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Summary

The relationship between microstructural features and mechanical
properties of metals has been the centre of attention for decades in efforts
to improve the mechanical properties of alloys. A significant number of
studies have provided insight into the relationship between microstructural
features and mechanical properties. However, the knowledge of the
relationship between microstructural features and corrosion is still limited.
Understanding the specific effect of a microstructural feature on corrosion
and passivity properties is a challenging phenomenon. This is mainly due to
the intricate combined effects of microstructural features on corrosion
behaviour.

In this Ph.D. study, it is aimed to understand the specific effect of
microstructural features on corrosion behaviour of low alloyed ferrous
materials. The focus is given to grain size/boundary areas, dislocations,
crystallographic texture, and phases. To isolate the changes in the
microstructural features, several heat treatments or thermomechanical
processes were applied. In-depth microstructural characterisation was
carried out to ensure that the changes in microstructure are limited to the

one investigated. Local and global electrochemical and surface



characterisation techniques were applied to establish a relationship
between microstructural features and corrosion/passivity relationships.

In the first part of the thesis (Part A), the effect of microstructural defect
density (dislocation density and grain boundary density) on the corrosion
and passivity of interstitial free (IF) steels is investigated. Chapter 2
investigates the role of microstructural defect density (dislocation density
and grain boundary density) on the properties of passive films formed on
interstitial free (IF) steels. The results show that the barrier properties of
passive films decrease with rising microstructural density due to increasing
donor density and decreasing volume fraction of protective y-Fe>Os in the
passive film. In chapter 3, the effect of dislocation density, induced by cold
rolling, on corrosion behaviour is investigated by scanning Kelvin probe
force microscopy (SKPFM) and electrochemical measurements. It was
observed that the corrosion rate increases by inducing dislocation density,
attributed to the increasing degree of galvanic coupling between grain due
to an increase in dislocation density. Moreover, it was also observed that
the effect of dislocation density dominates the one of crystallographic

texture on corrosion behaviour.
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Part B (chapters 4-6) focusses on the effect of grain size on corrosion and
passive layer behaviour of various low alloyed ferrous materials. Chapter 4
examines the effect of grain size on the passive layer behaviour of iron in an
alkaline environment. It was shown that the grain refinement leads to the
deterioration of passive films' barrier properties due to an increase in
defectiveness and a decrease in y-Fe;03 volume fraction in the passive film.
In chapter 5, the effect of prior austenite grain size (PAGS) on passivity
behaviour of a low alloyed fully martensitic steel is investigated. The results
show that the grain refinement in the range of 28 to 66 um leads to a
decrease in the barrier properties of the passive film due to a rise in passive
films’ donor density and lower y-Fe;O3 volume fraction. However, it was
observed that further refinement in PAGS leads to the enhancement in the
barrier properties of the passive film due to the increase in y-Fe,03 volume
fraction in passive film. This enhancement is attributed to the dominant
effect of changes within the complex martensite structure on PAGS
refinement. Chapter 6 studies the effect of grain size on the corrosion
behaviour of iron. It was found that the grain refinement leads to an

increase in the corrosion rate. However, the crystallographic texture
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formation dominates the effect of grain size and leads to a decrease in
corrosion rate.

Part C (Chapters 7 and 8) compares the passivity and corrosion behaviour of
low-alloy steels composed of ferrite-pearlite and ferrite-martensite
microstructures. Chapter 7 studies the passivity behaviour of ferrite-
martensite and ferrite-pearlite microstructures. It was shown that the
passive layer formed on the ferrite-martensite microstructure has lower
barrier properties than the one formed on the ferrite-pearlite
microstructure. This stems from the higher donor density of passive film
formed on ferrite-martensite microstructure. In Chapter 8, the corrosion
behaviour of ferrite-pearlite and ferrite-martensite microstructures are
assessed. The results show that ferrite-martensite has a higher corrosion
rate due to its distorted structure with higher dislocation content and
boundaries.

In part D (chapter 9), the effect of crystallographic orientation on Localised
corrosion behaviour of IF steel is investigated by combining electron
backscatter diffraction (EBSD), scanning Kelvin probe force microscopy

(SKPFM), and in-situ atomic force microscopy. It was shown that the
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corrosion resistance decreases in the order of (001), (101), and (111)
crystallographic orientations with respect to the sample surface.
Chapter 10 gives a general overview, conclusions, and suggestions for future

research.
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Samenvatting

De relatie tussen microstructurele kenmerken en mechanische
eigenschappen van metalen staat al decennia in het middelpunt van de
aandacht bij pogingen om de mechanische eigenschappen van legeringen
te verbeteren. Een aanzienlijk aantal onderzoeken heeft inzichten
opgeleverd in de relatie tussen microstructurele kenmerken en
mechanische eigenschappen. De kennis van de relatie tussen
microstructurele kenmerken en corrosie en passiviteit is echter nog steeds
beperkt. Het begrijpen van het individuele effect van een microstructureel
kenmerk op de eigenschappen van corrosie en passiviteit, is uitdagend. Dit
komt voornamelijk door het complexe gecombineerde effect van
microstructurele kenmerken op het corrosiegedrag.

Dit proefschrift richt zich op het begrijpen van het individuele effect van
microstructurele kenmerken op het corrosiegedrag van laaggelegeerde
ferro-materialen. De nadruk wordt gelegd op korrelgrootte en
korrelgrenzen, dislocaties, kristallografische textuur en fasen. Om de
veranderingen in de microstructurele kenmerken te isoleren, werden
verschillende warmtebehandelingen en thermomechanische processen

toegepast. Er werd een diepgaande microstructurele karakterisering
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uitgevoerd om ervoor te zorgen dat de veranderingen in de microstructuur
beperkt blijven tot de te onderzoeken kenmerken. Lokale en
macroscopische elektrochemische en
oppervlaktekarakteriseringstechnieken werden toegepast om een relatie te
leggen tussen microstructurele kenmerken en corrosie en passiviteit.

In het eerste deel (Deel A, hoofdstukken 2 en 3) van het proefschrift wordt
het effect van microstructurele defectdichtheid (dislocatiedichtheid en
korrelgrensdichtheid) op de corrosie en passiviteit van interstitieel-vrije (IF)
staalsoorten onderzocht. Hoofdstuk 2 onderzoekt de rol van
microstructurele defectdichtheid (dislocatiedichtheid en
korrelgrensdichtheid) op de passieve filmeigenschappen gevormd op
interstitieel-vrije staalsoorten. De resultaten laten zien dat de barriere-
eigenschappen van passieve films afnemen met toenemende
microstructurele  defectdichtheid, als gevolg van toenemende
donordichtheid en afnemende volumefractie van het beschermende y-
Fe;03 in de passieve film. In hoofdstuk 3 wordt het effect van
dislocatiedichtheid, geinduceerd door koudwalsen, op corrosiegedrag
onderzocht met scanning Kelvin sondekrachtmicroscopie (SKPFM) en

elektrochemische metingen. Er wordt waargenomen dat de
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corrosiesnelheid toeneemt door het verhogen van de dislocatiedichtheid,
toegeschreven aan de toenemende mate van galvanische koppeling tussen
korrels als gevolg van een toename in dislocatiedichtheid. Bovendien wordt
waargenomen dat het effect van dislocatiedichtheid het effect van
kristallografische textuur op corrosiegedrag domineert.

Deel B (hoofdstuk 4-6) richt zich op het effect van korrelgrootte op corrosie
en het gedrag van passieve lagen van verschillende laaggelegeerde ferro-
materialen. Hoofdstuk 4 onderzoekt het effect van korrelgrootte op het
gedrag van passieve lagen op ijzer in een alkalische omgeving. Er wordt
aangetoond dat de korrelverfijning leidt tot een verslechtering van de
barriere-eigenschappen van passieve films, als gevolg van een toename van
de defecten en een afname van de y-Fe;03 volumefractie van de passieve
film. In hoofdstuk 5 wordt het effect van de voormalige
austenietkorrelgrootte (PAGS) op het passiviteitsgedrag van laaggelegeerd
martensitisch staal onderzocht. De resultaten laten zien dat de
korrelverfijning in het bereik van 28 tot 66 um leidt tot een afname van de
barriere-eigenschappen van de passieve film als gevolg van een toename
van de donordichtheid van passieve films en een lagere 7y-Fe;03

volumefractie. Er wordt echter opgemerkt dat verdere verfijning van PAGS
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leidt tot een verbetering van de barriere-eigenschappen van de passieve
film vanwege de toename van de y-Fe;03 volumefractie. Deze verbetering
wordt toegeschreven aan het dominante effect van veranderingen in de
complexe martensietstructuur ten opzichte van verfijning van de
voormalige austenietkorrels. Hoofdstuk 6 bestudeert het effect van
korrelgrootte op het corrosiegedrag vanijzer. Er blijkt dat de korrelverfijning
leidt tot een toename van de corrosiesnelheid. De kristallografische
textuurvorming domineert echter het effect van korrelgrootte en leidt tot
een afname van de corrosiesnelheid.

Deel C (hoofdstukken 7 en 8) vergelijkt de passiviteit en het corrosiegedrag
van laaggelegeerde staalsoorten samengesteld uit ferriet-perliet en ferriet-
martensiet microstructuren. Hoofdstuk 7 bestudeert het passiviteitsgedrag
van ferriet-martensiet en ferriet-perliet microstructuren. Aangetoond
wordt dat de passieve laag gevormd op de ferriet-martensiet
microstructuur lagere barriere-eigenschappen heeft dan degene die
gevormd is op de ferriet-perliet microstructuur. Dit komt voort uit de
hogere donordichtheid van passieve film gevormd op ferriet-martensiet
microstructuur. In hoofdstuk 8 wordt het corrosiegedrag van ferriet-perliet

en ferriet-martensiet microstructuren onderzocht. De resultaten laten zien
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dat ferriet-martensiet een hogere corrosiesnelheid heeft, vanwege de
vervormde structuur met een hogere dislocatie- en korrelgrensdichtheid.

In deel D (hoofdstuk 9) wordt het effect van kristallografische oriéntatie op
gelokaliseerd corrosiegedrag van IF-staal onderzocht door elektronen
backscatter diffractie (EBSD), scanning Kelvin sondekrachtmicroscopie
(SKPFM) en in-situ atomairekrachtmicroscopie te combineren. Er wordt
aangetoond dat de corrosieweerstand afneemt in de orde van (001), (101)
en (111) kristallografische oriéntaties t.o.v. het oppervlak van het proefstuk.
Hoofdstuk 10 geeft een algemeen overzicht, conclusies en suggesties voor

toekomstig onderzoek.
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Chapter 1
1.1 Introduction
The word steel has its origin from the Proto-Germanic adjectives stahlaz or
stahlijg, meaning standing firm. The earliest known 'standing firm' products
(low-carbon steel fragments) were discovered in a multi-period
archaeological site in Anatolia (Kaman-Kalehoytik), approximately 4000
years old, dating back to nearly the 20th century BC [1]. Since then, iron
products have formed a basis for human civilization development primarily
due to their mechanical properties. However, steel manufacturing was
difficult and expensive until discovering the Bessemer process in the second
half of the 19th century AD, allowing cheap and fast production of low-
carbon steel. Mass production has allowed the application of steel in a wide
range of industrial applications. With the increasing number of steel
applications, significant steel processing advances have been achieved to
continuously improve the steel's strength and toughness for various
purposes. Besides its advantageous mechanical properties, the application
of steel is suffering from the material's high sensitivity for corrosion.
Whereas significant progress has been achieved in the
understanding of the microstructure-strength relations along with the

advances in steel processing, we are still seriously lacking knowledge of



Introduction
relations between microstructure and corrosion resistance. The required
corrosion resistance and mechanical properties are generally achieved by
employing different grades of steel. Figure 1.1 shows the relationship
between tensile strength and corrosion rate for various grades of steel in
3.5 wt.% NaCl solution. Highly alloyed steels (stainless steels (SS) and
twinning-induced plasticity (TWIP)) provide high corrosion resistance
(mainly due to highly protective oxide formations) and tensile strength
simultaneously, whereas mild steels generally provide low corrosion
resistance and tensile strength. The corrosion resistance and tensile
strength of other steels are between these two extremes. Although
Interstitial-Free (IF) steel could be regarded a mild steel, its corrosion
resistance is very high. The most plausible explanation of this feature is that
IF steel is a single-phase (ferritic) steel, whereas most mild steels contain
multiple phases, possibly leading to micro-galvanic coupling between
phases [2,7,10,18]. Similarly, the formation of micro-galvanic couplings
between phases might decrease the corrosion resistance of TRIP and dual-
phase steels, while the alloying elements (e.g. chromium) might increase
the corrosion resistance of these steels. The martensitic steels exhibit

relatively low corrosion resistance due to the highly distorted structure of
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martensite phase (higher strain and higher boundary density) [5,7,13]. The
corrosion resistance of ferrous materials can be improved alongside their
strength without altering their chemical composition by manipulating the
microstructure. To do so, it is crucial to understand the role of
microstructural features in corrosion behaviour.

In this work, the effect of various microstructural features on
corrosion and passivity behaviour of low-alloy ferrous materials is
investigated. In the present chapter, the introduction, the motivation and
aim, research approach, and the outline of the thesis are provided. The
results of the investigations on microstructural defects on passivity and
corrosion behaviour of low-alloyed ferrous steels are given in Part A,
chapters 2 and 3, respectively. In Part B, the role of grain size and prior
austenite grain sizes on the passivity behaviour of low-alloy ferrous
materials are investigated in chapters 4 and 5. Chapter 6 studies the effect
of grain size on the corrosion behaviour of pure iron. Chapters 7 and 8 (Part
C) investigate the effect of ferrite-pearlite and ferrite-martensite
microstructures on passivity and corrosion behaviour, respectively. Chapter
9 investigates the role of grain’s crystallographic orientation on corrosion

behaviour of interstitial free ferritic steels. Chapter 10 summarizes and
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correlates the main results of this work. Furthermore, suggestions are given

for future research directions.
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Figure 1.1 The relationship between corrosion current density and tensile strength. The corrosion
current density values are obtained from the studies conducted in 3.5 wt.% NaCl solution. The data
is obtained from references [2]-[27].

1.2 Research Motivation and Aim

Steels have been widely employed in many applications ranging from
infrastructure, oil and gas production and transportation to domestic
utensils. Considering the extensive knowledge obtained in the past decades
on the relationship between microstructure and mechanical properties
[28]—[31], it is possible to control steels' mechanical properties to a very

high degree. For instance, it is well known that grain size refinement plays a
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crucial role in controlling the mechanical properties since it increases the
yield strength and wear resistance while maintaining high ductility.
However, well-established relationships between microstructure and
corrosion properties do not exist. Corrosion protection methods such as
protective coatings, plating, surface treatments, corrosion inhibitors are
used to improve the corrosion resistance of low-alloy steels since corrosion
is a tremendously important issue in their applications. These corrosion
protection methods often not only increase production costs but also lead
to environmental and safety problems. These are invariably major problems
for industry and significant concerns for engineering communities.
Therefore, it is crucial to improve the corrosion resistance of bare metal in
efforts to enhance the corrosion protection of ferrous materials. This is
possible by understanding the relationship between microstructure and
corrosion since the microstructure of metal does affect the corrosion
processes and plays a crucial role in the initiation of corrosion, and leads to
local differences in protective passive layer properties.

Accomplishing adequate corrosion resistance in bare metals is only
possible based on fundamental insight into the microstructure and

corrosion relationship. Although a number of studies have investigated the
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role of microstructure in the corrosion and passivity behaviour of steels
[32]-[51], there has been a limited number of studies on developing a
fundamental understanding of the effects of microstructural features on the
corrosion behaviour of steels. The existing studies have often reported
contradictory results. These contradictions mainly stem from the fact that
microstructural features have a complex interaction with each other on the
corrosion and passivity behaviour of steels. These microstructural features
can enhance or deteriorate each other’s effect on corrosion resistance,
making it challenging to identify the specific role of particular
microstructural features. Several of these microstructural features are
dislocation density, grain size, crystallographic orientation, chemical
composition, metallurgical phases, and inclusions. This work aims to
understand the individual role of grain size, dislocation density,
crystallographic orientation, and different phases on both (local) corrosion

and passivity behaviour of low alloy ferrous materials.

1.3 Research Approach
A multidisciplinary approach, composed of metallurgy, electrochemistry,
and surface science with the application of high-resolution characterisation

techniques, is taken in this project to investigate the individual effect of
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microstructural features on corrosion and passivity behaviour. Figure 1.2

schematically shows the research approach of this work.

Microstructure
Design &
Characterisation

1) Surface
electrochemical

characterisation analysis

)

Figure 1.2 Schematic representation of the multidisciplinary approach taken to establish
relationships between microstructural features and corrosion behaviour

On the side of microstructure design and characterisation, (model)
microstructures were created and employed for the corrosion and passivity
investigations to limit the changes in microstructural features only to the
one investigated. Different heat treatments and/or thermomechanical
processes were used to obtain the model microstructures. Heat treatments

were conducted in dilatometry, which allows the precise control of
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parameters and monitors the evolution of transformations by observing the
dimensional changes in samples. The designed heat treatments provide the
opportunity to minimize the changes in dislocation density while allowing
grain size manipulations and/or phase formations [52]. Therefore, heat
treatments in dilatometry are employed for the studies that investigate the
role of grain size and phase combinations. In contrast, thermomechanical
processes were employed to manipulate dislocation density and to
investigate its role on corrosion and passivity behaviour.

The model microstructure of samples was characterized with
different surface analysis techniques. Electron backscatter diffraction
(EBSD) and X-ray diffraction (XRD) were employed to characterize the
microstructures by obtaining information about phases and crystallographic
orientation and dislocation density. In addition, EBSD was used to obtain
grain boundary area density and grain size of samples. Optical microscopy
was also used to determine the grain size, phase fractions, and phases.
Similarly, scanning electron microscopy (SEM) was also used to determine
the microstructural features investigated with optical microscopy.

Additionally, since the inclusions and phases play an important role in
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corrosion and passivity behaviour, SEM characterisation was employed to
investigate these features.

On the surface characterisation side, Scanning Kelvin Probe Force
Microscopy (SKPFM) was employed to study the local differences of Volta-
potential on substrates surface to study both corrosion and passivity
behaviour. Scanning Kelvin probe force microscopy is a powerful method
that gives information on the electronic properties of the surface (Volta-
potential) at the nanoscale (sensitivity of 1 mV and spatial resolution of ~15
nm) [44], [45]. The Volta-potential can provide information on the nobility
of the metal surface depending on microstructural features, which can
provide perceptive information on local electrochemical processes such as
micro-galvanic coupling [33]. Therefore, Volta-potential differences
between microstructural features have been employed to understand the
corrosion behaviour [46], [53], [54]. Higher surface reactivity is attributed
to areas with a higher difference in Volta-potential [33], [46], [53].
Moreover, Scanning Kelvin Probe (SKP) measurements were conducted to
investigate  surface  reactivity through  surface  work-function
measurements. In contrast to SKPFM that provides information about the

surface reactivity at nano- to micro-scale, SKP provides information about
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Introduction
the overall surface reactivity in micrometre to millimetre range. In addition,
X-ray photoelectron spectroscopy (XPS) was employed to study the
chemical composition and the volume fraction of various iron oxides in the
passive layer, as well as the thickness of the passive layer since these factors
have an effect on the barrier properties. Therefore, the thickness of the
passive layer was also investigated with ellipsometry.

Electrochemical characterisation techniques were used to
understand the role of microstructural features in corrosion and passivity
behaviour. The corrosion kinetics and mechanisms were determined with
potentiodynamic polarisation. Potentiodynamic polarisation was also
applied to correlate the kinetics in the passive region of potentiodynamic
polarisation curves with the substrate's microstructure. Potentiostatic
polarisation was used in passivation studies to form the passive layer and
investigate the passivation kinetics and mechanisms. Electrochemical
impedance spectroscopy (EIS) was applied in corrosion studies to study the
relationship between the corrosion resistance and the microstructure of the
substrate. Moreover, EIS was employed to investigate the effect of
microstructure on passive films' barrier properties. Using Mott-Schottky

analysis, the semi-conductor behaviour of passive films was investigated by
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correlating the space-charge capacitance and the applied potential. This
analysis reveals the donor and/or acceptor density of semi-conductor
passive films. In addition to the electrochemical characterisation, in-situ
atomic force microscopy (AFM) measurements were employed to study the

local corrosion behaviour.

1.4 Research Outline

In figure 1.3, the structure of this Ph.D. thesis is shown schematically. A
general introduction, research motivation, and aim, as well as the research
approach, are given in the sections 1.1 through 1.3. The rest of the thesis is
divided into four main parts.

Part A focuses on the effect of dislocation density and grain
boundary areas on passivity and corrosion behaviour. It consists of two
chapters. Chapter 2 studies the role of microstructural defects (dislocation
density and grain boundary density) on the passivity behaviour of cold- and
hot-rolled interstitial free (IF) steels. Electrochemical measurements are
employed to investigate the effect of microstructural defect density on the
passive layer's electrochemical properties. The defect density, chemical
composition, and thickness of iron (hydr)oxides are correlated to the

passive film's barrier properties, depending on the microstructural defect
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Introduction
density in the substrate. Additionally, Scanning Kelvin Probe (SKP) is
employed to measure the work function, which is associated with the
kinetics of passivity. In chapter 3, the role of dislocation density in the
corrosion behaviour of IF ferritic steels is studied. The effect of dislocation
density on corrosion kinetics and mechanisms is investigated with
potentiodynamic polarisation. To assess the degree of galvanic coupling
between grains depending on the substrate's dislocation density, the Volta-
potential is evaluated. The differences in corrosion rate are associated with
differences in the degree of galvanic coupling.

In Part B, the focus is on the effect of grain size on passivity and
corrosion behaviour. It is composed of chapters 4, 5, and 6. Chapter 4
investigates the effect of grain size on the passive layer behaviour of pure
iron in an alkaline environment. In this work, samples with various grain
sizes at the micrometre scale were created by applying different heat
treatments in dilatometry while controlling the other microstructural
features such as dislocation density, inclusions, phases and texture. The
effect of grain size on passive films' barrier properties was investigated with
potentiostatic polarisation and EIS. Passive films' barrier properties are

correlated with the defect density, chemical composition, and volume
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fractions of iron (hydr)oxides of the passive films. In Chapter 5, the role of
prior austenite grain size (PAGS) on passive layer properties of martensitic
steels is studied. In this chapter, various heat treatments by dilatometry
were applied to obtain samples with varying PAGS. Prior austenite grain
size, dislocation density and features within the martensite structure are
characterized by EBSD. The barrier properties of passive layers were studied
through potentiodynamic and potentiostatic polarisation as well as with
electrochemical impedance spectroscopy. The changes in the barrier
properties with PAGS and the differences in martensite structure are
associated with the defect density measured with Mott-Schottky analysis
and the fraction of (hydr)oxides in the passive film. Chapter 6 investigates
the role of grain size and crystallographic orientation on corrosion
behaviour of pure iron samples. Potentiodynamic polarisation and EIS
measurements evaluate the effect of grain size and crystallographic
orientation on corrosion kinetics. Topography measurements obtained with
atomic force microscopy (AFM) investigate the local corrosion behaviour at
grain boundaries.

Part C studies the effect of phase combinations (ferrite-pearlite and

ferrite-martensite) on passivity and corrosion behaviour. Chapter 7
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compares pearlite’s and martensite's role in their combination with ferrite
in two-phase microstructures in passivity behaviour. Heat treatments with
different transformation temperatures and durations were applied to
obtain ferrite-pearlite and ferrite-martensite steels with similar ferrite
volume fractions, characterized by optical microscopy and SEM. The barrier
properties of the passive film were investigated with potentiostatic
polarisation and EIS measurements. Furthermore, Mott-Schottky analysis
was applied to correlate donor density and the microstructural phase
combinations. Chapter 8 compares the corrosion behaviour of low-alloyed
steels with ferrite-martensite and ferrite-pearlite microstructures. The
corrosion behaviour of these phase combinations is investigated with
potentiodynamic polarisation and EIS measurements.

Part D investigates the role of crystallographic orientation in the localised
corrosion behaviour of IF ferritic steels. In chapter 9, the influence of
crystallographic orientation on localised corrosion behaviour of interstitial
free steels is investigated. The differences in the susceptibility for corrosion
of grains with different crystallographic orientations were measured with

in-situ AFM measurements. The differences in dissolution rates are
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correlated with the variations in Volta-potentials between grains with
different crystallographic orientations.

A general overview, conclusions and suggestions for future research are

given in Chapter 10.

Chapter 1
Introduction

Part A - The relationship between microstructural defects and passivity and corrosion behaviour

Chapter 3
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CHAPTER 2

Effect of microstructural defects on passive
layer properties of interstitial free (IF) ferritic
steels in an alkaline environment

This chapter is based on a published scientific paper:
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—» FeO(OH)
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Hot-rolled Cold-rolled
Low defect IF steel High defect IF steel

AYilmaz, K. Traka, S. Pletincx, T. Hauffman, J. Sietsma, and Y. Gonzalez-
Garcia, “Effect of microstructural defects on passive layer properties of

interstitial free (IF) ferritic steels in alkaline environment,” Corros. Sci., vol.
182, 2021, 109271.
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Abstract

The role of microstructural defect density (dislocation density and grain
boundary density) on the passive film properties formed on interstitial free
(IF) steels is investigated in 0.1 M NaOH solution. To obtain varied defect
density between the studied samples, cold-rolled and hot-rolled samples
were employed. The microstructure of samples was characterized by
electron backscatter diffraction (EBSD) measurements. Cold-rolled samples
exhibit higher dislocation density and grain boundary density. No alloy
segregation, inclusion formation, and phase transformation are observed
after cold rolling, preventing the interaction between defect density and
other microstructural features on passive layer properties. Potentiodynamic
polarisation (PDP) shows the increased current density in the passive region
with increasing defect density. Electrochemical impedance spectroscopy
(EIS) results show that the passive layer formed on samples with a higher
defect density has lower barrier properties. Mott-Schottky analysis reveals
that the donor density of the passive layer increases with higher substrate
defect density. X-ray Photoelectron Spectroscopy (XPS) shows that the
chemical composition of passive layers formed by potentiostatic polarisation

consists of Fe304,-Fe;03 and FeO(OH) for both materials, but also that the
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relative quantity of protective y-Fe;0s3 in passive film decreases with the rise
in defect density. Ellipsometry measurements show that the passive film
formed on samples with higher dislocation density is thicker. This is
attributed to increased donor density and a lower work function, measured
with Scanning Kelvin Probe (SKP). This work shows that the increased
microstructural defect density induced by cold rolling decreases the passive
layer's barrier properties due to higher donor density and lower protective
y-Fe;03 ratio in passive film.

Keywords: Interstitial free (IF) steels, dislocation density, passive layer, EIS,

Mott-Schottky analysis, XPS, SKP
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2.1 Introduction

Cold working is commonly applied on steels in many industries, varying from
automotive to oil and gas in order to increase the strength and hardness of
materials during fabrication procedures [1]. The improved mechanical
properties mainly stem from the higher defect density (dislocation and grain
boundary density) achieved after cold working. A significant number of
studies has widely investigated the relationship between defect density and
mechanical properties [2]-[4]. However, the understanding of the
relationship between defect density and passivity is still to be improved.
During the processes to manipulate the defect density, other changes in the
microstructure of the substrate material also occur [5]—-[7]. These other
microstructural changes, e.g. segregation of alloying elements, phase
transformation, the formation of inclusions, affect passive layer properties
with different defect density.

The effect of these microstructural features might interfere with or
dominate the impact of defect density on the passive layer properties. This
leads to contradictory reports on the effect of dislocation density on the
passivity behaviour in the existing literature. Both improvement and

deterioration in the barrier properties of the passive film with an increase
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in defect density are reported [8]—[12]. Jinlong and Hongyun [8] studied the
effect of pre-deformation, resulting in the rise in both dislocation density
and the volume fraction of a’-martensite, on passive layer properties of AlSI
304 stainless steel. They reported the deterioration of passive layer barrier
properties with an increase in pre-deformation. Yamamoto et al. [11]
investigated the role of different degrees of cold working on the passivation
behaviour of pure iron. They observed first a decrease and then an
enhancement in the barrier properties of the passive film with increasing
cold working degrees, leading to an increase in the defect density. Wang
and Li [12] compared the electrochemical behaviour of nanocrystalline and
as received 304 stainless steels. The nanocrystalline material was obtained
with sandblasting, leading to a significant increase in dislocation density and
decrease in grain size. They observed better passive layer properties in
nanocrystalline material after sandblasting. These existing studies show
that it is not straightforward to establish a relationship between defect
density and passive layer properties due to the changes in other
microstructure features, occurring during the processes used to change the

defect density. Considering the contradictory results presented in the
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literature, it is only possible to understand the sole role of defect density on
the passive layer properties by designing and controlling the microstructure.

Furthermore, the majority of the abovementioned studies focused
on the passivity behaviour of stainless steels [8]-[10], [12]. Very few studies
investigated the role of microstructural defect density on passive layer
properties of low alloyed steels [11]. The existing literature explained the
changes in electrochemical properties of passive films are associated to the
variations in the donor/acceptor density in the passive films due to the
presence of substrate microstructural defects [8]-[11]. Yet, very little
attention has been given to the alterations in the chemical composition and
thickness of the passive layer with variations in microstructural defect
density, that change the barrier properties of passive films.

The goal of this work is to deepen the understanding of the relation
between microstructural defect density and passive layer behaviour of high-
strength steels. For this purpose, controlled alloys of hot- and cold-rolled
interstitial free (IF) steels were employed to minimize the changes in
microstructural features other than the defect density. The effect of
microstructural defect density on the barrier properties of passive films was

investigated with potentiodynamic polarisation (PDP) and electrochemical
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impedance spectroscopy (EIS) in 0.1 M NaOH. The donor density of passive
films was characterized by Mott-Schottky analysis. The chemical
composition and thickness of the passive films were evaluated by X-ray
photoelectron spectroscopy (XPS) and ellipsometry, respectively. Scanning
Kelvin Probe (SKP) measurements were conducted to determine the effect
of microstructural defect density on surface reactivity. The experimental
results form the basis for a discussion on the role of defect density on the

properties of the passive film.

2.2 Experimental

2.2.1 Material

Hot and cold-rolledinterstitial-free (IF) ferritic steels (provided by
Tata Steel, the Netherlands) were investigated. The chemical composition
of IF steel employed is given in Table 2.1. The thickness reduction at the last
pass of hot-rolling was approximately 85% and the cold-rolling reduction
was approximately 78%. Hot-rolled and cold- rolled samples are indicated
as low defect density (LD) and high defect density (HD) samples,
respectively. The thickness of hot- and cold-rolled samples were 3.4 and
0.76 mm, respectively. Both samples
were laser-cut to the dimension of 10 mm x 5 mm.
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2.2.1.Microstructure Characterisation
Electron backscatter diffraction (EBSD) analysis was employed to
characterize the microstructures, by obtaining information about

crystallographic phases and orientation, grain boundary area fraction and

Fe C Mn Al N Ti S Cr
wt% | 99.78 | 0.002 | 0.095 | 0.05 | 0.002 | 0.045 | 0.006 | 0.02

Table 2.1 Chemical Composition of the IF- ferritic steel specimens

dislocation density. The calculation of Geometrically Necessary Dislocations
(GND) density was performed with OIM v7.3 software using the function
described in [13]. The method approximates the dislocation content p;yp
by its relation to the dislocation tensor (known as Nye’s tensor[14]) which
is calculated as the tensorial summation of the lattice curvature (i.e.
orientation’s curl) and the elastic strain tensor’s divergence, as it was
initially proposed by Nye in [14]. To prepare the samples for electron
backscatter diffraction (EBSD) analysis, the samples were ground with SiC
papers of 80 to 4000 grit. Afterwards, the samples were polished with a
diamond particle slurry with particle sizes of 3 and 1 um (Struers DiaDuo-2),
respectively. The samples were finally polished with a standard colloidal

silica suspension with a 0.04 um particle size. Then, the samples were
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cleaned in an ultrasonic bath with ethanol for 10 min and dried with
compressed air. The high-resolution EBSD measurements were conducted
with a JEOL JSM 6500F FEG-SEM microscope with an EDAX/TSL detector. A
working distance of 17 mm and a step size of 0.5 um were used for all EBSD
measurements. The post-processing of the EBSD data was conducted both
in TSL-OIM version 7.3 and in Matlab with the use software tool provided
by MTEX [15].

2.2.2 Scanning Kelvin probe measurements

Scanning Kelvin probe measurements were conducted to investigate the
relationship between microstructural defect density and surface reactivity.
The samples for Scanning Kelvin Probe (SKP) measurements were prepared
as follows. The samples were mechanically ground with SiC grinding papers,
from 80 to 4000 grit. Following grinding, the samples were polished with
alcohol-based, high-performance diamond slurry, having particles size of 3
pm (Struers DP-Suspension a), and polishing cloth (Struers DP-Mol). Finally,
the samples were polished with a 1 um alcohol based-high performance
diamond slurry (Struers DP-Suspension a) and polishing cloth (Struers DP-
Nap) until obtaining mirror-like surface finishing. The samples were cleaned

in an ultrasonic bath in ethanol for 10 min and dried with compressed air
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before the SKP measurements. A height-regulated scanning Kelvin probe
(SKP5050) from KM Soft Control was employed to conduct potential
measurements right after the sample preparation. The SKP probe consisted
of an SAE 304 stainless steel tip with a diameter of approximately 550 um.
Before the measurements, the probe was calibrated against Cu/CuSO4
reference. The experiments with the IF-steel samples were conducted on
freshly polished samples at a controlled relative humidity of ambient air,
~43% and room temperature (23 °c). The potential was measured as a
function of time. Point measurements were repeated three times for each

sample to ensure reproducibility of the results.

2.2.3 Electrochemical Measurements
Electrochemical measurements (potentiodynamic polarisation,
electrochemical impedance spectroscopy) were employed to investigate
the effect of microstructural density on the electrochemical properties of
passive film formed on both LD and HD samples.

Type-K chromel-alumel thermocouple wire was spot welded on the
bottom of the samples to ensure a good connection of the working
electrode to the electrochemical cell. Prior to electrochemical

measurements, the samples were embedded in an epoxy resin (Struers
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ClaroCit). The resin was cured for 1 hour under 2 bar pressure.
Subsequently, the samples were mechanically ground and polished by the
same procedure for samples preparation for SKP measurements.
Afterwards, the samples were cleaned in an ultrasonic bath in ethanol for
10 min and dried with compressed air. To prevent crevice corrosion, the gap
between the resin and the sample was masked by a thin layer of sealing
lacquer (Electrolube Bloc Lube Red).

The electrolyte used for the electrochemical measurements was an
aerated 0.1 M NaOH solution with a pH of 12.7. The solution was prepared
with distilled water at room temperature. A conventional three-electrode
electrochemical cell was used for the electrochemical measurements. The
setup is composed of the sample as the working electrode, a graphite rod
as counter electrode and an Ag/AgCl (Sat. KCl) reference electrode. A
Biologic SP 300 potentiostat was used. The potentials were measured
versus Ag/AgCl (Sat. KCl). The electrochemical tests were conducted three
times to verify the reproducibility of the results.

Before conducting the electrochemical tests, the open circuit
potential (OCP) was measured for 1800 seconds at which steady-state is

achieved. For potentiodynamic polarisation, a potential range between -
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0.25Vto 1.25 V (vs OCP) and a scan rate of 0.167 mV/s were chosen. Before
EIS measurements, potentiostatic polarisation was conducted at 0.2 V (vs.
Ag/AgCl) for 3 hours at which steady-state was observed for both samples
to form the passive layer. Then, EIS measurements were obtained between
30 kHz and 10 mHz with an A.C. signal, having an amplitude of 10 mV peak
to peak. Zview software (v3.5) was employed for analysing the EIS data.
Capacitance measurements (Mott-Schottky analysis) were
conducted to correlate the microstructural defect density with the
electronic properties of the passive film after forming the passive layer with
potentiostatic polarisation at 0.2 V (vs. Ag/AgCl) for 3 hours. Capacitance
measurements (Mott-Schottky analysis) were performed at the frequency
of 1 kHz with an amplitude of 10 mV peak to peak for the AC signal. The
potential sweeps were conducted from 0.6 V to -1V with the potential step
size of 50 mV. To analyse data from polarisation and capacitance
measurements, ECLab software (v11.33) was used.
2.2.4 Passive Layer Analysis
X-ray photoelectron spectroscopy (XPS) measurements were conducted to
analyse the chemical composition and relative fractions of different

(hydr)oxide layers in the passive layer, depending on the substrate defect
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density. Before XPS measurements, the passive layer was formed by
potentiostatic polarisation at 0.2 V for 3 hours in 0.1 M NaOH solution.
Subsequently, the samples were rinsed with ethanol and dried with
compressed air. A PHI5000 Versa probe Il photoelectron spectrometer
(Physical Electronics) with an Al K alpha monochromatic X-ray source
(1486.71 eV photon energy) was employed to collect XPS spectra. The
pressure in the analysis chamber was maximum of 5 x 10° Torr during
measurements. The chosen take-off angle and X-ray spot size were 45
degrees and 200 pum for high-resolution scans of Fe 2p and O 1s core
electron peaks, respectively. A pass energy of 23.5 eV and an energy step
size of 0.1 eV were employed. Casa XPS software was used for fitting the
acquired XPS data, using a Shirley background.

Ellipsometry measurements were conducted to measure the
thickness of the passive layers of both samples. The passive layers were
formed by potentiostatic polarisation at 0.2 V for 3 hours ina 0.1 M NaOH
solution. A visual variable angle spectroscopic ellipsometry (M2000X VIS-
VASE) provided by J. A. Woollam Co., Inc. with Xenon lamp source was used
for the measurements. WVASE software was employed to analyse the

ellipsometry data.
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2.3 Results and Discussion

2.3.1 Analysis of microstructural features
High-resolution electron backscatter diffraction (EBSD) measurements were
performed to determine the spatially resolved crystallographic orientations
and consequently the defect density (grain boundary area fraction and
dislocation density) through the local orientation distributions. The EBSD
measurements were conducted in several longitudinal sections
perpendicular to transverse direction (TD), rolling direction (RD) and normal
direction (ND) to trace possible differences in these various planes. The
results on the ND-TD plane are only shown due to the plane of interest for
the current study. Furthermore, the same step size for the EBSD
measurements performed on LD and HD samples were employed to prevent
the effect of step size on the calculation of boundaries and dislocation
density [16].

Figures 2.1a and 2.1b show the EBSD inverse pole figures (IPF) in ND-
TD plane of the low defect (LD) and high defect (HD) samples, respectively.
The LD microstructure consists of equiaxed grains while having a mild
preferential orientation for <111>//ND, <100>//ND and <112>//ND,

<113>//ND, <114>//ND planes which is a result of the B fibre texture of
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austenite to ferrite transformation [17]. However, a stronger preferential
crystallographic orientation in <111>//ND and <100>//ND (Fig. 2.1b) and
also components in <112>//ND, <113>//ND, <114>//ND planes is observed
in HD material. In this case, the components mentioned above appeared as
a result of the a and vy fibre rolling textures [18], [19]. Therefore, the
intensity (magnitude) and the exact components which are preferred are
different. However, both samples have a similar distribution of preferential
crystal orientations with respect to the crystal direction, which is parallel to
ND. Furthermore, in Fig 2.1a and 2.1b, the microstructure of both LD and
HD samples belongs only in the BCC crystal structure. It shows that both
materials consist of only the ferritic phase. Both materials do not exhibit
carbides in IPF maps, showing the negligible volume fraction of carbides due
to the very low alloyed nature of the material.

In Figures 2.1c and 2.1d, the geometrically necessary dislocation
(GND) maps of LD and HD samples are given, respectively. It is observed that
dislocations in LD samples (Figure 1c) are homogeneously distributed with
very low density. In Figure 2.1d, it is shown that the HD exhibits a much
higher dislocation density, consisting of topological heterogeneities (e.g.

the largest GND density is observed at highly distorted regions while other
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regions do not contain large orientation gradients). The mean dislocation
density values are 3.6 + 0.4 x 10> m2 and 147 + 14 x 10* m™ for the low
defect (LD) and high defect (HD) samples, respectively. It shows that there
are almost two orders of magnitude differences in dislocation density
between both samples. Concerning the defect density, as it was previously
mentioned, the quantification of the dislocation density refers to only the
structural dislocations (GNDs) and not to statistically stored dislocation
(SSD) density. Although SSDs can highly contribute to the material’s
dislocation content, the studied material is characterized by a high Stacking-
Fault Energy (SFE), and in such metals, sub-cell structures would be
expected to be prevalent [20]-[22]. This occurs due to the dislocations’
cross-slip during deformation which results in the formation of favourable
(lower) energy arrangements of the dislocation content (mechanism of
dynamic recovery — a phenomenon known as polygonisation [23], [24]).
Hence, in such metals the largest contribution of the dislocation density can

be reasonably expected to be located at the substructure’s boundaries.
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Figure 2.1EBSD maps of the hot- and cold- rolled samples.a) and b) are the Inverse Pole Figure (IPF)
maps show the spatially resolved crystallographic orientations parallel to the normal direction of the
sheets for the low- Defect (HD) and b) the high- Defect (LD) samples, respectively. (c) and d) are the
Geometrically Necessary Dislocation (GND) maps (measured with the same step size of 0.5 um) for LD
and HD samples.The GNDs were calculated for a maximum angle of 10° and up to the 3@ neighbour
pixel

Similar to geometrically necessary dislocation density, the grain boundary
fraction is much higher in HD samples. Considering the threshold angle for
high angle grain boundaries (HAGB) as 15°, the HAGB densities for HD and
LD samples are 0.152 + 0.002 and 0.029 + 0.001 um, respectively. HD
samples also exhibit higher low-angle grain boundary density in comparison
with LD samples. The LAGB density for HD samples is 2.44 + 0.14 um™?

whereas the LAGB density for LD samples is 0.006 + 0.002 pm™.
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2.3.2 Reactivity of the surface — SKP experiments

To elucidate the effect of microstructural defects on the reactivity of the
surface, SKP point measurements were conducted on freshly polished
surfaces of both low (LD) and high defect (HD) density samples. Figure 2.2a
shows the work function changes over time at the measured points. On
both samples, an initial increase in the work function is observed and
associated with the evaporation of absorbed water layer on the surface and
the growth of natural passive layer [25]. The further increase in the work
function probably results from the further growth of a natural passive layer.
In Figure 2.2b, the work function values at three selected exposure times
after reaching the stability are given. It is observed that the work function is
lower for HD samples than for LD samples at all times. The decrease in work
function with increasing defect density agrees with the existing literature
that report decreases in work function with an increase in microstructural
defect density, introduced by plastic deformation on steel samples [10],
[26], [27]. The work function is defined as the minimum necessary work to
take an electron from the sample to a point outside of sample where its
contribution from image forces are eliminated [28]. Therefore, the HD

samples that have lower work function are more electrochemically reactive.
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Figure 2.2 a) SKP point measurements on fresh polished samples with 550 um stainless steel probe, at
ambient temperature and 43% RH as a function of time b) Work function values measured at selected
exposure times

2.3.3 Passive Layer Analysis

Chemical composition - X-ray photoelectron spectroscopy (XPS)
measurements were conducted to investigate the chemical composition of
the passive layers. High-resolution Fe 2ps/2 photoelectron spectra between
704 and 717 eV of both high defect (HD) and low defect (LD) samples are
given in Figure 2.3. Multiplet-split fitting was applied for fitting the Fe 2ps/2
photoelectron spectra since multiplet splitting occurs due to unpaired d-
orbital electrons in high-spin Fe*? and Fe*® species [29]. The reported
optimized fitting parameters by Biesinger et al. [30] were used for the fitting
of data and represented as single peaks for Fe®, Fe™ and Fe*® after

background subtraction. From the fitting analysis of the Fe 2p 3/2 and 0 1/2
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spectrum, composition of the passive layer consists of Fe30s, y-Fe;03 and
FeO(OH). Based on previous studies [31]—-[35], we assumed that the passive
layer consists of a bi-layered oxide layer (FesOs and y-Fe;03) and an outer
FeO(OH) layer. The differences in peak intensities show that the fractions of
the oxides differ between HD and LD samples. The phase fractions are
calculated according to fitting parameters and given in Table 2.2. The lower
ratio of Fe*3/Fe*? peak intensity in HD samples indicates that the fraction of
y-Fe20s in the passive layer is lower for HD samples. The y-Fe,03 fraction in
HD samples is approximately 66 % of the total passive layer versus 75%

observed on the LD samples.
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Figure 2.3 Experimental Fe 2p spectrum from the XPS measurement and corresponding fitting of the
spectrum for the passivated a) LD and b) HD samples. Passive layer formed after potentiostatic
polarisation for 3 hours at 0.2 V (vs. Ag/AgCl) in 0.1 M NaOH solution
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v-Fe203(%) Fe304(%) FeO(OH)(%)
Low Defect (LD) 74.8 13.4 11.8
High Defect (HD) 65.9 18.8 15.3

Table 2.1 Oxide fractions of the passive layers calculated from the fitting XPS Fe 2p spectrum

Passive layer thickness — Ellipsometry measurements were conducted after
potentiostatic passivation of the samples. The following optical constants of
3.18 — 3.85i for the iron substrate and 2.55 — 0.35i for the thin iron oxide
film (FesOs and y-Fe,03) were used into in the model to estimate the oxide
thickness [36]. The thicknesses of the passive layers formed on HD and LD
samples are 2.54 + 0.11 and 1.67 + 0.07 nm, respectively. From SKP results,
the elucidated high-reactivity of the HD samples can explain a faster kinetic

of the passive layer growth resulting in a thicker passive film.

2.3.4 Electrochemical Characterisation

Potentiodynamic polarisation (PDP) — Potentiodynamic polarisations
were conducted in a 0.1 M NaOH solution, which ensures the formation of
a passive layer due to alkaline environment. In Figure 2.4a, potentiodynamic
polarisation curves obtained from both HD and LD samples are given. Both
samples show similar curves with the main difference in the passivity
current densities. It is observed that current density values are higher for
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HD samples comparison to LD samples. Figure 2.4b shows the values at the

potentials of 0, 0.25 and 0.5 V for both samples. For all the potentials, the

current density values are approximately 1.5 times higher in HD samples

than in LD samples, indicating higher electronic and/or ionic conductivity of

the passive film in HD samples.
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Figure 2.4 a) Potentiodynamic polarisation curves of LD and HD samples in 0.1 M NaOH solution b)

Current density values from PD curves at the potentials 0, 0.25 and 0.5 V (vs. Ag/AgCl)

Potentiostatic polarisation — Figure 2.5a shows the current density

transients of both samples during potentiostatic polarisation at 0.2V in 0.1

M NaOH solution. The initial current density values are associated with the

charging of the double layer on both samples [37]. The sharp decrease in

current density values on both samples in the first few seconds of

measurements stems from the initial formation of the insulating passive
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layer. The further decline in current density values is due to the growth of
the passive film. After 3 hours of polarisation, the current density transients
of both samples approach to steady state, at which the rates of formation
and dissolution of the passive film are equal. Figure 5b shows the current
density values measured after 3 hours of polarisation. It is observed that the
current density of values HD samples is more than 1.5-fold higher than the
one of LD samples. This suggests that the conductivity of passive film HD
samples are higher than the passive film formed on LD samples, in

agreement with the current density trends observed in the passive region

of potentiodynamic polarisation curves.
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Figure 2.5 a) Current vs time curves during potentiostatic polarisation at 0.2 V (vs. Ag/AgCl) in 0.1 M
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Electrochemical Impedance Spectroscopy (EIS) — EIS data were
collected after passivating both samples. The Nyquist plots of both samples
(Fig. 2.6a) show that a larger arc is produced in LD samples in comparison to
HD samples. It indicates the lower barrier properties of the passive layer
formed on HD samples, in agreement with the current-density values
observed in the passive region of the potentiodynamic polarisation curves.

The equivalent electrical circuit (EEC) fitting of EIS data was
conducted with the circuit shown in Fig. 2.6b with a constant phase element
(CPE) instead of a pure capacitor in line with the literature [11], [37]—-[39].
The deviation from the ideal capacitive behaviour can be associated with
the inhomogeneities in the passive film [40][32]. In the EEC, R; is attributed
to the resistivity of the solution. R, and CPE; are related to resistive and
capacitive behaviour of the passive film, respectively. The values obtained
from the fitting are given in Table 2.2. The resistance values of passive layer

Rz are higher for LD samples in comparison to HD samples.
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Figure 2.6 a) Nyquist plots of LD and HD samples collected after passivation with potentiostatic
polarisation at 0.2 V (vs. Ag/AgCl) for 3 hours in 0.1 M NaOH solution c) Equivalent electrical circuit
(EEC) used to interpret the EIS data for HD and LD samples. Solid lines show the fitted curves by the

proposed equivalent circuit.

The capacitance values were calculated using the Hsu and Mansfeld

formula [41]:

1-n) 1

C=R n Qn [Egn. 2.1]

The calculated values (C:) are presented in Table 2.3. From them, the

thickness of the passive film can be estimated from [42]

£g,

df = c_f [Egn. 2.2]
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where dr is the passive layer thickness, Cr is the capacitance value of the
passive film, € = 40 [43], [44] and ¢, are the dielectric constant of passive
film on low carbon steel and permittivity in vacuum, respectively. The
thickness obtained from the capacitance values is 2.21+0.01 nm and
1.8740.01 nm for HD and LD samples, respectively. These values are in

reasonable agreement with the values obtained from ellipsometry

measurements.
Ri1 R> CPE;-Q CPEi-n C:
(Qcm?) | (Qcm?) | (Q1s"em? (UF/cm?)
x10° x10°)
Low 184+10 | 3.55+0.04 | 5.17+0.04 | 0.91+0.01 | 6.90+0.07
Defect
(LD)
High 176+10 | 2.77+0.01 | 4.57+0.01 | 0.91+0.01 | 5.83+0.01
Defect
(HD)

Table 2.2 Equivalent circuit parameters obtained by fitting the collected EIS data of LD and HD samples

Capacitance measurements — Mott-Schottky (M-S) analysis was
applied to characterize the semi-conductive properties of passive films.
From M-S analysis, it is possible to quantify the defect density in an oxide

film.
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The total capacitance of the passive film is generally considered as
the combination of two capacitors in series, representing the space charge
capacitance region and the Helmholtz layer. The contribution of the
Helmholtz layer on the capacitance of the passive layer (much larger than
the space charge layer) is negligible due to the strong presence of the
passive layer. Thus, the capacitance of passive film can be considered as the
capacitor of the space charge layer. Therefore, the Mott-Schottky
relationship (Egn. 2.3) can be applied to quantify the number of defects in

the passive layer:

L= 2(E — By — kT/q)/22 0 N, (Eqn. 2.3]

where T is the temperature, k the Boltzmann constant, Egs the flat
band potential, Ny the donor density, g the electron charge, & the
permittivity of vacuum and € = 40 [43] the dielectric constant of the iron
oxide films formed on carbon steels. Experiments were carried out at the
frequency of 1 kHz. At this value, the capacitance of iron oxide is not
significantly affected by the applied frequency, and the electronic part of
the space charge capacitance can be evaluated [45].

Figure 2.7 shows the Mott-Schottky plots obtained after forming the

passive layer at 0.2 V for 3 hours. The positive slope in the Mott-Schottky
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plots illustrates n-type semi-conductor behaviour of the passive layer [43],
[46]. This slope is inversely proportional to the donor density, the higher
slope meaning a lower donor density. The deviation from linearity above 0
V can be associated with the changes in passive film structure/composition
[47]. The donor density values calculated from the linear slopes in the Mott-
Schottky plots are given in Table 2.3. The donor density values are in the
same order of magnitude with the previously reported for low carbon steels
[48] and pure iron [38], [49]. It is shown that the donor density values are
approximately 1.5 times higher in HD samples than in LD ones, showing that
the donor density increases with an increase in the defect density. The
donor population in the passive film mainly consists of oxygen vacancies and
cation interstitials [50]. The lower donor density in LD samples that have a
lower defect density indicates the decrease of the concentration of Fe*2in
the passive layer due to the oxidation of Fe*? to Fe*3 [45]. Furthermore, the
differences in flat band potential also indicate differences in the fractions of
Fe304, y-Fe,03 and FeO(OH) in passive films. These are in line with a higher
concentration of Fe*? in the passive layers as measured with XPS when the

defect density increased.
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Figure 2.7 Mott-Schottky plot of samples collected after forming passive layer at 0.2 V (vs. Ag/AgCl)

for 3 hours

Donor Density Flat Band Potential

Ng (10°°cm3) (vs Ag/AgCl)/V
Low Defect (LD) 46+0.1 -0.73+£0.03
High Defect (HD) 6.8+0.4 -0.79 £ 0.02

Table 2.3 Donor density values after passivating of 3 hours at 0.2 V (vs Ag/AgCl)

To understand the role of defect density on passive layer properties,

it is required to prevent the combined effect of other microstructural

features with defect density. The very low alloyed nature of the interstitial-

free ferritic steels allows preventing the effect of chemical composition that

might lead to alloying element segregation after cold rolling. Furthermore,

the low alloying content also excludes the formation of inclusions and
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different phases. In this way, these microstructural features do not play a
role in the passive layer properties and only the microstructural defect
density is the main influencing feature. The crystallographic orientation is
also a feature that may influence the formation of the passive layer. The
EBSD measurements reveal the formation of stronger preferential
orientationin<111>//ND and <100>//ND in HD samples than in LD samples.
However, in our other research on the effect of cold rolling in the corrosion
behaviour of IF steels, it is demonstrated that the dislocation density is still
the dominant feature versus the effect of the crystallographic orientation
[51]. In conclusion, no other microstructural features are influencing
significantly the passive layer properties than the difference in
microstructural defect densities between the samples, HD and LD. The
microstructural defects relate to geometrically necessary dislocation (GND)
and grain boundary densities.

SKP measurements demonstrate that the sample with higher defect
density (HD sample) shows more negative surface potential and a faster
kinetic to achieve stability of the potential. It indicates that the significant
difference of microstructural defect densities leads to higher reactivity of

the surface. These results explain the formation of thicker passive films in
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the HD sample measured by ellipsometry experiments. Polarisation and EIS
measurements show that the barrier properties of passive film worsen with
the increase in microstructural defect density in the IF steel substrate. The
passive layer consists of the oxides, FesOsand y-Fe;03 and the presence of
FeO(OH) . The protective properties of the passive layer are mainly
attributed to the presence of y-Fe,0s. The band gap of Fe304 is 0.1 eV [52]
whereas the band gap of y-Fe;0s is 2.3 eV [53]. Since the lower band gap
leads to easing in electron transfer, Fes0s4 has significantly higher
conductivity. Moreover, FeO(OH) layer has a less dense and more porous
structure than y-Fe,Os. Hence, it is considered that Fe3O0s and FeO(OH)
layers do not have a significant contribution to the protection properties of
the passive film. XPS analysis shows slightly lower fraction of y-Fe;03 in the
passive film of the sample with higher microstructural defect density (HD
sample). However, this result cannot solely explain the difference in the
resistances of the passive films from the EIS analysis, with a decrease of
approximately 20% on the value of the resistance for the HD sample when
compared to the LD sample. Taking also into consideration that the sample
with higher defect density forms a thicker passive film that usually is

associated with better protective properties.
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The capacitance measurements and Mott-Schottky analysis uncover
differences in the donor density in the passive films. The donor density in
the passive films increases with the increasing of microstructural defect
density. This increase probably stems from the fact that the increase in
microstructural defect density leads to higher density of active sites, i.e.
kinks, jogs, inducing the formation of a defective passive layer at these
active sites [11]. In terms of the electronic conductivity, the increase in
donor density leads to a smaller band gap in metal oxides [54], [55],
increasing the electronic conductivity by easing electron transfer. From the
ionic conductivity point of view, the donors in the passive film carry ionic
charges in iron oxides [56], [57], and therefore the higher donor density
leads to larger ionic conductivity.

Yamamoto et al. [11] showed that most of the donors in the passive film
of pure iron are oxygen vacancies instead of cation interstitials in highly
deformed samples. Since the formation of passive film and the semi-
conductive properties of passive film are governed by the reaction inducing
the formation of oxygen vacancies, a thicker passive layer with higher donor
density occurs in HD samples. On the side of LD samples, the existing donors

arise due to incomplete film ageing [11] since the very low density of
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substrate’s microstructural defect density has a minimal effect on the
formation of donors in passive film, as opposed to HD samples. Ageing the
film further in time, potentiostatic polarisation would result in a passive film
with a lower donor density and better passive layer properties. These
results demonstrate that the microstructural defects, dislocation density
and grain boundary area, influence the properties of the passive layer.
Nevertheless, further investigation is necessary to differentiate and

quantify the influence of the single features.

2.4 Conclusions

In this work, the role of microstructural defect density on the passive
layer properties formed on IF steels are investigated in a 0.1 M NaOH
solution. The sample with higher defect density presents higher reactivity
indicated by the more negative work function. This results in the formation
of a thicker passive layer when compared to the specimen with lower defect
density. XPS measurements on passive layers formed by potentiostatic
polarisation, show that the passive layer consists of Fe30s47y-Fe;03 and
FeO(OH), regardless of the defect density. However, the volume fraction of
y-Fe203 passive film slightly decreases with increasing defect density.

Electrochemical results from potentiodynamic polarisation and EIS
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experiments indicate that the passive film of the higher defective sample
has worse barrier properties. In conclusion, the presence of higher
microstructural defect density on the IF steel substrate enhances the

growth of thicker but highly defective passive layers.
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CHAPTER 3

Combining surface Volta-potential with electrochemical
measurements to investigate the role of cold working on
corrosion behaviour of IF steels

This chapter is based on a scientific paper:

A.Yilmaz, C. Ornek, K. Traka, J. Sietsma, Y. Gonzalez-Garcia, (2021) Understanding
the effect of cold rolling on corrosion behaviour of interstitial free (IF) ferritic steels

by SKPFM and electrochemical measurements. (In preparation)
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Abstract

This work investigates the role of cold-rolling on the corrosion behaviour of
interstitial free (IF) steels. The microstructures of hot- and cold-rolled
samples (dislocation density, grain boundary area and texture) were
investigated with electron backscatter diffraction analysis. Scanning Kelvin
probe force microscopy (SKPFM) measurements show increased Volta-
potential gradients between grains with different crystallographic
orientations after cold-rolling, while no Volta-potential gradients were
observed at grain boundary areas. The potentiodynamic polarisation
measurements show a higher corrosion rate of cold-rolled material in a 0.1M
HClI solution, stemming from the higher micro-galvanic interaction between

grains due to the increase in dislocation density.

Keywords: Interstitial free (IF) steels, dislocation density, corrosion rate,

Volta-potential, SKPFM, cold-rolling
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3.1 Introduction
A wide range of industries has applied cold working on IF steels mainly in
efforts to improve their mechanical properties such as hardness and
strength [1]-[3]. Generally, the improvement in mechanical properties of IF
steels is attributed to an increase in dislocation density, a phenomenon
known as work hardening resulting in impeding the movement of
dislocations. The relationship between cold rolling and mechanical
properties has been extensively studied in various ferrous materials such as
pure iron [4], [5], low alloyed steels [6], [7], and different types of stainless
steels [8]—[11]. Nevertheless, the relationship between cold rolling and
corrosion behaviour of steels is still yet to be deepened. The previous
studies reported varying results on the relationship between cold rolling
and corrosion properties of steels [12]-[17].

Jinlong et al. [15] reported higher corrosion rates of pure iron in 0.5
M H;SOs solution when cold-rolled by 95.83% thickness reduction.
However, they also reported that the cold-rolling leads to a significant grain
size refinement and texture formation, besides increasing the dislocation
density. This leads to the interaction of the dislocation density, grain size,

and grain’s crystallographic orientation on corrosion resistance instead of
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the sole effect of the increase in dislocation density. In contrast, Foroulis
and Uhlig [17] studied the role of cold rolling on the corrosion behaviour of
pure iron and low-alloyed steels in 0.1 M HCl solution. They observed no
difference in corrosion rate between the annealed and cold-rolled iron. Yet,
they observed a higher corrosion rate in cold-rolled low alloy steels than the
annealed ones. The increase in corrosion rate is attributed to the formation
of carbides and nitrides with cold-rolling, dominating the effect of other
microstructural changes (dislocation density, crystallographic orientation
and grain size) on corrosion rate. Another study investigated the effect of
plastic deformation on the corrosion rate of iron and low-alloyed steels in
deaerated H,SO4 and HCl solutions [16]. It was observed that the corrosion
rate of both iron and low-alloyed steels is higher for cold-rolled materials
than the annealed ones, attributed to more active sites formed due to solely
increase in dislocation density. These varying reports in the literature show
that there is no direct relationship established between cold-rolling and
corrosion resistance. This mainly stems from several microstructural
features changes during cold rolling depending on the substrate and cold-
rolling processes. These microstructural features are namely dislocation

density, grain size/boundary area, grain orientation, phase transformation,
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and alloy segregation. These features have a complex interaction with each
other on corrosion behaviour.

Understanding the effect of cold rolling on the corrosion behaviour
of low-alloyed steels requires knowledge about the individual behaviour of
microstructural features, which might change when the material is
subjected to cold-rolling. The microstructure has crucial importance in
determining the corrosion resistance of IF steels, as any microstructural
heterogeneity can impose susceptibility to corrosion. The conventional
electrochemical methods' resolution limits the study of the correlation
between singular microstructure features and corrosion response. The
SKPFM is a powerful method that offers nanoscale resolution and can
provide information about the electronic properties of the surface (Volta-
potential). High Volta-potential suggests a high electrochemical nobility or
vice versa, and, therefore, Volta-potential can be used as a reliable
parameter reflecting corrosion susceptibility of material [18]-[21]. The
decrease in the Volta-potential is considered as an increase in propensity
for electron transfer, leading to the enhancement of electrochemical
reactions. This information can be associated with the local reactivity of

metals. In general, Volta-potential differences are indicative of possible
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micro-galvanic couplings in the microstructure. The possibilities of
combining SKPFM and EBSD analyses to understand the local effect of cold-
rolling in duplex stainless steels were investigated by Ornek et al. [12]. It
was shown that the degree of galvanic couplings in between phases changes
with cold-rolling. Furthermore, the local extremes differences in Volta-
potential was reported after cold-rolling, leading to localised attacks in high
relative humidity conditions due to the formation of strong micro-galvanic
couplings in these sites.

This work investigates how the microstructural changes induced by
cold-rolling affect the local reactivity and general corrosion behaviour. The
interstitial free (IF) ferritic steels are employed due to their low alloyed
nature, minimizing the effect of high alloying elements, secondary phases,
and inclusions on corrosion behaviour. The differences in microstructural
features of hot and cold-rolled IF steels are studied by electron backscatter
diffraction (EBSD) analysis. The differences in Volta-potential are
investigated by SKPFM measurements. The general corrosion resistance of
samples is measured by potentiodynamic polarisation in a 0.1 M HCl

solution.
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3.2 Experimental

3.2.1 Material

The material investigated was interstitial-free (IF) ferritic steel (provided by
Tata Steel, The Netherlands) with the chemical composition shown in Table
3.1. The cold-rolling samples were subsequent to the hot deformation of a
former sheet, namely with a thickness reduction of approximately 77.6 %.
The cold-rolled and hot-rolled sheets were laser-cut to the dimensions of 4
cm x 4 cm. The thicknesses for cold-rolled and hot-rolled samples are 0.76

mm and 3.4 mm, respectively.

Fe C Mn Al N Ti S Cr
wt% bal. | 0.002 | 0.095 | 0.05 | 0.002 | 0.045 | 0.006 | 0.02

Table 3.1 Chemical composition of the as received IF steel

3.2.2 Microstructure Characterisation

The geometrically necessary dislocation density, grain size/boundary area,
and crystallographic orientation were determined by EBSD. Before EBSD
analysis, the samples were mechanically ground with the automated
grinding- and polishing machine (Struers Rotopol 31/ Rotoforce 4, Struers
A/S) with abrasive SiC papers 80 to 4000 grit. All grinding steps were

conducted at the constant disc rotation frequency of 40 rpm and applied
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pressure of 0.5 MPa. After grinding, the samples were polished with
diamond slurries with particle sizes of 3 um and 1 um (Struers DiaDuo-2).
The samples were finally polished with standard colloidal silica suspension
with 0.04 um particle size. The samples were ultrasonically cleaned in
ethanol for 10 minutes. Then, the samples were rinsed with ethanol and
dried with compressed air. The high-resolution EBSD measurements were
obtained with a JEOL JSM 6500F FEG-SEM microscope with an EDAX/TSL
detector. The measurements were conducted at a working distance of
17 mm. The same step-size of 0.5 um was used for all measurements. The
reason to perform a high-resolution measurement with the same step size
also on a recrystallized microstructure is simply due to the apparent effect
of the step size on calculating local misorientations (boundaries) and
particularly on the dislocation content [22], [23]. The EBSD data's post-
processing was performed with TSL-OIM (version 7.3) software and in
Matlab using MTEX routines [24]. The Geometrically Necessary Dislocation
(GND) density calculation was performed with the TSL-OIM software using
the function described in [25]. The method approximates the density of
GNDs (pgnp) by its relation to the dislocation tensor (known as Nye’s tensor

[23]), as it was initially proposed by Nye [23]. The dislocation tensor is
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calculated as the tensorial summation of the lattice curvature (i.e.,

orientation’s curl) and the elastic strain tensor’s divergence.

3.2.3 Scanning Kelvin Probe Force Microscopy (SKPFM) measurements
Scanning Kelvin Probe Force Microscopy (SKPFM) measurements were
conducted to determine the nobility differences within the samples
depending on their microstructure. A Dimension lcon atomic force
microscopy from Bruker was employed. Before experiments, the samples
were ground and polished, as explained in Section 3.2.2. SKPFM
measurements were conducted in the frequency modulation (FM-KPFM)
mode, in which obtaining a Volta-potential map took approximately 10 min.
The pixel resolution and scan rate were 256 x 256 and 0.6 Hz,
respectively. The measurements were conducted in ambient air at a
temperature of 22.4 °C and ~43 % relative humidity. The measurements
were performed on the same day consequently to avoid changes in ambient
conditions. An OSCM-Pt R3 n-Si doped Pt-coated tip from Bruker was
employed for the measurements. The sample was biased with a voltage of
6 V in all measurements. The inversion of Volta-potential maps was not
applied and to meet the polarity convention of electrochemistry, showing

high potentials as cathodic and low values as active [18]. It should be noted
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that the measured Volta-potentials in the air do not reflect the true
corrosion potential in an electrolyte but rather provides a local
characterisation of the microstructure. However, anodic potentials
measured in ambient air suggest higher electron reactivity as opposed to
cathodic regions.

The Volta-potential is a surface and material-intrinsic property,
which exists in all environments. So, a local description of the Volta-
potential can provide a unique insight into understanding Localised
corrosion, which, by other means, may not be accessible. More detailed
information about the fundamental meaning of the Volta-potential and its
relevance to corrosion can be found elsewhere [12], [18], [26]-[31]. The
used tip was calibrated, as described elsewhere [18]. The software Gwydion
V 2.55 was used for analysing the data. The measurements were repeated
three times on different regions in the microstructure to ensure
reproducibility. The average Volta-potential values for every grain, which
will be given in section 3.3.2, are calculated by averaging the Volta-potential

in each grain.
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3.2.4 Electrochemical Measurements
Potentiodynamic polarisation was applied to determine the corrosion rate
of the hot-rolled and cold-rolled specimens. Before conducting
electrochemical measurements, the samples were embedded in non-
conductive epoxy resin (Struers ClaroCit) that was cured for 1 hour under
the pressure of 2 bars. The embedded samples were mechanically ground
with abrasive SiC grinding papers from 80 to 4000 grit. Afterwards, the
samples were polished with diamond suspension pastes with particle sizes
of 3 um and 1 um until obtaining a mirror-like surface. Alcohol-based
diamond pastes (Struers DP-Suspension a) were employed to minimize the
effect of polishing on electrochemical behaviour. Polishing cloths Struers
DP-Mol and Struers DP-Nap were used for 3 um and 1 um polishing,
respectively. The samples were cleaned in an ultrasonic bath for 10 min in
ethanol and dried with compressed air before the electrochemical
measurements.

The potentiodynamic polarisation measurements were conducted in
a 0.1 M HCl solution. The solution was prepared at room temperature with
distilled water. A conventional three-electrode cell consisting of a working

electrode (samples), a counter electrode (a graphite rod), and a reference
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electrode (Ag/AgCl, KCl (sat)) was employed. A Biologic SP 300 potentiostat
was used for the measurements. Before potentiodynamic polarisation,
open circuit potential (OCP) was measured for 1800 seconds, at which
stabilization was achieved. Subsequently, PDP was conducted in the
potential range from -0.25 V to 0.25 V (vs. OCP) with a scan rate of 0.167
mV/s. The corrosion potential and current were determined by applying
Tafel fit via EC-Lab® v11.33 software. The measurements were repeated

three times to estimate the uncertainty of the experiments.

3.3. Results & Discussion

3.3.1 Microstructure Characterisation

EBSD measurements were conducted to obtain the spatially resolved
crystallographic orientations and thenceforth to assess the defect density
through the local misorientations. EBSD measurements were performed in
various longitudinal sections and particularly in Rolling Direction (RD) -
Transverse Direction (TD) (the surface on which the electrochemical and
SKPFM measurements were conducted) and in Rolling Direction (RD) -
Normal Direction (ND). The reason for the multiple measurements and the
different cross-sections is to investigate the extent of reproducibility,
especially deformation heterogeneities through the thickness or along the

83



Chapter 3
sample’s transverse direction could yield different results. Heterogeneities
can be present both after hot-rolling, mainly since the microstructure
results from austenite recrystallization and phase transformation, which are
typically not homogeneous phenomena after cold-deformation due to the
macroscopic deformation’s boundary conditions. In Figure 3.1 only the two
samples that were equally resolved are shown for comparison purposes.
Figures 3.1a and 3.1b show that the crystal direction along the
sample’s Normal Direction (ND) is shown (spatially resolved) for hot and
cold-rolled samples, respectively. The hot-rolled samples consist of
equiaxed grains, and orientation gradients are absent, indicating a
recrystallized (almost deformation-free) state. Additionally, a mild
preference of crystallographic orientation is observed, consisting of
components with plane normals <111>//ND and <100>//ND. Furthermore,
it is also shown in figures 3.1a and 3.1b that the microstructure has
identified orientations in BCC crystal structure, and hence only the ferritic

phase has been identified.
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Figure 3.2 Microstructures obtained through EBSD for the samples. The maps show the spatially
resolved crystal directions parallel to the sheet’s normal direction (ND) in accord with the
conventional colour coding with Inverse Pole Figure (IPF) for a) the Cold-Rolled sample and b) the Hot-
Rolled sample. The maps in c) and d) show the Geometrically Necessary Dislocations (GND) calculated
for a maximum angle 10° and up to the 3@ neighbour pixel, for the Cold and Hot-Rolled samples,
respectively. The GNDs are shown in the same colour bar. The two EBSD scans were measured in the

same resolution—namely 0.5um

In figures 3.1c and 3.1d, the GND maps are shown for the hot- and
cold-rolled samples, respectively. It was observed that dislocations in hot-
rolled samples were homogenously distributed and very small in number.
In contrast, the cold-rolled samples exhibit a much larger dislocation

content with pronounced topological heterogeneities. The largest GND
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density is found at highly distorted regions while other regions do not
contain large orientation gradients. The calculated average dislocation
density values from GND maps are 147 + 14 and 3.6 + 0.4 pm™ for the
cold- and hot-rolled samples, respectively. This shows that the GND values
are two orders of magnitude higher in the cold-rolled samples than the hot-
rolled samples. It should be mentioned that the EBSD gives information for
the spatially resolved crystallographic orientation. Hence, only the
dislocations related to the orientation gradient can be quantified, whereas
the total defect density consists of structural dislocations (GNDs) and
Statistically Stored Dislocations (SSD). The only portion of SSDs which can
be detected from the EBSD refers to opposite dislocations that were
spatially separated enough to be captured in adjacent pixels instead of
cancelling out [22], [23].

As expected from the aforementioned GND calculations, the grain
boundary density in the cold-rolled samples is much more pronounced than
in the hot-rolled samples. The cold-rolled samples consist of large grain
boundary density, particularly low-angle-grain-boundaries (LAGBs). The
hot-rolled samples mainly contain a high-angle grain boundary with lower

density in comparison to cold-rolled samples. This is expected since, as said
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earlier, the hot-rolled sample seems to be fully recrystallized, and hence the
only misorientations would be deduced from the regions that two grains
meet. Oppositely, the cold-rolled samples exhibit much larger orientation
gradients (as indicated from the GND density) due to the immense
deformation energy (here expressed as structural dislocations) that is
stored. Defining as a threshold minimum angle to consider a HAGB the value
of 15° the calculated average HAGB per unit length in the hot-rolled
samples was 0.058 + 0.002 um™. In contrast, the average LAGB per unit
length in the hot-rolled samples was 0.012 + 0.004 um™. In contrast to this,
the cold-rolled samples have an average HAGB per unit length was 0.304 +
0.004 pm?, and the average LAGB per unit length in the cold-rolled samples
was 4.9 + 0.3 pm™.

Regarding the crystallographic texture shown in figure 3.2, this
corresponds to the most extensive areas we scanned due to the insufficient
number of orientations present in the scans shown in Fig. 3.1 and the
variability that can occur due to deformation heterogeneities along the
transverse and normal direction. Hence, we decided to present the
crystallographic texture, which was the most representative of our

materials’ crystal orientations. To quantify the crystallographic texture in
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the samples, we calculated the Orientation Distribution Function (ODF) [32]
and MTEX [24] routine was employed using a de La Valle Poussin kernel
with a half-width of 10°. From Fig. 3.2, it is clear that both sheets exhibit
preferred crystallographic orientations. The cold-rolled samples are
characterized by a strong a fibre (components with a plane normal
<110>//RD) and thenceforth y fibre (components with a plane normal
<111>//ND) and 6 fibre (components with a plane normal <100>//ND). The
hot-rolled samples exhibit a milder crystallographic texture yet with
relatively similar preferred components (the only difference is a more
pronounced maximum in a particular element of a fibre, namely {112}
<110>). Although the two sheets have a more or less similar distribution of
preferred crystal orientations, the intensity (magnitude of preference
concerning the random texture) of the overall texture is nonetheless
different. That is due to the origin of the texture in each microstructure.
While the cold-rolled exhibits these preferences due to crystal rotations
during rolling, the hot-rolled gives rise to these components either due to
austenite recrystallization and afterwards phase transformation or phase

transformation while austenite is still deformed [32]. The exact
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phenomenon responsible for the crystallographic texture is not in the scope

of the present work.
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Figure 3.3 Texture calculated from EBSD measurements in Large Scanned Areas of the samples used
in the analysis. The texture is represented as Orientation Distribution Function (ODF) with a half-width
of 10° for a) the Cold-Rolled and b) the Hot-Rolled material

3.3.2 Volta-potential assessment

The Volta-potential and EBSD Inverse Pole Figure (IPF) maps of a hot-rolled

sample are given in Fig. 3.3a and 3.3b. The Volta-potential varies depending

on the crystallographic orientation in hot-rolled samples. The Volta-
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potential of the (001) plane exhibits distinctively more noble (cathodic)
behaviour than the one in (111) and (101) planes. In contrast, no difference
in terms of Volta-potential is observed between grains in (111) and (101)
planes. This indicates a lower electrochemical activity of (001) than (111)
and 101 planes in the hot-rolled samples. This is in agreement with
previously reported by Fushimi et al. [33], who investigated the reactivity of
several planes of iron samples with SECM (scanning electrochemical
microscopy) in sulphuric acid solution and reported the lower reactivity of
passive layer formed on grains in (001) in comparison to (111) and (101)

planes.
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Figure 3.4 a) SKPFM Volta-potential map of hot-rolled material, showing differences of Volta-
potential between grains with different orientations, and regions of HAGB and LAGB areas b) the
corresponding EBSD Inverse pole figure map, and c) Geometrically necessary dislocation map d)
SKPFM Volta-potential map of cold-rolledmaterial, showing differences of Volta-potential between
grains with different orientations, and regions of HAGB and LAGB areas e) the corresponding EBSD
Inverse pole figure map, and d) Geometrically necessary dislocation map
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Mean Volta- (001) planes (111) planes (101) planes
potential
(mv)
Hot-rolled -424 + 6 -464 + 6 -462 + 4
Cold-rolled -529 + 3 -392+5 -

Table 3.2 Mean Volta-potential values of HR and CR samples of entire measurement area and grains
in different planes

Furthermore, GND maps (Fig. 3.3c) of the corresponding areas in
hot-rolled samples show uniform and very low GND values (almost strain-
free). Therefore, this suggests the minimal effect of GND on measured
Volta-potential in hot-rolled samples. The Volta-potential and EBSD- IPF
maps of the cold-rolled specimen are presented in Fig. 3.3a and 3.3b. The
grain orientation (Fig. 3.3b) corresponds to Volta-potential distribution. In
contrast to the hot-rolled samples, in Fig 3.3d, the grains in the (001) plane
presents less noble character than (111) planes in the cold-rolled samples.
Fig. 3.3c shows that geometrically necessary dislocation density is two
orders of magnitude higher in (111) planes than (001), indicating that
dislocations are preferentially piled-up in (111) planes. Hence, the
dislocation pile-up at grains in (111) planes leads to nobility inversion
between (001) and (111) planes. In Table 3.2, the mean Volta-potential
values of grains in different crystallographic planes are given for both

samples. The mean Volta-potential values are calculated (001), (111), and
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(101) in planes for hot-rolled and cold-samples in (001) and (111) planes
after three measurements. The Volta-potential measurements could not be
performed on grains in (101) planes due to texture formation in (001) and
(111) planes, leading to a very limited volume fraction of (101) in cold-rolled
samples. In hot-rolled samples, it is shown that the mean Volta-potential of
(001) planes is approximately 40 mV more noble character than (111) and
(101) planes. In contrast, no significant difference in mean Volta-potential
values (limited to 2 mV) between (111) and (101) planes are observed. In
cold-rolledsamples, it is shown that the polarity between grains in (001) and
(111) planes are inverted. The mean Volta-potential of (001) orientation is
approximately 140 mV less noble than (111) orientation. Since the
differences in Volta-potential generally suggests the presence and degree
of driving force for galvanic coupling [12], [19], [20], the higher Volta-
potential difference in cold-rolledmaterial indicates a higher degree of
galvanic coupling in cold-rolled material. Furthermore, the entire
measurement area’s mean potential in cold-rolled material is approximately
60-70 mV less noble (anodic) than the one of hot-rolled material. This Volta-
potential decrease in cold-rolled material indicates more susceptibility to

corrosion in cold-rolled material [12] [21].
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Figure 3.4a and 3.4b show the Volta-potential variations across the
line profiles given in fig. 3.3a and 3.3b for hot- and cold-rolled materials,
respectively. In fig. 3.4a, the line profile 1 shows that the grain in the (001)
plane has approximately 40 mV than the one in the (111) plane. The line
profile 2 and 3 show no Volta-potential variations between different grains
in (111) and (001) orientations, respectively. The line profile 1 in figure 3.4b
illustrates that the grain in the (111) plane exhibits approximately 130 mV
more cathodic behaviour in comparison with the grain in (111) plane. The
line profile 2 shows no significant Volta-potential variations between the
grains in (001) plane and the line profile 3 between the grains in (111) plane
in cold-rolled material. On the side of grain boundaries, no change in Volta-
potential was observed in both low and high angle grain boundaries
(indicated in figure 3.4a and 3.4b) in this resolution/scale of SKPFM
measurements, implying no/very limited effect of grain boundaries on
Volta-potential in both samples. Moreover, the line profiles of both
materials show that the Volta-potential variations within each grain are
small and limited to a maximum of 10 mV, in agreement with previously

reported [12]. Volta-potential variation is most likely associated with GND's
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inhomogeneous distribution within each grain, affecting Volta-potential

values.
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Figure 3.5 Line profiles corresponding to a) Hot-rolled material (Fig 3.3a) and b) Cold-rolled material
(Fig. 3.3d). The transition zones formed at HAGB and the differences between grains with different
orientations are shown

No local steep potential gradients (high Volta-potential differences
at limited areas) are observed in hot-rolled samples, indicating no

susceptible spots (such as inclusions) for localised corrosion [34]. Similar to
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hot-rolled material, no sharp increase in Volta-potential is also observed in
cold-rolledsamples, shows that cold-rolling does not lead to the formation

of inclusions.

3.3.3 Electrochemical Characterisation

The potentiodynamic polarisation curves of both cold and hot-rolled
materials, carried out in 0.1 M HCl solution, are shown in Fig. 3.5. The anodic
and cathodic parts of the curves show the kinetics of anodic dissolution of
the metal and cathodic hydrogen evolution reactions (HER), respectively. It
is observed that the anodic branch of the polarisation curves of cold-rolled
samples shifts towards higher current density values (arrow 1 in Fig. 3.5),
showing an increase in anodic dissolution kinetics. However, no difference
in anodic slope is observed between both materials. This indicates that the
anodic dissolution mechanisms are independent of the substrate
microstructure, in line with previously reported [35]. Similar to the shift in
the anodic branch of polarisation curves, the cathodic branch of the
polarisation curves also exhibits a right shift (arrow 2 in Fig. 3.5), revealing
an increase in HER’s kinetics. Furthermore, the higher slope of cathodic

reactions observed in cold-rolled material shows faster HER kinetics in the
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cold-rolled sample, indicating that HER is governed by the substrate
microstructure.

The corrosion current density and corrosion potentials, determined
by Tafel extrapolation of potentiodynamic polarisation curves, are given in
Table 3.2. The cold-rolled material shows approximately 1.5 times higher
corrosion current density, exhibiting a faster corrosion rate of cold-rolled
material than the hot-rolled material. Furthermore, the cold-rolled material
shows about 30 mV more cathodic corrosion potential than the hot-rolled
material, which is in line with previous reports [16]. The corrosion potential
shifts towards more cathodic potential in cold-rolled material, probably due
to the larger shift of anodic dissolution reactions. This stems from the fact
that the higher degree of galvanic coupling occurs in cold-rolled material,
shown as the higher Volta-potential difference between grains with

different orientations of cold-rolled samples.
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Figure 3.6 Potentiodynamic polarisation curves of hot-rolled and cold-rolledmaterial in 0.1 M HCI
solution

Ecorr(mV) leorr (UA/ sz)
ColdRolled -527 +4 147 + 6
Hot-rolled -503 + 8 84+ 14

Table 3.3 Corrosion potential and corrosion values obtained by Tafel extrapolation of
potentiodynamic polarisation curves
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The low-alloyed nature of the IF steel allows preventing any alloy
segregation, inclusion formation after cold-rolling. Furthermore, both
samples consist of only a ferritic phase. These allow avoiding the effect of
these microstructural features on corrosion behaviour. Therefore, the
individual effect of dislocation density changes, grain boundary density, and
texture after cold-rolling on corrosion behaviour could be investigated. In
hot-rolled samples, Volta-potential gradients solely depend on the
crystallographic orientation due to the absence of dislocation density. In
contrast, in cold-rolled material, the polarity between crystallographic
orientation is inverted in between (001) and (111) orientation, and the
difference of Volta-potential in between these orientations increases about
100 mV. This is attributed to the diffusion of carbon atoms towards
dislocations due to the lowered strain energy of crystal structure [36]-[38],
leading to a Volta-potential shift to more noble values at dislocation sites.
This shows that dislocation density dominates the effect of crystallographic
orientation in cold-rolled material. No variations of Volta-potential at grain
boundaries was not observed, indicating that no or possibly very limited
effect on galvanic interaction compared to dislocation density. Therefore,

the galvanic interaction is governed by the dislocation density increase. The
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electrochemical measurements discussed above show that the corrosion
rate depends on the substrate microstructure and are higher in cold-
rolledmaterial. In general, the larger gradients in Volta-potential leads to a
higher galvanic interaction [12], [19], [20], which might lead to an increase
in the corrosion rate. In cold-rolled material, the higher degree of galvanic
coupling occurs (the higher gradient in Volta-potential in between grains in
(001) and (111) planes) due to the increase in dislocation density, leading to

a higher corrosion rate.

3.4 Conclusions

In this work, the effect of microstructural changes induced by cold rolling on
overall corrosion behaviour and the local reactivity was investigated. The
following conclusions were drawn.

1. In hot-rolled material, the galvanic interaction in hot-rolled material
is governed by the Volta-potential gradient (~40 mV) stemming from
the different crystallographic orientations. In cold-rolled material,
the nobility between grains in (001) and (111) planes is inverted. The
grains in the (001) plane show less noble Volta-potential (~140 mV)
than the ones in the (111) planes, contrary to hot-rolled material.

Hence, the higher Volta-potential gradient shows higher galvanic
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interaction between grains in cold-rolled material. Furthermore, the
increase in Volta-potential gradient and the inversion in nobility are
attributed to the increase in dislocation density since the effect of
crystallographic orientation and grain boundaries on Volta-potential
are dominated by the influence of dislocation density on Volta-
potential.

2. Potentiodynamic polarisation exhibited a higher corrosion rate in
cold-rolled materials, attributed to a higher degree of galvanic
interaction in cold-rolledmaterial. Since the higher Volta-potential
gradient stems from the main increase in dislocation density, leading
to a higher corrosion rate in cold-rolled material.

From the results given above, it is concluded that the increase in
dislocation density leads to increase in corrosion rate due to the

increasing degree of micro-galvanic interaction between grains.

101



Chapter 3

3.5 References

[1]
(2]

3]

[4]

[5]

(6]

[7]

(8]

102

W. L. Roberts, Cold rolling of steel. New York : M. Dekker, 1978.

Yu Wei-Wen, Cold-Formed Steel Design, 5th ed. New York: John Wiley
and Sons Inc, 2000.

R. A. Degarmo, E. Paul, J. Black. T. Kohser, "Materials and Processes
in Manufacturing, 9th ed. Wiley, 2003.

H. J. Raven and E. Nes, “Structure and properties of heavily cold-
rollediron and high strength low alloy and low carbon steels,” Met.
Sci., vol. 18, no. 11, pp. 515-520, Nov. 1984.

M. J. Roberts and W. Jolley, “Influence of cold work and recovery on
the strength and toughness of iron,” Metall. Mater. Trans. B, vol. 1,
no. 5, pp. 1389-1398, 1970.

R. Ueji, N. Tsuji, Y. Minamino, and Y. Koizumi, “Ultragrain refinement
of plain low carbon steel by cold-rolling and annealing of martensite,”
Acta Mater., vol. 50, no. 16, pp. 4177-4189, 2002.

S. Tagashira, K. Sakai, T. Furuhara, and T. Maki, “Deformation
microstructure and tensile strength of cold-rolledpearlitic steel
sheets,” ISlJ Int., vol. 40, no. 11, pp. 1149-1155, 2000.

M. Ashraf, L. Gardner, and D. A. Nethercot, “Strength enhancement



Combining surface Volta-potential with electrochemical measurements to investigate the

[9]

[10]

[11]

[12]

[13]

role of cold working on corrosion behaviour of IF steels
of the corner regions of stainless steel cross-sections,” J. Constr. Steel
Res., vol. 61, no. 1, pp. 37-52, 2005.
S. Ueda, “Effect of Pre-cold-working on Diffusional Reversion of
Deformation Induced Martensite in Metastable Austenitic Stainless
Steel,” ISIJ Int., vol. 34, no. 6, pp. 522-527, 1994.
I. Shakhova, V. Dudko, A. Belyakov, K. Tsuzaki, and R. Kaibyshev,
“Effect of large strain cold rolling and subsequent annealing on
microstructure and mechanical properties of an austenitic stainless
steel,” Mater. Sci. Eng. A, vol. 545, pp. 176-186, 2012.
M. Eskandari, A. Najafizadeh, and A. Kermanpur, “Effect of strain-
induced martensite on the formation of nanocrystalline 316L
stainless steel after cold rolling and annealing,” Mater. Sci. Eng. A,
vol. 519, no. 1-2, pp. 46-50, 2009.
C. Ornek and D. L. Engelberg, “SKPFM measured Volta-potential
correlated with strain localisation in microstructure to understand
corrosion susceptibility of cold-rolled grade 2205 duplex stainless
steel,” Corros. Sci., vol. 99, pp. 164-171, 2015.
A. Barbucci, G. Cerisola, and P. L. Cabot, “Effect of cold-working in the

passive Behaviour of 304 stainless steel in sulfate media,” J.

103



Chapter 3

[14]

[15]

[16]

[17]

[18]

[19]

104

Electrochem. Soc., vol. 149, no. 12, pp. 534-542, 2002.

B. R. Kumar, R. Singh, B. Mahato, P. K. De, N. R. Bandyopadhyay, and
D. K. Bhattacharya, “Effect of texture on corrosion Behaviour of AlSI
304L stainless steel,” Mater. Charact., vol. 54, no. 2, pp. 141-147,
2005.

L. Jinlong and L. Hongyun, “The effects of cold rolling temperature on
corrosion resistance of pure iron,” Appl. Surf. Sci., vol. 317, pp. 125—
130, 2014.

G. A.S. N. D. Greene, “Effect of Plastic Deformation On the Corrosion
of Iron and Steel,” Corrosion, vol. 20, no. 9, 1964.

Z. A. Foroulis and H. H. Uhlig, “Effect of Cold-Work on Corrosion of
Iron and Steel in Hydrochloric Acid,” no. 2, pp. 522-528, 1964.

C. Ornek, C. Leygraf, and J. Pan, “On the Volta-potential measured by
SKPFM—fundamental and practical aspects with relevance to
corrosion science,” Corros. Eng. Sci. Technol., vol. 54, no. 3, pp. 185—
198, 2019.

M. Rohwerder and F. Turcu, “High-resolution Kelvin probe
microscopy in corrosion science: Scanning Kelvin probe force

microscopy (SKPFM) versus classical scanning Kelvin probe (SKP),”



Combining surface Volta-potential with electrochemical measurements to investigate the

[20]

[21]

[22]

[23]

[24]

[25]

role of cold working on corrosion behaviour of IF steels
Electrochim. Acta, vol. 53, no. 2, pp. 290-299, 2007.
V. Guillaumin, P. Schmutz, and G. S. Frankel, “Characterisation of
Corrosion Interfaces by the Scanning Kelvin Probe Force Microscopy
Technique,” J. Electrochem. Soc., vol. 148, no. 5, p. B163, 2001.
W. Li, M. Cai, Y. Wang, and S. Yu, “Influences of tensile strain and
strain rate on the electron work function of metals and alloys,” Scr.
Mater., vol. 54, no. 5, pp. 921-924, 2006.
J. liang, T. B. Britton, and A. J. Wilkinson, “Measurement of
geometrically necessary dislocation density with high resolution
electron backscatter diffraction: Effects of detector binning and step
size,” Ultramicroscopy, vol. 125, pp. 1-9, 2013.
P. J. Konijnenberg, S. Zaefferer, and D. Raabe, “Assessment of
geometrically necessary dislocation levels derived by 3D EBSD,” Acta
Mater., vol. 99, pp. 402—-414, 2015.
F. Bachmann, R. Hielscher, and H. Schaeben, “Texture analysis with
MTEX- Free and open source software toolbox,” Solid State Phenom.,
vol. 160, pp. 63—-68, 2010.
B. L. Adams and J. Kacher, “EBSD-based microscopy: Resolution of

dislocation density,” Comput. Mater. Contin., vol. 14, no. 3, pp. 183—

105



Chapter 3

[26]

[27]

[28]

[29]

[30]

106

194, 2009.

M. lannuzzi, K. L. Vasanth, and G. S. Frankel, “Unusual Correlation
between SKPFM and Corrosion of Nickel Aluminum Bronzes,” J.
Electrochem. Soc., vol. 164, no. 9, pp. C488-C497, 2017.

A. B. Cook, Z. Barrett, S. B. Lyon, H. N. McMurray, J. Walton, and G.
Williams, “Calibration of the scanning Kelvin probe force microscope
under controlled environmental conditions,” Electrochim. Acta, vol.
66, pp. 100-105, 2012.

C. Ornek, C. Leygraf, and J. Pan, “Passive film characterisation of
duplex stainless steel using scanning Kelvin probe force microscopy
in combination with electrochemical measurements,” npj Mater.
Degrad., vol. 3, no. 1, pp. 1-8, 2019.

C. Ornek, J. Walton, T. Hashimoto, T. L. Ladwein, S. B. Lyon, and D. L.
Engelberg, “Characterisation of 475°C Embrittlement of Duplex
Stainless Steel Microstructure via Scanning Kelvin Probe Force
Microscopy and Magnetic Force Microscopy,” J. Electrochem. Soc.,
vol. 164, no. 6, pp. C207-C217, 2017.

P. Schmutz and G. S. Frankel, “Characterisation of AA2024-T3 by

Scanning Kelvin Probe Force Microscopy,” J. Electrochem. Soc., vol.



Combining surface Volta-potential with electrochemical measurements to investigate the

[31]

[32]

[33]

[34]

[35]

[36]

[37]

role of cold working on corrosion behaviour of IF steels
145, no. 7, pp. 2285-2295, 1998.
H.J. Bunge, "Texture analysis in materials science: mathematical
methods", Cuvillier Verlag, 1993.
L. A. I. Kestens and H. Pirgazi, “Texture formation in metal alloys with
cubic crystal structures,” Mater. Sci. Technol. (United Kingdom), vol.
32, no. 13, pp. 1303-1315, 2016.
K. Fushimi, K. Azumi, and M. Seo, “Evaluation of Heterogeneity in
Thickness of Passive Films on Pure Iron by Scanning Electrochemical
Microscopy,” ISlJ Int., vol. 39, no. 4, pp. 346—351, 1999.
M. Femenia, J. Pan, and C. Leygraf, “Characterisation of Ferrite-
Austenite Boundary Region of Duplex Stainless Steels by SAES,” J.
Electrochem. Soc., vol. 151, no. 11, p. B581, 2004.
K. Fushimi, K. Miyamoto, and H. Konno, “Anisotropic corrosion of iron
in pH 1 sulphuric acid,” Electrochim. Acta, vol. 55, no. 24, pp. 7322—
7327, 2010.
A. H. Cottrell and B. A. Bilby, “Dislocation theory of yielding and strain
ageing of iron,” Proc. Phys. Soc. Sect. A, vol. 62, no. 1, pp. 49-62,
1949.

G. Da Rosa, P. Maugis, J. Drillet, V. Hebert, and K. Hoummada, “Co-

107



Chapter 3
segregation of boron and carbon atoms at dislocations in steel,” J.
Alloys Compd., vol. 724, pp. 1143-1148, 2017.

[39] L.Ventelonetal., “Dislocation core reconstruction induced by carbon
segregation in bcciron,” Phys. Rev. B - Condens. Matter Mater. Phys.,

vol. 91, no. 22, pp. 1-5, 2015.

108



Part B

Role of grain size on passivity and corrosion
behaviour




CHAPTER 4

Effect of grain size on passive layer properties of
pure iron in 0.1 M NaOH solution

X: Donors in the passive film
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This chapter is based on the scientific paper:

A. Yilmaz, K. Traka, S. Kar, J. Sietsma, Y. Gonzalez-Garcia (2021) Role of grain size
and crystallographic orientation on the corrosion and passivation behaviour of

pure iron (Under review)
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Abstract

In this work, the role of grain size on passive layer properties of pure iron is
investigated in 0.1 M NaOH solution. Electron backscatter diffraction
analysis was performed to characterize the microstructure of heat-treated
samples. Samples with mean grain sizes of 26, 53 and 87 um are obtained
dafter heat treatments. Potentiostatic polarisation and electrochemical
impedance spectroscopy (EIS) measurements show the deterioration in the
passive layer's barrier properties with grain refinement. This stems from the
decrease in the fraction of protective y-Fe;Osz in the passive film and the

increase in the passive layer's donor density with grain refinement.

Keywords: Grain size, iron, passivity, EIS, Mott-Schottky analysis, EBSD,

XPS
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4.1 Introduction

Grain size is an important parameter that influences mechanical properties
such as strength, ductility and wear resistance without altering the
material's chemical composition. In the past decades, the relationship
between grain size and ferrous alloys' mechanical properties has been
significantly developed [1]-[7]. However, the knowledge of the effect of
grain size on ferrous alloys' passive layer properties is still limited. Ralston
and Birbilis [8] reviewed the existing literature very comprehensively. This
review shows that the studies reported contradictory results on grain size's
effect on passive layer properties. The contradictions in literature stem from
the fact that the processing routes used to achieve different grain sizes lead
to variations in microstructural features besides grain size, such as
dislocation density, texture, alloy segregations, inclusions. These
microstructural modifications have a complex interaction with the effect of
grain size on passive layer properties, making it impossible to relate
microstructural features and subsequent passive layer properties directly.
Furthermore, a reasonable number of studies investigated the grain size

and passive layer properties in stainless steels [9]—[14], whereas there are
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very few studies on low-alloyed ferrous materials in grain size in micrometre
range [15], [16].

The effect of grain refinement induced by cold rolling on pure iron's
passivity behaviour was investigated in a borate buffer solution [15]. It was
reported that the barrier properties of the passive film improve with grain
refinement, attributed to a decrease in donor density in the passive film.
However, besides grain refinement, the formation of preferred
crystallographic orientation, and the increase in dislocation density induced
by cold rolling was also observed. In previous work, the role of prior
austenite grain size (PAGS) on passive layer properties formed on fully
martensitic high-strength steels was investigated [16]. The different PAGS
was achieved by applying other heat treatments. It was reported that the
grain refinement is the dominant factor down to the certain grain size (~30
um) and leads to a worsening of the barrier properties of the passive layer.
However, further refinement leads to improved barrier properties due to
the changes within the martensite structure. The passive film's
deterioration was attributed to a decrease in the fraction of protective -

Fe,0s3and an increase in donor density in the passive film.
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This work aims to investigate the relationship between grain size and
the passive layer properties of pure iron. Different heat treatments are
employed in the design of samples with varying sizes of grain while
preventing the effect of other microstructural features. Electron
backscatter diffraction (EBSD) analysis is used to determine grain size and
dislocation density throughout the crystallographic orientation of each
material volume. The chemical composition and thickness of the passive
layers are investigated by X-ray photoelectron spectroscopy (XPS).
Potentiostatic polarisation and electrochemical impedance spectroscopy
(EIS) are employed to examine the effect of grain size on the barrier
properties of the passive film in 0.1 M NaOH solution. The semiconductor
properties of passive films are studied with capacitance measurements

(Mott-Schottky analysis).

4.2 Experimental

4.2.1 Material

As-received Armco® pure iron samples (AK Steel, The Netherlands) were
employed. The sheets of iron with a thickness of 2.2 mm were laser-cut to
the dimensions of 5 x 10 mm?2. The samples' chemical composition was
evaluated with a JEOL JXA 8900R microprobe with an electron beam having
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an energy of 10 keV and beam current of 100 nA using wavelength
dispersive spectrometry (WDS). The X-ray intensities of the constituent
elements were used to evaluate the chemical composition at every
measurement location after conducting a background correction to the X-
ray intensities relative to the corresponding intensities of reference
materials. The samples' chemical composition is given in Table 4.1, showing
very high purity

(>99% Fe) of the samples.

Fe

C

Si

Mn

P

S

Cr

Cu

Ni

Sn

wt%

Bal.

0.001

0.003

0.04

0.003

0.003

0.014

0.007

0.003

0.012

0.002

Table 4.1 Chemical composition (wt.%) of iron samples

4.2.2 Microstructure Design & Characterisation

Different heat treatments, given in Fig. 4.1, were employed on as-
received iron samples in order to obtain samples with different grain sizes.
A B3hr DIL 805 A/D dilatometer was used for the heat treatment. The
samples were heated at a rate of 10 °C s to the annealing temperatures.
The annealing temperatures of 700, 950 and 1100 °C were used for heat
treatment S, M, and L, respectively. Subsequently, the samples were

guenched to room temperature with helium gas.
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Figure 4.1 Heat treatment processes followed to obtain iron samples with different grain sizes.

Electron backscatter diffraction (EBSD) measurements were
conducted to characterize samples' microstructure after heat treatments by
extracting crystallographic orientation, geometrically necessary dislocation
(GND) density, grain boundary area, and grain size. The samples were
prepared for EBSD measurements by grinding with SiC papers from 80 to
4000 grit, followed by mirror-like polishing using diamond particle slurry
(Struers DiaDuo-2) with particle sizes of 3 and 1 um, and finalized with an
OP-S polishing. Subsequent to polishing, the samples were cleaned in an
ultrasonic bath with ethanol for 10 min, followed by drying with compressed
air. A JEOL JSM 6500F FEG-SEM microscope with an EDAX/TSL detector was

employed for EBSD measurements. The step size and working distance of
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measurements were 1 and 17 mm, respectively. The same step size was
used in all measurements to prevent its effect on dislocation density
calculations [17]. The GND densities are determined as described elsewhere
[17]-[19]. The data post-processing was carried out with TSL-OIM v7.3
software and Matlab using MTEX routines [20]. To obtain a sufficiently large
statistical sample size with respect to the grain size, an area of 1.44 mm? per
sample was investigated.

The grain size was calculated after grain identification was
performed. In particular, a grain is identified as the volume that is
circumscribed by a closed-loop. All boundary segments have a larger
misorientation angle than the lower threshold (here 5°). The mathematical
decomposition of the crystallographic orientation data into grains was
performed according to the method described in [21]. Thenceforth, the
average grain diameter was calculated as the equivalent circular area's

diameter, which was equal to the average grain area.

4.2.3 Electrochemical Measurements

Potentiostatic polarisation and electrochemical impedance spectroscopy
(EIS) experiments were carried out to determine the effect of grain size on

the passive film's barrier properties on iron samples. The electrolyte
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solution employed was aerated 0.1 M NaOH solution, prepared with
distilled water in ambient conditions. The samples were embedded in an
epoxy resin (Struers ClaroCit) and cured for 1 hour under 2 bar pressure.
The samples were prepared for electrochemical measurements by
mechanically grinding with SiC abrasive papers from 80 to 4000 grit.
Subsequently, mechanical polishing with alcohol-based high-performance
diamond slurry with the particle sizes of 3 and 1 um. Following polishing,
the samples were cleaned in an ultrasonic bath of ethanol and dried with
compressed air. The space between the sample and epoxy resin was
covered by applying a thin layer of sealing lacquer (Electrolube Bloc Lube
Red) to prevent the possible formation of crevice corrosion during
electrochemical measurements.

The electrochemical measurements were conducted just after the
sample preparation with a three-electrode system, compromised of the
reference electrode (Ag/AgCl, KCl (Satd.)), the counter electrode (graphite
rod), and the working electrode (the sample). A Biologic SP300 potentiostat
was used for the electrochemical measurements. Before all electrochemical
measurements, the open circuit potential (OCP) was measured for 1800

seconds, in which stabilization of the potential was realized. Potentiostatic
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polarisations were carried out at a potential of 0.2 V (vs. Ag/AgCl) for 3600
seconds. EIS spectra of the samples passivated with potentiostatic
polarisation were collected in the frequency range from 30 kHz to 0.01 Hz
by applying a perturbation amplitude of 10 mV. The EIS data were analysed
with Zview software.

The Mott-Schottky analysis was conducted to investigate the effect
of grain size on the passive film's semiconductor behaviour formed on
samples. The capacitance measurements were conducted on the pre-
passivated samples with potentiostatic polarisation for 3600 seconds at 0.2
V (vs. Ag/AgCl). The measurements are conducted at 1 kHz with an AC
voltage of 10 mV. A potential step size of 50 mV was employed to sweep

the potential range from 0.6 V to -1 V (vs. Ag/AgCl).

4.2.3 Passive Layer Analysis

X-ray photoelectron spectroscopy (XPS) analysis was used in order to
determine the chemical composition of passive films after growing the
passive films with potentiostatic polarisation at 0.2 V (vs. Ag/AgCl) for 3600
s in 0.1 M NaOH solution. XPS spectra were collected by a PHI5000
Versaprobe Il photoelectron spectroscope (Physical Electronics) with an Al

K-a& monochromatic X-ray source (1486.71 eV photon energy). The high-
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resolution Fe-2p core electrons scans were collected with a take-off angle
of 45° and a photoelectron detection diameter of 200 um. The pass energy
and energy step size were 23.5 eV and 0.1 eV, respectively. To fit the
obtained XPS data, Casa XPS V2.3.22 software was used by employing

Shirley background and a mixed Gaussian-Lorentzian line shape.

4.3 Results & Discussion

4.3.1 Microstructure Characterisation

EBSD analysis was carried out to determine the microstructural
characteristics (grain size/boundary area, the spatially resolved
crystallographic orientation, and dislocation density) of samples that
underwent the different heat treatments. In Figure 4.2, EBSD inverse pole
figures (IPF) along Normal Direction (ND) are given for all samples. It was
observed that the samples are composed of equiaxed grains. All samples
consist of only the BCC crystal structure, thus revealing a 100% ferritic
microstructure. The former also indicates that the samples do not contain
any inclusions in the resolution limits of EBSD measurements. The
microstructure consisting of a single-phase without inclusions formation is

attributed to the very high purity of samples.
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Figure 4.2 Microstructures obtained through EBSD measurements for all samples with different
grain sizes. The Inverse Pole Figure (IPF) maps show the spatially resolved crystal directions parallel
to the normal direction (ND) a) Sample S, b) Sample M and c) Sample L

The overview of the microstructural features of all samples is given
in Table 4.2. Different heat treatments lead to distinct changes in the
average grain size of samples. The average grain sizes increase with the
increase in the annealing temperature. While sample S, annealed at 700 °C
for 10 min, has an average grain size of 26 um, the sample L, annealed at
1100 °C for 10 min, has an average grain size of 87 um. Annealing at an
intermediate temperature of 900 °C for 10 min leads to the average grain

size of 53 um in Sample M.
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Grain size (um) Grain boundary density Geometrically
(um?) necessary
dislocation density
(m?)
Sample S 2612 0.101 + 0.008 23+0.4-10%3
Sample M 53+4 0.051 + 0.004 7.9+ 0.2 - 102
Sample L 87+ 12 0.027 £ 0.004 44+ 021012

Table 4.2 Overview of the grain size, grain boundary density and geometrically necessary
dislocation density of Sample S, M and L

In Figure 4.3, GND density maps of all samples are shown. It is
observed that the GND densities are below 10 m2 and uniform within the
grains in all samples. In contrast, the grain boundary areas exhibit higher
GND densities, showing that the dislocations accumulate at grain
boundaries. The mean GND values are 2.3+ 0.4-10'3 m? for Sample
S,7.94 0.2-10™ m™ for Sample M and 4.4 + 0.2 - 10*2 m™2 for Sample L.
The GND values are relatively close, considering the very small order of
magnitude in all samples, and the slight differences between samples follow
the order of grain boundary density areas. This stems from the fact that
abutting grains of close crystallographic orientation will be separated by
LAGBs and hence by GNDs. The small values of GND density, as well as the
equiaxed grains shown in Fig. 4.1, indicate a fully strain-free grain structure,
which renders all samples equal in terms of dislocation density (other than

grain boundaries).
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Figure 4.3 GND density maps obtained from EBSD analysis with same resolution for a) Sample S:
Average pgyp = 2.3+ 10m™2, b) Sample M: Average pgnp = 7.9 -10*2m™2 and c) Sample L:
Average pgyp = 4.4+ 10%2m™2, The GND is determined for a maximum angle 10° and up to the 1st
neighbour pixels.

4.3.2 Passive layer analysis

X-ray photoelectron spectroscopy (XPS) analysis was used to
determine the chemical composition and the fractions of oxide and
hydroxides of the passive films as a function of substrate grain size. In Figure
4.4, high-resolution curves Fe-2ps;2 photoelectron spectra between 716 and
705 eV for all samples are given. The data were fitted with the optimized
parameters reported by Biesinger et al. [22], applying a Shirley-type
background subtraction. Multiplet structure fitting was employed due to
the occurrence of multiplet splitting in high-spin Fe*? and Fe*3 species [23],
providing accurate quantification of the fractions of oxides and hydroxides.
It is suggested that the passive layers are composed of inner iron oxide
layers (Fe30sand y-Fe;03) with an outer layer of hydroxide (FeO(OH)) layer,

in line with the previously reported studies [24]—[30]. The analysed peaks
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for each oxidation state are represented as single peaks for Fe?, Fe*? and
Fe*3 species in Figure 4.4. The differences in the relative peak intensities of
Fe304,7-Fe;03 and FeO(OH) between all samples suggest that the fractions
of oxides and hydroxides depend on the grain size, which is summarized in
Table 4.3. The fraction of y-Fe;0s in the passive layer for samples S, M, and
Lare 53 %, 60%, and 66 %, respectively. This shows that the y-Fe,Os fraction
decreases with grain refinement. In opposite, the fraction of Fes04in the
passive film is 25.2% for sample S, 21.9% for Sample M and 18.3% for
Sample L, and the fraction of FeO(OH) is 22.9% for sample S, 17.7% for
Sample M and 15.6% for Sample L. This shows that the fractions of both

Fes0sand FeO(OH) increase with grain refinement.
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Figure 4.4 High resolution XPS Fe 2p spectra and the corresponding fitting of a) Sample S, b) Sample M
and c¢) Sample L.

y-Fe;03 (%) | Fes04(%) | FeO(OH) (%)
Sample S 52.9+2.3 25.2+1.4 22.9+2.1
Sample M 60.4+1.1 21.9+1.5 17.7+1.3
Sample L 66.1+1.4 18.3+1.3 15.6%1.1

Table 4.3 The fractions of Fes0., )-Fe;03 and FeO(OH) in the passive films depending on the substrate
grain size
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The passive layer thickness is calculated using the intensity ratio
between metal and oxide peaks, as described in detail elsewhere [31], [32].
The thickness of the passive film, assuming that the entire passive layer

consists of y-Fe,0s3, is calculated as follows:

d = A,,cos0In(Eelre fox 4 1y [Egn. 4.1]

NoxAox Ire
where d is oxide thickness, Ir, is the photoelectron intensity of metallic
iron, I,, is the intensity of y-Fe;03, N; is the number of atoms per unit
volume in phase i, Az, (1.10 nm) is the inelastic mean free electron path in
metallic iron, 1,, (1.42 nm) is the inelastic mean free electron path in y-
Fe»0s3, 6 (452) is detection angle. Inelastic mean free paths are calculated as
described by Shinotsuka et al. [32]. The calculated thickness estimations of
the passive layers are 1.4 nm for sample S, 1.5 nm for Sample M and 1.5 nm
for Sample L, showing no major difference in the thickness of the passive

layer for samples with different grain sizes.

4.3.3 Electrochemical Characterisation
Potentiostatic polarisation — Potentiostatic polarisation was carried

out in 0.1 M NaOH solution for 3600 seconds at 0.2 V (vs. Ag/AgCl), at which
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the formation of a passive layer is ensured. In Figure 4.5, the current density
changes of all samples during potentiostatic polarisation are given. The
initial current density values are related to the double layer's charging
formed on the samples [33]. The decrease in current density with time in all
samples shows the formation of a passive layer, limiting the charge transfer.
All samples approach a steady state after approximately 1500 seconds of
polarisation, and the steady-state is achieved after 3600 seconds. The
current density values at the steady-state are 3.2 + 0.4 uA/cm? for Sample
S, 1.9 £ 0.2 pA/cm? for Sample M and 1.3 + 0.2 pA/cm? for Sample L. The
increase in current density values at steady-state from Sample L to Sample

S shows that the passive film's conductivity increases with grain refinement.

4 —— Sample S
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o~
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Figure 4.5 Potentiostatic polarisation plot of all samples showing the current transients at 0.2
V (vs. Ag/AgCl) for 3600 seconds in 0.1 M NaOH
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Electrochemical Impedance Spectroscopy (EIS) — Figures 4.6a show
the Nyquist and plots of all samples after passivation. The diameter of the
arc in Nyquist plots decreases with grain refinement. This indicates that
passive films' barrier properties deteriorate with grain refinement, in line
with the trend in current density values at steady state at potentiostatic
polarisation. The equivalent electrical circuit (EEC) (Fig. 4.6b) with two-time
constants is employed to fit the EIS data of all samples. The employed circuit
has already been used to fit the EIS data of low carbon steels in alkaline
NaOH solutions [25], [34], [35]. Constant phase elements are employed in
the EEC because of non-ideal capacitive behaviour, probably caused by the
passive film's inhomogeneities [36]. The solution resistance is represented
with Ri1. Rzand CPE; are associated with resistive and capacitive behaviour
of double layer at higher frequencies, respectively. At lower frequencies, R;
and CPE; represent the resistive and capacitive behaviour of passive film,
respectively. Capacitance values, C, were determined by using CPE

parameters and the resistance values as follows [37]:

a-m 1
C=R n Qn [Egn.4.2]
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where Q is the CPE constant, n is the CPE coefficient, and R is the
resistance. The EEC fitting results and calculated capacitance values are
summarized in Table 4.4. It is shown that the resistance values of the double
layer are two-orders of magnitude lower than the ones of passive layer. The
resistance values representing the passive layer (R3;) of Samples S are
approximately half the value for Sample M and 20% of the value for sample
L, in agreement with the trend in the current density values of potentiostatic
polarisation curves. This shows that the grain refinement leads to lower

barrier properties in the passive layer.

Moreover, considering the passive layer consisting of parallel
capacitors, the total thickness of the passive film is inversely proportional

to capacitance values and calculated as follows [38]:

d, = =2 [Eqn. 4.3]

where d, is the thickness of the passive layer, Cris the passive film's
capacitance, € = 40 [39] and ¢, are the dielectric constant of passive film
formed on low carbon steels and permittivity in a vacuum, respectively. The
passive layer thickness formed on samples S, M and L are 2.11 + 0.03 nm,

2.08 + 0.03 nm and 1.89 + 0.11 nm, showing no significant difference in
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passive layer thickness between samples. This is in line with the passive

layer thickness calculated from XPS data and shows that the passive layer

thickness is independent of substrate grain size, in agreement with our

other work [16].
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0.0

1.5x10° -

= Sample S
= Samplem
= Sample L

0.03 Hz

0.0

1.5x10°
Z'IQcm?

a)

3.0x10°

R1

CPE2

R2

b)

R3
CPE3

Figure 4.6 Nyquist plots of all samples passivated potentiostatically at 0.2 V (vs. Ag/AgCl) for 3600
seconds. b) the equivalent circuit used to fit EIS data

Rz CPEz-Q CPE2-n C R3 CPE3-Q CPE,- C3
Q cm? Q's"cm? UF cm2 Qcm? Q's"cm? n uF cm™?
x10° x107° x10° x107°
Sample 6.5+0.2 1.04+0.02 0.91+ 48+3 1.1+0.2 8.26£0.02 | 0.79+ | 18.35+%
S 0.01 0.02 0.06
Sample 5.8+0.2 1.05+0.08 0.91+ 41+4 2.7+0.6 6.28+0.01 | 0.81+ | 19.05+%
M 0.01 0.03 0.11
Sample 26 7 0.96+0.02 0.91+ | 31.6x0.4 5.7+0.4 3.70+£0.02 | 0.81+ 19.2+
L 0.01 0.02 0.42

Table 4.4 Equivalent circuit parameters determined by fitting the collected EIS data of all samples
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Capacitance measurements — Mott-Schottky (M-S) analysis was
carried out to determine the relationship between substrate grain size and
passive films' semi-conductive properties. In Figure 4.7, the Mott-Schottky
plots of all samples are given after passivation. The curves of all samples
exhibit a positive slope, showing the n-type semiconductor behaviour in
passive layers on all samples, as expected for iron oxides [39], [40]. The
donor density values are obtained from extrapolating the slope of M-S plots
to the potential axis to extract the flat band potential. The flat band
potentials for Sample S, Sample M, and Sample L are -0.68 + 0.02 V, -0.64 +
0.03V, and -0.62 + 0.02 V. The extracted lowest slope is observed in sample
S, and the largest slope in Sample L. Since the slope is inversely proportional
to the donor density, the order of the slope indicates that the donor density
increases with grain refinement. The Mott-Schottky relationship for n-type
semiconductors was employed to determine the donor density of the

passive layer as follows [41]:

, 2D E
T ean, [Egn. 4.4]

where T is the temperature, k is the Boltzmann constant, Ers is the

flat band potential, Ngis the donor density, g is the electron charge, o is the
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permittivity of vacuum, and € = 40 is the dielectric constant of the iron oxide
films [39]. The donor density values in all samples are in the order of 10%°
cm3, in agreement with previous reports for the passive layers formed in
pure iron [42]. The donor density values are 14.5 + 0.8 x 102° cm for Sample
S, 9.6 + 0.4 x 10%° cm3 for Sample M and 7.2 + 0.1x 10%° cm3 for Sample L.
This shows that the defect density in the passive layer increases with grain
refinement. Grain boundaries accommodate a high number of lattice
defects, more dominantly at high-angle grain boundaries. These lattice
defects probably lead to the formation of more defective passive layers at
grain boundaries, as also reported by Yanagisawa et al. [33] for the passive
layer formed at ferrite and martensite phase boundaries with a high density
of lattice defects. Therefore, the increase in grain boundary area (grain

refinement) leads to the formation of a more defective passive layer.
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Figure 4.7 Mott-Schottky plots of samples passivated with potentiostatic polarisation at
0.2 V for 3600 seconds

132



Effect of grain size on passive layer properties of pure iron in 0.1 M NaOH solution

For unambiguous identification of the effects of grain size, it is
important to limit the changes in the microstructure to grain size
manipulation to avoid the interaction between grain size and other
microstructural features in their effect on passive layer properties. In
contrast to the vast majority of literature that employed thermomechanical
processes to manipulate grain size to investigate passive layer and grain size
relationship, applying different heat treatments in the present work permits
obtaining different grain sizes manipulation without causing differences in
crystallographic orientation and phases, inclusions and dislocation density,
as confirmed by the EBSD analysis performed. Therefore, the
microstructural changes are only limited to grain size changes, and the sole

effect of grain size on passive layer properties of pure iron is thus identified.

X: Donors in the passive film
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Figure 4.8 Schematic diagram of the passive films for a) Sample S, b) Sample M and c) Sample L,
showing the changes in the structure of passive film depending on substrate grain size
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Electrochemical measurements show that the grain refinement
leads to a worsening of the barrier properties of passive layers. In Figure 4.8,
the passive layer structures composed of Fe3Os and y-Fe,03 and FeO(OH)
are schematically shown in their dependence on grain size. The lowest
fraction of y-Fe;0s3 in the passive layer is observed in the sample with the
smallest grain size, accounting for the deterioration in barrier properties of
the passive layer with grain refinement due to the stronger protection of y-
Fe;03 in comparison to Fes0s and FeO(OH). As discussed previously,
FeO(OH) provides very limited barrier properties due to its porous structure.
Moreover, Fe304 (0.1 eV) [43] has much lower band gap than y-Fe 03 (2.3
eV) [44], leading to higher conductivity. Therefore, most barrier properties
of the passive film are provided by y-Fe;0s3. The defect density is another
factor responsible for the deterioration in passive layer properties. The
defects in the passive film affect the conductivity due to the changes in both
electronic and ionic resistance. An increase in the donor density narrows
down the band-gap of metal oxides [45], [46]. This narrowing of the band
gap facilitates the electron transfer and eventually decreases the electronic
resistance of the passive film. From the ionic resistance point of view, the

higher number of ionic defects in the passive film permits the passage of a
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larger ionic current [33]. Therefore, the higher density of defects in the
passive film leads to higher conductivity due to decreased electronic and

ionic resistance.

4.4 Conclusions
In this paper, the role of grain size on the passive layer properties of
pure iron is investigated in 0.1 M NaOH solution. The following conclusions

are drawn.

1. The samples with variations only in grain size (26, 53, and 87 um)
are achieved after different heat treatments while limiting the
changes in any other microstructural features. This allows to
limit the complex interaction between microstructural features
in their effects on the formation of passive layers and understand
the sole role of grain size on passive layer properties.

2. The passive layers on all samples are composed of Fez04,y-Fe20s3,
and FeO(OH) with different fractions. The fraction of protective
v-Fe203 decreases with grain refinement. Passive films' donor

density increases with grain refinement, leading to a more
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defective passive layer formation on the substrates having a
smaller grain size.
3. The current density at steady-state in potentiostatic polarisation
increases with grain refinement. Furthermore, the resistance
values of passive layers obtained from EIS measurements

decrease with grain size reduction.

From these results, it is concluded that the passive film's barrier
properties deteriorate with grain size refinement due to the decrease in the
fraction of protective y-Fe;O3 and the increase in the defect density in the

passive layer.
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CHAPTER 5

Passive film properties of martensitic steels in
alkaline environment: influence of the prior
austenite grain size

This chapter is based on the scientific paper:

A.Yilmaz, K. Traka, S. Pletincx, T. Hauffman, J. Sietsma, Y. Gonzalez-Garcia Passive
film properties of martensitic steels in alkaline environment: influence of the prior

austenite grain size (Under review)
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Abstract

The influence of the prior austenite grain size (PAGS) on the passivity of
martensitic steels has been studied in an alkaline environment. Martensitic
steel samples with prior austenite grain size (PAGS) ranging between 5 to 66
um were prepared by heat treatments. Potentiodynamic (PD) polarisation
reveals that the current density values in the passive region increase with
PAGS refinement until reaching a critical PAGS of 28 um, while further
refinement in PAGS leads to a decrease in the current density values. EIS
results of passive layers formed after potentiostatic polarisation show the
same trend as the current density values in PD measurements for the charge
transfer resistance values. However, capacitance measurements (Mott-
Schottky analysis) reveal a continuous increase in donor density with PAGS
refinement. X-ray Photoelectron Spectroscopy (XPS) analysis shows that the
passive layers formed potentiostatic polarisation consists of Fe30s, y-Fe>0s3,
and FeO(OH). The oxide ratio differs as a function of PAGS. y-Fe>Os fraction
decreases with PAGS refinement until PAGS of 28 m, while further PAGS
refinement to 5 um leads to an increase in y-Fe>Ozvolume fraction in passive
layers. The worsening in passive layers' electrochemical properties with

PAGS refinement from 66 to 28 um is attributed to the decrease in y-Fe;03
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fraction and donor density. However, the enhancement in passive layers'
electrochemical properties with further PAGS refinement is observed due to
the increase in y-Fe;Ozfraction. The enhancement in passive layer properties
with further PAGS refinement to 5 um is attributed to the dominance of

changes within the complex martensite structure on PAGS.

Keywords: Martensitic steels, grain-size, Passivity, EIS, Mott-Schottky, XPS

147



Chapter 5
5.1 Introduction
High-strength steels are of significant interest to both engineering and
scientific societies because of their good mechanical properties [1]. Hence,
they have found a wide range of applications varying from infrastructure,
automotive to oil and gas industries. Engineering the microstructure of high
strength steels to enhance their properties is therefore of enormous
relevance. Grain refinement is of special significance since it generally
improves the mechanical properties of the steel. Although quantitative
relations are available for mechanical properties such as strength and
hardness, this is not the case for the corrosion properties. This fact has been
highlighted in the recent review by Ralston and Birbilis [2]. In this review, a
holistic review of current literature related to the relationship between
grain size and corrosion resistance for a wide range of metals was
presented. For the case of steels, it is possible to find literature that
reported contradictory results on the relationship between grain size and
both corrosion behaviour and passive layer properties.

The effect of grain refinement on the passive layer properties of ferritic
stainless steels was investigated [3]. It was reported that the barrier

properties of the passive layer worsen with grain refinement. This is
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attributed to the increase in both acceptor and donor density with grain
refinement. In another research, the role of grain refinement on passive
layer properties of austenitic stainless steels is studied in a borate buffer
solution containing chloride [4]. An increase in the current density values at
the passive region of potentiodynamic polarisation and a decrease in
breakdown potential was observed with grain refinement, also showing
that the barrier properties of passive film deteriorate with grain refinement.
However, it was also reported that the size of non-metallic inclusions
changes, and dislocation density increases during hydrostatic extrusion,
used for achieving different grain sizes. In our other research, the role of
grain size on the passive layer of pure iron was investigated for grain sizes
in the micron range [5]. It was observed that grain refinement leads to an
increase in the passivity current density in the potentiodynamic polarisation
curves and lower resistance values in the electrochemical impedance
spectroscopy (EIS) analysis. This deterioration in the barrier properties of
the passive film stems from the increase in donor density and decrease in
the fraction of protective y-Fe;O3 in the passive film.

In contrast to these studies, the improvement in the barrier properties

of the passive layer with grain refinement is also reported. The effect of
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grain refinement induced by cold rolling on the passivity behaviour of pure
iron was studied in a borate buffer solution [6]. An improvement in the
barrier properties of the passive film with grain refinement was observed,
associated with the decrease in donor density in the passive film. However,
the formation of texture was also reported besides grain refinement after
the cold rolling used for manipulating the grain size.

These contradictory reports show that no straightforward relationship
between grain size and passive layer properties has been established. These
discrepancies arise because the processes applied for grain refinement may
lead to other variations within the microstructure, such as dislocation
density, crystallographic orientation, inclusions and segregation of alloying
elements. All these microstructural features might have a combined effect
on passive layer properties, causing discrepancies on the results if no
systematic approach is followed on the processing of the microstructure.
This shows that the major challenge still lies in the great difficulty to isolate
the effect of each microstructural feature on the corrosion properties of the
steel.

In this work, the effect of prior austenite grain size (PAGS) on the passive

layer properties of fully martensitic steels is investigated. Several heat
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treatments were applied to obtain samples with different PAGS while
minimizing the changes in other microstructural features. Low alloyed
carbon steel was employed to minimise the presence of secondary phases
and possible alloy segregation. Electron backscatter diffraction (EBSD)
analysis was conducted to provide a detailed analysis of the microstructural
differences after heat treatments. X-ray photoelectron spectroscopy (XPS)
was performed to determine the chemical composition and thickness of
passive films. The barrier properties of passive films for the specimens with
different PAGS were evaluated with potentiodynamic polarisation (PDP)
and electrochemical impedance spectroscopy (EIS). The electronic
properties of passive films were determined with capacitance
measurements (Mott-Schottky analysis). These experimental results form
the basis for discussing the effect of the prior-austenite grain size on the

properties of passive films formed on fully martensitic steels.

5.2. Experimental

5.2.1 Material

5.1 Material
The as-received material was dual-phase steel sheets with a thickness of 1

mm (DP600 provided by Tata Steel, IJmuiden, The Netherlands). The
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chemical composition of the material is given in Table 5.1. Samples were
laser cut to the dimensions of 10 mm x 5 mm. The chemical composition of
the steel samples was determined with a JEOL JXA 8900R microprobe that
applies an electron beam with energy of 10 keV and beam current of 100
nA using Wavelength Dispersive Spectrometry (WDS). The composition at
each analysis location of the sample was determined using the X-ray
intensities of the constituent elements after background correction relative

to the corresponding intensities of reference materials.

Fe C Si Mn Al Cr N Ni Ti

wt.% | bal. | 0.095 | 0.248 | 1.776 | 0.032 | 0.574 | 0.008 | 0.026 | 0.003

Table 5.1 Chemical composition (wt.%) of the low alloyed steel specimens

5.2.2 Design of microstructure

In order to obtain the desired martensitic microstructures with different
prior austenite grain sizes, the as-received material was heat treated at
different temperatures for specific times. The Thermo-Calc software was
used to determine the single-austenite phase range to choose the

appropriate annealing temperature and time. Four different heat treatment
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strategies (Fig. 5.1) were followed to create martensitic steels with varying

PAGS. The heat treatments were as follows:

Heat treatment 1 (HT-1) - Samples were heated to the
austenitisation temperature of 900 °C, held for 10 min. under
vacuum and quenched to room temperature.

Heat treatment 2 (HT-2) - Higher austenitisation temperature of
1000 °C was chosen. Samples were held at austenitisation
temperatures for 4 min. Subsequently, samples were quenched to
room temperature.

Heat treatment 3 (HT-3) - Samples were heated to the
austenitisation temperature of 1000 °C, held for 60 min. under
vacuum, then quenched to room temperature.

Heat Treatment 4 (HT-4) - Samples were heated to 1200 °C and held
48 hours in a furnace and cooled to room temperature.
Subsequently, the samples were annealed at the austenitisation
temperature of 1000 °C for 30 min. under vacuum in the

dilatometer, then quenched to room temperature.

The heat treatments were conducted under vacuum in a dilatometer (Bahr

DIL 805 A/D). Samples were heated with a heating rate of 10 °C/s and
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guenched with helium gas to room temperature with a cooling rate of 50

0C/s.
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Figure 5.1 Heat treatment operations that were applied to obtain fully martensitic steels with various
prior austenite grain sizes

5.2.3 Characterisation of microstructure

The optical micrographs were taken with a Keyence VHX-5000 digital
optical microscope after etching with the agent Nital 2%, rinsing with
ethanol and drying with compressed clean air.

Electron backscatter diffraction (EBSD) imaging was applied to
identify and measure the PAGSs and estimate the geometrically necessary
dislocation (GND) density of the samples after the corresponding heat

treatments. The samples were ground from 80 to 2000 grit SiC papers and
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subsequently polished with diamond particle slurry with the particle
diameters of 3 and 1 um. Then, standard colloidal silica suspension with
0.04 um particles was employed for the final polishing of the surface. AJEOL
JSM-6500F field emission gun scanning electron microscope (FEG-SEM)
operating at an acceleration voltage of 20 kV was used for EBSD imaging.
For EBSD mapping, a work distance of 10 mm was used. The step size was
50 nm. The geometrically necessary dislocation (GND) distribution was
determined with the help of the electron backscatter diffraction (EBSD). TSL
OIM v8 analysis software was used for the EBSD data analysis. For GND
density calculation, the function in OIM v7.3 software described in [7] was
employed. To identify the PAGS, clean-up was done by applying neighbour
orientation correlation as well as grain dilatation tools provided with the
OIM v7.3 software, as described in [8]. Then, the linear intercept method
was used for measuring the size of the prior austenite grains.

5.2.4 Electrochemical measurements

The samples were embedded in Struers ClaroCit resin and cured for 1 hour
under 2 bar pressure. Subsequently, the samples were ground from 80 to
2000 grit SiC paper, then polished with 3 and 1 um diamond particle slurry

h until obtaining a mirror-like polished surface. The samples were cleaned
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ultrasonically within an ultrasonic bath for 10 min in ethanol before the
electrochemical measurements. The resin/metal interface was covered
with a thin layer of sealing lacquer (Electolube Bloc Lube Red) to avoid
crevice corrosion.

All electrochemical measurements were conducted in aerated 0.1 M
NaOH solution with a pH of 12.75 prepared with Milli-Q® ultra pure water.
Measurements were carried out at room temperature. A conventional
three-electrode electrochemical cell setup, consisting of the sample as
working electrode, graphite rod as counter electrode and Ag/AgCl (sat. KCI)
as the reference electrode, was employed. The polarisation and
electrochemical impedance spectroscopy experiments were carried out
using a Solartron 1257 potentiostat combined with SI 1255 HF frequency
response analyser (FRA). Pre-passivation of the samples and subsequent
capacitance measurements (Mott-Schottky analysis) were carried out with
a Biologics SP300 potentiostat. Open Circuit Potential (OCP) was measured
for 30 min. before all electrochemical measurements.

Potentiodynamic polarisation measurements were carried out
within the potential range of -0.25 V to 1.25 V (vs OCP) with a scan rate of

0.167 mV/sec. Before EIS and capacitance experiments, samples were
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passivated by potentiostatic polarisation for 6 hours. Two passivation
potentials were studied: 0.2 and 0.4 V. EIS data were acquired in the
frequency range from 30 kHz to 10 mHz with an amplitude of 10 mV peak
to peak for the AC signal. Capacitance measurements (Mott-Schottky
analysis) were conducted at the frequency of 1 kHz with an amplitude of 10
mV peak to peak for the AC signal and 50 mV potential step size. The
potential sweep was conducted from 0.6 Vto-1V.

For the data analysis, CorrView software was used for
potentiodynamic and potentiostatic polarisation measurements and Zview

for EIS and ECLab for capacitance measurements.

5.2.5 Passive layer analysis

X-ray photoelectron spectroscopy (XPS) studies were performed to analyse
the chemical composition of passive films. The samples were passivated
with potentiostatic polarisation at both 0.2 V and 0.4 V for 6 hours. Before
XPS measurements, pre-passivated samples were rinsed with ethanol and
dried with compressed clean air. XPS spectra were recorded using a PHI5600
photoelectron spectrometer (Physical Electronics) with an Al K
monochromatic X-ray source (1486.71 eV photon energy). The low pressure

in the analysis chamber was at a maximum of 5 x 10° Torr during
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measurements. A take-off angle of 45° was chosen for the measurements.
A variation of the angle to 90° allowed to elucidate the build-up of the
oxides on the surface. A spot diameter of 0.8 mm was used for the high-
resolution scans of the Fe 2p and O 1s core electron peaks. An energy of 0.1
eV and pass energy of 23.5 eV were applied. PHI Multipak software (V9.5)
was used for XPS data analysis. The XPS data were fitted with CasaXPS

software.

5.3 Results and Discussion

5.3.1 Microstructure characterisation of the martensitic steels

Low alloyed steel was chosen to minimise the formation of
secondary phases and alloy segregation that may influence the passive layer
properties. In Figure 5.2, optical micrographs of the resulting
microstructures after the different heat treatments are given. Micrographs
show the fully martensitic steel structure composed of very complex sub-
grain structures in all samples. High-resolution electron backscatter
diffraction (EBSD) measurements were conducted to determine the average
PAGS. The results from the EBSD analysis are summarised in Table 5.2. The
heat treatment with the lowest austenitisation temperature (HT-1) shows
the finest average grain size, 5 um. The application of higher austenitisation
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temperatures results in larger average PAGS, 28 um and 38 um for HT-2 and
HT-3, respectively. To obtain even larger grains, pre-annealing in a furnace
at 1200 °C was conducted in HT-4. In this case, samples present an average
grain size of 66 um. The prior-austenite grain size increases with increasing
austenitisation temperature, which agrees with previous studies of fully
martensitic steels [9].

Additionally, from the EBSD measurements, the geometrically
necessary dislocation (GND) density was obtained through the local
orientation distribution analysis. Figure 3 shows the selected GND density
map of sample 2 (PAGS 28 um). Local differences in the distribution of the
GND in fine (block width smaller than 5 um) and coarse martensite (block
width larger than 5 um) are observed. The coarse martensite (shown with
arrows in Figure 5.3) shows lower dislocation density values in comparison
with fine martensite. The average GND values are given in Figure 5.4. The
GND densities for fine and coarse martensite are in the same order for all
samples, with a variation between 10** and 2 x 10'* m2, showing that the
average GND density is not significantly affected by the grain size.

Concerning dislocation density, only the geometrically necessary

dislocations (GNDs) are considered. Statistically stored dislocation (SSD)
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density can also contribute to the total dislocation density in the material,

but their density cannot be derived from the present observations.

Sample 1 Sample 2 Sample 3 Sample 4
PAG Size | 5.2+1.5um 28+ 3 um 38+ 4pum 66+ 6 um

Table 5.2 Prior Austenite Grain Sizes (PAGS) of the samples after undergoing the heat treatments

Figure 5.2 Optical images corresponding to a) Samplel b) Sample 2 c) Sample 3 and d) Sample 4
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Figure 5.3 EBSD a) Geometrically Necessary Dislocation (GND) density and b) Band-contrast maps of
Sample 2. The GNDs were calculated for a maximum angle of 10° and up to the 3 neighbor pixel.
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Figure 5.4 Geometrically Necessary Dislocation (GND) density values of all samples

5.3.2 Passive layer analysis

The chemical composition of passive layers was investigated using X-
ray Photoelectron Spectroscopy (XPS). Figure 5.5a shows the selected high-

resolution Fe 2ps/, spectrum of sample 4 (66 um PAGS) after pre-passivation
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at a potential of 0.4 V. To identify the composition of the passive layer, the
Fe 2p spectra were fitted by using the multiplet-splitting fitting [10]—[12].
Multiplet splitting occurs for Fe since high-spin Fe(ll) and Fe(lll) species
contain unpaired d-electrons, which leads to coupling between a
photoionized core electron vacancy and an unpaired outer d orbital electron
[10]. This leads to several energy states with close binding energies. The
fitting of the close binding energies provides accurate quantification of
(hydr)oxides. Multiplet-splitting fitting was applied with the reported fitting
parameters [12]. The fitting corresponds to fractions of Fes30a, y-Fe203 and
FeOOH, in agreement with the research that indicates the same passive
layer build-up in low-alloyed carbon steels [12]—[15]. In Figure 5b, the high-
resolution O 1s spectrum of sample 4 is presented. From the fitting the
presence of hydroxide lattice, OH, and oxides lattice, 0?2, peaks.
Furthermore, a low contribution of adsorbed water (H,O adsorption peak)
is observed. The ratio between the contributions of lattice O (iron oxides)
and lattice OH" varies, depending on the PAGS of samples and passivation

potential (not shown here).

162



Passive film properties of martensitic steels in alkaline enviroment:
influence of the prior austenite grain size

Data
3000 4 ——Fit
1500
2000 -
(7] 7]
0. 1000 o
O o
1000
5009 | —Fe,0, Raam
——FeOOH
—Fe.0, 0 T T T T T
T T T T T T 538 536 534 532 530 528 526
718 716 714 712 710 708 706 Binding E v
- inding Energy (e
Binding Energy (eV) 9 oy (V)
a) b)

Figure 5.5 High-resolution XPS a) Fe 2p and b) O 1s spectrum of Sample 4. Passive layer is formed
with potentiostatic polarisation for 6 hours at 0.4 V (vs. Ag/AgCl) in 0.1 M NaOH solution
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Figure 5.6 The fractions of oxides and hydroxide depending on PAGS for samples passivated with
potentiostatic polarisation at a) 0.2 V and b) 0.4 V (vs. Ag/AgCl)
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Figures 5.6a and 5.6b present the fractions of Fe3Os, y-Fe,Os and
FeOOH in the passive film for all samples after passivation at 0.2 V and 0.4
V, respectively. Firstly, it is possible to observe the differences between
oxides and hydroxide ratios between both potentials. The volume fractions
of y-Fe,0Oz oxide are higher for the case of 0.4 V, with values between 45 and
62%, they are in the range of 40-50% for 0.2 V. For the case of Fe304 oxides,
there are small variations between potentials, with FesO4 content in the
range of 5-12%. For the case of FeOOH, at 0.2V, passive layers show content
between 30 and 43%. But for the more positive potential, the content of
hydroxide is on average lower. However, the magnitude of the variation
depends on the PAGS, fluctuating from 20 to 45 %. At 0.2 V passivation
potential, a decrease in y-Fe,03 percentage from 53 to 39% is observed with
the refinement of PAG of 66 to 28 um. However, further refinement of the
grains leads to an increase in y-Fe;03 percentage, reaching a value of 49%
for the sample with 5 um PAGS. A similar trend is observed for the samples
passivated at 0.4 V. A gradual decrease of y-Fe,Os from 63 to 46% was
observed with PAGS refinement from 66 to 28 um, while further refinement
in PAGS to 5 um leads to an increase in y-Fe;03 percentage to 61%. A higher

contribution of oxide than hydroxide species at the more positive potential
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0.4 V is observed for all samples, which agrees with previously reported
results by Li et al. [16].

The thickness of the oxide layers was estimated from the analysis of
the Fe 2p spectra data by applying the equation proposed by Herzing et al.

[17]:

d = A,,cos0In( Eelre fox 4 1y [Egn. 1]

Nox/lox IFe

where d is oxide thickness, I, is the photoelectron intensity of metalliciron
(209.7), 1, is the intensity of y-Fe>03 (3654.1), N is the number of atoms
per unit volume, A, is the inelastic mean free electron path in metalliciron
(1.1 nm), A,, is the inelastic mean free electron path in y-Fe;03 (1.1 nm),
and @ is the detection angle (459). In this equation, it is assumed that the
passive layer is composed of only y-Fe;Os. In Table 5.3, the calculated
thickness for all samples is presented. For both potentials, the variation of
thickness for the different PAGS is limited to +0.1 nm. For the 0.2 V
potential, the passive layers formed have an average thickness of 3.02 +
0.09 nm. In the case of 0.4V, passive layers are slightly thicker, with an

average thickness of 3.27 + 0.05 nm.
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Passive layer thickness/ nm
Passivation Sample 1 Sample 2 Sample 3 Sample 4
Potential/ V
0.2 3.0+£0.2 2.9+0.1 3.1+£0.2 3.1+0.2
0.4 3.2+0.2 3.3+0.2 3.3+0.2 3.3+0.2

Table 5.3 Passive layer thickness values of all samples acquired from XPS data

5.3.3 Electrochemical investigation

Potentiodynamic Polarisation - Figure 5.7a shows the potentiodynamic
polarisation curves of all samples with different PAGS during immersion in
0.1 M NaOH solution. The cathodic branch is attributed to the reduction of
oxygen dissolved in the solution. After reaching the corrosion potential, the
anodic current increases until reaching a plateau corresponding to the
passivity region. Figure 5.7b shows the passivity current densities measured
from the polarisation curves at two selected potentials, 0.2 and 0.4 V. At
both potentials, the current density values increase by a factor 4 with PAGS
refinement from 66 to 28 um. However, further refinement in grain size to
5 um causes a decrease in current density by a factor 2. The significant
difference in the passivity current density values shows that the

electrochemical properties of passive layers are affected by the prior
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austenite grain size. Interestingly, the current differences do not follow a
monotonous dependency with the refinement of the grains.

Moreover, it is observed that the current density values for all
samples are higher for passive layers formed at 0.4 Vin comparison to layers
formed at 0.2 V. This indicates that the passive layers formed at more
positive potentials are less conductive than the ones formed at lower

potentials, in line with previous research [3], [18], [19].
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Figure 5.7 a) Potentiodynamic polarisation curves in 0.1 M NaOH solution b) Current density values
measured at 0.2 and 0.4 V (vs. Ag/AgCl) as a function of PAGS

EIS measurements — EIS data was acquired from the passivated
samples at both 0.2 and 0.4 V in 0.1M NaOH solution. Fig. 5.8a shows the
Nyquist plots of the pre-passivated samples at 0.4 V. The impedance values

are highest for the sample with 66 um grain size. With PAGS refinement to
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28 um, the impedance values decrease, while further refinement to 5 um
causes an increase in the impedance. This behaviour is observed for both
pre-passivation potentials.

A guantitative analysis of the equivalent electrical circuit fitting was
carried out for EIS data. An equivalent circuit with two R-CPE (resistance —
Constant Phase Element) elements in parallel (Fig. 9b) provides the best
fitting for EIS data. CPEs are employed instead of a capacitance element C
since no fully capacitive behaviour is observed as indicated by CPE
coefficients lower than 1. R;is associated with the resistance of the solution.
R2and CPE;are associated with the resistive and capacitive behaviour of the
double layer, respectively. The resistive and capacitive behaviour of the
passive layer is represented by Rz and CPEs, respectively. This equivalent
circuit has been proposed in previous research to describe the passive layer
of similar systems [13], [20]-[23]. The fitting results are summarized in Fig.

5.9a and 5.9b.
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Figure 5.8 a) Nyquist plots of samples collected after passivation with potentiostatic polarisation at 0.4
V for 6 hours in 0.1 M NaOH solution b) Equivalent electrical circuit (EEC/) used to interpret the EIS-data
for all samples. Solid lines represent the fitted data.

Fig. 5.9a and 5.9b show the charge transfer resistance values of the
double layer (Rz) and passive layer (Rs), respectively, for both pre-
passivation potentials, 0.2 and 0.4 V. Ry is two orders of magnitude lower
than R3, indicating that the protective capacity of the double layer is much
lower than that of the passive layers. Fig. 10b shows that the resistance of
the passive layer (R3) decreases by a factor 2 at both potentials upon PAGS
refinement from 66 to 28 um. However, the resistance values of oxide layers
(R3) increases with further refinement to 5 um. These results agree with the
trends in passivity currents observed in the potentiodynamic experiments.

Furthermore, the resistance values of the oxide layers (Rs3) are higher in all
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samples at pre-passivation potential 0.4 V in comparison with 0.2 V, which
agrees with the trend observed in the passivity current densities from the

polarisation results.
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Figure 5.9 Resistance values of a) R, corresponding to the double layer and b) R;
corresponding to passive layer

Capacitance measurements - Mott-Schottky analysis was applied to
evaluate the semi-conductive behaviour of the passive layers. This analysis
allows to assess the electronic properties of the oxides and correlate them
with the electrochemical properties as a function of the prior austenite

grain size. The Mott-Schottky relationship

— = 2(E — Epp — kT/q) /€€ 4q Ng [Eqn. 2]

cz
can be applied for calculating the donor density. In this equation € is the

dielectric constant of the passive film reported for carbon steels [24], o the
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permittivity of free space, g the electron charge, Nq the donor density, Ers
the flat band potential, k the Boltzmann constant and T the absolute
temperature. Fig. 5.10a shows the variations in the Mott-Schottky plot (C?
vs potential) of the pre-passivated samples at 0.4 V. For n-type
semiconductor behaviour, C? vs. V in the Mott-Schottky plot has a positive
slope that is inversely proportional to the donor density of the passive layer.
Hence, the passive layer formed on all samples shows n-type semiconductor
behaviour. However, non-linear behaviour (two positive slopes with a
transition at -0.1 V) is observed in Mott-Schottky plots. This non-linear
behaviour is attributed to donors' inhomogeneous distribution within the
passive layer [35,36]. It is proposed that the band gap contains a deep donor
level stemming from changes in chemical states within the passive layer,
leading to structural changes in the passive layer [27], [28]. The deep donor
level occurs in the band gap and the potential at which sharp changes in the
slope of the Mott-Schottky plot are observed, corresponds to the ionisation
of the deep donor level in the band gap. It is suggested to calculate the

donor density levels from the two slopes with [24]:

S, = 2 for E<E. (Eqn. 5.3a)

gggeNy

2
S2 = oo for E>Ed(Eqn. 5.3b)
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where E.is the potential at which the slope change occurs and is considered
as the critical potential for the ionization of deeper donor density, N; is the
donor density level that has an energy level close to the conduction band
and N; is the deep donor density level that occurs deeper in the band gap.
Fig. 5.10b shows the donor density values (N1 and N) obtained at
samples passivated at both 0.2 and 0.4 V (vs. Ag/AgCl). The donor density
values (Fig. 10b), in the order of 10**cm3, are comparable with the previous
work on passive layer properties of martensitic steels in an alkaline
environment [22] and shows that passive layer is highly defective. The
donor density level N; (the donor density level that has an energy level
closer to the conduction band) is higher than N (the deeper donor density
level) for all samples and agrees with previously reported results [27].
Furthermore, it is observed that both donor density values are at lower
values for samples passivated at more positive potentials. From the results
in Fig. 5.10b, it is elucidated that both donor density values depend on PAGS
and show an increasing trend with decreasing PAGS. The donor population
in the passive layer affects both ionic and electronic resistivity of the passive
layer. The higher donor density in the passive layer leads to a more narrow

band gap in metal oxides [31], [32]. Therefore, the electron transfer in a
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passive layer becomes easier, leading to lower electronic resistivity in the
passive layer. In terms of ionic resistivity of the passive layer, the ionic
charges in iron oxide are carried by the donors in iron oxide films [33], [34].
Hence, an increase in donor density facilitates the charge transfer, lowering
the passive film's ionic resistivity. Considering the decrease in passive film's
electronic and ionic conductivity, an increase in donor density leads to

higher conductivity in the passive film.
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Figure 5.10 a) Mott-Schottky plot of samples after forming passive layer at 0.4 V (vs. Ag/AgCl) for 6
hours. b) Donor density values of the passive layers formed at both 0.2 and 0.4 V (vs. Ag/AgCl) for 6
hours

The electrochemical measurement results discussed above show
that the electrochemical properties of passive films formed on martensitic

steels are dependent on prior austenite grain size and worsen with
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decreasing PAG size from 66 um to 28 um. One of the factors of the
deterioration in the passive layer's barrier properties is the increase in
donor density with PAG refinement. The decreased PAGS causes an
increased grain boundary density, leading to higher donor density in passive
layers. This agrees with previous studies reporting the donor density to
increase with increasing grain boundary density [35]. This probably stems
from the crystal lattice mismatch at grain boundaries, leading to higher
donor formation of passive film formed at these sites. The donor population
in the passive layer affects both ionic and electronic resistivity of the passive
layer. The higher amount of donors in a passive layer leads to a more narrow
band gap in metal oxides [31], [32]. Therefore, the electron transfer in the
passive layer eases with the increase in donor density. In terms of ionic
resistivity of passive film, the ionic charges in iron oxide are carried by the
donors in iron oxide films [33], [34]. Hence, an increase in donor density
facilitates the charge transfer, lowering the passive film's ionic resistivity.
Considering the decrease in the passive film's electronic and ionic resistivity,
the increase in donor density with PAG refinement leads to higher
conductivity in passive film. Another factor in the deterioration of passive

film's barrier properties is the changes in the fraction of y-Fe;0s3 in the
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passive film with PAG refinement. Most barrier properties of the passive
film are provided by y-Fe,0s since Fe304 has almost metallic conductivity
due to a very small band gap of (0.1 eV) [36], whereas the large band gap of
y-Fe203 (2.3 eV) [37] provides lower conductivity. Furthermore, FeO(OH)
has a less dense and porous structure, leading to high conductivity.
Therefore, the decrease in y-Fe;03 in the passive film and the increase in
donor density leads to the deterioration in the passive film's barrier
properties with PAG refinement up to 28 um.

Nevertheless, the further refinement in PAGS lower than 28 um
leads to improvement in the passive layer's electrochemical properties,
although the donor density keeps increasing with PAG refinement. The
increase in donor density can again be attributed to the formation of more
defective passive film at grain boundaries due to the further increase in
crystal mismatch at grain boundaries and higher misorientation angle
between grains. However, PAGS refinement has other consequences within
the complex martensite structure. The refinement in PAGS leads to the
reduction in packet and block sizes [8] and changes the lath width-to-length
ratio. It was reported that the refinement of PAG lower than a grain size of

14 pum in low carbon steels leads to significant changes within the
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martensite in terms of reducing packet and block sizes [8] and martensite
lath width-to-length ratio [9]. These changes within the martensite
structure dominate the effect of PAG refinement on the passive layer's
properties due to a significant increase in lath stored energy. This increase
in lath stored energy probably affects the surface reactivity, leading to a
more resistive passive layer due to an increase in the amount of protective

y-Fe20slayer.

5.4 Conclusions

This study investigates the role of prior austenite grain size on the passive
layer properties formed on martensitic steels in 0.1 M NaOH solution. PAGS
refinement from 66 to 28 um leads to increased current density values in
polarisation measurements and a decrease in charge transfer resistance
values in EIS measurements. This deterioration in passive layer properties
stems from increased donor density and decreased y-Fe;Os fraction. In this
PAG size range, grain refinement is the dominant factor, controlling the
passive layer properties. On the other hand, further refinement in PAGS to
5 um leads to the decrease in current density values in polarisation
measurements and the increase in charge transfer resistance values in EIS

measurements. This improvement in electrochemical properties of passive
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films is due to the increase in y-Fe;Os3 fraction. With further PAGS

refinement to 5 um, alterations within the complex martensite structure

occur and have a dominance on PAGS refinement, governing the

enhancement in passive layer properties.
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CHAPTER 6

Role of grain size and crystallographic orientation
on the corrosion behaviour of pure iron

This chapter is based on the scientific paper:

A. Yilmaz, K. Traka, S. Kar, J. Sietsma, Y. Gonzalez-Garcia Role of grain size and
crystallographic orientation on the corrosion and passivation behaviour of pure

iron (Under review)
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Abstract

This work investigates the roles of grain size and crystallographic orientation
on corrosion properties of pure iron in 0.1 m sulphuric acid solution. Heat
treatments were applied to obtain samples with various grain sizes (26, 53,
and 87 um). Electron backscatter diffraction (EBSD), optical microscopy, and
X-ray diffraction (XRD) analysis were performed to characterize the
microstructure of the heat-treated samples. The EBSD analysis shows that
the samples have a single-phase structure (ferrite), with no inclusions, and
similar geometrically necessary dislocation (GND) density values. The XRD
analysis exhibit that the sample with 25 um grain size has a higher volume
fraction of grains in (111) crystallographic orientation with respect to
sample surface. The results from potentiodynamic polarisation and
electrochemical impedance spectroscopy show that the grain refinement
from 87 to 52 um worsens the corrosion resistance of the samples. However,
the further refinement in grain size from 52 to 25 um improves the corrosion
resistance. This stems from the dominant effect of preferential
crystallographic orientation on grain size for the sample with 25 um grain

size.
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6.1 Introduction
Grain size and crystallographic orientation of grains are important factors
that affect the mechanical properties of ferrous materials. The effects of
grain size [1]-[7] and crystallographic orientation [8]-[10] have been
extensively investigated in the existing literature. Yet, the individual and
synergistic effects of grain size and crystallographic orientation on corrosion
behaviour of ferrous materials are yet to be explored. On the effect of the
grain size on corrosion behaviour, Ralston and Birbilis [11] extensively
reviewed the existing literature. Their literature review shows that there is
little consensus on the relationship between grain size and corrosion
behaviour. This originates from the microstructural changes besides grain
size (dislocation density, phase and inclusion formation, alloy segregation,
texture) that occur during the processes used to manipulate the grain size
of studied samples. These microstructural features have interdependent
relationships of their effects on corrosion behaviour, leading to the difficulty
in isolating the effect of grain size on corrosion properties.

In a recent study, the effect of grain size on the corrosion behaviour
of low alloyed steel is investigated in NaCl and HNOs solutions [12]. It is

reported that the grain refinement from 35 to 4 um leads to enhancement
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in corrosion resistance in both environments. Another study investigates
the effect of grain size on the corrosion behaviour of pure iron in sulphuric
acid solution [13]. It is suggested that the corrosion resistance of pure iron
deteriorates with grain refinement. However, the study also reports that
the samples’ dislocation density increases with grain refinement, which
interferes with the effect of grain size on corrosion properties. In contrast
to the above-mentioned studies, other studies that investigate the role of
grain size on corrosion behaviour of iron in HCI [14] and H,S04[15] solutions
show that the corrosion resistance increases with grain refinement.

On the side of crystallographic orientation, there is no united view
on crystallographic orientation-dependent corrosion in the literature [16]—
[20]. This mainly stems from the fact that the studies are conducted in
different environments, and employed both polycrystalline and single-
crystal low alloyed ferrous materials. The literature shows that the
corrosion behaviour of grains in certain crystallographic orientations (with
respect to the surface) differs depending on the environment. In an acetate
buffer solution with pH 6, Schreiber et al. [17] show that the dissolution rate
of grains in (111) and (101) orientations are higher than the ones in (001)

orientation. In a borate buffer solution with pH 8.4, it was reported that the
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corrosion rate is higher for the grains in (101) orientation than the ones in
(001) orientation [21]. In more aggressive solutions with lower pH values,
there is more consensus on the crystallographic orientation and corrosion
behaviour relationship. In a study conducted in sodium sulphate solution
with pH 2.3, it was reported that the corrosion rate of grains in (001)
orientation is higher than the ones in (111) and (101) orientations [18].
Similarly, Yule et al. [20] and Fushimi et al. [16] reported that the corrosion
rate of grains in (001) is higher than the ones in (111) and (101) orientations
in sulphuric acid solutions.

In this work, it is aimed to investigate the role of grain size and
crystallographic orientation on the corrosion behaviour of the iron samples.
Moreover, the interrelated effect of grain size and crystallographic
orientation is also investigated. Heat treatments were applied to
manipulate the samples’ grain sizes and crystallographic orientations.
Electron backscatter diffraction (EBSD), optical microscopy, and X-ray
diffraction (XRD) were employed to characterize the microstructure of the
sample. Electrochemical impedance spectroscopy (EIS) measurements and
potentiodynamic polarisation in 0.1 M sulphuric acid solution were

conducted to investigate the electrochemical behaviour of samples.
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6.2 Experimental

6.2.1 Material

A cold-rolled sheet of Armco iron (supplied by AK Steel, Netherlands) is
employed in this work. The samples with a thickness of 2 mm were laser cut
to the dimensions of 10 x 5 mm?. The chemical analysis of the sample is
performed by wavelength dispersive spectroscopy using a JEOL JXA 8900R
microprobe with an electron beam energy of 10 keV and a beam current of
100 nA. Following background correction, the measured X-ray intensities of
constituent elements are compared to those of a reference standard to
estimate the chemical composition. The chemical composition of samples is

given in table 6.1.

Fe C Si Mn P S Al Cr Cu Ni

wt% | Bal. | 0.001 | 0.003 | 0.04 | 0.003 | 0.003 | 0.004 | 0.014 | 0.007 | 0.012

Table 6. 1 Chemical composition of employed samples

6.2.2 Microstructure Design & Characterisation

Several different heat treatments were applied on the cold-rolled as-
received iron samples with a Bahr DIL 805 A/D dilatometer to vary samples’
grain sizes. The details of the heat treatment operations are given in Section

4.2.2. The samples annealed at 700, 950, and 1100 °C are named as Sample

190




Role of grain size and crystallographic orientation on the corrosion behaviour of pure iron
S, M, and L, respectively, according to their small, medium and large grain
sizes.

The microstructure of samples after undergoing the heat treatments
was analysed through optical microscopy, electron backscatter diffraction,
and X-ray diffractometry (XRD). For microstructural Characterisation, the
samples were ground with P80 to P4000 grit SiC paper. Following grinding,
the samples were mechanically polished with diamond particle slurry
(Struers DiaDuo-2) with particle sizes of 3 and 1 um. Then, the samples were
cleaned withisopropanolin an ultrasonic bath for 10 minutes and dried with
airflow.

The optical images were employed to determine the grain sizes of
samples by using the line intercept method on three images for each sample
and to observe the microstructure after corrosion. For obtaining optical
images, the samples were etched with a 2% Nital solution after polishing.
The optical images were attained with a digital microscope (Keyence VHX-
5000).

Electron backscatter diffraction analysis was conducted to extract
the information about microstructural features of samples such as grain

size, grain boundary density, the fraction of high-angle and low-angle grain
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boundaries, and geometrically necessary dislocation (GND) density. The
experimental information of EBSD measurements is given in section 4.2.3.
The macro-texture analysis was carried out on the polished sample
surface by employing Bruker D8 Discover X-ray diffractometer with Eulerian
cradle and parallel beam geometry. The X-ray radiation employed is Co Ka
(A=0.179 nm) with an accelerating voltage of 45 kV and a current of 25 mA.
The XRD Data processing and analysis were performed by Bruker’s software

Texture Edit, Texture Evaluation, and DiffracSuite EVA 5.2.

6.2.3 Electrochemical Characterisation

Electrochemical measurements (potentiodynamic polarisation and
electrochemical impedance spectroscopy (EIS)) measurements were carried
outin a deaerated 0.1 M H,S04 solution. The solution was prepared at room
temperature with distilled water. For the deaeration, nitrogen gas is purged
through the solution for 1 hour before the electrochemical measurements.
The electrochemical measurements were performed at room temperature.
The samples were embedded in epoxy resin (Struers ClaroCit) and cured at
room temperature and under 2 bar pressure for one hour. Subsequent to
embedding, the samples were ground from 80 to 4000 grit SiC paper. Then,

the samples were mechanically polished using diamond particle slurry
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(Struers DiaDuo-2) with particle sizes of 3 and 1 um, respectively. The gap
between the samples and the embedding resin is covered with sealing
lacquer (Electrolube Bloc Lube Red) to prevent any crevice corrosion.

The electrochemical measurements were conducted right after the
sample preparation. A three-electrode cell, compromised of the reference
electrode (Ag/AgCl, KCI (Satd.)), the counter electrode (graphite rod), and
the working electrode (the sample), was employed for the electrochemical
measurements. A Biologic SP300 potentiostat was used for the
experiments. Before all electrochemical measurements, the open circuit
potential (OCP) was measured for 3600 seconds. Following OCP
measurements, the EIS spectra of the samples were collected in the
frequency range from 30 kHz to 0.01 Hz with a perturbation amplitude of
10 mV. The EIS data were analysed with Zview software. The
potentiodynamic polarisation was conducted at a scan rate of 0.167 mV/s
in the potential range of 0.25 V to 0.25 V (vs. OCP). For the analysis of the

potentiodynamic polarisation data, ECLab software (v11.33) was used.
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6.3 Results and Discussion

6.3.1 Microstructure Characterisation

In Fig. 6.1, the optical microscopy images of the samples are given.
Considering that the grain sizes increases in parallel with increasing
annealing temperatures, the grain sizes of the samples increase in the order
of Sample S, M, and L. The grain sizes of the samples, calculated by the line
intercept method from optical images and by the EBSD measurements, are

summarized in table 6.2.
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(a) (b)

(c)

Figure 6. 1 Optical microscope images of a) Sample S, b) Sample M and c) Sample L after etching
with 2% Nital solution

Grain size (um)
Optical microscope EBSD
Sample S 302 2612
Sample M 49+4 53+4
Sample L 76+9 87112

Table 6.2 The overview of grain size of samples obtained using the line intercept method
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The grain size, grain boundary density, and geometrically necessary
dislocation density of the samples are investigated through electron
backscatter diffraction analysis. Fig 6.2 and 6.3 show the EBSD inverse pole

figure and geometrically necessary dislocation maps of the samples,

respectively.

Figure 6. 2 The Inverse Pole Figure (IPF) maps of samples with varying grain sizes a) Sample S,
b) Sample M and c) Sample L

The grain sizes of the samples calculated by EBSD are in good
agreement with the ones calculated from optical images through the line
intercept method. The grain boundary density is inversely proportional to
grain size and increases with a grain size refinement. The grain boundary
density is 0.101 + 0.008 um™for Sample S, 0.051 + 0.004 um for Sample M,

0.027 + 0.004 for um™ for Sample L.
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Figure 6. 3 GND density maps extracted from EBSD analysis with same resolution for samples
with varying grain sizes a) Sample S, b) Sample M and c) Sample L

GND density maps (Fig 6.3) of all samples show that the dislocations
are uniformly distributed throughout the grain’s matrix. The grain boundary
areas show higher dislocation density, exhibiting that the dislocations
accumulate at grain boundaries. The samples have a low density of
dislocations. The mean GND density values are 2.3 + 0.4+ 103 m™ for
Sample S, 7.9+ 0.2 - 102 m for Sample M and 4.4 + 0.2 - 102 m™ for
Sample L. The slight differences in GND densities between samples are
attributed to the variations in grain boundary density, leading to an increase
in GND density with an increase in grain boundary density. The GND
densities values below 10 m?2show that samples are nearly strain-free.

Although EBSD inverse pole figure maps reveal the crystallographic

orientation of grains for all samples, XRD macro-texture analysis is carried
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out due to the limited amount of grains in EBSD analysis. Fig. 6.4 shows the
constant ¢, = 45°section of the crystallographic orientation distribution
function (ODF) plots of all samples together with a representative ODF plot,
exhibiting the characteristics of texture components seen in BCC materials
[22]. The Bunge notation is used to represent the ODF plots.

The horizontal section around ¢ = 0° shows the grains in (001)
crystallographic orientation parallel to the rolling direction applied to the
samples in the ODF plots. Sample S has limited intensity in this section,
whereas Sample M and L have a relatively higher density of the iso-intensity
lines. This indicates that Sample M and L have a higher intensity of grains in
(001) crystallographic orientation in comparison to Sample S. The horizontal
section around the ¢ = 50° to 60° shows the grains in (111) crystallographic
orientation parallel to the rolling direction of the samples. In this section,
Sample S has a higher density of horizontal iso-intensity lines than Samples
M and L, showing that Samples S higher intensity of grains in (111)
crystallographic orientation. In the ODF plots, the horizontal section near
Phi=90° shows the intensity of grains in (110) crystallographic orientation
parallel to the rolling direction of the samples. Sample S has a lower density

of iso-intensity lines in this region in comparison to the Samples M and L.
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This shows that the intensity of grains in (110) orientation is lower in the

Sample S than the Samples M and L.
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Figure 6.4 ODF section phi2 = 45° of a) Sample S b) Sample M and c) Sample L d)
Illustrative @ = 45° ODF section representing the characteristic texture components in
BCC metals
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6.3.2 Electrochemical Characterisation

Electrochemical Impedance Spectroscopy (EIS) — EIS measurements were
carried out in deaerated 0.1 M H,SO4 solution after measuring open circuit
potential for 1 hour. Fig 6.5 shows the Nyquist plots for all samples. The
Nyquist plots of all samples show depressed arcs. At low frequencies, the
observed capacitive loops in all samples are related to the charge transfer
resistance across the double layer. The diameters of arcs are associated with
the corrosion resistance [13]-[15], [23]. Therefore, the arc diameters
indicate that the corrosion resistance of samples decreases in the order of
Sample L, Sample S, and Sample M, considering that the arc diameters
decrease in the same order. At low frequencies, an inductive loop was
observed for all samples. The inductive loop is attributed to the relaxation
of adsorbed species on the electrode surface. These absorbed species are
probably composed of iron sulphides and oxides such as FeS, FeSOa,
Fe2(S0a)s, Fe203, and FeO(OH) or H,, based on similar observations in other

studies conducted in sulphuric acid solutions [13], [24-26].
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Figure 6.5 a) Nyquist plots of samples in 0.1 M sulphuric acid solution after immersion in open
circuit conditions for 1 hour b) Equivalent electrical circuit employed for fitting the EIS data

The equivalent electrical circuit (EEC) fitting was carried out to fit the
experimental EIS data. The proposed circuit is given in Fig in 6.5b, in
agreement with the similar studies that used EEC fitting for EIS data [13],
[27]. R:i represents the electrolyte’s resistance, R, the charge transfer
resistance, CPE the double layer capacitance, R; the resistance and
inductance of the adsorbed species, L is the equivalent inductance
stemming from the relaxation process of the absorbed species [13]. The
mean values of the fitted values for circuit elements are given in table 4.3.
The charge transfer resistance values for Sample L are largest with a close
value to Sample S, whereas the charge transfer resistance of Sample M is
more than 50% smaller than Samples S and L. Considering that the charge

transfer resistance is a measure of the corrosion resistance of the samples,
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the charge transfer resistance values suggest that the Sample L has the

highest corrosion resistance. Sample S has slightly lower corrosion

resistance than Sample L, whereas Sample M has the lowest corrosion

resistance.
Sample CPE-Y,
R; R2 (Q1 cm-s" n Rs3 L
(Qcm?) | (Qcm?) 107) (Qcm?) | (Hecm?)

Sample

S 7+2 375+ 38 1.6+0.1 (0.80+0.01| 90+28 26+ 9
Sample

M 7+1 218 + 50 23+0.3 |0.84+0.02| 58+22 9+4
Sample

L 11+3 | 47042 1.7+0.2 (0.83+0.01| 127+33 | 497

Table 6. 3 The fit values of the equivalent circuit components for Sample S, M, and L in 0.1 M (pH
1.0) sulphuric acid solution

Potentiodynamic polarisation — Fig 6. 6 shows the potentiodynamic

polarisation plots of the samples in 0.1 M sulphuric acid solutions after

measuring open circuit potential for 1 hour. The cathodic branches of

potentiodynamic polarisation exhibit the cathodic hydrogen evolution

reactions (HER), while the anodic branches show the metal’s anodic

dissolution behaviour. The anodic branches of all curves overlap, indicating

that the anodic dissolution and mechanisms are independent of the

202




Role of grain size and crystallographic orientation on the corrosion behaviour of pure iron
samples’ grain size. In the cathodic part of the curves, all samples exhibit
similar cathodic slopes, indicating that the mechanisms of cathodic reaction
are also independent of the samples’ grain size. In contrast, the cathodic
branch of Sample M is shifted towards higher current density values in
comparison to Sample S and L. This indicates that the corrosion kinetics are
dependent on the grain size of samples and are the highest in Sample M.

-0.1

Sample S
Sample M
| Sample L

-0.24

-0.34

Potential vs. Ag/AgCl / KCI (sat'd) (V)

-0.7 4

-0.8 T T T T
1E-7 1E-6 1E-5 1E-4 0.001 0.01

Current density (A/cm?)

Figure 6. 6 Potentiodynamic polarisation curves of the samples measured in 0.1 M sulphuric
acid solution

Tafel extrapolations are applied to the potentiodynamic polarisation
curves of all samples to extract corrosion current density (icorr) and corrosion
potential (Ecorr). The calculated values through Tafel extrapolation are given
in table 6.4. The Ecorr values show no significant differences (limited to 3mV)
between samples. The jcorr values are comparable for Sample S and Sample

L. Sample M exhibits about 100% higher corrosion current density values
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than Sample S and Sample L. The corrosion current density values show that
the corrosion rate increases in the order of Sample L, Sample S, and Sample

M, in agreement with the charge-transfer resistance values obtained from

EIS curves.

corr Ecorr
Sample (LA.cm?) (mV vs. Ag/AgCl)
Sample S 83+5 -467+7
Sample M 148+4 -466+4
Sample L 73+1 -465+8

Table 6.4 Corrosion current density and corrosion potential values obtained for Sample S, M, and L from
the potentiodynamic polarisation experiments in 0.1 M sulphuric acid solutions
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c)
Figure 6.7 Optical images illustrating the surface of samples a) Sample S, b) Sample M and c)
Sample L after potentiodynamic polarisation in 0.1 M sulphuric acid solution

Figure 6.7 shows the optical micrographs of all samples after
undergoing the potentiodynamic polarisation in 0.1 M sulphuric acid
solution. For all samples, it is observed that some of the grain boundaries
are severely corroded, while some others have less severe attacks. This is
probably due to the fact that high-angle boundaries form more active sites
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than low-angle boundaries, leading to more severe attacks at high-angle
grain boundary sites [28], [29]. Moreover, it is also observed that the grains
dissolve heterogeneously in all samples due to micro-galvanic coupling
between grains having different crystallographic orientations. This stems
from the fact that the grains with different crystallographic orientations
have different corrosion behaviour [16], [17], [19].

To understand the effect of microstructural features, it is necessary
to consider the complex interaction of microstructural features on corrosion
behaviour. The samples employed in this work have very high purity,
allowing to avoid the effect of chemical composition, possible elemental
segregations, phases, and inclusions formation on corrosion behaviour.
Moreover, the very close geometrically necessary dislocation density values
between samples show that the effect of dislocation density on corrosion
behaviour is also limited in this study.

The electrochemical measurements show that the corrosion
resistance of Sample Lis significantly higher than Sample M. This shows that
the grain size refinement leads to a decrease in corrosion resistance,
considering that the main difference between Sample M and L is grain size.

The decrease in corrosion resistance with grain refinement is attributed to
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the grain boundaries forming active sites that facilitate the hydrogen
evolution reactions and lead to an increase in corrosion rate [12], [30]. On
the other hand, Sample S has higher corrosion resistance in comparison to
Sample M, although the grain size of Sample S is smaller than the one of
Sample M. However, Sample S has a higher volume fraction of grainsin (111)
crystallographic orientation. Localised studies were conducted by Fushimi
et al. [16] on polycrystalline pure iron in sodium sulphate solution and Yule
et al. [20] on the polycrystalline low-carbon steels in sulphuric acid solution
to investigate the role of crystallographic orientation of grains in corrosion
behaviour. These studies show that the corrosion resistance of grains in
(110) and (111) crystallographic orientations are similar, whereas the
corrosion resistance of grains in (001) crystallographic orientation is lower
than the ones in (110) and (111) orientations. The higher corrosion
resistance of the grains in (111) and (110) crystallographic orientations is
attributed to the slower hydrogen evolution reaction kinetics occurring on
the grains in this orientation.

Considering that the Sample S has a higher volume fraction of grains
in (111) orientation that has higher corrosion resistance, the higher

corrosion resistance in Sample S in comparison to Sample M is attributed to
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the effect of crystallographic orientation, which is dominant over the grain
size effect in the grain size range between 25 and 52 um. This shows that
the grain size and crystallographic orientation have a complex interaction
on corrosion behaviour. The effect of crystallographic orientation is
dominating the effect of size on corrosion behaviour while refining the grain

size from 52 to 25 um.

6.4 Conclusions

In this work, the effect of grain size and crystallographic orientation on the
corrosion behaviour of pure iron is investigated in 0.1 M sulphuric acid
solution. The obtained results lead to the following conclusions.
e Three samples with different grain sizes (Sample S (25 um), Sample
M (52 pum), and Sample L (87 um)) were obtained after undergoing
various heat treatments. The changes in the microstructure
between samples M and L is limited to only grain size, whereas
Sample S has finer grain size than the two other samples and a higher
volume fraction of grains in (111) crystallographic orientation. The
changes in microstructural features other than grain size and

crystallographic orientation are avoided. These permit investigating
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the effects of grain size and crystallographic orientation on corrosion
behaviour.

e The grain refinement from Sample L to Sample M leads to an
increase in corrosion current density in potentiodynamic
polarisation and a decrease in charge transfer resistance in
electrochemical impedance spectroscopy results. These results
show that grain refinement leads to a decrease in corrosion
resistance. However, the further grain refinement from Sample M to
Sample S leads to a decrease in corrosion current density and charge
transfer resistance. This stems from that Sample S has a higher
volume fraction of grains in (111) crystallographic orientation that
has higher corrosion resistance in comparison to the grains (001)
and (101) orientations, leading to an increase in corrosion resistance
in Sample S.

From the above-mentioned results, it is concluded that the grain size
refinement leads to increase in corrosion rate. However, the grain size and
crystallographic orientation have a synergistic effect on corrosion behaviour
in which the effect of crystallographic orientation dominates the effect of

grain size while the grain size is refined from 52 to 25 um.
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Chapter 7
Abstract

The effect of ferrite-pearlite and ferrite-martensite phase combinations on
the passive layer properties of a low carbon steel is investigated in a 0.1 M
NaOH solution. Heat treatments were designed to obtain ferrite-pearlite
and ferrite-martensite microstructure with similar ferrite volume fractions.
The microstructure of samples was obtained through scanning electron
microscopy and optical images. Potentiostatic polarisation and
electrochemical impedance spectroscopy (EIS) results exhibit the lower
barrier properties of passive films on ferrite-martensite microstructure
compared to the one formed on ferrite-pearlite microstructure. This is
attributed to the passive layer's higher donor density on ferrite-martensite

samples, measured with Mott-Schottky analysis.

Keywords: Martensitic steels, grain-size, passivity, EIS, Mott-Schottky, XPS
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7.1 Introduction

A wide range of industries such as aerospace, automotive, oil and gas have
been employing high strength low alloy (HSLA) steels due to their
mechanical properties to reduce weight in structures and save energy in
transportation applications. A wide range of industries such as aerospace,
automotive, oil and gas have been employing high strength low alloy steels
due to their mechanical properties to reduce weight in structures and save
energy in transportation applications. The exceptional mechanical
properties of HSLA steels (the optimal combination of strength, ductility,
and plasticity) often result from a multi-phase microstructure created
combination of strength, ductility, and plasticity) often result from a multi-
phase microstructure created through a precise balance between kinetic
and thermodynamic processes [1]. Therefore, pearlite and martensite, in
combination with ferrite, are widely used in two-phase HSLA steels.
Although the role of pearlite and martensite with a combination of ferrite
in two-phase steels on mechanical properties is understood relatively
clearly [2], [3], their passivity behaviour is not well understood [4], [5]. This
is mainly due to the fact that the complex interaction of many

microstructural features - grain sizes, phase fractions, dislocation densities,
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crystallographic orientations, phase morphologies - dictates the properties
of the passive layer of steels. Therefore, it is often challenging to isolate
pearlite and martensite's role in combination with the ferrite on passive
layer properties of two-phase HSLA steels.

It should be emphasized that the contribution of pearlite and
martensite in two-phase steel on the passive layer properties can only be
determined with the localised experiments and/or simplified model alloys.
Fushimi et al. [4] compared the passive layer properties formed on ferrite
and pearlite through local nanoscopic techniques. They reported a larger
passive current density and smaller ionic/electronic resistance for the
pearlite structure and related this behaviour to the differences between
conductivities and phase structures of FeCOs and Fe;0s3. With well-
controlled microstructures, Yanagisawa et al. [5] investigated the role of
martensite volume fraction of low-alloyed and simplified model alloys that
minimised microstructural changes features other than martensite volume
fraction. They reported that the barrier properties of passive film
deteriorate with increasing martensite volume fraction of the substrate.
Furthermore, a higher conductivity for the passive film formed on the

martensite phase of the dual-phase steel was observed. This was attributed
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to a higher fraction of Fe304 in the passive film formed on the martensite
phase. Therefore, the passivity of the dual-phase ferrite-martensite steel is
proposed to be controlled by the inferior passive properties of the
martensite phase. However, controlled ferrite-martensite and ferrite-
pearlite microstructures created through precise heat treatments of the
same alloy composition and the resultant passive layer properties of the
microstructures have not been previously investigated.

In this study, the effect of pearlite or martensite with ferrite in two-
phased HSLA on passive layer properties is investigated in 0.1 M NaOH
solution. Two well-controlled distinct microstructures - ferrite-martensite
and ferrite-pearlite - with the same ferrite volume fractions were employed
to minimise the possible differences between microstructural features.
Samples are created through dilatometry and characterised by optical
microscopy and SEM analysis. The phase constituents' contribution to the
development of passive films is analysed by potentiostatic polarisation,
electrochemical impedance spectroscopy, and capacitance measurements
with Mott-Schottky analysis. Finally, the passive layers' nature is discussed
in light of microstructural features of the phases and passive layer

properties
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7.2 Experimental

7.2.1 Material

As-received steel sheets (provided by Tata Steel, Ilmuiden, the Netherlands)
of 2 mm thickness were used. The sheets were laser-cut to the dimensions
of 5 x 10 mm? coupons. The samples' chemical composition was obtained
through wavelength dispersive spectroscopy with an electron beam energy
of 10 keV and a beam current of 100 nA. A JEOL JXA 8900R microscope was
used to obtain the chemical composition of the samples. The steel grade
was chosen

due to its low-alloyed chemical composition. The chemical composition of

the samples is presented in table 7.1.

Fe | C Si Mn |P S Al Cr Cu |Ni |Ti

wt. % | Bal. 0.14 | 0.05 2.15 0.01 | 0.01 | 004 |058 |001 |0.02|o0.03

Table 7.1 Chemical composition (wt.%) of cold-rolled DP1000 dual-phase steel

7.2.2 Microstructure Characterisation

Dilatometry - A Bahr DIL 805 A/D dilatometer was employed to perform the
heat treatments. Various heat treatments were applied to create different

two-phase microstructures, a ferrite-pearlite microstructure, and a ferrite-
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martensite microstructure, with similar ferrite volume fractions for both

microstructures. Heat treatments are graphically presented in figure 7.1.

1000 —— Ferrite-Martensite (FM)
---- Ferrite-Pearlite (FP)
800 A
b
o 600-
2 1
© H
1 i
£ 400 - ;
(1) 1
= i
200 - |
O- T T T T T II
0 2000 4000 6000 8000 10000
Time /s

Figure 7.1 Graphical summary of the employed heat treatments

The ferrite-martensite (FM) microstructure was created by heating
the samples to 1000°C with a rate of 10°C/s, austenitising at 1000°C for 30
minutes, quenching to the intercritical annealing temperature 740°C at a
rate of 30°C/s, holding the sample at 740°C for 15 minutes and quenching
to the room temperature with a rate of 30°C/s. The ferrite-pearlite (FP)
microstructure was obtained by heating the sample to 1000°C with a rate of
10°C/s, austenitising at 1000°C for 30 minutes, quenching to the intercritical
annealing temperature 760°C at a rate of 30°C/s, holding the sample at

760°C for 15 minutes, cooling to the sub-Aci temperature of 600°C at a rate
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of 30°C/s, isothermally holding the sample at 600°C for 2 hours and
quenching to the room temperature with a rate of 30°C/s. The value of
volume fractions of ferrite-martensite and ferrite-pearlite were obtained
with the line interception method.

Sample Preparation - Samples were prepared for further microstructure
characterisation by embedding them in an epoxy resin (Struers ClaroCit) and
curing them for 1 hour under 2 bar pressure. The samples were ground with
SiC sanding paper from 80 to 4000 grit and subsequently polished using a
fine diamond suspension (Struers DiaDuo-2) with 3 and 1 um particle sizes.
Later, the samples were cleaned in an ultrasonic bath with isopropanol for
10 minutes after polishing and afterwards dried with compressed air. A 2%
Nital solution was used for etching.

Optical Microscopy and SEM - An optical microscope (Keyence VHX-500)
was employed to characterise the microstructure with optical micrographs.
A scanning electron microscope (Jeol JSM-IT100) was used for a more
detailed secondary phase determination. Micrographs were examined for
the phase constituents and the volume fractions of the respective phases.
The volume fraction of each phase of the samples was determined by

analysing the contrast difference between the phases from optical
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micrographs. Analysis areas of 0.1 mm? taken from four different locations
per sample were investigated with ImageJ software.

7.2.3 Electrochemical Measurements

Sample Preparation - The grinding and polishing steps used for
microstructure characterisation were followed to obtain a mirror-like
polished surface for the electrochemical experiments. The gap between the
steel specimen and the epoxy resin was covered with an insulating lacquer
(Electrolube BLR) to prevent possible crevice corrosion during
measurements.

Electrochemical Experiments - All electrochemical experiments were
conducted at ambient room temperature in aerated 0.1 M NaOH solution
(pH 12.6), prepared with Sigma-Aldrich NaOH pellets and Milli-Q" ultrapure
water. A three-electrode electrochemical cell consisting of stainless-steel
mesh as the counter electrode, Ag/AgCl, KCl(satd.) as the reference
electrode, and the specimens as the working electrodes were employed. A
Biologic VSP-300 potentiostat and EC-lab v11.33 software were utilised for
the electrochemical measurements and data analysis.

Open circuit potential (OCP) was recorded for 1 hour, during which it had

stabilised. Subsequently, the samples were passivated with potentiostatic
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polarisation, carried out at a potential of 0.2 V (vs. Ag/AgCl) for 6 hours.
After the passivation of the samples, electrochemical impedance
spectroscopy (EIS) measurements were conducted by applying an AC
perturbation with a peak-to-peak amplitude of 10 mV in the frequency
range from 30 kHz to 10 mHz. The equivalent electrical circuit (EEC) fitting
of electrochemical impedance spectroscopy data was done by Zview 3.5h
software. Capacitance measurements (Mott-Schottky analysis) were
performed to examine the corresponding effect of martensite and pearlite
structures in two-phase steel on the passive layer's electronic properties.
Capacitance measurements were conducted at a frequency of 1 kHz with a
peak-to-peak AC voltage of 10 mV. At this frequency, the capacitance of the
iron oxide is not considerably affected; as a result, the electronic part of the
space charge region contribution to the capacitance can be evaluated [6]. A
potential step size of 50 mV is used to sweep a potential range from 0.6 V
to-1.0 V (vs. Ag/AgCl).

All electrochemical measurements were repeated at least three times to

ensure reproducibility.
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7.3 Results & Discussion

7.3.1 Microstructure Characterisation

Table 7.2 shows the austenite transformation start (Ac1) and austenite
transformation finish (Aci) temperatures, martensite start (M) and
martensite finish (M) temperatures for the heat treatments in the
dilatometer. Heat treatments for creating ferrite-martensite and ferrite-
pearlite dual-phase microstructures are determined from these values
obtained through dilatation responses of the samples . It is seen that
samples annealed at 1000°C, a temperature significantly higher than the Acs
temperature, resulted in homogenised grain structures. This uniform grain
distribution throughout the microstructure and lack of segregation of
different phases result in structures suitable for subsequent
electrochemical experiments. Intercritical annealing treatment allows
partial stabilisation of some of the austenite into ferrite before the
remaining austenite was transformed into martensite for the case of

guench process and pearlite for the case of isothermal holding at 600°C.

Critical Ac; Ac3 M; Mg
Temperatures
°C 720 840 400 140

Table 7.2 Critical temperatures for the heat treatments of DP1000 dual-phase steel
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Optical images of both microstructures and SEM images, highlighting the
distinct secondary phases of the microstructures, are presented in figure
7.2.In figures 7.2a and 7.2b, the optical images show the ferrite-martensite
and ferrite-pearlite microstructures obtained after undergoing heat
treatments at the dilatometry, respectively. Lighter areas correspond to
ferrite phases, and darker ones correspond to martensite and pearlite
phases for ferrite-martensite and ferrite-pearlite microstructures. In figures
7.2c and 7.2d, SEM images show the respective martensite and pearlite
secondary phases in more detail, where red arrows demonstrate different
martensite/pearlite grains. The martensite phase's complex morphology is
seen to be composed of laths and blocks and displays a needle-like
morphology. It consists of a lamellar structure of ferrite and cementite
phases, shown in figure 7.2d. The samples were created on the basis that
they had similar ferrite volume fractions of 50%, while having ferrite-
martensite and ferrite-pearlite phase combinations. The heat treatments
lead to a ferrite-martensite dual-phase microstructure with 50 + 2% ferrite
volume fraction and a ferrite-pearlite dual-phase microstructure with 56 +

5% ferrite volume fraction.
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Figure 7.2 Optical and SEM micrographs taken from ferrite-martensite and ferrite-pearlite dual-phase
microstructures. a) Ferrite-martensite microstructure, b) ferrite-pearlite microstructure, (c) detail
from the martensite phase, d) detail from the pearlite phase

7.3.2 Electrochemical Characterisation

Potentiostatic Polarisation at 0.2 V is employed in a 0.1M NaOH (pH 12.6)
environment for 6 hours, ensuring a passive layer's formation due to the
alkaline environment. Figure 7.3 displays the change in current density in
time during the potentiostatic polarisation experiment. Initially, for the first
seconds, both samples' current densities decreased exponentially due to
the formation of a passive film layer. The current changes correspond to the

growth of the passive layer. After the sharp decrease in the first few
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seconds, until around 100 seconds, the logarithmic slope (-dlog | j | / dlog
t) of FM and FP samples has a value of 0.87 and 0.82, respectively, and
decreases as the potentiostatic polarisation continued. A slope of 1 is
associated with a perfect anodic passive film growth under a high electric
field with negligible dissolution reactions of the oxide, where all of the
current is consumed for the passive film growth [6]-[9]. In this case, slopes
of 0.87 and 0.82 indicate some of the current can be attributed to other
processes. In the beginning, the passive layer grew almost perfectly as a
large part of the current was consumed for oxide growth. Afterwards, the
current was also distributed to other processes, such as the transformation
of ferrous oxides into ferric oxides. After 6000 seconds for the FM sample
and 8000 seconds for the FP sample, the currents start to stabilise. The most
interesting observation is that the samples presented different steady-state
currents. The current densities for the steady-state are measured as 0.17 +
0.02 pAcm?? for the FP sample and 1.1 + 0.04 pAcm? for the FM sample.
Therefore, the passive film's conductivity developed on the FM sample is

demonstrated to be 6% times the FP sample passive layer conductivity. The

230



Properties of Passive Films formed on Dual- Phase Ferrite-Martensite
and Ferrite-Pearlite Microstructures

differences indicate the differences in the ionic and/or electronic

conductivity of the formed passive layers.

1073

—— Ferrite-Martensite (FM)
--=-= Ferrite-Pearlite (FP)

Current Density / Acm—2
= =
o o

& i
h )
/
/
/
/
/
/

[
o
I
o
'
/
/

10! 102 103 104
Time/s

Figure 7.3 Double logarithmic time-current density plots of dual-phase steels during potentiostatic
polarisation at 0.2 V (vs. Ag/AgCl) in 0.1 M NaOH solution with pH of 12.6

Electrochemical Impedance Spectroscopy (EIS) investigations are
demonstrated in figure 7.4, which shows selected Nyquist and Bode plots of
the FM and FP samples after potentiostatic polarisation. In the Nyquist
plots, the FP samples exhibit a larger arc diameter than the FM samples. A
second smaller semi-circle found at higher frequencies is only visible after
zooming in the graph. From the EIS spectra inspection, the higher
impedance value for the FP sample is clearly observed. The larger arc in the
Nyquist plots and the higher impedance modulus values for the FP samples

indicate a higher barrier property for the passive layer formed on the FP
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samples. This agrees with the current transient trends observed at steady-

state in potentiostatic polarisation curves.
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Figure 7.4 Nyquist plots of dual-phase microstructures obtained with EIS after potentiostatic
polarisation at 0.2 V (vs. Ag/AgCl) in 0.1 M NaOH solution for 6 hours
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Figure 7.5 Equivalent circuit proposed for modelling the electrochemical response of dual-phase
microstructures

The EIS results are fitted to an electrical equivalent circuit (EEC)

shown in Fig 7.5. The chosen circuit with two-time constants was previously
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used in literature for fitting the EIS response of low carbon steels in an

alkaline NaOH environment to EEC [10], [11]. R1 represents the electrolyte's

resistance, R2 and CPE; the resistance and capacitance of the double layer,

Rs3 the passive layer resistance, and CPE3 the capacitance of the passive film.

Constant phase elements (CPE) are employed instead of capacitors due to

the deviation from the ideal capacitive behaviour. Capacitance (C) values

are calculated by using the resistance and constant phase element values

with the Hsu and Mansfeld approach [12]:

[Egn. 7.1]

where R is the resistance, n is the CPE coefficient, and Q is the CPE constant.

Calculated equivalent

equivalent circuit fit are given in table 7.3.

resistance and capacitance values after the

R> C, CPE>-Q CPE,- R3 C; CPEs-Q | CPE;-
(Qcm?) (Fem™ x (Q1 n (Qcm? x (Fem™ x (Q1 n
107) s"em? 10°) 107) s"em?
x107) x107)
FM 85130 13.1+£0.7 2.3%1.2 | 0.87+ | 2.02+0.12 3.2+0.5 2.2+0.5 | 0.82+
0.04 0.03
FP 250+110 1.3+0.5 1.91+0.1 | 0.85+% 11.0+1.5 1.3+0.4 1.1+0.4 | 0.88%
3 0.02 0.08

Table 7.3 The fitting values of the equivalent circuit components for ferrite-martensite (FM) and ferrite-
pearlite (FP) microstructures
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Passive layer resistance Rs is considerably higher for the FP sample,
with a fivefold increase from the FM sample's resistance value. This agrees
with the behaviour seen in potentiostatic measurements. It indicates that
the ferrite-pearlite microstructure forms a better passive layer with greater
barrier properties.
Capacitance values of the double layers were in close proximity to one
another. The ferrite-martensite passive film's average capacitance was
slightly higher than the passive film of the ferrite-pearlite sample.
The calculated capacitance values can be used to estimate the thickness of
the passive layer. The relation between the capacitance value and the

thickness is given by [13]:

d = o [Eqn.7.2]

where d is the thickness of the passive layer, € = 40 [14], [15] the dielectric
constant of the passive films formed on carbon steels, o the permittivity of
vacuum, and Cs the capacitance of the passive film, the calculated thickness
values are 1.10 £ 0.17 nm for ferrite-martensite and 2.2 + 0.8 nm for ferrite-

pearlite respectively.
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The Mott-Schottky analysis is carried out to measure the effect of
different phase constituents on the passive film's electronic properties.
Figure 7.6 shows the Mott-Schottky plots of the passivated samples. The
positive slopes of both samples indicate an n-type semiconductor behaviour
of the passive layer [16]. This behaviour arises from point defects in the

oxide structure, such as 0% vacancies and Fe?* ions in a Fe3* matrix [17].
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Figure 7.6 Mott—Schottky plots for the passive film formed on different microstructures for 6 h at 0.2 V
in 0.1 M) NaOH solutions at a frequency of 1 kHz

A non-linear behaviour is observed in Mott-Schottky plots. The
decreasing slopes at higher potentials suggest that Fe3* vacancies start
contributing to the total doping concentration with increasing potential

[17]. The existence of a second linear positive slope indicates a change in
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donor type or the presence of a second donor level in the band gap that
corresponds to the ionisation of a deeper donor [18]. The (hydr)oxide film's
capacitance is composed of the Helmholtz layer of the electrolyte and the
space charge region of the semiconductor. The capacitance of the passive
film is the combined capacitances of both layers connected in series. In the
case of the passive film, the capacitance of the Helmholtz layer is much
higher, and the capacitance can be regarded as the capacitance of the space
charge layer. In such a case, the Mott-Schottky relationship can be used to

guantitatively analyse the donor density of the oxide [19][20]:

= = 2(E — Epg — kT/q) / £20qNq [Eqn. 7.3]

=
where C is the capacitance, Ers the flat band potential, k the Boltzmann
constant, T the temperature, g the electron charge, €0 the permittivity of
vacuum, € = 40 previously measured dielectric constant of the passive films
formed on carbon steels [reference], and Ng is the donor density. The donor
density is inversely correlated with the Mott-Schottky slope.

The calculated donor densities of both FM and FP samples were on

the order of 102t cm3. This order of magnitude is typical for the disordered
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heavily doped passive films [5], [9], [18], [21], [22]. The donor density values
were calculated from the linear slopes in the more positive potential range.
The donor densities were calculated to be 2.4 + 0.3 x 10* cm? for the FM
and 1.49 +0.08 x 10?1 cm3 for the FP sample. The FM sample's donor density
is 1.6 times the FP sample's donor density, showing that the passive layer of
the FM sample is notably more defective. Furthermore, the flatband
potential for the FP and FM samples are 0.81 + 0.01 and 0.73 + 0.02 V. This
difference in flatband potential indicates differences in the fraction of iron
oxides in the passive film and is in line with previously reported values for
passive layers developed on multi-phase steel substrates [5].
Electrochemical experiments exhibit that the ferrite-pearlite
microstructure has a more resistant passive layer with better barrier
properties. Superior barrier properties of the ferrite-pearlite microstructure
are attributed to decreased donor density of the developed passive film.
The defect density is an essential factor responsible for the electronic and
ionic conductivity of the passive oxide layer. An increase in the donor
density decreases the band gap of the oxide [23], facilitating the transfer of
electrons and resulting in increased electronic conductivity. On the other

hand, an increase in ionic defect concentration also allows easier ionic
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access through the oxide film, increasing the ionic current [5]. As a result,
both ionic and electronic resistances become essential factors in
determining the barrier properties of the developed passive layer.

The FM sample's higher donor density can be explained by the
complex microstructure morphology of the martensite phase. The passive
film's overall quality is depreciated by the disordered surface resulting from
the displacive diffusionless martensite transformation. The distorted
microstructure has high surface energy due to the increased dislocation
density and a higher number of ferrite-martensite boundaries. The ferrite-
martensite grain boundaries are composed of a significant amount of lattice
mismatch. Intricate lath and grain boundaries disturb the passive layer's
packing structure, therefore resulting in a more defective passive film.
Furthermore, it has been shown that the donor density of the pure
martensite is higher than both dual-phase ferrite-martensite and pure
ferrite microstructures, highlighting the harmful governing effect of
martensite on passivity [5]. The increased donor density could also be
facilitating the formation of Fesz0s, which results in a more conductive

passive layer with a higher amount of oxygen vacancies [17].
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It has been shown that the electronic resistance of bulk y-Fe;0s3 (in
the order of 10'® Qm [25]) is significantly larger than Fe304 (in the order of
10%° Om [24]). The band-gap of y-Fe;03 2.3 eV [18] is significantly higher
than that of Fes04 (0.1 eV [26]). Electronic conduction is further affected by
the continuous exchange of electrons between Fe*? and Fe*® ions. The
logarithmic slope of the potentiostatic experiments decreases faster for the
FM sample, indicating that an increasing part of the current is directed
towards conversion between different forms of iron oxide. This would
introduce higher Fe*? concentration due to an increased Fe3Os ratio,
potentially increasing the current density by facilitating the exchange of
electrons between Fe*? and Fe*? ions. Meanwhile, irregular and open
structures such as porous FeO(OH) permit easier access to corrosive species
such as oxygen to the substrate under the protective oxide film, causing
minimal resistance [27]. The relative fraction of such species undoubtedly
results in different corrosion resistivities for different microstructures.

Future XPS analysis would illuminate this behaviour.

7.4 Conclusions

In this paper, phase constituents' role on the passivity behaviour of two-

phase high strength low alloy steels is investigated in a 0.1 M NaOH
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environment. The effect of phase contribution on the passivity behaviour of
two-phase steels is analysed with potentiostatic polarisation,
electrochemical impedance spectroscopy, and Mott-Schottky analysis. The
following results are drawn from the electrochemical measurements:

e The current density during steady-state potentiostatic polarisation
is higher for ferrite-martensite microstructure. The evolution of the
logarithmic slopes with time indicates an immense amount of ferric-
ferrous transformation of the ferrite-martensite microstructure,
resulting in a more disorderly passive film.

e EIS measurements of the passive layers show a similar
electrochemical response with two-time constants for both
microstructures; however, the passive layer of the ferrite-pearlite
microstructure displays a distinctly more resistive behaviour.

e Ferrite-martensite microstructure passive layer has a higher donor
density, which results in a more defective film.

The presented results demonstrate that passive electrochemical behaviour
is strongly dependent on the microstructure and phase constituents. For
passivated two-phase ferrite-martensite and ferrite-pearlite

microstructures with an equal amount of ferrite volume fraction, barrier
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properties of the passive layer of ferrite-pearlite microstructure are

determined to be superior to ferrite-martensite.
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CHAPTER 8

The Influence of Phase Constituents on the
Corrosion Response of Ferrite-Martensite and
Ferrite-Pearlite Microstructures in acidic
environments

This chapter is based on the scientific paper:

A. Yilmaz, C. Ozkan, J. Sietsma, Y. Gonzalez-Garcia, The Influence of Phase
Constituents on the Corrosion Response of Ferrite-Martensite and Ferrite-Pearlite

Microstructures in acidic environments, (To be submitted).
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Abstract

The effect of ferrite-martensite and ferrite-pearlite phase combinations on
the corrosion behaviour of a low carbon dual-phase steel is investigated in
0.1 and 0.01 M H,504 solutions. Various heat treatments in dilatometry are
employed to obtain ferrite-martensite and ferrite-pearlite microstructures
with similar ferrite fractions. The obtained microstructure is analysed
through optical microscopy and scanning electron microscopy (SEM). The
electrochemical properties of dual-phase microstructures are investigated
with potentiodynamic polarisation and electrochemical impedance
spectroscopy (EIS). The potentiodynamic measurements show that the
corrosion current density is higher for ferrite-martensite microstructure than
ferrite-pearlite microstructure. EIS measurements exhibit a higher resistivity
for ferrite-martensite microstructure than the one for ferrite-pearlite
microstructure. Therefore, the results reveal that the ferrite-martensite
microstructure has a lower corrosion resistance than the ferrite-pearlite
microstructure. The lower corrosion resistance in ferrite-martensite
microstructure is attributed to the martensite phase's distorted structure,
leading to a higher degree of micro-galvanic coupling between phases than

ferrite-pearlite microstructure. Moreover, the influence of phase
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constituents on corrosion response becomes stronger with the decreasing

pH of the environment.

Keywords: Martensite, pearlite, ferrite, micro-galvanic coupling, corrosion
rate
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8.1 Introduction
Multiphase steels have been the centre of attention of various industries
over the last decades due to their superior strength-ductility combination
than their single-phase counterparts [1]. However, despite their good
mechanical properties, the complex electrochemical properties arising from
the coupling of the distinct phases have yet to be understood. Each phase
of multiphase steels has different microstructural properties, such as crystal
structure, chemical composition, and dislocation density. These result in
distinct electrochemical properties for individual-phases, which determine
the self-corrosion rate of those phases [2]-[5]. When two or more phases
are present together in steel, the phases are electrochemically coupled,
leading to the selective corrosion of a phase over the other through micro-
galvanic coupling between the phases [2]. Therefore, the overall corrosion
behaviour of a material can be influenced both by self-corrosion and
selective corrosion mechanisms.

The role of ferrite-martensite and ferrite-pearlite phase
combinations on the corrosion behaviour of low alloyed steels has been
investigated in the past decades. Fushimi et al. [2] study the role of

martensite volume fraction on corrosion behaviour of dual-phase steels
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with both macro-and micro- electrochemical techniques in 0.1 M sulphuric
acid solution. Their research employs well-controlled model
microstructures with the same chemical composition of martensite while
changing the martensite volume fractions. They show that the self-
corrosion rate of the martensite phase is three times higher than that of the
ferrite phase by measuring the individual electrochemical response of
individual-phases. Moreover, they also present that the ferrite and
martensite phases act as anode and cathode sites, respectively. Therefore,
the ferrite phase selectively dissolves when combined with martensite, and
the corrosion rate increases with increasing martensite volume fraction due
to increasing cathodic area. Another research also investigates the effect of
the volume fraction of martensite on corrosion behaviour of dual-phase
carbon steelsin 5% NaCl solution [5]. It exhibits an increase in corrosion rate
with increasing martensite volume fraction in a ferrite-martensite
microstructure. The authors hypothesize that an increase in martensite
phase volume fraction would result in a higher cathode-to-anode ratio and
increase the interfacial areas within the martensite structure due to the
fibre structure of the martensite, exacerbating corrosion. Another study

investigates the influence of different martensite volume fractions and
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morphologies on corrosion behaviour of low alloyed steel (composed of
ferrite-martensite structure with varying volume fractions of martensite) in
a 3.5% NaCl solution [6]. Moreover, the authors compare the corrosion
behaviour of ferrite-martensite and ferrite-pearlite phase combinations.
They also show that decreasing volume fractions of martensite in a ferrite-
martensite microstructure results in a lower corrosion rate, with island
martensite morphology resulting in a more corrosion-resistant structure.
Moreover, the ferrite-martensite steels have higher corrosion rates
compared to the ferrite-pearlite steel. However, the ferrite volume fraction
was also lower in all ferrite-martensite steels than the ferrite-pearlite steels.
Schultze et al. [3] study the role of pearlite volume fraction in low alloy
steels composed of ferrite-pearlite microstructure with various pearlite
volume fractions on corrosion behaviour in 20 wt.% NaCl solution. They
report the increased dissolution rate of steel with increasing pearlite
volume fraction, attributed to the enhanced micro-galvanic coupling
between cementite and ferrite. Kumar et al. [7] also studied the effect of
martensite volume fraction on corrosion behaviour of low alloyed steels in
3.5% NaCl solution. In contrast to the studies mentioned above, the authors

report an initial increase and then decrease in corrosion rate with increasing
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martensite volume fraction. This is attributed to the microstructural
features such as dislocation density and chemical composition being
entangled with one another, complicating the overall electrochemical

behaviour.

8.2 Experimental

8.2.1 Material

As-received dual-phase DP1000 steel samples (provided by Tata Steel,
IJmuiden, the Netherlands) are selected based on their low-alloyed
chemical composition. 5 x 10 mm? coupons are created from 2 mm thick
steel sheets by laser-cutting. With wavelength dispersive spectroscopy, an
electron beam with an energy of 10 keV and a beam current of 100 nA was
used to obtain the chemical composition of samples. Chemical analysis was

carried out with a JEOL JXA 8900R microscope.

8.2.2 Microstructure Characterisation

Dilatometry - A Bahr DIL 805 A/D dilatometer was employed to perform the
heat treatments. Two dual-phase microstructures, a ferrite-martensite and
a ferrite-pearlite microstructure, were created through various heat

treatments. Heat treatments for the microstructures were designed to
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result in similar ferrite phase volume fractions with distinct secondary
phases, either pearlite or martensite. Details of the microstructure creation
process are given in Chapter 7.

Sample Preparation — For microstructural characterisation, samples were
embedded in a Struers ClaroCit epoxy resin and cured under 2 bar pressure
for 1 hour. After embedding, the samples were ground with 80 to 4000 grit
SiC sanding paper, and subsequently, they were polished with Struers
DiaDuo-2 diamond suspensions with 3 and 1 um sized particles. After
polishing, the samples were cleaned with ethanol in an ultrasonic bath for
10 minutes. The samples were dried with compressed air and etched with a
2% Nital solution (nitric acid in anhydrous methanol).

Optical Microscopy and SEM - The microstructure was characterised with
optical micrographs by a Keyence VHX-500 optical microscope. The phase
constituents and the respective phase volume fractions were determined
from the optical micrographs. Volume fraction analysis of the phases was
performed through the Imagel software. The secondary phases are
analysed more elaborately by a Jeol JSM-IT100 scanning electron

microscope (SEM) with a 13 mm working distance.

8.2.3 Electrochemical Measurements
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Sample Preparation - The samples were embedded in epoxy resin, ground,
and polished with the same procedures used for the microstructure
characterisation. This resulted in a mirror-like polished surface. Electrolube
BLR insulating lacquer was used to cover the space between the steel
sample and the epoxy resin. This was carried out to prevent potential
crevice corrosion during the electrochemical measurements.
Electrochemical Experiments - The electrochemical characterisation
was conducted to understand the role of ferrite-pearlite and ferrite-
martensite phase combinations on corrosion behaviour in 0.1 and 0.01 M
sulphuric acid solutions with pH values of 1.0 and 1.9, respectively.
Electrochemical experiments were performed at ambient conditions in
solutions prepared with Milli-Q° ultrapure water. Before the
electrochemical experiments, the solutions are deaerated for 1 hour by
passing nitrogen gas. The electrochemical cell consists of three electrodes.
Steel samples were used as the working electrode, stainless steel mesh was
used as the counter electrode, and Ag/AgCl,KCl (saturated) electrode as the
reference electrode. A Biologic VSP-300 potentiostat combined with EC-lab
v11.33 software was used for data acquisition of the electrochemical

experiments.
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Firstly, open circuit potential (OCP) was measured for 1 hour.
Afterwards, electrochemical impedance spectroscopy (EIS) experiments
were carried out by applying an AC perturbation in the frequency range
from 30 kHz to 10 mHz with a peak-to-peak amplitude of 10 mV. Zview
software (v3.5) was employed to analyse the EIS data. Following the EIS
measurements, potentiodynamic polarisation experiments were carried out
in the potential range of +0.25 V vs. OCP with a scan rate of 0.167 mV/s.

All tests were repeated three times to estimate the uncertainty of

the experiments.

8.3 Results & Discussion

8.3.1 Microstructure Characterisation

The chemical composition of the steel samples is presented in Table 8.1.
Heat treatments resulted in dual-phase ferrite-pearlite (FP) and ferrite-
martensite (FM) microstructures with similar ferrite volume fractions. The
different microstructures were created to have similar ferrite phase volume
fractions of 50 %, but they would have distinct secondary phases. Ferrite-
martensite microstructure consisted of 50 + 2 % ferrite, while ferrite-

pearlite microstructure consisted of 56 + 5% ferrite. The ferrite phase grain
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size was similar for both of the microstructures. The microstructure of the

samplesis presented in a more detailed manner in section 7.3.1 (Figure 7.2).

Fe C Si Mn P S Al Cr Cu Ni

wt% | Bal. | 0.001 | 0.003 | 0.04 | 0.003 | 0.003 | 0.004 | 0.014 | 0.007 | 0.012

Table 8.1 Chemical composition (wt.%) of cold-rolled low alloyed steel samples

8.3.2 Electrochemical Characterisation

Electrochemical Impedance Spectroscopy (EIS) —Figure 8.1 and figure 8.2
show the Nyquist plots of the microstructuresin 0.1 M and 0.01 M sulphuric
acid solutions after immersion of 1h at the open circuit conditions,
respectively. The Nyquist plots of samples (Fig. 8.1 and 8.2) exhibit a
depressed semicircle and an inductive loop at the low-frequency region in
both environments. These inductive loops indicate that adsorption of H*
and HSO4* occurs at the surface of the samples due to the lack of oxygen in
the sulphuric acid environment [9], [10]. The absorbed layer is probably
composed of iron sulphide and oxide species such as FeS, FeSOa, Fez(S0a4)s3,
Fe;03, and FeO(OH) in sulphuric acid solutions [11], [12].

The ferrite-pearlite (FP) samples exhibit a larger arc diameter than
the ferrite-martensite (FM) samples in the Nyquist plots of both
environments. This is an indication that the FP samples have higher
corrosion resistance in comparison to the FM samples in both 0.1 M and
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0.01 M sulphuric acid solutions. Moreover, the arc diameters and
impedance modulus values at low-frequency regions are higher for both
samplesin 0.01 M H,SO4 solution in comparison to the higher concentration
solution. This indicates that the samples have higher corrosion resistance in

a more diluted environment.
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Figure 8.1 Nyquist plots of dual-phase microstructures obtained with EIS in 0.1 M sulphuric acid
solution
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Figure 8.2 Nyquist plots of dual-phase microstructures obtained with EIS in 0.01 M sulphuric acid
solution
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R1 CPE1
VAN >
R2 R3

Figure 8. 3 Equivalent circuit proposed for modelling the electrochemical response of dual-phase
microstructures

The electrical equivalent circuit (EEC) employed to fit the EIS data is
given in figure 8.3. R, represents the charge transfer resistance, CPE the
double layer capacitance, R; the resistance and inductance of the adsorbed
species, L is the equivalent inductance stemming from the relaxation
process of the absorbed species [11]. Constant phase elements (CPE) are
employed because of the non-ideal capacitive behaviour. The capacitance
(C) values are calculated by using the resistance and CPE values with the Hsu

and Mansfeld approach [13]:

a-n

1
R n Qn [Egn. 8.1]

where R is the resistance, Q is the constant phase element, and n is the CPE

coefficient. Calculated equivalent resistance, capacitance, and inductance
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values for the equivalent circuit fit are given in table 8.2 for concentrated

and diluted acidic environments, respectively.

Sample | Solution CPE;>-Q
R: (! s"cm? CPE-n Rs3 L
(Qcm?) x107) (Qcm?) | (Hecm?)
M 0.1M 21+4 2.3+0.8 0.88+0.02 943 49+10
H,SO
FP 2 3643 2.240.7 0.89+0.02 14+4 | 143+48
M 0.01 M 1469 | 2.1#0.03 0.86+0.02 1619 743
H,SO
FP 2o 103+12 | 1.8+0.3 0.81+0.03 3247 114

Table 8.2 The fit values of the equivalent circuit components for ferrite-martensite (FM) and ferrite-
pearlite (FP) microstructures in 0.1 M and 0.01 M sulphuric acid solution

The charge transfer resistance Rz values of the FP microstructure are
approximately 50% higher in both concentrated and diluted acidic
environments than for the FM microstructure. This shows the higher
corrosion resistance of the FP microstructure in both environments. The
capacitance fit values (C and CPE-n) of both microstructures are similar to
one another. High CPE coefficients (n > 0.8 for all samples) of the
microstructures indicate an almost ideal capacitance behaviour, where a
value of 0 describes a perfect resistor and a value of 1 describes a perfect
capacitor. The solution resistance values R1 are the same for both samples
in identical conditions and decrease with increasing solution concentration.
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This was expected as the carrier ion concentration increases with increasing
solution concentration.

Potentiodynamic Polarisation - Figures 8.4a and 8.4b display the
potentiodynamic polarisation plots of the microstructuresin 0.1 M and 0.01
M sulphuric acid solutions, respectively. The cathodic branches of
potentiodynamic polarisation exhibit the cathodic hydrogen evolution
reactions (HER), while the anodic branches show the metal’s anodic
dissolution kinetics. In both environments, the cathodic and anodic
branches are shifted towards the higher current density values for the FM
samples in comparison to the FP samples. This indicates faster kinetics in
the FM samples, showing that HER and anodic metal dissolution kinetics is
depended on substrate microstructure. In contrast, the slopes in the
cathodic and anodic branches of samples do not show a significant
difference between samples within the same environment. This shows that
the mechanisms of HER and anodic dissolution are independent of the
microstructure of the substrate.

Corrosion potentials and corrosion current densities calculated
through Tafel slope analysis are presented in table 8.3. Tafel analysis reveals

that FM microstructure has a higher corrosion current density in both
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concentrated and diluted sulphuric acid environments. In the concentrated
solutions, the FM samples have 2.5 times faster corrosion current density
than the FP samples, while in the diluted solution, FM samples have 40%
higher corrosion current density faster than the FP samples. This agrees
with the EIS results and shows that the FM samples corrodes faster than the
FP samples. Moreover, the influence of the microstructure becomes more
prominent with increasing acidity of the environment. This is to be
expected, as the electric field developed from the double layer at the metal-
electrolyte interface would be stronger with an increase in dissolved carrier

ion (H*) concentration.

-0.304 — Ferrite-Martensite (FM) —03s{ — Ferrite-Martensite (FM)
-- Ferrite-Pearlite (FP) Y/ : ---- Ferrite-Pearlite (FP)
-0.351 -0.40

~0.40 -0.45

=0.45 1 -0.50

—-0.50 4 -0.55

Voltage / V vs. Ag/AgCl

~0.554 -0.60

-0.60 -0.65

-0.65 1 -0.70

10-5 10-¢ 10-3 10-2 10° 107 1073
Current Density |j| / Acm~? Current Density |j| / Acm~2

a) b)

Figure 8.4 Potentiodynamic polarisation plots of dual-phase ferrite-martensite (FM) and ferrite-pearlite
(FP) microstructures in a) 0.1 M, (b) 0.01 Msulphuric acid solutions
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Solution Jeorr Ecorr
(A.cm?x10?) | (mVvs. Ag/AgCl)
FM 0.1 M H3S04 9.2+1.0 -470+6
FP 3.810.5 -46716
FM 0.01 M H3S04 3.8141.0 -527+1
FP 2.840.3 -534+2

Table 8.3 Corrosion current density (jcorr) and corrosion potential (Ecr) values of ferrite-martensite
(FM) and ferrite-pearlite (FP) microstructures calculated from the potentiodynamic polarisation
experiments in 0.1 M and 0.01 M sulphuric acid solutions

To obtain an unambiguous identification of pearlite and martensite's
effect on the corrosion behaviour of two-phased steel, it is crucial to isolate
the differences between the microstructures of samples on solely the
phases. Moreover, it is also important to keep the ferrite phase volume
fraction constant to avoid the effect of the anode to cathode ratio on
corrosion behaviour. Therefore, two distinct dual-phase microstructures
with very similar ferrite volume fractions with different secondary phase
constituents (ferrite-martensite and ferrite-pearlite) are created through
heat treatments. The low-alloyed nature of samples minimises the
formation of inclusions and alloy segregation. Furthermore, applying heat

treatments to vary phases within the microstructure allows avoiding the
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introduction of dislocations and texture through thermomechanical
processing [1], [14], [15]. Therefore, the effect of these features is limited,
allowing the investigation of the role of the phase constituents on corrosion
behaviour.

Electrochemical experiments reveal that the ferrite-pearlite
microstructures corrode slower than the ferrite-martensite microstructures
in both concentrated (0.1 M) and diluted (0.01 M) sulphuric acid
environments. The corrosion of metal with multiple phases, such as the
ferrite-martensite and ferrite-pearlite microstructures used in these
experiments, progresses through the self-corrosion of the phases and the
preferential corrosion of the more anodic phase that stems from the micro-
galvanic coupling between the phases [2]. As aforementioned, the
contribution of the self-corrosion of the ferrite phase is kept constant by
keeping the ferrite volume fraction constant in the ferrite-martensite and
ferrite-pearlite microstructures. Therefore, the differences in the overall
corrosion behaviour originate from the self-corrosion of the martensite and
pearlite phases and the micro-galvanic coupling formed between the

different phases.
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The displacive transformation mechanism of the martensite phase
substantially increases the dislocation density throughout the
microstructure. The diffusionless transformation traps interstitial carbon as
the austenite lattice transforms from a face centred cubic into body-centred
tetragonal martensite. As a result, the structure is strained and has higher
free energy. Amplified strain and dislocation density exacerbate corrosion
by decreasing the activation energy related to the corrosion processes. This
modification in free surface energy also impacts the rate of electrochemical
reactions by facilitating atomic and/or ionic transport. Moreover, a strong
micro-galvanic coupling occurs between ferrite and martensite phases
because of the high ferrite-martensite boundary area that has its origins in
the needle-like morphology of the martensite phase. Therefore, the
strained structure of the martensite phase creates a less dense and more
active surface with increased dislocation density, which increases the
corrosion rate by facilitating cathodic reactions for galvanic corrosion and
by exacerbating the self-corrosion in comparison with the more relaxed
ferrite phase.

In contrast, the diffusive transformation mechanism of the pearlite

brings about different electrochemical properties. The carbon is able to
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diffuse during the austenite to pearlite transformation, generating lamellar
plates of ferrite and cementite. The lamellar structure of the pearlite phase
resulting from this diffusive transformation could potentially be causing a
weaker galvanic interaction with the bulk ferrite phases, decreasing
corrosion severity in the process. For this reason, understanding the micro-
galvanic coupling between the phases is essential. Local micro-galvanic
interaction between the phases can be identified more clearly with localised

electrochemical experiments.

8.4 Conclusions

In this work, the role of phase constituents on the corrosion behaviour
of two-phase high strength low alloy steels is studied in 0.1 M and 0.01 M
sulphuric acid solutions. The following conclusions were drawn.

e The samples with ferrite-martensite and ferrite-pearlite
microstructure are obtained after various heat treatments while
limiting the variations in other microstructural features such as
elemental segregation, crystallographic texture, and grain size.
Moreover, the ferrite phase ratio in both microstructures is very
similar, allowing to avoid the effect of the anode to cathode ratio on

corrosion behaviour.
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® The electrochemical impedance spectroscopy measurements show
that both microstructures have similar capacitive properties, but
ferrite-martensite microstructure displays lower charge transfer
resistance. Both microstructures exhibit an inductive behaviour,
resulting from the surface iron sulphide and/or oxide corrosion
products.

e The corrosion potentials of the microstructures are very similar
during potentiodynamic polarisation experiments. However, the
ferrite-martensite microstructure exhibits a significantly higher
corrosion current density than the ferrite ferrite-pearlite
microstructure.

e The values of resistivity (EIS measurements) and current density
(potentiodynamic polarisation) differences between ferrite-
martensite and ferrite-pearlite microstructures increase with
decreasing pH values.

From the results given above, it is concluded that the ferrite-martensite
microstructure has a higher corrosion rate than the ferrite-pearlite
microstructure due to the higher degree of galvanic coupling in the ferrite-

martensite microstructure. Moreover, the effect of microstructure on
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corrosion behaviour is more pronounced with decreasing the pH of the

solution.
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CHAPTER S

The role of crystallographic orientation on the
corrosion behaviour of interstitial free (IF) steels

This chapter is based on the scientific paper:

A. Yilmaz, C. Ornek, K. Traka, J. Sietsma, Y. Gonzalez-Garcia, Effect of
crystallographic orientation on localised corrosion behaviour of interstitial free (IF)

steels (To be submitted)
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Abstract

In this study, the effect of crystallographic orientation on localised corrosion
behaviour of an interstitial free (IF) steel is studied. The microstructure
analysis was carried out through electron backscatter diffraction (EBSD) to
investigate the grain crystallographic orientation and dislocation density
distribution. Scanning Kelvin probe force microscopy (SKPFM)
measurements show Volta-potential distribution gradients between the
grains in (001), (111), and (101) crystallographic orientations parallel to the
surface. The grains in (001) orientation show more cathodic (noble)
behaviour than the ones in (111) and (101) orientations. In-situ atomic force
microscopy (AFM) topography measurements show that the corrosion
resistance in 0.02 M NaCl solution decreases in the order of (001), (101), and

(111) crystallographic orientations.

Keywords: crystallographic orientation, corrosion, Volta-potential, in-situ

AFM
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9.1 Introduction
Over the last decades, interstitial free (IF) steels have been widely used in
the automotive industry to produce car body panels due to their very high
levels of formability [1], [2]. Their good formability is achieved by controlling
their microstructural features such as interstitial content, grain size, and
crystallographic texture [3]-[6]. Significant advances have been achieved in
understanding the role of crystallographic texture on formability and
drawability [1], [7]. However, the effect of crystallographic texture on
corrosion behaviour is yet to be advanced. Several studies have investigated
the role of crystallographic texture on the corrosion behaviour of ferritic
ferrous materials [8]—-[15]. Although these studies show that the
crystallographic orientation of grains affects corrosion behaviour, there is
no consensus on the trend of corrosion resistance. One reason for
establishing a clear trend is the interaction between the crystallographic
orientation and other microstructural features such as dislocation density
and elemental segregation. The complex interaction between
crystallographic orientation and dislocation density as well as elemental
segregation on corrosion behaviour brings difficulties in understanding the

effect of each feature on corrosion behaviour. Another reason for no unified
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view on the relation between crystallographic orientation and corrosion
behaviour is the limitations in the resolution of the techniques. The studies
generally were conducted on single crystal materials with conventional
electrochemical methods with centimetre scale resolution [9], [10] or
localised electrochemical techniques with micrometre scale resolution on a
single grain of polycrystalline ferrous materials [11], [12], [16]. These
approaches provide valuable information on the corrosion behaviour of
grains in specific crystallographic orientations. The solution is applied on a
single grain with these approaches. However, the neighbouring grains with
different crystallographic orientations might also affect the corrosion
behaviour of one another. To include the role of these neighbouring grains
on corrosion behaviour, it is crucial to employ localised electrochemical
techniques that allow the application of a solution to numerous grains
concurrently. Moreover, it is important to employ electrochemical
characterisation techniques with nanoscale resolution to investigate the
corrosion behaviour at the nanometre range.

Scanning Kelvin probe force microscopy (SKPFM) is a powerful
technique that can vyield the Volta-potential of surfaces on nanometre

range. The Volta-potential is an electron-sensitive parameter and defines
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the thermodynamic tendency of a metal surface to undergo electrochemical
reactions [17]. Therefore, Volta-potential can be employed as a parameter
to understand the corrosion susceptibility of surfaces [17]-[20]. Generally,
a low (cathodic) potential indicates a low inclination for electron transfer,
leading to low electrochemical reactivity, and therefore, higher corrosion
resistance. This information can be employed to understand the differences
in the local reactivity of metals since Volta-potential gradients indicate the
formation of galvanic couplings. Several studies have employed Volta-
potential to investigate the role of microstructural features such as
inclusions [21] and dislocation density [22]. However, to the best of our
knowledge, the effect of crystallographic orientation on Volta-potential was
not revealed on steels. In-situ AFM is useful for monitoring the localised
corrosion of metals in real-time with a spatial resolution on the nanoscale.
It has been employed with a combination of SKPFM for investigating the
role of several microstructural features. The results revealed the initial
stages and progression of corrosion of grain boundaries, phases, and
inclusions [23].

The present work investigates the effect of crystallographic orientation

on localised corrosion behaviour of polycrystalline IF steels. Detailed
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microstructure characterisation was conducted by electron backscatter
diffraction (EBSD) analysis. SKPFM measurements were conducted to
correlate the crystallographic orientation with Volta-potential distribution.
In-situ liquid AFM measurements were performed to observe the corrosion
process at different exposure times, to identify the initiation sites for
localised corrosion, and to investigate the corrosion propagation,

depending on the crystallographic orientation.

9.2 Experimental

9.2.1 Material

Low-alloyed hot-rolled interstitial free (IF) ferritic steels (provided by Tata
Steel, IJmuiden, The Netherlands) were employed in this study. The hot-
rolled sample sheets with a thickness of 0.76 mm were laser-cut to the
dimensions of 10 mm x 10 mm. Wavelength dispersive spectroscopy (JEOL
JXA 8900R) was employed to analyse the steel samples' chemical
composition. With a 10 keV electron beam energy and 100 nA current. The

chemical composition of samples is given in Table 9.1.

Fe C Mn Al N Ti S Cr
wt% bal. | 0.002 | 0.095 | 0.05 | 0.002 | 0.045 | 0.006 | 0.02

Table 9.1 The chemical composition (wt.%) of IF steel samples
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9.2.2 Microstructure Characterisation

Electron backscatter diffraction (EBSD) analysis was conducted to
characterize and quantify crystallographic orientation, phases and
dislocation density of IF steel samples. To calculate the geometrically
necessary dislocation density, EBSD data was analysed with OIM v7.3
software, employing the function described in ref. [24]. In this method, the
dislocations are valued by summing the lattice curvature and the divergence
of elastic strain tensor (as proposed by [25]).

For EBSD analysis, the samples were ground with SiC abrasive papers
sequentially from 80 to 4000 grit. The grinding was followed by polishing
with diamond particle slurries (Struers DiaDuo-2). Diamond slurries with 3
and 1 um particle sizes were applied, respectively. A final polishing step was
conducted with OPS suspension of 0.04 um for 30 minutes. Afterwards,
ultrasonic cleaning was undertaken in an ethanol bath for 10 min. Following
the ultrasonic cleaning, the samples were rinsed with ethanol and dried with
compressed air.

A JEOL JSM 6500F FEG-SEM microscope using an EDAX/TSL detector
was employed for the EBSD measurements. A step size of 500 nm and a

working distance of 17 mm were used. The geometrically necessary
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dislocation (GND) density calculation with TSL-OIM v7.3 software and MTEX
in Matlab [26] was conducted using the function described elsewhere [24].
This function calculates the dislocation density via the relationship between
the dislocations and the dislocation tensor [27] and the divergence of elastic
strain tensors.

9.2.3 Scanning Kelvin probe force microscopy (SKPFM)

measurements

Scanning Kelvin probe force microscopy measurements were conducted to
investigate the local surface nobility variations depending on the
crystallographic orientations of grains. The samples were ground with SiC
grind papers from 80 to 4000 grit. Following grinding, the samples were
polished with 3, 1, and 0.25 pum alcohol-based polishing slurries (Struers DP-
Suspension A) and polishing cloths Struers DP-Mol and Struers DP-Nap. The
final surface finishing was then obtained after polishing with a standard
colloidal silica suspension with 0.04 um particle size. The samples were
cleaned ultrasonically in ethanol bath for 10 minutes after polishing. A
Bruker Dimension lcon© atomic force microscopy (AFM) was used for the
SKPFM measurements. The measurements were conducted in the

frequency modulation mode. The pixel resolution of Volta-potential maps is
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256 x 256 points/line. The scan rate is 0.6 lines/s. The entire scan took
approximately 10 min. The measurements were done in ambient air at a
temperature of 22.4 °C and ~43% relative humidity. The SKPFM scans were
done right after the polishing. An OSCM-Pt R3 n-Si doped Pt-coated tip was
used. A bias voltage of 6V was applied to the sample. The Volta-potential
values were not inverted due to applying the bias voltage on the samples as
described elsewhere [17]. The calibration of the tip was performed as given
in ref. [17]. Hence, the electrochemical nobility is proportional to the
numerical sign and data variations of Volta-potential values. The higher
potential values correspond to higher nobility, while the lower values mean
lower nobility. To analyse the obtained data, the software Gwydion v2.56
was employed. To estimate the experimental uncertainty, the Volta-
potential scans were repeated in three different areas, having grains with
different crystallographic orientations. To obtain the average potential
values for a particular crystallographic orientation, the mean potential
values are calculated within grains with (111), (001) and (101) orientations.
This calculation was repeated for three different grains, having a single

crystallographic orientation.
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9.2.4 In-situ atomic force microscopy (AFM) measurements

In-situ liquid AFM measurements were performed to monitor the local
corrosion process, depending on the crystallographic orientation of grains.
The measurements were conducted with a Bruker Dimension Icon© atomic
force microscopy (AFM). An electrochemical cell was used for immersing the
sample in 0.02 M NacCl solution. The sample was prepared by following the
same sample preparation procedure as for SKPFM measurements. The
measurements were done in ambient conditions. The topography of
samples was acquired in contact mode. A ContAl-G probe (Si-probe with a
reflex coating of Al) having an 8 nm tip apex was used. The scan rate and
pixel resolutions were 0.41 lines/s and 256 x 256 points/line, respectively.
An area of 19 um x 19 um was scanned, taking 10 min 40 s to acquire each
topography map. The spatial resolution is approximately 75 nm. The first
scan was conducted after 40 min of immersion to the electrolyte. This time
was needed to set up the AFM and find the area of interest to be scanned.
The Gwydion v2.56 software was used to analyse the data. A zero-order
data levelling and 1% order data flattening were applied on the topography
data, and the median line correction was conducted to remove the

measurement artefacts. Following the line correction, horizontal artefacts
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were removed. Data smoothing was not applied. The changes in the
topography upon the immersion was used to evaluate the local corrosion.
Line profiles in between grain with different crystallographic orientations
were extracted, and the topographical changes along the line profiles were

quantified by averaging three lines.

9.3 Results and Discussion

9.3.1 Microstructure analysis

High-resolution EBSD analysis was performed to investigate the grain
crystallographic orientations of the polycrystalline IF steel samples. The
geometrically necessary dislocation density (GND) distribution was also
acquired through the local misorientations. In Figure 9.1a and 9.1b, the
inverse pole figure (IPF) and geometrically necessary dislocation density
maps in the Rolling Direction (RD) - Transverse Direction (TD) plane are
given for an area of 180 x 640 um?, respectively. The measurements in RD —
TD planes are shown since the SKPFM and in-situ AFM analysis were
conducted on this plane, allowing to correlate the crystallographic
orientation obtained through EBSD analysis with the SKPFM measured

Volta-potential and localised dissolutions observed in-situ AFM analysis.
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Figure 9.1a shows that the samples are composed of an equiaxed
grain structure. The sample does not contain significant orientation
gradients, stemming from the recrystallization after hot-rolling. Moreover,
the sample microstructure shows only the body-centred cubic (BCC) crystal
structure, indicating that the sample is composed of only ferrite structure.
The formation of inclusions is also not observed. Figure 9.1b shows that the
low density of geometrically necessary dislocations is uniformly distributed
between grains, whereas the higher GND densities are observed at grain
boundaries. The calculated average dislocation density over the sample
surfaceis 3.6 + 0.4 um. It should be noted that EBSD provides information
on the spatially resolved crystallographic orientation. Therefore, the
quantified dislocations are only related to the orientation gradient, while
the total dislocations are composed of structural dislocations (GNDs) and

Statistically Stored Dislocations (SSD).

GND [pm™2]

Figure 9.1 Microstructures obtained through EBSD for the samples. a) The inverse pole figure
in show the spatially resolved crystal directions parallel to the sheet’s normal direction (ND)
in accord with the conventional colour coding. b) Geometrically Necessary Dislocations
(GND)map calculated for a maximum angle 10° and up to the 3 neighbour pixel
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9.3.2 Assessing the localised nobility distribution

To demonstrate the effect of crystallographic orientation on the surface
nobility, the Volta-potential map of IF steel samples with corresponding
EBSD inverse pole figure (IPF) for the same region are given in Fig. 9.2. The
potential maps present a good correlation with the EBSD IPF maps,
permitting us to observe the variations depending on the crystallographic
orientations. Figures 9.2a and 9.2b show EBSD and Volta-potential maps of
the same area that includes grains in low-index crystallographic planes
(101), (001) and (111), respectively, oriented parallel to the surface. In
Figure 9.2b, the grains with different crystallographic orientations have
distinctively different potential values. The grains in (111) and (101)
crystallographic orientation show more anodic Volta-potential values than
the ones in (001) orientation, whereas no significant differences are
observed in terms of Volta-potential in between grains in (111) and (101)
crystallographic orientation. Line profile 1 in Fig. 9.2c (indicated in Fig. 9.2b)
shows the Volta-potential gradients in the grains in (001) and (111)
crystallographic orientations. It is shown that the potential gradient across
the grain boundary is about 45 mV, with the grains in (001) orientation being

nobler with steep potential gradient across the grain boundary. In contrast,
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leidt tot een verbetering van de barriere-eigenschappen van de passieve
film vanwege de toename van de y-Fe;03 volumefractie. Deze verbetering
wordt toegeschreven aan het dominante effect van veranderingen in de
complexe martensietstructuur ten opzichte van verfijning van de
voormalige austenietkorrels. Hoofdstuk 6 bestudeert het effect van
korrelgrootte op het corrosiegedrag vanijzer. Er blijkt dat de korrelverfijning
leidt tot een toename van de corrosiesnelheid. De kristallografische
textuurvorming domineert echter het effect van korrelgrootte en leidt tot
een afname van de corrosiesnelheid.

Deel C (hoofdstukken 7 en 8) vergelijkt de passiviteit en het corrosiegedrag
van laaggelegeerde staalsoorten samengesteld uit ferriet-perliet en ferriet-
martensiet microstructuren. Hoofdstuk 7 bestudeert het passiviteitsgedrag
van ferriet-martensiet en ferriet-perliet microstructuren. Aangetoond
wordt dat de passieve laag gevormd op de ferriet-martensiet
microstructuur lagere barriere-eigenschappen heeft dan degene die
gevormd is op de ferriet-perliet microstructuur. Dit komt voort uit de
hogere donordichtheid van passieve film gevormd op ferriet-martensiet
microstructuur. In hoofdstuk 8 wordt het corrosiegedrag van ferriet-perliet

en ferriet-martensiet microstructuren onderzocht. De resultaten laten zien
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The Volta-potential variation within each grain is minor (Fig. 9.2b and 9.2c).
Considering that the differences in dislocation density influence the Volta-
potential [29], the minor variance in potential within each grain is attributed
to the uniform distribution of GND with no significant variations within each
grain. Moreover, no noticeable Volta-potential hot spots (steep Volta-
potential gradients in confined areas) are observed. The potential hot spots
generally indicate susceptible spots for localised corrosion [30] (e.g.,
inclusions or intermetallic). The absence of localised hot spots in EBSD
analysis agrees with the absence of inclusions in the samples as observed.
9.3.3 Selective dissolution of the grains

The in-situ liquid AFM topography measurements were conducted on
samples immersed in 0.02 M NaCl solution to observe the localised
corrosion behaviour depending on the crystallographic orientation. In figure
9.3, the EBSD IPF corresponding to the region where in-situ AFM
measurements were conducted is given. It shows that the area is composed
of grains in low-index crystallographic orientations (101), (001), and (111).
In Figures 9.4, 9.5 and 9.6, the topography maps are given for several

immersion times of 43 minutes, 160 minutes, and 281 minutes, respectively.
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The topography map after 43 min of immersion (Fig. 9.4a) shows the
topography differences between the grains in (001) and (101) as well as
(101) and (111) orientations. This topography differences indicate the
initiation of selective dissolution between these grains. No topography
difference between grains (111) and (001) crystallographic orientations
shows no selective dissolution between these grains. Moreover, the
selective dissolution of grain matrix compared with certain grain boundaries
is observed, indicating that the grain matrix dissolves faster than certain
grain boundaries. The height profilesin Fig. 9.4b show the above-mentioned
selective dissolution between grains and the local attacks at grain
boundaries. The height profile 1 is obtained from the grain in (001)
orientation towards the grain in (111) orientation. It shows no distinctive
selective dissolution in between grains in (001) and (111) orientations. The
height profile 2 is acquired from the grain with (001) orientation towards
the (101) orientation. The grain in (101) orientation illustrates
approximately 17-20 nm lower height than the one in (001) orientation,
showing that the grain in (101) dissolves faster than the one in (001)
orientation. The height profile 3 exhibits the topography variations from the

grain in (111) orientation towards the one in (101) orientation. The grainin
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(101) orientation also shows approximately 17-20 nm lower height than the
grain in (111) orientation, indicating that the selective dissolution of (101)
grain in comparison with the grain in (111) orientation.

In the height profiles 1, 2, and 3, the grain boundaries do not show a
distinctive behaviour than the grain matrix. In contrast, the height profiles
4 and 5 show peaks (indicated by arrows in Figure 9.4b) of approximately 7
and 4 nm at the grain boundaries, showing that the neighbouring grains
dissolve faster than certain grain boundaries. The quicker dissolution of
certain grain boundaries than the grain matrix and the heterogeneous
dissolution of grain boundaries along itself (the pronounced peak at height
profile 4 and 5 and no distinctive peak at height profile 1, 2, and 3) indicates
that the dissolution of grains appears to depend on the specific grain
boundary character.

The average roughness (Ra) values within the grains in (001), (101), and
(111) orientations are 4.69 nm, 6.72 nm, and 9.04 nm after 43 minutes of
immersion, respectively. The largest average roughness within the grain in
(111) orientation is attributed to the local attacks observed as pits in
confined areas within only this grain. Therefore, the largest roughness

within the grainin (111) orientation indicates that the local attacks are more
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pronounced within the grain in this orientation in comparison to the ones
in (001) and (101) orientations. These pits within the (111) grain are marked
as Pit A, B, and C (Figure 9.4a), and the pits and their corresponding height
profiles along these pits are given in Figures 9.4c and 9.4d, respectively. The
height profiles A, B, and C in Fig. 9.4d show that the depth of pits A, B, and
C are approximately 20, 15, and 7 nm, respectively. It is also worth
mentioning that local height increases (observed as spikes) are seen within
all grains. These local increases also lead to an increase in roughness within
each grain. This increase in roughness probably stems from NaCl solution's
deposition on the surface, in agreement with the previous studies

conducted in-situ topography measurements in NaCl solution [31].
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Figure 9.3 EBSD IPF corresponding to the area where in-situ AFM measurements were conducted
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Figure 9.4In-situ AFM analyses after 43 min immersion in 0.02 M NaCl solution on the area
corresponding to Fig 9.3: a) Topography map, b) Height profiles extracted between grains with
different crystallographic orientations c) Topography map of the pits d) Height profiles extracted
over the pits.

Fig. 9.5a shows the topography map after 160 minutes of immersion in
NaCl solution. The topological differences between the grains in (001) and
(101) as well as (111) and (101) orientations are not more pronounced than

after 43 minutes of immersion, indicating no progression of selective
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dissolution between these grains. Moreover, selective dissolution between
the grains in (001) and (111) orientations is still not observed. The grain
matrix's selective dissolution is nevertheless observed at the grain
boundaries where the height profiles 4 and 5 are acquired. In the entire
map, the spikes (height increases in confined areas) significantly diminish
after 160 minutes of immersion compared with 43 minutes of immersion,
indicating a diminished solution deposition.

Figure 9.5b shows the height profiles between grains after 160 minutes
of immersion. The height profile 1 is acquired from the grain in (001)
orientation towards the one in (111) orientation. It shows no height
difference between the grains with these crystallographic orientations,
indicating that no selective dissolution over these grains occurs after 160
minutes of immersion. Like the immersion of 43 minutes, the height profile
2 shows an approximately 17-20 nm lower height in the grain in (101)
orientation than in (001) orientation. This shows no progression of selective
dissolution after 160 minutes of immersion. The height profile 3 also shows
a 17-20 nm lower height of the grain in (101) orientation than in the one in

(111) orientation, similar to the behaviour after 43 minutes of immersion.
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This indicates no selective dissolution progression between these grains
with further immersion.

The height profiles 1, 2, and 3 still do not exhibit any distinctive
behaviour across the grain boundaries. The height profiles 4 and 5 show that
the height of the peak at grain boundaries is higher than the grain matrix.
However, the height of these peaks decreases approximately 2 nm
compared to the situation after immersion of 43 minutes. This indicates the
faster dissolution of grain boundaries than the grain matrix during the
immersion from 43 minutes to 160 minutes.

The average roughness (Ra) within the grains in (001), (101), and (111)
crystallographic orientations diminishes to 3.86 nm, 7.35 nm, and 7.82 nm
after 160 minutes of immersion, respectively. The average roughness
decrease within the grains in (001) and (111) orientations is mainly
attributed to the significant reduction of spikes stemming from the
decreasing segregation of NaCl solution on the surface, in line with
previously reported results [31]. This indicates that the segregation of
solution diminishes with a longer duration of immersion.

The pits and their height profiles across pits A, B, and C are given in

figures 9.5c and 9.5d after 160 minutes of immersion, respectively. The
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height profiles A and B show that pits' depth does not display a distinct
change from 43 minutes of immersion. This indicates no progression of local
attacks in pits A and B from 43 minutes to 160 minutes of immersion.
However, the height profile C shows that the depth of pit Cincreases further
to approximately 15 nm, indicating the progression of local attacks inside of

this pit.
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Figure 9.5 In-situ AFM analyses after 160 min immersion in 0.02 M NaCl solution on the area
corresponding to the Fig 9.3: a) Topography map, b) Height profiles extracted between
grains with different crystallographic orientations c) Topography map of the pits d) Height
profiles extracted over the pits.
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In Figure 9.6a, the topography map after 281 minutes of immersion is
given. It is observed that the selective dissolution between the grains in
(001) and (101) as well as (101) and (111) orientations are more pronounced
than after 160 minutes of immersion. Moreover, a significant increase in the
local roughness is observed within the grain in (111) orientation. Local
increases in roughness are also observed within the grainin (101) and (001)
orientation. These increases within the grains occur in the decreasing order
of (111), (101) than (001) orientations, indicating more localised attacks
inside of the grains in the same order.

The height profile 1 in Figure 9.6b shows that the grain in (111)
orientation has a significant increase in height exceeding 70 nm in
comparison with the one in (001) orientation. Moreover, significant
variations of approximately 50-90 nm in the topography within the (111)
grain are observed. The height profile 2 shows that the height difference
between the grain in (001) orientation and the one in (101) orientation
increases to approximately 50 nm after 281 minutes of immersion,
indicating the significant progression of selective dissolution of (101) grain.
The height profile 3 demonstrates that the grain in (111) orientation also

has higher topography (approximately 100 nm) in comparison with the one
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in (101) orientation. The average roughness values after 281 minutes
immersion time are 9.31 nm for the grain in (001) orientation, 15.42 nm for

(101) orientation, and 29.62 nm for (111) orientation.
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Figure 9.6 In-situ AFM analyses after 4 hours 41 min immersion in 0.02 M NaCl solution on
the area corresponding to the Fig 9.3: a) Topography map, b) Height profiles extracted
between grains with different crystallographic orientations

To understand the corrosion behaviour depending on crystallographic
orientation, Volta-potential is a powerful material property that provides
the electrochemical nobility of the surface. The higher algebraic Volta-
potential values indicate more cathodic behaviour, implying a decrease in
electrochemical reactivity [17], [22]. The grains in (001) orientation exhibits
approximately more cathodic values than the grains in (111) orientation and

(101) orientation. For the case of ferrite steel with BCC structure, the
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surface atom density of (100) plane (1.2 x 1015 atoms cm-2) is significantly
higher than (101) plane (1.7 x 1015 atoms cm-2) and (111) plane (1.9 x 1015
atoms cm-2). Considering the sequence of surface atom density, the carbon
atoms might segregate more densely to the grains in (100) orientation in
comparison with the grainsin (111) and (101) orientations. This segregation
probably leads to the more noble behaviour of the grains in (001)
orientation in comparison with the onesin (111) and (101) orientations. The
Volta-potential gradients between the grain in (001) and (111) orientations
as well as (001) and (101) orientations indicate the possible formation of
micro-galvanic coupling between grains. The formation of the micro-
galvanic coupling is observed in in-situ AFM measurements between the
grains in (001) and (101) orientation, in correlation with Volta-potential
measurements. This shows that the corrosion resistance of grain in (001)
orientation is higher than in (101) orientation. In contrast, no micro-galvanic
coupling between (001) and (111) grains is observed, while Volta-potential
differences are observed between these grains. Moreover, the formation of
micro-galvanic coupling is observed between the grains in (111) and (101)
orientations, whereas there are no significant Volta-potential differences

between these grains. This inconsistency between the localised corrosion
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behaviour and ex-situ measured Volta-potential values probably stem from
that Volta-potential depends on the environment. The Volta-potential
values might change upon the immersion in solution [18],[32], [34], leading
to the alterations in the corrosion behaviour.

The initiation of selective dissolution of the grain with (101)
orientation in comparison with the one in (111) orientation might initially
indicate that the grain (101) orientation has a lower corrosion resistance
than the one in (111) orientation. However, the significant progression of
local attacks within the (111) grain is observed as pit formation and
progression. The grain in (111) orientation exhibits higher surface
roughness values than the one in (101) orientation and (001) orientation
during the entire immersion. The drastic roughness increases in all grains
are observed after 281 minutes of immersion, attributed to the
accumulation of corrosion products due to the progression of local attacks.
The largest average roughness within the (111) grain indicates that the most

severe local attacks occur within this grain.
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9.4 Conclusions

This work investigates the effect of crystallographic orientation on the

localised corrosion behaviour of low-alloyed interstitial free (IF) steel

through Volta-potential and in-situ topography measurements. Considering

the results, the following conclusions are drawn:

The Volta-potential distribution on the surface depends on the
crystallographic orientation of grains. The grain in (001)
crystallographic orientation (i.e. the (001) plane parallel to the
surface) exhibits approximately 45 mV more cathodic (noble)
behaviour than the ones in (111) and (101) orientations.

The in-situ topography measurements show that the grains in (101)
orientation selectively dissolves faster than the one in (001)
orientation. The local attacks were observed in the later stages of
immersion in (001) and (101) orientations, with (101) orientation
having more local attacks in comparison to (001) orientation. On the
other hand, the grain in (111) exhibits more local and severe attacks
than the ones in (101) and (001) orientations, observed as pit

formations and progressions in topography measurements.
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From the results above, it is concluded that the corrosion resistance of grain

increasesinthe order of (111), (101), and (001) crystallographic orientations

in 0.02 M NaCl solution.
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10.1 Introduction

In the past decades, the microstructure of materials has been the centre of
attention to improve the mechanical properties with only small adaptations
of the chemical composition of low-alloy ferrous materials. Many studies
aimed to improve the mechanical properties by changing the
microstructure allowed to establish relationships between mechanical
properties and microstructural properties [1]—[5]. Therefore, the design of
ferrous and other alloys is primarily based on the control of the mechanical
properties by the effective grain size, dislocation density, phase fractions
and compositions, crystallographic texture, and size distributions of
strengthening precipitates. Corrosion performance of the materials is
usually not primarily considered in the design of the microstructure of
materials. This mainly stems from the limited and contradictory knowledge
in the literature on the microstructure and corrosion relationship.
Researchers have reported conflicting results on the relationship between
the microstructure of ferrous alloys and their corrosion relationship. This is
mainly due to the complex interaction of microstructural features on
corrosion resistance, the resolution limitations of techniques used for

characterizing the corrosion performance, and the effect of many different
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environments used for the research. This Ph.D. study aimed to come to a
better understanding of the  microstructural features and

corrosion/passivity relationship of various ferrous materials.

10.2 Approach

In this thesis, the effect of several microstructural features (dislocation
density, grain size/boundaries, phase combinations, and crystallographic
orientation) on local and global corrosion and passivity behaviour has been
studied. To establish the relationship between these microstructural
features and corrosion behaviour, model microstructures were created
through thermomechanical processes and heat treatments. This approach
allowed controlling the changes in microstructural features and limiting the
complications in the relationship between microstructural features and
corrosion behaviour. The obtained microstructural features were analysed
comprehensively through various surface characterisation techniques. The
conventional and high-resolution local electrochemical characterisation
was carried out on model alloys to understand the specific role of the
aforementioned microstructural features on the electrochemical behaviour

of the employed alloys.
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10.3 General Conclusions and Discussion

The main focus of this thesis work was set to understand the specific role of
microstructural features on local and overall corrosion and passivity
behaviour. The results were obtained to bring a better understanding of the
relationship between microstructural features and corrosion. The gained
knowledge will allow improving the corrosion performance of low alloy
ferrous materials without altering their chemical composition or applying
additional corrosion protection methods. The important findings from this

research are given in the following sections.

10.3.1 The effect of microstructural features on passivity behaviour

The effect of several microstructural features (dislocation density, grain
size/boundary areas, and phases) on the passivation behaviour of low
alloyed ferrous materials are investigated in this thesis. The effect of
dislocation density and grain boundary density on passivity behaviour is
studied in Chapter 2. The Mott-Schottky analysis of passive film’s defect
density shows that the donor density of passive films increases with an
increase in substrate defect density. Moreover, XPS analysis shows that the
volume fraction of protective y-Fe;Os in the passive film (composed of

Fe304, y-Fe203 and FeO(OH)) decreases with increasing substrate defect
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density. It was also observed that the thickness of the passive film increases
with increasing substrate defect density. Nevertheless, the electrochemical
characterisation of passive films shows that the barrier properties of passive
films deteriorate with increasing dislocation density and grain boundary
density. The deterioration of barrier properties of passive films stems from
the increasing donor density and lower y-Fe;0O3 volume fraction. This
research thus shows how microstructural defects affect the barrier
properties of the passive layer on ferrous materials and the reason.

After observing that the barrier properties of passive films worsen
with increasing substrate defect density, the specific role of another defect
was investigated for pure iron samples in Chapter 4. The grain sizes of the
samples were manipulated by applying various heat treatments. Samples
with 26, 53, and 87 um grain sizes were obtained. The samples have no
significant variations in dislocation density, and no inclusions, secondary
phase formation and elemental segregation were observed. The overall
electrochemical characterisation shows that the barrier properties of
samples worsen with grain refinement. Similar to the microstructural
defects and passivity relationship, the deterioration in barrier properties is

attributed to the increasing donor density and the decreasing y-Fe;03
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volume fraction in the passive films. To the best of the author’s knowledge,
there is currently no existing literature that controls and analyses the
microstructural features while investigating the grain size and passivity
relationship of ferrous materials. This work reveals the specific role of grain
size in passivity behaviour. This knowledge can allow optimizing the
passivity behaviour while designing alloys.

The effect of grain size on passivity behaviour is investigated in
complex fully martensitic steels in Chapter 5. Several heat treatments were
applied to vary the prior austenite grain sizes (PAGS) ranging between 5 to
66 um. The refinement from 66 to 28 um size leads to the deterioration of
the barrier properties of the passive films due to an increase in the donor
density and the decrease in the volume fraction of y-Fe,Os in the passive
film. However, further refinement in prior austenite grain size leads to
improvement in the barrier properties of the passive film. This is attributed
to the increase in the volume of y-Fe;0sin the passive film while the donor
density of passive film increases continuously with grain refinement from
66 to 5 um. This indicates that the variations in the chemical composition of
the passive film dominate the donor density effect on the barrier properties

of the passive films. The improvement in barrier properties of the passive
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layer with further PAGS refinement to 5 um is attributed to the significant
changes of lath structure (lath width to length ratio) within the complex
martensite structure that occur while refining the prior austenite grain size
from 28 to 5 um dominate the PAGS refinement on passivity behaviour in
this grain size range. This improvement in barrier properties with grain size
refinement from 28 to 5 um can allow improving the passive layer
properties and mechanical properties of alloys simultaneously since the
grain refinement leads to improvement in yield strength.

Considering that the increase in microstructural defect density
(Chapter 2) and decrease in grain size (increase in grain boundary areas)
(Chapters 4 and 5) lead to worsening in the barrier properties of the passive
film, the defects in substrates’ lattice structure deteriorate the barrier
properties of the passive film. This is mainly due to the passive film
formation on the sites of lattice defects that probably leads to a more
defective passive layer. Moreover, the volume fraction of (hydr)oxides
varies with the defects in the lattice structure of substrates.

The effect of phase combinations (ferrite-pearlite and ferrite-martensite)
on the passivity behaviour of two-phase and low carbon steel is investigated

in Chapter 7. Different heat treatments were employed to obtain ferrite-
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pearlite and ferrite-martensite microstructure with similar ferrite volume
fractions to avoid the effect of different phase ratios on passivity behaviour.
The barrier properties of passive film formed on the ferrite-pearlite
microstructure are significantly better than the ferrite-martensite
microstructure. This stems from the higher donor density of the passive film
formed on the ferrite-martensite microstructure. The martensite phase is
highly distorted, with higher dislocation and boundary density. Therefore,
the formation of the more defective passive film on martensite structure
agrees with the above-mentioned discussion arguing that the lattice defects
lead to the formation of the more defective passive film. This work deepens
the understanding of the phases on passivity behaviour. It can contribute to
the design of alloys including ferrite, pearlite, and martensite phases in
terms of their corrosion performance.

All in all, the role of several microstructural features (dislocation
density, grain size, and phases) on the passivity behaviour of ferrous
materials is studied in this thesis. The gained fundamental knowledge
deepens the understanding of the relationship between these

microstructural features and the passivation behaviour of ferrous materials.
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Moreover, it opens new scientific challenges, as discussed in section 10.4 in

detail.

10.3.2 The effect of microstructural features on corrosion behaviour

The relationships between microstructural features (dislocation density,
grain size/boundary areas, phases, and crystallographic orientation) and
corrosion behaviour of low alloy ferrous materials are studied in this thesis.
In chapter 3, the effect of dislocations induced by cold rolling is investigated
by combining electrochemical characterisation and localised Volta-potential
variations measured by SKPFM. It was observed that the corrosion rate
increases by inducing dislocations by cold rolling. The Volta-potential
variations are employed to understand the degree of galvanic coupling
between grains. In recrystallized hot-rolled IF steel, the Volta-potential
variations between grains are approximately 40 mV, depending on the
crystallographic orientations. The Volta-potential variations between grains
with different crystallographic orientations increase to about 130 mV,
showing that the introduction of dislocations increases the degree of
galvanic coupling. Therefore, the increase in corrosion rate is related to the

higher degree of micro-galvanic coupling after cold rolling. This shows that
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the dislocation density plays a dominant role in the corrosion behaviour in
comparison to the crystallographic orientations in this study.

The effect of grain size on the corrosion behaviour of pure iron is
investigated in Chapter 6. The grain refinement leads to an increase in grain
boundary density, implying an increase in defect density. Considering that
the dislocations (another defect in the lattice) lead to an increase in
corrosion rate, the initial hypothesis was that grain refinement leads to an
increase in corrosion rate due to higher defect density. To investigate the
grain size effect on corrosion behaviour, it is crucial to minimize the changes
in other microstructural features such as dislocation density, phases,
inclusions, and elemental segregation that can contribute to the corrosion
response. Therefore, several heat treatments were applied to obtain
samples with grain sizes 26, 53, and 87 um while limiting the changes in
other above-mentioned microstructural features. The grain refinement
from 87 to 53 um leads to a decrease in corrosion resistance. Within this
grain size range, there is no significant difference in terms of other
microstructural features, including crystallographic texture. Therefore, it is
concluded that the individual effect of grain refinement in the range of 53

and 87 um leads to an increase in the corrosion rate. The grain refinement

317



Chapter 10

[7]

(8]

[9]

[10]

[11]

318

temperature on corrosion behavior of E690 steel in 3.5 wt.% NaCl
solution,” Mater. Res. Express, vol. 8, no. 1, p. 16528, 2021.

T. A. N. Remmerswaal, “The influence of microstructure on the
corrosion behaviour of ferritic-martensitic steel,”, Master Thesis, TU
Delft, p. 106, 2015.

Y. Shadangi, K. Chattopadhyay, S. B. Rai, and V. Singh, “Effect of laser
shock peening on microstructure, mechanical properties and
corrosion behavior of interstitial free steel,” Surf. Coatings Technol.,
vol. 280, pp. 216-224, 2015.

W. R. Osobrio, L. C. Peixoto, L. R. Garcia, and A. Garcia,
“Electrochemical corrosion response of a low carbon heat treated
steel in a NaCl solution,” Mater. Corros., vol. 60, no. 10, pp. 804-812,
2009.

P. K. Katiyar, S. Misra, and K. Mondal, “Corrosion Behavior of
Annealed Steels with Different Carbon Contents (0.002, 0.17, 0.43
and 0.7% c) in Freely Aerated 3.5% NaCl Solution,” J. Mater. Eng.
Perform., vol. 28, no. 7, pp. 4041-4052, 2019.

Y. Raghupathy, A. Kamboj, M. Y. Rekha, N. P. Narasimha Rao, and C.

Srivastava, “Copper-graphene oxide composite coatings for corrosion



General Conclusions and Recommendations
The role of ferrite-pearlite and ferrite-martensite phase
combinations on corrosion behaviour of low alloyed carbon steel is
investigated in Chapter 8. Two-phase microstructures (ferrite-pearlite and
ferrite-martensite) with similar ferrite fractions were obtained through heat
treatments and employed for electrochemical characterisation. The
electrochemical characterisation of samples shows that the corrosion
resistance of ferrite-pearlite microstructure is higher than the ferrite-
martensite microstructure. This is attributed to the highly distorted
structure with high dislocation density and boundary density within the
complex martensite structure, in agreement with the previous results on
the effect of dislocation density and grain boundary areas on corrosion
behaviour.
In Chapter 6, it is concluded that the grain’s crystallographic texture affects
the corrosion behaviour. To deepen the understanding of crystallographic
orientation and localised corrosion behaviour in chapter 9, the Volta-
potential and the dissolution rate variations between grain were
characterised by SKPFM and in-situ liqguid AFM measurements, respectively.
The grains in (001) orientation (i.e. parallel to the surface) exhibit more

cathodic behaviour than the ones in (101) and (111) orientation, indicating
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a micro-galvanic coupling between grains. The effect of these micro-
galvanic couplings can lead to the variation of dissolution rates. The grains
in (101) orientation selectively dissolve faster than the ones in (001)
orientation, whereas the grain in (111) orientation exhibits more localised
and severe attacks than the ones in (101) and (001) orientations. These
results obtained with high-resolution characterisation techniques bring a
better understanding of the relationship between crystallographic

orientation and corrosion behaviour.

10.4 General remarks and recommendations
An Austrian mathematician, Kurt Godel, said in 1931, “No complex system
could be known in its entirety, and any system that could be known in its
entirety is merely a subset of a larger one”. Considering this definition, the
relationship between microstructural features and corrosion behaviour can
be regarded as a complex system. Although the results obtained in this
thesis provide fundamental knowledge on the relationship between several
microstructural features and corrosion/passivity, there are still many
guestions to be investigated.

The knowledge obtained on the relation between microstructural

features and passivity shows that the barrier properties of passive films
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deteriorate with increasing microstructural defect density. This is due to
changes in electronic properties (increase in overall donor density) and
chemical composition (decrease in the volume fraction of protective v-
Fe,03) of passive films. However, the local changes in the structural and
electronic properties of passive films on the sites where the passive film
forms on the substrate microstructural defects (e.g. dislocations and grain
boundaries) are yet to be explored. Therefore, further research is needed
to fully understand the underlying phenomena of the changes in passive
films’ electronic properties and chemical composition with alterations in
substrate defect density. In-situ monitoring the structural and electronic
properties of passive films with electrochemical scanning tunnelling
microscopy (EC-STM) can help in revealing the passive films’ donor density
and structural changes on these sites during the formation and growth of
the passive film. Moreover, the local reactivity of passive films around the
areas formed on microstructural defects has also not been explored. This
information can provide the local protective capacity of passive film formed
on the microstructural defects and be obtained in high-resolution by AFM-
SECM (atomic force microscopy - scanning electrochemical microscopy)

measurements.
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This thesis also shows that the barrier properties of passive film
formed on ferrite-martensite are lower than of the film formed on ferrite-
pearlite. However, the local differences in the protective capacity of passive
films were not studied. SECM measurements would provide more insight
into the protective capacity of passive films depending on the underlying
substrate’s phases.

On the side of grain size and corrosion behaviour, this research
provides valuable information about the relationship between grain size
and corrosion behaviour. However, a holistic quantitative relationship
between corrosion rate and grain size has not been established for ferrous
alloys. Further studies employing samples with a wide range of grain sizes
(while avoiding the changes in other microstructural features) in various
environments might enable establishing a statistical relationship between
corrosion rate and grain size.

To gain more insight into the differences in the corrosion resistance
of various phase combinations of two-phase steels, it is suggested to
compare the (local) corrosion resistance of various phase combinations (e.g.
ferrite-bainite, ferrite-austenite, austenite-martensite, etc.). This can be

achieved with an investigation that combines (local) electrochemical
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techniques (e.g. SECM, in-situ AFM) with surface characterisation tools. This
can develop understanding of the corrosion resistance of a wide range of
phases and the underlying phenomena leading to variations in the corrosion
resistance of phases. Eventually, this information can provide guidelines in
the design of the microstructure of alloys containing two or more phases to
improve the corrosion resistance.

The aforementioned empirical studies would further deepen the
understanding of a microstructural feature's individual role in corrosion
behaviour. However, the environment is another phenomenon that affects
the role of a microstructural feature on corrosion behaviour. Considering
the very different variations between environments (e.g., solution
concentration, the species in a solution, pH, temperature, etc.), it is
practically not possible to conduct all experiments needed to understand
the effects of a microstructural feature on the corrosion behaviour in such
a range of environments. However, machine learning algorithms might help
building models based on the experimental data on the relationship
between a microstructural feature and corrosion in certain environments.
In this way, the effect of microstructural features on corrosion behaviour

can be modelled for every environment. Moreover, machine learning can
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also be employed to understand the complex interaction between
microstructural features on corrosion behaviour in different environments.
This can be carried out using algorithms based on the empirical data on the

individual role of a microstructural feature on corrosion behaviour.
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