo: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution;
(b)Nyquist plots of DP10ooo: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution -
Pre-conditioning A.

The Bode |Z| plots, in figure 4.21a, of the samples show frequency-independent
regions at high frequencies and a linear slope in the intermediate to low frequen-
cies related to the double-layer capacitance and the passive layer capacitance. The
phase angle curves show the deviation from the ideal behaviour of the capacitance.
This behaviour is attributed to the inhomogeneities and roughness of the working
electrode surface[22, 116].

The inherent quality of the film is related to the impedance of the low-frequency
flat surface in the bode |Z| plot. The combination of the electrolyte resistance, trans-
fer resistance, and surface layer resistance is represented by this low-frequency plat-
form. Changes in the low-frequency plateau represent changes in the film and can
be attributed to the conductive channels through the film. The Bode plots also
show a higher impedance value for the DP material before H charging, at the low
frequency of 0.01 Hz. Additionally, the impedance |Z| values at low frequencies,
are very close by for the samples after H charging and after H discharging. The
increase in low-frequency impedance is indicative of a higher corrosion resistance
of the film formed on the metal surface. The impedance modulus values for the
"before H charging” step, the ”after H charging” step and the ”after H discharg-
ing” step are 13.931 kQ2cmz2, 2.123 kf2cm2 and 1.712 kQ2cm2, respectively, at the low
frequency of o.01 Hz.

The two time constants are more clearly visualized in the Bode plot, especially
in the twin valleys that appear in the phase angle plots for the “before H charg-
ing” step. The ”after H charging” and the ”after H discharging” steps only show
one time constant that can be clearly visualized, but there does exist an additional
shallow valley.

Solid lines show the fitted curves by the proposed equivalent circuit. |Z| values
correspond to the impedance modulus values in the Bode plots. The EIS results are
fitted by an electrical equivalent circuit (EEC) shown in the figures.22.

The larger arc in the Nyquist plots and the higher impedance modulus values in
the Bode plots for the DP samples after H charging, indicates a higher barrier prop-
erty for the passive layer formed on the Dual-phase material. It can be said that due
to the multilayers of oxide formed during the CV cycles, the barrier properties of
the passive layer are reduced[102]. This leaves further room for discussion relating
to the microstructure of the material and the H absorption into the material.

Electrical equivalent circuits were obtained based on ZView software. The EEC
circuit chosen in the study with two time constants was used in a recent study for
fitting the EIS response of Dual Phase steels in an alkaline NaOH environment[22].
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Figure 4.22: Equivalent circuit proposed for modelling the electrochemical response of
DPiooo in 1 M NaOH solution containing 8 g/l thiourea solution - Pre-
conditioning A[22].

The presence of two visible time constants, in the form of valleys in the |Z| vs Hz
Bode plot also lead to the assumption of the EEC circuit in figure4.22. Additionally
two other models were also chosen to try the fitting (See figure4.23 a b), but the
fitting results were not good.

@ @ Rs CPE1

Rs CPE1 R1 cPE2

Figure 4.23: Equivalent circuits considered for modelling the electrochemical response of
DP1ooo in 1 M NaOH solution containing 8 g/l thiourea solution - Pre-
conditioning A[22].

Rs represents the resistance of the electrolyte, R1 and CPE1, the resistance and
capacitance of the double layer, R2 is the passive layer resistance and CPE2 is the
capacitance of the passive film surface. Constant phase elements (CPE) are used
instead of capacitors due to the deviation from the ideal capacitive behaviour. Ca-
pacitance values, C1 and C2, are calculated using the resistance, R1 and R2, and
constant phase element values, QPE1-T and QPE1-P; QPE2-T and QPE2-P, with the
Hsu and Mansfeld approach, where QPE-T is Q and QPE-P is n.

Capacitance(C) = R(l—n)/ngl/n

The table 4.4 shows the equivalent circuit parameters obtained by fitting the col-
lected EIS data of DP1000 in Active Behaviour (Pre-conditioning A). The parameters
are the averaged values and standard deviation Error resulting from minimum three
measurement repetitions. The Chi Sqr. value is obtained from the ZView fitting soft-
ware. The equivalent resistance value of the passive film layer, R2, is significantly
higher before H charging. The Rz values after H charging and after H discharging
are similar especially when considering the error. Calculated Capacitance value is
higher before H charging. The C values after H charging and after H discharging
are similar especially when considering the error. Despite the good fit of the equiv-
alent circuits with their low Chi-Squared value, there appeared to be an appreciable
scatter in some of the EIS parameters obtained across 3-4 measurement repetitions.
This could relate to an issue with the reproducibility of the EIS data, due to changes
in the experimental conditions.

Pure Iron

Electrochemical Impedance Spectroscopy (EIS) is performed on the Pure Iron sam-
ples in the solution medium, Before H Charging, After H Charging and After H
Discharging, to understand the electrochemical interface and the corrosion resis-
tance of the samples. EIS investigations are demonstrated in the figure 4.24, which
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show selected Nyquist and Bode plots for the Pure Iron material in 1 M NaOH + 8
g/L Thiourea solution.
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Figure 4.24: (a) Bode plots of Pure Iron: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution;
(b)Nyquist plots of Pure Iron: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution -
Pre-conditioning A.

A similar trend when compared to the DP1ooo material can be observed in the
Pure Iron material. In the pure iron sample’s bode plot (4.21a), the time constant
in the lower frequency ranges is not as prominent as the time constant indicated by
the deep valley in the higher half of the frequency range. This could mean that, for
the pure Iron sample before H charging, the resistance offered by charge transfer
dominates in the material. However, from the bode plot it can be observed that
after H charging and discharging, the resistance offered by the passive film is also
a relevant part of the overall resistance offered by the system.

The same trend as seen with the dual phase material follows from the Nyquist
plots. It can be seen from the decreasing arc diameters across the three steps (Before
H charging, After H charging and After H Discharging) that the sample before
H charging shows a more corrosion-resistant electrochemical response as the H
charging procedure proceeds. The bigger the capacitance arc radius, the higher the
stability of the film[123]. The impedance modulus values for the pure iron sample
for the “before H charging” step, the ”after H charging” step and the “after H
discharging” step is 127.536 kQ2cmz2, 5.173 kQdcm2 and 4.229 k{2cm2, respectively at
the low frequency of 0.01 Hz. The difference in the |Z| modulus values between the
before H charging step and the after H charging is much higher than in the dual
phase steel material case. From the CV data, it was observed that pure iron absorbs
more H during the 1-hour charging duration than DP steel. Now, considering that
the adsorption of H reduced the corrosion resistance of the passive layer, it makes
sense that the difference in |Z| values is higher in the case of the pure Iron sample.
This will be further discussed in the next chapter.

Electrical equivalent circuits were obtained based on ZView software. The EEC
circuit chosen in the study for Pure Iron is shown in figure4.22. The presence of two
visible time constants, in the form of valleys in the |Z| vs Hz Bode plot lead to the
assumption of the EEC circuit. Additionally two other models were also chosen to
try the fitting (See figure4.23 a b), but the fitting results were not good.

The table 4.4 shows the equivalent circuit parameters obtained by fitting the col-
lected EIS data of Pure Iron in Active Behaviour (Pre-conditioning A). The parame-
ters are the averaged values and standard deviation Error resulting from minimum
three measurement repetitions. The Chi Sqr. value is obtained from the ZView
fitting software. The equivalent resistance value of the passive film layer, R2, is
significantly higher before H charging. The R2 values after H charging and after H
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discharging are similar especially when considering the error. Calculated Capaci-
tance value is lower before H charging. The C values after H charging and after H
discharging are similar especially when considering the error. Despite the good fit
of the equivalent circuits with their low Chi-Squared value, there appeared to be an
appreciable scatter in some of the EIS parameters obtained across 3-4 measurement
repetitions. This could relate to an issue with the reproducibility of the EIS data,
due to changes in the experimental conditions.

AlSI 420

Electrochemical Impedance Spectroscopy (EIS) is performed on the AISI 420 sam-
ples in the solution medium, Before H Charging, After H Charging and After H
Discharging, to understand the electrochemical interface and the corrosion resis-
tance of the samples. EIS investigations are demonstrated in the figures 4.25b and
4.25a, which show selected Nyquist and Bode plots for the AISI 420 material in 1 M
NaOH + 8 g/L Thiourea solution.
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Figure 4.25: (a) Bode plots of AISI 420: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution;
(b)Nyquist plots of AISI 420: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution -
Pre-conditioning A.

A similar trend when compared to the DP10ooo material and the Pure Iron ma-
terial can be observed here. In the AISI 420 material’s bode plot (4.25a), the time
constant in the lower frequency ranges is not as prominent as the time constant
indicated by the deep valley in the higher half of the frequency range. This means
that, before H charging, the resistance offered by charge transfer dominates in the
material. However, after H charging and discharging, the time constant indicated
in the lower half of the frequency range is seen to dominate over the other time con-
stant. This means that the oxide layer formed on the AISI 420 material contributes
significantly to the overall impedance offered by the system.

From the Nyquist plots 4.25b, the same trend as seen with the other two materi-
als follows. It can be seen from the decreasing arc diameters across the three steps
(Before H charging, After H charging and After H Discharging) that the sample be-
fore H charging shows a more corrosion-resistant electrochemical response as the H
charging procedure proceeds. The bigger the capacitance arc radius, the higher the
stability of the film[123]. The impedance modulus values for the “before H charg-
ing” step, the ”after H charging” step and the ”after H discharging” step are 67.89
kQcmz2, 10.26 kQcm2 and 6.986 kQ2cm2, respectively, at the low frequency of o.o1
Hz. The difference in the |Z| modulus values for the AISI 420 sample before and
after H charging is higher than that of the dual phase steel material but lower than
that of the pure iron material. This is an interesting point for further discussion.
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Electrical equivalent circuits were obtained based on ZView software. The EEC
circuit chosen in the study for AISI 420 is shown in figure4.22. While the data does
not immediately reveal the presence of a distinct second time constant, the circuit
shown in Figureq.22 suited the EIS data considerably better. In the literature[124,
125, 22], this circuit is also frequently employed for stainless steel and passive ma-
terials with oxide coatings. The presence of two visible time constants, in the form
of valleys in the |Z| vs Hz Bode plot lead to the assumption of the EEC circuit.
Additionally two other models were also chosen to try the fitting (See figure4.23 a
b), but the fitting results were not good. While the circuit in figure4.23a is a fairly
typical circuit for fitting EIS data in stainless steel research and was also utilized by
Lu et al.[126], it was discovered that this circuit did not fit the data properly.

The table 4.4 shows the equivalent circuit parameters obtained by fitting the col-
lected EIS data of AISI 420 in Active Behaviour (Pre-conditioning A). The parame-
ters are the averaged values and standard deviation Error resulting from minimum
three measurement repetitions. The Chi Sqr. value is obtained from the ZView fit-
ting software. The equivalent resistance value of the passive film layer, R2, before
H charging, after H charging and after H discharging are similar especially when
considering the error. Calculated Capacitance value is lower before H charging. The
C values after H charging is higher than after H discharging . Despite the good fit
of the equivalent circuits with their low Chi-Squared value, there could be a fitting
anomaly or an artefact of the equipment.



fo-qect €Lt ogbrz  Lgegbtr  obgrrz Yoo (A 4% ¢E66 €go €1 Lgor oSt 000 g0 980 WA 1’0 6 SuiSrewpsiq [ 1oyy
to-ges ghobe  Cgler  9r'gzgi6  00'0SK6LE 000 g50 oLy 70'S§ 6o tlor Lt ok 000 Lgo 1450 09'7L I'0 (%3 Sureyy gy oeh [y
fo-qo€s  €9S&  Lzoc  Lr'eE¥er  Lo'99lSlt 1070 €90 960 Le§ oo the  Lfle 0655 000 060 oo 349 10 Ger Buidrey)  atojeg
to-glgl  S91  oflg  9l6  Croboz 100 060 6c1 10'59 g grle ot 6gr S0 €90 9t g9vor 70 r€r Sudreysiq 4 05y
to-g€€L 160 9fl9  grbor €499l 000 60 980 & ler ofeE €1 666 100 Lo 0TS g4'gL ¢o 6t SuiSreyy ey uoxramg
Go-gEst  gto e gfhtgr  oobotbe  €oo 90 6¢0 96°C o 061 gt 6tge 1o l11 290 (e 10 o€t Suidrey) [ aropg
Llgoooo  SLYE  golLh  Efgur ¢lolt 480 olo  1THh 947 gl1g  ofSer 19l  6TIT Qo0 Yo olth il 6€ Gt SuiSrewpsiq [ 1oyy
zhroo0o Yot 6zlg  6€ger  Logeor  too 6g0  0gTI L8728 6zt T&ls 66E ottr oo 090  ¥otr 9€zo1 o (%93 Suidrey) [ oy 0001J(]
gbfoooo €11 16l1r @gEeS  Gglifg 600 950 06'1 Lg'LE o 1ot 9ts  Toge 00 6L0 00T 0Tl gt vl Sudrey) g aropeg

00X (c-0rx (01 x (01 X
. - _ (o) o i} . _ (qwoy) o i} = (o)
tbg-ny) romgF ,_wof)  IowrgF - TongF J-Td) MOHEF 0,8 M) IOHFFE  ,_woj) JIomgF . TougF  J-I3d) OMFF  u0,S; M) IorrgF Sy dayg [eLIdJ N
3] 14440 o) 17100

"9IeM3JOS SUIII] MIIAZ Y} WOIJ paure3qo st anfea 1bg iy ay, ‘suonnador JUSWDINSLIW 991} WOy SURNSaI UOGRIASP PIepUL)S pue sanfea padeiase sy} a1e
s1v)owere ] ‘(Y SuruonIpuod-aLJ) Ioraeyag 2A1OY ul safdures oct [§[y pue uoi] a1nJ ‘000 (] JO ejep S Pajda[[od oy} Sumy Aq paurejqo siajawered 3mdin juareamby - 91qe)

RESULTS

68



4.4 H/MATERIAL INTERACTION - ELECTROCHEMICAL EXPERIMENTS - ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

4.4.2 Passive Behaviour (Pre-conditioning B)

4.4.2.1 DP1000

Electrochemical Impedance Spectroscopy (EIS) is performed on the samples in the
solution medium, Before H Charging, After H Charging and After H Discharging,
to understand the electrochemical interface and the corrosion resistance of the sam-
ples. EIS investigations are demonstrated in the figure 4.26, which shows selected
Nyquist and Bode plots for the DP10oo material in 1 M NaOH + 8 g/L Thiourea

solution.
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Figure 4.26: (a) Bode plots of DP1ooo: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/l thiourea solution;
(b)Nyquist plots of DP1ooo: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution -
Pre-conditioning B.

From the figure 4.26b, the shape of the Nyquist plots is identical across the sam-
ples, with an incomplete semi-circular appearance. Nyquist plots show that the dual
phase steel sample exhibits a larger arc diameter in before H charging when com-
pared to after H charging and after H discharging. The smaller arcs for the other
two steps, found at higher frequencies, are only clearly identified after zooming in
on the graph. It can be seen from the decreasing arc diameters across the three steps
(Before H charging, After H charging and After H Discharging) that the sample be-
fore H charging shows a more corrosion-resistant electrochemical response as the H
charging procedure proceeds. The bigger the capacitance arc radius, the higher the
stability of the film[123]. In contrast with the EIS plots of DP1ooo with the active
surface, the EIS plots of DP10ooo with a passive surface have one significant differ-
ence in trend. From figure4.26b it can be seen that the arc diameter of the curve for
the sample after H charging is lesser than that of the sample after H discharging.
This behaviour has been reflected in all repetitions of the EIS measurement. It can
be inferred that, in the case of the pre-conditioning B, after the material is charged
with H, the barrier properties of the passive film decrease, thereby reducing its cor-
rosion resistance. After the H is discharged from the material, the barrier properties
of the material increase, though not as high as it was initially.

The Bode |Z| plots, in figure 4.26a, of the samples show frequency-independent
regions at high frequencies and a linear slope in the intermediate to low frequen-
cies related to the double-layer capacitance and the passive layer capacitance. The
phase angle curves show the deviation from the ideal behaviour of the capacitance.
This behaviour is attributed to the inhomogeneities and roughness of the working
electrode surface[22, 116].
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The Bode plots also show a higher impedance value for the DP material before
H charging, at the low frequency of 0.01 Hz. Additionally, the impedance |Z| val-
ues at low frequencies, are close by for the samples after H charging and after H
discharging. The impedance modulus values for the “before H charging” step, the
"after H charging” step and the “after H discharging” step are 14.739 k2cmz2, 0.376
kQdem2 and 1.065 k{dcm2, respectively, at the low frequency of 0.01 Hz.

The two time constants are more clearly visualized in the Bode plot, especially
in the twin valleys that appear in the phase angle plots for the “before H charg-
ing” step. The ”after H charging” and the ”after H discharging” steps only show
one time constant that can be clearly visualized, but there does seem to exist an
additional indistinct shallow valley.

The larger arc in the Nyquist plots and the higher impedance modulus values in
the Bode plots for the DP samples after H charging, indicates a higher barrier prop-
erty for the passive layer formed on the Dual-phase material. It can be said that due
to the multilayers of oxide formed during the CV cycles, the barrier properties of
the passive layer are reduced[102]. This leaves further room for discussion relating
to the microstructure of the material and the H absorption into the material.

|Z| values correspond to the impedance modulus values in the Bode plots. The
EIS results are fitted by an electrical equivalent circuit (EEC) shown in the figures.23.

Electrical equivalent circuits were obtained based on ZView software. The EEC
circuit chosen in the study with two time constants was used in a recent study for
fitting the EIS response of Dual Phase steels in an alkaline NaOH environment[22].
The presence of two visible time constants, in the form of valleys in the |Z| vs Hz
Bode plot also lead to the assumption of the EEC circuit in figure4.22. Additionally
two other models were also chosen to try the fitting (See figure4.23 a b), but the
fitting results were not good. The Hsu and Mansfeld approach was use to calculate
the fitting parameters shown in table4.5.

The table 4.5 shows the equivalent circuit parameters obtained by fitting the col-
lected EIS data of DP10ooo in passive Behaviour (Pre-conditioning B). The parame-
ters are the averaged values and standard deviation Error resulting from minimum
three measurement repetitions. The Chi Sqr. value is obtained from the ZView
fitting software. Despite the good fit of the equivalent circuits with their low Chi-
Squared value, there appeared to be an appreciable scatter in some of the EIS pa-
rameters obtained across 3-4 measurement repetitions. This could relate to an issue
with the reproducibility of the EIS data, due to changes in the experimental condi-
tions.

Pure Iron

Electrochemical Impedance Spectroscopy (EIS) is performed on the Pure Iron sam-
ples in the solution medium, Before H Charging, After H Charging and After H
Discharging, to understand the electrochemical interface and the corrosion resis-
tance of the samples. EIS investigations are demonstrated in the figure 4.27, which
show selected Nyquist and Bode plots for the Pure Iron material in 1 M NaOH + 8
g/L Thiourea solution.

A similar trend when compared to the Pure Iron material(Pre-conditioning A)
can be observed in the Pure Iron material(Pre-conditioning B). In the pure iron sam-
ple’s bode plot (4.26a), the time constant in the lower frequency ranges is not as
prominent as the time constant indicated by the deep valley in the higher half of
the frequency range. This could mean that, for the pure Iron sample before H charg-
ing, the resistance offered by charge transfer dominates in the material. However,
from the bode plot it can be observed that after H charging and discharging, the
resistance offered by the passive film is also a relevant part of the overall resistance
offered by the system.

The same trend as seen with the dual phase material follows from the Nyquist
plots. It can be seen from the decreasing arc diameters across the three steps (Before
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Figure 4.27: (a) Bode plots of Pure Iron: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution;
(b)Nyquist plots of Pure Iron: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution -
Pre-conditioning B.

H charging, After H charging and After H Discharging) that the sample before
H charging shows a more corrosion-resistant electrochemical response as the H
charging procedure proceeds. The bigger the capacitance arc radius, the higher the
stability of the film[123]. The impedance modulus values for the pure iron sample
for the "before H charging” step, the ”after H charging” step and the "after H
discharging” step is 54.154 kQdcmz2, 52.243 kQdcm2 and 1.099 k{2cm2, respectively at
the low frequency of 0.01 Hz. The difference in the |Z| modulus values between the
before H charging step and the after H charging is much higher than in the dual
phase steel material case. From the CV data, it was observed that pure iron absorbs
more H during the 1-hour charging duration than DP steel. Now, considering that
the adsorption of H reduced the corrosion resistance of the passive layer, it makes
sense that the difference in |Z| values is higher in the case of the pure Iron sample.
This will be further discussed in the next chapter.

Electrical equivalent circuits were obtained based on ZView software. The EEC
circuit chosen in the study for Pure Iron is shown in figure4.22. The presence of two
visible time constants, in the form of valleys in the |Z| vs Hz Bode plot lead to the
assumption of the EEC circuit. Additionally two other models were also chosen to
try the fitting (See figure4.23 a b), but the fitting results were not good.

The table 4.5 shows the equivalent circuit parameters obtained by fitting the col-
lected EIS data of Pure Iron in Passive Behaviour (Pre-conditioning B). The parame-
ters are the averaged values and standard deviation Error resulting from minimum
three measurement repetitions. The Chi Sqr. value is obtained from the ZView
fitting software. Despite the good fit of the equivalent circuits with their low Chi-
Squared value, there appeared to be an appreciable scatter in some of the EIS pa-
rameters obtained across 3-4 measurement repetitions. This could relate to an issue
with the reproducibility of the EIS data, due to changes in the experimental condi-
tions.

4.4.2.3 AISI 420

Electrochemical Impedance Spectroscopy (EIS) is performed on the AISI 420 sam-
ples in the solution medium, Before H Charging, After H Charging and After H
Discharging, to understand the electrochemical interface and the corrosion resis-
tance of the samples. EIS investigations are demonstrated in the figures 4.28b and
4.28a, which show selected Nyquist and Bode plots for the AISI 420 material in 1 M
NaOH + 8 g/L Thiourea solution.
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Figure 4.28: (a) Bode plots of AISI 420: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution;
(b)Nyquist plots of AISI 420: Before H Charging, After H Discharging and Af-
ter H Discharging in 1 M NaOH solution containing 8 g/1 thiourea solution -
Pre-conditioning B.

A similar trend when compared to the DP10ooo material and the Pure Iron ma-
terial can be observed here. In the AISI 420 material’s bode plot (4.28a), the time
constant in the lower frequency ranges is not as prominent as the time constant
indicated by the deep valley in the higher half of the frequency range. This means
that, before H charging, the resistance offered by charge transfer dominates in the
material. However, after H charging and discharging, the time constant indicated
in the lower half of the frequency range is seen to dominate over the other time con-
stant. This means that the oxide layer formed on the AISI 420 material contributes
significantly to the overall impedance offered by the system.

From the Nyquist plots 4.28b, the same trend as seen with the other two materials
follows. It can be seen from the decreasing arc diameters across the three steps
(Before H charging, After H charging and After H Discharging) that the sample
before H charging shows a more corrosion-resistant electrochemical response as
the H charging procedure proceeds. The bigger the capacitance arc radius, the
higher the stability of the film[123]. The arc diameters of the Nyquist curves for
the material after H charging and after H discharging are similar, so one cannot be
said to be higher than the other. The impedance modulus values for the “before H
charging” step, the ”after H charging” step and the “after H discharging” step are
43,564 kQcmz2, 2.134 kQcm2 and 2.791 kdcm?2, respectively, at the low frequency of
0.01 Hz.

Electrical equivalent circuits were obtained based on ZView software. The EEC
circuit chosen in the study for AISI 420 is shown in figure4.22. While the data does
not immediately reveal the presence of a distinct second time constant, the circuit
shown in Figureq.22 suited the EIS data considerably better. In the literature[124,
125, 22], this circuit is also frequently employed for stainless steel and passive ma-
terials with oxide coatings. The presence of two visible time constants, in the form
of valleys in the |Z| vs Hz Bode plot lead to the assumption of the EEC circuit.
Additionally two other models were also chosen to try the fitting (See figure4.23 a
b), but the fitting results were not good. While the circuit in figure4.23a is a fairly
typical circuit for fitting EIS data in stainless steel research and was also utilized by
Lu et al.[126], it was discovered that this circuit did not fit the data properly.

The table 4.5 shows the equivalent circuit parameters obtained by fitting the col-
lected EIS data of AISI 420 in Active Behaviour (Pre-conditioning A). The parame-
ters are the averaged values and standard deviation Error resulting from minimum
three measurement repetitions. The Chi Sqr. value is obtained from the ZView
fitting software. Despite the good fit of the equivalent circuits with their low Chi-
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Squared value, there appeared to be an appreciable scatter in some of the EIS pa-
rameters obtained across 3-4 measurement repetitions. This could relate to an issue
with the reproducibility of the EIS data, due to changes in the experimental condi-

tions.
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45 Electrochemical characterization in NaCl elec-
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Figure 4.29: Potentiodynamic polarisation plots for DP100oo in 3.5 wt% NaCl before charging
with H and after charging and discharging with H.

Figure 4.29 shows the corrosion behavior in 3.5wt% NaCl of DP1ooo samples
before charging with H and after charging with H. A noticeable difference is ob-
served in the cathodic branches of the polarization curves. The material after being
charged with H shows a higher cathodic current density in the applied potential
range. Table4.6 summarizes the polarization parameters obtained from the curves
by Tafel extrapolation. The corrosion potential (Ecorr) value is higher for the mate-
rial after H charging compared to before H charging, which is also evident from the
plot. The corrosion current density (icorr) values are also higher for material after
H charging compared to before H charging. However, the decrease in the corrosion
rate observed for the sample after H charging is interesting and requires a more
in-depth analysis of the role of other microstructural features (Chapters).

Both examples exhibit immediate passivation. However, at higher potentials, the
samples indicate breakdown due to pitting in the case of the material after H charg-
ing, after the passive zone. The current density rises dramatically, suggesting that
the passive coating has failed and a corrosion pit has formed on the exposed surface.
In comparison, the region of passive behavior for materials prior to H charging is
substantially narrower. It can be inferred that, the role of the oxide layer formed
during H charging has a protective effect of the material. This will be further dis-
cussed.

Table 4.6: Potentiodynamic polarisation table for DP10oo in 3.5 wt% NaCl before charging
with H and after charging and discharging with H

Material Test Ecorr Jcorr Bc Ba Corrosion rate
(mV vs SSCsat) (pA/cm2) (mV vs SSCsat) (mV vs SSCsat) (mmpy)
DP100o Before H charging -729.2+20.1 0.865+0.208 93.3%25.2 37.6£3.4 o.0i4iio.0025
After H charging  -800.3%13.8 0.454+0.151  91.6+14.0 66.5+6.0 0-017%

0.0056
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4.5.2 Pure Iron
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Figure 4.30: Potentiodynamic polarisation plots for Pure Iron in 3.5 wt% NaCl before charg-
ing with H and after charging and discharging with H.

Figure 4.30 shows the corrosion behavior in 3.5wt% NaCl of Pure Iron samples
before charging with H and after charging with H. A noticeable difference is ob-
served in the cathodic branches of the polarization curves. The material after being
charged with H shows a higher cathodic current density in the applied potential
range. In comparison, the anodic branches of the polarization curves overlap each
other after the region of passivation.

Table4.7 summarizes the polarization parameters obtained from the curves by
Tafel extrapolation. The corrosion potential (Ecorr) values for both cases are similar,
which is also evident from the plot. The corrosion current density (icorr) values are
also similar for both cases. However, there is a slight decrease in the corrosion rate
observed for the sample after H charging which is interesting and requires a more
in-depth analysis of the role of other microstructural features (Chapters).

Both examples exhibit immediate passivation. However, the material after H is
charged shows passivity at a lower current density compared with the material
before H charging. At higher potentials, both the samples indicate breakdown due
to pitting after the passive zone. The current density rises dramatically, suggesting
that the passive coating has failed and a corrosion pit has formed on the exposed
surface. The region of passive behavior for the material prior to H charging is
substantially narrower compared to that of the material after H charging. It can be
inferred that, the role of the oxide layer formed during H charging has a protective
effect of the material. This will be further discussed.

Table 4.7: Potentiodynamic polarisation table for Pure Iron in 3.5 wt% NaCl before charging
with H and after charging and discharging with H

Material  Test Ecorr Jcorr Be Ba Corrosion rate
(mV vs SSCsat) (pA/cm2) (mV vs SSCsat) (mV vs SSCsat) (mmpy)
Before H charging -774.2+11.7 0.649+0.172  194.5+25.2 75.5+19.8 0.0235+0.0058

Pure Iron

After H charging  -779.6+7.78 0.449+0.346 67+48.8 131.5%12.3 0.017+0.0020




4.5.3

4.5 ELECTROCHEMICAL CHARACTERIZATION IN NACL ELECTROLYTE \

—— Before H charging and Discharging
01 - After H charging and Discharging

0,2 1

0,4 -
0,5 - /
-0,6 - —

-0.7 4

Potential (V vs SSC,)

0,8

-0,9 1

'1 :0 I I I 1 I ! I I I
-7 -6 -5 -4 -3 -2 -1 0 1

Log(J) (mA/cm?)

Figure 4.31: Potentiodynamic polarisation plots for AISI 420 in 3.5 wt% NaCl before charg-
ing with H and after charging and discharging with H.

AlSI 420

Figure 4.31 shows the corrosion behavior in 3.5wt% NaCl of AISI 420 samples before
charging with H and after charging with H. Table4.6 summarizes the polarization
parameters obtained from the curves by Tafel extrapolation. The corrosion potential
(Ecorr) value is higher for the material after H charging compared to before H charg-
ing, which is also evident from the plot. The corrosion current density (icorr) values
are lower for material after H charging compared to before H charging. However,
the corrosion rates observed for both cases is similar. This is interesting and requires
a more in-depth analysis of the role of other microstructural features (Chapters).

Both the cases show immediate passivation, as would be expected of martensitic
stainless steel in 3.5 wt% NaCl. In the case of the material after H charging, after
the passive region, at higher potentials, the samples show breakdown due to pitting.
The current density increases drastically, indicating that the passive film has failed,
and a corrosion pit has been formed on the exposed surface. In comparison, for the
materials before H charging, the region of passive behaviour is much smaller.

Table 4.8: Potentiodynamic polarisation table for AISI 420 in 3.5 wt% NaCl before charging
with H and after charging and discharging with H

Material Test Ecorr Jeorr Be a Corrosion rate
(mV vs SSCsat) (pA/cm2) (mV vs SSCsat) (mV vs SSCsat) (mmpy)
AISI 420 Before H charging -506.7+12.1 0.298+0.152  178.85+66.25 75-95%23.55 0.015+0.0049

After H charging  -749.15+0.0 0.519+0.414 97.1£46.0 203.1+1.4 0.018+0.004
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Scanning Kelvin Probe

SKP analyzed the surface potential of steel samples after charging for the three
materials. Figures 4.32a, b and ¢ shows the SKP maps for DP1ooo, Pure Iron and
AISI 420, respectively, after 1 hour of H charging in 1 M NaOH + 8 g/L Thiourea.

@ Vepd o

Vepd

Figure 4.32: Map of Vcpd distribution on the surface of (a)DP1ooo, (b)Pure Iron and (c)
AISI 420 sampleS that was locally charged with hydrogen, measured by SKP
microscopy

As shown, a significant potential drop was observed at the centre of the specimen,
relating to the area submitted to cathodic charging. The SKP maps show that lower
contact potential difference spots appear in the area where Hydrogen was charged,
and the contact potential difference of hydrogen-free surrounding areas remains
unaffected. For each map, one line scan was extracted at the centre of the specimen
across the low potential area. These profiles are compared in the figure showing
an SKP line graph for the three materials. It can be observed that the area of low
potential was approximate the same size as the charging area. Figure4.33 shows
the line scan of Vcpd distribution on the surface of (a)DP1ooo, (b)Pure Iron (PI)
and (c) AISI 420 samples before and after H charging. It can be seen that the Vcpd
is the highest for the AISI 420 material and similar for the DP1ooo and Pure Iron
material. The dip in Vcpd due to H charging, can be clearly visualized in the figure.
In studies by Evers et al.[109] and Williams et al.[110], it was found that Hydrogen
reduces parts of Fe3" species and decreases the contact potential difference as the
ratio of Fe3* and Fe?" species determines the work function of the specimen. Based
on the literature, the atomic Hydrogen interacts with the air-formed iron oxide film
reducing Fe>* to Fe?" species, thereby decreasing the oxide film thickness. This
agrees with the thermochemical study of molecular hydrogen interaction with iron
oxide, Fe,O;. Additionally, the regions corresponding to the lowest Vcpd may relate
to regions of localized corrosion. Additionally, it is possible to avoid the scatter is
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Figure 4.33: Line scan of Vcpd distribution on the surface of DP10ooo, Pure Iron (PI) and AISI
420 samples Before H Charging (BC) and After H Charging (AC), measured by
SKP microscopy.

data seen in the figure 4.33 by the use of a Pd coating on the metal surface before
and after H charging as has been used in literature to get less scatter on the SKP
results. Due to the scatter in data, after H charging, it was not possible to compare
the the three materials efficiently. Before H charging, the AISI 420 materials seems
to have the highest potential followed by similar potentials for the Pure Iron and
DP1000 material.






5.1

DISCUSSION

This chapter will discuss the results presented in Chapter 4, with the aim to relate
these results to the research objectives proposed in the Introduction.

The Hydrogen charging experiments both with the active and the passivated sur-
faces reveal that in 1 hour, more Hydrogen is absorbed by the Pure Iron material,
followed by the DP10oo material and then the AISI 420 material, (see figures 4.20
and 4.19). In the case of the passivated surface, the H desorption values for Pure
Iron and DP1ooo are comparable when including the standard deviation error. In
the following section, the effect of material microstructure on the H/Material Inter-
action based on the results obtained will be discussed.

Active Metal

From the results, it was observed that the H desorbed after H charging for 1 hour
was the most for the Pure Iron material, followed by the DP1ooo material and then
the AISI material. There are a few possible explanations for why this might be the
case.
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Figure 5.1: Comparison of charge density(C/cmz2) vs time(s) curves obtained after integrat-
ing current density vs time curves, for DP10ooo, Pure Iron and AISI 420 in 1 M
NaOH + 8 g/L Thiourea.

To understand the H charging results, the charge density (C/cm?) vs time(s)
curves obtained after integrating the current density vs time curves were compared
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for DP1ooo, Pure Iron and AISI 420 in 1 M NaOH + 8 g/L Thiourea. In figure 5.1,
the current response, in this case, is connected mainly to the ab/adsorption of Hy-
drogen in steel and partly to the evolution reaction of hydrogen gas[102]. It can also
be observed that after the H has been desorbed during the CV scan, relatively little
charge is discharged during chronoamperometric discharging experiments, suggest-
ing that there is not much Hydrogen in the metal that needs to be desorbed. The
plot can be interpreted in the following way, the higher the charge/cm2 values or
larger the area under the curve, the more number of Hydrogen atoms did not get
adsorbed into the material. The H charges that did not get adsorbed/absorbed by
the metal show up as the charges on the plot. In this way Pure Iron has the most
H ad/absorbtion, followed by DP1ooo and then AISI 420, which has a very steep
curve.

The blue curves indicating the charge density vs time after H charging is of inter-
est. From figuress.1 a,b and ¢, in the case of the pure iron sample, it can be seen that
the curve reaches a constant value sooner than the Dual phase steel sample and the
AISI 420 sample. In the case of the AISI 420 sample, the amount of charge increases
steeply with charging duration; this could indicate that it takes the material longer
for the same amount of H saturation as the other two materials.

Based on the results from the experiments conducted by Ozdirik[37] on As-Q
martensitic steel, the experiments conducted by Encalada[127] on 304L Stainless
steel and the results from this study (see figure 4.15), it was confirmed that com-
pared to the Pure Iron and DP1ooo material, the AISI 420 material takes much
longer for the Hydrogen to saturate the matrix. It also suggests that the diffusion
of H during the H charging step is the fastest in the case of the pure iron sample,
followed by the Dual-phase sample and then the martensitic stainless steel sample.

There are a few possible reasons why the AISI 420 Material takes more time for
H saturation. For this, the microstructure of the three materials has to be compared.
Firstly, as discussed in the paper by Galindo et al.[128], H trapping sites such as
dislocations strongly influence the overall hydrogen transport process in marten-
sitic steels therefore, they take longer to saturate during charging and are released
quickly during degassing. This might be why the H surface charge density (see fig-
ure 4.20) is the lowest in the case of the AISI 420 sample. Furthermore, a previous
microstructure analysis by Crousen [118], on the same AISI 420 material used in
this study showed the presence of martensitic lath boundaries and prior austenitic
grain boundaries in the sample. In Literature, it was found that martensitic lath
boundaries, prior austenitic grain boundaries and dislocations are sites where re-
versible H trapping can occur. Therefore it can be indirectly inferred that due to
the presence of these trapping sites in the AISI 420 material, it takes longer for H
saturation.

Additionally, in a paper by Hinds et al.[129] on AISI 410 steel, which has a sim-
ilar composition to AISI 420 steel, it was discussed that reversible H trapping was
attributed to dislocations. However, irreversible H trapping was believed to be
considerable and most likely related to carbides. Now, traps can be reversible or
irreversible in nature. Irreversible sites are characterized by high activation ener-
gies. The activation energy for an irreversible trap is high that of lattice diffusion.
In fact the activation energy for an irreversible trap would be higher that the bond
energy for the trap[71]. Carbide interfaces, solutes, precipitates and inclusions are
examples for irreversible traps, where a large potential barrier has to be surpassed
for the H to escape. Reversible H traps, on the other hand, have shallow energy bar-
riers and detrapping is much easier. The reversibility of trapping sites is dependent
on the temperature. Dislocations, grain boundaries, and microvoids are examples
for reversible H traps. Between irreversible and reversible trap types, a differentia-
tion is typically established. It is considered that hydrogen trapped in irreversible
traps cannot participate in diffusion processes, but hydrogen held in reversible traps
can[130]. Now, The XRD (see figure 4.3) of AISI 420 shows the presence of carbide
phases in stainless steel. The carbides in the steel acting as irreversible trapping
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sites could also be a reason for the AISI 420 steel having the least amount of H
desorbed after H charging for 1 hour. A technique such as Thermal Desorption
Analysis might have to be used to obtain the quantity of H trapped in these sites.

The presence of the air-formed Cr,0O; passive oxide layer on the AISI 420 steel,
unlike the Pure Iron and DP1ooo steel, might also inhibit the ingress of H into
the steel. In a paper by Kuo et al.[131], it was observed that hydrogen permeation
through passivated metals is mostly governed by the kinetic processes in the passive
film and that hydrogen permeation through Cr,O; film has a very low permeation
rate and diffusivity. This might also explain why AISI 420 exhibits the lowest H
desorption among the other materials investigated.

The DP1000 steel and the Pure Iron material can be compared as they have similar
chemical compositions. There are high density of dislocations in the martensite
phase structure of the DP1000 steel as a result of the trapped carbon during the
diffusionless transformation[116]. Resulting in there being large residual stresses
in the material. The microstructure is strained by carbon that becomes trapped
in the crystal lattice during the martensitic transition. Through a reduction in the
activation energy around the dislocations, increased strain and dislocation density
speed up corrosion. By promoting atomic and ionic transport, this change in surface
energy has an impact on chemical reactions. Furthermore, a previous study[116] on
the same DP10ooo material found that the stressed structure of the DP10ooo steel
lattice creates a less dense and more active surface, facilitating cathodic surface
reactions such as the reduction of H, compared to the more relaxed ferrite phase.

It has been mentioned earlier that DP10ooo steel has a two-phase microstruc-
ture consisting of ferrite and martensite. For instance, it has been mentioned in
Literature[37] that for certain dual phase (DP) steel alloys, Hydrogen can be poten-
tially trapped at phase boundaries, in addition to grain boundaries, dislocations,
and lattice vacancies. This could mean that there are more available trapping sites
for the DP10oo material compared to the Pure Iron material, which has a pure fer-
rite microstructure and a similar composition. Due to there being more trapped
H compared to diffusible mobile H in the DP10ooo material, the amount of H that
is available for desorption is likely lesser. This can be seen in 4.20. The presence
of the trapping site might also reduce the rate of H entry and exit from the steel.
The presence of the retained austenite phase, as indicated by the XRD of DP1ooo
(see figure 4.2), also affects the H desorption from the steel. In a paper by Park et
al.[132], it was found that the retained austenite phase exhibited low H diffusivity
and high H solubility. Moreover, the Retained austenite phase acts as a substantial
high-temperature bulk hydrogen trap in high-strength steel welds. These trapping
sites make the desorption of H from the steel much slower due to the requirement
for higher activation energy.

Pure Iron consists mainly of the ferrite phase. The Literature[133] in this study
shows that this phase can be considered to have reversible hydrogen traps such as
dislocations, vacancies and voids. Additionally, due to the high hydrogen diffusion
coefficient in ferrite even at room temperature, the absorbed Hydrogen desorbs
quickly from the steel([37]).

Passive Oxide

H Charging and Discharging

The sample surface changes continuously during a CV scan due to the formation
and breakdown of oxide films on the surface. Ion exchange across the films is
influenced by the steric hindrance provided by the oxide film[134].

Various iron oxide compounds have been reported to be present in the passive
film on the surface of Iron. These include hematite (a-Fe,O3), maghemite (y-Fe,Oj),
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magnetite (Fe;O,), goethite (a-FeOOH), akaganeite (3-FeOOH), lepidocrocite (y -
FeOOH) and feroxyhyte (3-FeOOH)[135]. Among the oxides mentioned, it was pos-
sible to identify the presence of feroxyhyte (5-FeOOH) in the XRD of the Pure Iron
and DP1ooo materials after the charging process. It can then be directly concluded
that the main oxidation processes contributing to the peak a1 in the CV scans for
Pure Iron and DP10oo are either of the two reactions below,

Fe® + 20H™ — FeO + H,O + 2~
Fe® + 20H™ — Fe(OH), +2e~

and the main oxidation processes contributing to the peak a2 in the CV scans for
Pure Iron and DP10o0o0 is the reaction below,

a—FeOOH + e~ + 3H" = Fe** + 2H,0O

It is also possible from the CV results obtained in this work that the surface film
is composed of a two-layer structure in which the inner part is Fe304, and the outer
part is the oxidised or reduced feroxyhyte (6-FeOOH). However, the Fe;O, layer
was not clearly indicated in the diffraction patterns of the material. Possibly, due to
the volume fraction of Fe;O, being lower than the detection limit.

The decrease in desorbed Hydrogen in the case of samples with Hydrogen charged
on the passive oxide surface is most likely due to a change in the ion transport mech-
anism caused by the formation of an oxide layer, as shown schematically in figure
5.2. In the case of Pre-conditioning B, the oxide layer that forms between the metal
and the electrolyte during the anodic sweep of the CV scan is not reduced, thereby
changing the ion transfer path and the electrical double layer between the metal and
the solution. Ions pass through three transport processes in the presence of an oxide
layer: the oxide-electrolyte interface, the oxide film itself, and the metal-oxide inter-
face. Any of these three transport processes can act as the rate-determining reaction.
Furthermore, the formed oxide layer can have many microstructural imperfections
and, in some cases, can even be amorphous, influencing ion migration. If the oxide
layer formed is amorphous, it would not necessarily be easily identifiable on the
XRD tests[23].

Metal+

Metal HER Surface Oxide

oxide layer

Figure 5.2: Schematic representation of the oxide layer formation on the metal surface during
HER, adapted from [23]. The light blue color corresponds to the electrolyte.

A study by Bruzonni et al.[136] reported their results for the entry of H through
the passive film on Iron. They suggested that in the case of metal with a pas-
sive oxide layer, the rate-determining step for hydrogen permeation is the passage
through the film instead of the passage through an interface (oxide/electrolyte or
metal/oxide). Additionally, in a paper by Swansiger et al.[137] on the H permeation
properties of stainless steel, they reported that a portion of the oxide was function-
ing very well as a barrier and allowing almost no hydrogen to infiltrate. While some
of the oxide was broken or flawed, providing hydrogen access to a smaller portion
of the substrate.
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From the results of the CV scans in the present study, it can be observed that
for the Pure Iron sample and the DP1ooo sample, the CV curves are highly similar,
including their current response values. Furthermore, the XRD diffractograms are
similar after charging for both materials. From this, it can be concluded that the
composition of the oxide film on Pure Iron and DP1ooo are alike. Furthermore,
the values of H desorbed by the materials are also close, especially considering
the measurement standard deviation error (see figure 4.20). As mentioned earlier,
assuming that the oxide film controls the entry of H into the steel instead of the
interface effects, it would make sense that the values of H desorbed by the materials
are similar.

The AISI 420 material, on the other hand, has the most negligible value of H
desorbed. Again assuming that the oxide film controls the entry of H into the
steel instead of the interface effects. Cr is likely present in the passive layer of the
stainless steel. Even though the Cr oxide layer was not induced during the CV
scan, the air-formed Cr oxide layer is likely present on the metal surface. The XRD
results for AISI 420 after H charging do not indicate the presence of a Cr oxide
layer, but the layer might be beyond the detectable limits of the XRD instrument.
In a publication on the retarding mechanism of thermally grown oxide films on
hydrogen embrittlement of AISI 430 stainless steel , Yen et al. showed a direct
relationship between the amount of hydrogen entrance retardation and the amount
of chromium in the oxide coating[138].

For the passive behaviour, defectivity and composition of the passive film play an
important role in the H entry and exit behaviour.

In summary, from the present results, in the absence of a significant passive oxide
layer (Active surface, Pre-conditioning A), the H desorption from the materials can
be governed by reversible and irreversible H trapping sites in the steel. On the
other hand, in the presence of a passive oxide film (Pre-conditioning B), the oxide
layer properties can be assumed to govern the H entry and exit. However, from the
results obtained in this study, additional investigations are necessary to completely
isolate the effects of the oxide layer and the base microstructure on H charging.

Effect of Hydrogen charging/discharging on the metal/electrolyte inter-
face

The passive film layer of the ferrite-martensite microstructure of DP100o has fewer
protective barrier capabilities in a passive NaOH environment. The more defective
passive film generated on the substrate microstructure is connected to the inferior
barrier characteristics of the ferrite-martensite microstructure[116]. This can be seen
in the EIS graphs (figures 4.21 and 4.26) for DP100o0.

Additionally, from the tables showing the EIS fitting parameters (tables 4.4 and
4.5), it can be seen that some of the capacitance (C1 and C2) values are too large
(>100 mF/cm?). This might be due to the real surface area with the roughness
introduced by oxide layer being very large. Relatively high values (1-100 mF /cm?),
usually correspond to the oxidation-reduction process on a highly subdivided sur-
face texture as reported by Joiret et al.[139]. Analysis of impedance data shows that
after Hydrogen charging the charge transfer resistance decreased significantly.

The oxidation and reduction of Fe(II) to Fe(IlI) and vice-versa cause lattice expan-
sion on the passive layer due to the variation in size between the Fe(II) and Fe(III)
ions, resulting in the decrease in the stability of the passive film ([140], [141]). From
Literature and further supported by the EIS experiments in this study, it can be seen
that H charging has affected the stability of the passive layer.

Overall, from all the Bode plots in the study, it can be seen that the AISI 420
material has the highest |Z| value at 0.01 Hz, followed by DP10oo and Pure Iron.
Therefore, the AISI 420 material has the best passive layer barrier properties, fol-
lowed by DP10ooo and Pure Iron. From the CV results, it was possible to determine
that Pure Iron had the highest value for H desorption, followed by DP100o and then
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AISI 420. Comparing the EIS and the CV results, it can be said the lower barrier
properties of the passive layer on Pure Iron facilitated higher H adsorption and des-
orption, and the higher barrier properties of the passive layer on AISI 420 facilitated
lower H adsorption and desorption. Nonetheless, it was only possible to compare
the barrier properties of the passive layer on the three materials, and obtained in
this study, additional investigations are necessary to isolate the effect of H charging
across the three materials.

Influence of Hydrogen Charging on the corro-
sion Properties of the investigated steels

Recent studies[142] revealed that hydrogen, a consequence of the corrosion reaction,
significantly affects the composition and structure of passive films, increasing their
sensitivity to pitting and decreasing their resistance to corrosion. There is consider-
able debate over why hydrogen makes passive films more vulnerable to pitting.

The propensity of H to destabilize the passive film generated on the metal has
historically been used as an explanation for the enhanced corrosion of steels that
have been charged with H[143]. However, in the present study, the results in section
4.5 indicate otherwise. It can be seen from figures 4.29, 4.31 and 4.30 that far from
increasing the corrosion rate of the materials, the corrosion resistance of the material
seems to have actually improved. For all three materials, after H Charging in NaOH
with Thiourea in the NaCl electrolyte, the passive behaviour starts at a lower current
density and seems much more stable. Now, there are some reasons why this might
be the case. First, it is possible that when the NaOH (with Thiourea) electrolyte was
replaced with the NaCl electrolyte, the mobile diffusible H might have escaped from
the material. However, the time taken for replacing the electrolyte was always in
the range of 2-3 minutes, so it is doubtful if a lot of H would have actually escaped.
Second, in the NaCl experiments, the samples were directly charged with H using
the chronoamperometric charging step without preparing the surface using the CV
step. So, the H for all three materials were charged into the air formed oxides and
the oxides formed due to immersion in the alkaline NaOH electrolyte on the surface
of the materials. It is possible that the Hydrogen charged is too low to show any
appreciable effect on the metals, and the positive effect on the corrosion resistance
is due to the passive layers formed on the metals.



CONCLUSIONS

The conclusions are presented based on the research questions in the Introduction
Chapter.

The electrochemical approach, made up of the chronoamperometric and cyclic
voltammetry techniques, has proven to be an effective tool for analyzing hydrogen
sorption on metal surfaces at a lab scale. This approach demonstrated many benefits
and some disadvantages, including,

e Once the conditions and parameters of the electrochemical experiment are
clearly defined, such as a stable reference electrode (RE) at the operating pH
and consistency in the electrolytic set-up configuration (constant distance be-
tween the electrodes), the same sample surface preparation each time, good
reproducibility is possible.

e We were able to determine a trend in the sensitivity to hydrogen intake of
several materials using the electrochemical method. In addition, the cyclic
voltammetry method creates accelerated circumstances for studying H/mate-
rial interaction as opposed to the hydrogen gas-metal interaction that occurs
in the actual world at atmospheric pressure on a longer time-scale.

e A clear determination of the amount of hydrogen desorbed is made difficult
by the overlap in peaks caused by the vicinity of the hydrogen oxidation po-
tential (desorption peak a1’) and the iron oxidation peaks (a1 and a2).

e Despite the fact that electrochemical methods were successful in detecting and
measuring the amount of hydrogen adsorbed. However, the results of quanti-
fying the H desorption peak are influenced by the experimental design (choice
of potential range) and the volume of hydrogen developed in the sample. De-
spite this, the approach enables comparison of the many tested materials and
offers a gauge of hydrogen susceptibility.

Some general conclusions regarding the H desorption trends in the active and pas-
sive surface,

e In the case of an Active surface, among the alloys tested, AISI 420 martensitic
Stainless Steel has the lowest amount of diffusible hydrogen. It was indirectly
concluded that the diffusible hydrogen measured in AISI 420 steel mostly
comes from the dislocations among the other microstructural constituents
such as martensitic lath boundaries, prior austenitic grain boundaries and car-
bide phases. The presence of an air-formed Cr oxide layer also inhibits the H
ab/adsorption to a certain extent. In Pure Iron, the diffusible hydrogen mea-
sured mainly comes from the ferrite phase as well as other microstructural
constituents such as interstitial sites, grain boundaries and dislocations. In
DP1000, the diffusible hydrogen measured mainly comes from the phases (fer-
rite and martensite), phase boundaries and other microstructural constituents
such as interstitial sites, grain boundaries and dislocations. The presence of
retained austenite phase also contributes to the diffusible H. Considering all
the results in the present study and literature; it can be indicated that the frac-
tion of fast disappearing kind of hydrogen (mobile hydrogen) in Pure Iron is
relatively higher than in the other alloys. Followed by the DP1ooo material
and then the AISI 420 material. The value of H desorbed in Pure Iron is ap-
proximately 44% higher than the DP10oo steel and 48% higher than the AISI
420 steel.
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e In the case of a Passive surface, among the alloys tested, AISI 420 martensitic
Stainless Steel still has the lowest amount of diffusible hydrogen compared to
the Pure Iron material and the DP10ooo material. In the case of the materials
with passive films, the H entry and exit mechanisms are dominated by the
effect of the oxide layer. It has been established in the present study that
Pure Iron and DP100o material have oxide films that are primarily similar in
composition. Hence, the CV results also agree that the value for H desorbed is
similar for Pure Iron and DP1ooo, with the Pure Iron having a slightly higher
value, not including the error. The oxide layers on the AISI 420 have the
addition of Cr oxide, which separates it from the other two materials. The
oxide layer on the AISI material seems to provide a higher H retarding effect
than the oxide layers on the other two materials. Considering all the results in
the present study and literature, it can be indicated that the value of hydrogen
(mobile hydrogen) desorbed in Pure Iron is similar to the DP100oo material and
significantly higher than the AISI 420 material. The value of H desorbed in
Pure Iron is approximately 12% higher than the DP10oo steel and 85% higher
than the AISI 420 steel.

While the EIS technique was useful in identifying a trend between the barrier
properties of the passive layer and the H desorption values for the three materials,
it was impossible to isolate the effect of H charging across the three materials. The
trend showed that a lowering in the barrier properties of the passive layer corre-
sponded to an increase in the H desorption values.

Pontentiostatic Polarization tests, which were introduced as a technique to gauge
the impact of H charging and discharging on the investigated materi- als in 3.5wt%
NaCl, were not able to clearly identify the effect of H on the corrosion properties of
the three materials.

Scanning Kelvin Probe was introduced as a technique to study the effect of Hy-
drogen charging on the air and alkaline electrolyte-formed passivity of Pure Iron,
DP1ooo and AISI 420 stainless steel. It was shown that in the materials after Hydro-
gen charging in 1 M NaOH aqueous electrolyte (With 8 g/L Thiourea) for 1 hour, a
potential well was generated locally corresponding to the H charged area. The Volta
potential at the site of detection dropped as a result of hydrogen partially reducing
the surface oxide coating and adsorbing oxygen. Due to the scatter in data, after H
charging, it was not possible to compare the the three materials efficiently.



7 RECOMMENDATIONS AND
OUTLOOK

The following suggestions can help to gain a greater knowledge of the mechanism
underlying the surface and microstructural changes caused by the interaction of
hydrogen with metals:

e Mott-Schottky analysis can be done to understand the effect of Hydrogen
charging on the semiconductive properties of passive-oxide properties of the
Iron-based alloys in this study. Gaining an understanding of the semi-conductive
properties can help in making the alloys more resistant to corrosion.

e It would be useful to characterise the oxide layer formed on the bare metals af-
ter the Hydrogen charging step used in the study, e.g. by X-ray photoelectron
spectroscopy (XPS) or Auger Electron Spectroscopy (AES).

o To use thermal desorption spectroscopy (TDS) to determine the varieties and
amounts of traps that are present in the bulk material . TDS can also be
considered as a substitute approach for measuring adsorbed hydrogen.

e In-situ experiments, with respect to Fourier Transform Infrared Spectroscopy
(FTIR) can be performed to better understand the Thiourea related oxidation
peaks formed on the iron-based alloys under study.

e To gain more clarity, quantifying the contribution of the oxide layer to hydro-
gen adsorption might be done by using ab-initio calculations on the trapping
of hydrogen by oxides.

e Modifying the microstructure of the materials by heat treatment to reduce the
trapping of Hydrogen in the alloy matrix and following up with mechanical
testing can be the next step to improve the performance of the materials.

e Hydrogen permeation experiments using the double cell permeation method
proposed by Devanathan et al. can be used to find Hydrogen Permeation
curves ((ic) hydrogen flux vs time) that can provide information such as the
diffusion coefficient(D), the steady-state permeation rate , and the trapping
behaviour of hydrogen in the steel, the charging concentration of hydrogen
etc.

e To do a cross-sectional analysis of the sample material to investigate hydrogen
diffusion from surface to bulk using techniques such as Scanning Kelvin Probe
(SKP) or Scanning Kelvin Probe Force Microscopy (SKPFM).

e With respect to the electrochemical procedures used in the study, it can be
fine-tuned to a greater extent to get better results. For instance, it might be
interesting to perform the EIS right after the chronoamperometric H charging
step, to isolate the effect H charging has on the metal.
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APPENDIX

The table A.1 shows the peak values relating to the CV’s of DP100oo - Pre-Conditioning
A. The general peak positions of all the peaks are indicated.

Table A.1: Peak potentials of the CV voltammograms for DP10oo - Pre-Conditioning A, the
peaks a3 and c2 are not included in the table as it is beyond the scope of this
study. Eo’ is the formal standard potential and it equals half of the total sum of
potentials of a redox couple.

. Ear’ Eax Eaz Ec1 Ej,
Material  Electrolyte CV Stage (Vvs SSCyp) (Vvs SSCey) (Vs SSCisat) (Vvs SSCo)  (V vs SSCopf)

Before H Charging ~ No Peak 0871 “0-704% 1057+ 0881

1 M NaOH + 0.001 0.002 0.001 0.001
DP1000 8 ¢/L Thiourea -0.907+ -0.844 + -0.706+ -1.061% -0.884+
& After H Charging 9073 O44 = 700% U 004

0.001 0.002 0.000 0.000 0.001
After H Discharging  No Peak No Peak 0699+ 1005 -0.882+

0.001 0.002 0.001

The table A.2 shows the peak values relating to the CV’s of the Pure Iron - Pre-
Conditioning A. The general peak positions of all the peaks are indicated.

Table A.2: Peak potentials of the CV voltammograms for Pure Iron - Pre-Conditioning A. Eo’
is the formal standard potential and it equals half of the total sum of potentials of
a redox couple.

. Ea1’ Ea1 Eaz Ec1 E|
Material  Electrolyte CV Stage (Vvs S§Cyat)  (Vvs S§Cyat) (V vs S§Cuat) (V vs S§C,at) (V vs S§Cqat)

Before H Charging ~ No Peak -0.870% 0705+ 1047+ 0876+

1 M NaOH + 0.003 0.001 0.001 0.001
Pure Tron 8 g/L Thi -0.894% -0.857+ -0.699% -1.057+ -0.878+
& 1OUTe Afer H Charging 094 057+ 099 057 -O70%

0.001 0.001 0.000 0.000 0.000
After H Discharging  No Peak No Peak -0.692% “1.062% -0.877%

0.001 0.002 0.001

The table A.3 shows the peak values relating to the CV’s of the AISI 420 - Pre-
conditioning A. The general peak positions of all the peaks are indicated.

Table A.3: Peak potentials of the CV voltammograms for AISI 420. Eo’ is the formal standard
potential and it equals half of the total sum of potentials of a redox couple.

. Ear’ Eaz Ec1 Ecz Ej
Material  Electrolyte CV Stage (Vvs SSCat) (Vvs SSCeat) (V vs SSCeat) (V vs SSCeat)  (V vs SSCuat)

Before H Charging ~ No Peak 0716 “1004% No Peak -0-860

1 M NaOH + 0.001 0.001 0.001
AlSI 420 8 g/L Thiourea -0.870+ -0. + -0. + -0.838+ -0.865+
& After H Charging ©70% 737% 993% 030% 05

0.002 0.001 0.008 0.004 0.005
After H Discharging  No Peak -0.728% -1.008% 0845% -0.868

0.003 0.007 0.003 0.005
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The table A.4 shows the peak values relating to the CV’s of the DP1ooo - Pre-
conditioning B. The general peak positions of all the peaks are indicated. The values
of peak potentials are more or less similar for both active and passive behaviour.

Table A.4: Peak potentials of the CV voltammograms for DP10oo - Pre-conditioning B. Eo’ is
the formal standard potential and it equals half of the total sum of potentials of a
redox couple.

. Ear’ Ea1 Eaz Ec1 Ej
Material  Electrolyte CV Stage (Vvs SSCoat) (Vvs SSCsat) (V vs SSCsat) (V vs SSCoat)  (V vs SSCyat)

. -0.857+ -0.690+ -1.033% -0.861+

1 M NaOH + Before H Charging No Peak 0.008 0.009 0.007 0.008
DP1000 8 g/L Thi -0,897+ -0.839+ -0.686+ -1.043+ -0.865+
& 1OUTe After H Charging /97 -39 e 043 005

0.004 0.007 0.009 0.007 0.008
After H Discharging No Peak No Peak 0684 “1.045% -0-865

0.007 0.002 0.008

The table A.4 shows the peak values relating to the CV’s of the Pure Iron - Pre-
conditioning B. The general peak positions of all the peaks are indicated. The values
of peak potentials are more or less similar for both active and passive behaviour.

Table A.5: Peak potentials of the CV voltammograms for Pure Iron - Pre-conditioning B. Eo’
is the formal standard potential and it equals half of the total sum of potentials of
a redox couple.

. Ear’ Ea1 Eaz Ec1 E)
Material  Electrolyte CV Stage (V vs SSCsat) (V vs SSCsat) (V vs SSCsat) (V vs SSCsat) (V vs SSCsat)

Before H Charging No Peak 0869+ 0702+ “1.o52% 0877+

Pure Iron  * M NaOH + 0.001 0.004 0.001 0.002
8 g/L Thiourea After H Charging -0,897+ -0.847+ -0.697+ -1.058+ -0.878+

0.001 0.004 0.003 0.001 0.002
After H Discharging No Peak No Peak 0694 1061 0877+

0.003 0.001 0.002

The table A.4 shows the peak values relating to the CV’s of the AISI420 - Pre-
conditioning B. The general peak positions of all the peaks are indicated. The values
of peak potentials are more or less similar for both active and passive behaviour.

’

Table A.6: Peak potentials of the CV voltammograms for AISI 420 - Pre-conditioning B. Eo
is the formal standard potential and it equals half of the total sum of potentials of
a redox couple.

Ear’ Ea1 Ec1 Ecz Ej

Material  Electrolyte CV Stage (V vs SSCuat) (V vs SSCuat) (V vs SSCuat) (V vs SSCuat)  (V vs SSCuat)
. -0.730% -0.987+ -0.858+
A 420 M NaOH . Before H Charging ~ No Peak 0.001 0011 No Peak 0.006
8 g/L Thiourea After H Charging -0,853+ -0.743% -0.989+ -0.865+ -0.866+
0.003 0.003 0.002 0.002 0.002
-0.751% -0.984+ -0.850+ -0.868+

After H Discharging  No Peak
0.004 0.003 0.002 0.003
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