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Abstract

Microstructure-corrosion property correlation is an open question in the field of materials sci-
ence. The microstructure of metals and alloys consists of several features with different indi-
vidual corrosion response. The corrosion behavior of the macroscopic system is an outcome
of the complex interaction of the components of microstructure. Hence, a definitive under-
standing of the corrosion response of the microstructural features is needed for improving the
material durability and design.

In the present work, the effect of grain size on the active corrosion behavior of pure iron is in-
vestigated. Samples with different grain sizes are obtained by annealing heat-treatment. The
microstructure of samples is characterized by optical microscopy, electron backscatter diffrac-
tion and X-ray diffraction. Electrochemical characterization using potentiodynamic polarization
and electrochemical impedance spectroscopy are performed on the samples in deaerated 0.1
M and 0.01 M H,SO, solutions. The surface topography of the corroded sample surface is
characterized by atomic force microscopy. Following the experiments, a numerical corrosion
model is attempted to replicate the observations. The results reveal an aggregate effect of
grain size and crystallographic orientation of grains on the corrosion behavior of the samples.
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Introduction

Corrosion is an important natural phenomenon associated with metals. Its significance in the
design and selection of materials for engineering applications stems from its ability to deterio-
rate the integrity of metallic structures over time. This poses a danger to human life and safety.
According to a recent study by the National Association of Corrosion Engineers (NACE), the
global expenditure on corrosion is estimated to be around 2.5 trillion USD. This value amounts
to about 3.4% of the global gross domestic product of 2013 [1]. Based on the application,
suitable corrosion control and prevention techniques are employed. Hence, it is essential to
develop a fundamental understanding of the factors influencing the corrosion resistance of a
material in a given environment.

Apart from chemical composition, the processing operation of a material has a significant
effect on the corrosion behavior due to its ability to modify the microstructure. This modi-
fication in microstructure can manifest in the form of change in grain size, grain boundary
density, internal stress, preferential crystallographic orientation, formation of precipitates and
intermetallic compounds, and segregation of alloying elements [2]. Each of these variables
individually influences the corrosion behavior. Out of these variables, the grain size is of par-
ticular interest for metallurgists because of the well-known Hall-Petch relation. It predicts an
improvement in yield strength with grain refinement. The mechanical properties of metals and
alloys improve with grain refinement [3-6]. On the contrary, the effect of grain size on the
corrosion behavior of metals is not apparent. Previous works have reported both an increase
and a decrease in corrosion rate with a reduction in grain size, as reviewed by Ralston et
al. [2] and Miyamoto et al. [7]. In these works, the contradictory conclusions primarily arise
due to the predominant influence of microstructural parameters other than grain size on the
material’s corrosion behavior. Secondly, the corrosion behavior of the material also depends
on the solution environment. In the active condition, the corrosion response is governed by
the resistance of the material to dissolution. In the passive condition, the corrosion response
depends on the quality and stability of the passive film [8]. Hence, it is essential to consider
all the contributing factors while performing corrosion studies on the effect of grain size.

Studies focusing on the grain size effect on corrosion have been performed on pure metals
to eliminate the effects of precipitates and segregation of alloying elements. Ralston et al. [9]
studied the effect of grain size on the corrosion of pure aluminum in 0.1 M NaCl solution. They
observed a decrease in the corrosion rate with a decrease in grain size. Different processing
routes were used in the work to vary the grain size. They conclude texture and internal stress
could have affected the corrosion behavior. A similar study was done by Op’'t Hoog et al. [10]
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2 1. Introduction

with pure magnesium in 0.1 M NaCl solution. They observed a significant improvement in
corrosion resistance of samples fabricated by equal channel angular pressing (ECAP). They
highlighted the role of the processing route adopted to achieve a microstructure with superior
corrosion resistance. In these studies, the exact role of grain size in the corrosion response
remains hidden under overlapping effects of texture and internal stress. Lapeire et al. [11]
studied the effect of grain size on the corrosion behavior of pure copper in 0.1 M HCI solution.
They successfully achieved texture and internal stress at similar levels across the samples.
They observed an increase in the corrosion rate with reduction in grain size. Limited studies
on the relation between grain size and corrosion have been conducted in pure iron as well
[12—15]. However, these studies lack a comprehensive characterization of microstructure and
report a dominant influence of texture and internal stress generated during processing. Since
iron and its alloys are widely used for engineering applications, it is necessary to explore the
effect of grain size on the corrosion behavior of iron in detail.

1.1. Aim of the thesis

The current work aims to understand the effect of grain size on the corrosion behavior of pure
iron. The scope of this work is limited to understanding the corrosion behavior in the active
condition. Material processing is carried out by annealing cold rolled iron sheet to obtain a set
of samples with different grain sizes. The microstructure of the samples is characterized by
optical microscopy, X-ray diffraction (XRD), and electron backscatter diffraction (EBSD). The
corrosion behavior of these samples is studied in deaerated 0.1 M H,SO, and 0.01 M H,SO,
solutions. The central research question and hypothesis for the current work are summarized
as follows:

Research question
What is the influence of grain size on the corrosion behavior of pure iron in the active
condition?

Hypothesis

In the active condition, the corrosion behavior of a metal is governed by its resistance to un-
dergo dissolution in the environment. By reducing the grain size, the grain boundary density
in the metal increases. Since grain boundaries are characterized by a disordered arrange-
ment of atoms with less than usual atomic coordination, they have a higher susceptibility to
corrosion attack. Hence, without the predominant influence of other microstructure features,
it is expected that the corrosion rate increases with a decrease in grain size.

1.2. Thesis outline

The thesis consists of five chapters. In chapter 1, a brief introduction to the current work is
given. Chapter 2 presents a detailed review of the fundamental concepts and existing litera-
ture related to the current research work. Chapter 3 describes the material and the methods
followed to perform the experiments and modeling studies. Chapter 4 includes the results
achieved in the current work, along with a critical interpretation. Finally, in chapter 5, the
concluding remarks are provided along with recommendations based on the current work.



Literature review

This chapter provides a detailed overview of the fundamental concepts and relevant literature
for the present work. The chapter is divided into four sections. In the first section, the funda-
mentals of corrosion are explained with iron as the focal point. The second section describes
the passivity of iron. The third section elucidates the role of processing induced variables on
the corrosion behavior of metals, and the fourth section presents the principles of corrosion
modeling with focus on the numerical modeling of corrosion.

2.1. Corrosion of iron

Corrosion refers to the degradation of material over time due to interaction with its environment.
According to IUPAC, corrosion is defined as the ‘irreversible interfacial reaction of a material
(metal, ceramic, polymer) with its environment which results in consumption of the material or
in dissolution into the material of a component of the environment. Often, but not necessarily,
corrosion results in effects detrimental to the usage of the material considered. Exclusively
physical or mechanical processes such as melting or evaporation, abrasion or mechanical
fracture are not included in the term corrosion [16].” Corrosion of metals is an electrochemical
reaction. Itinvolves charge and mass transfer. The electrochemical reaction comprises anodic
(oxidation) and cathodic (reduction) reactions to maintain charge balance. In the corrosion
of iron, the anodic reaction involves oxidation of iron to give ferrous ion and two electrons
(equation 2.1). The cathodic reaction depends on the environment condition. The cathodic
reactions corresponding to different environments are given in equations 2.2-2.5 [17].

Fe(s) - Fe?*(aq) + 2e— (2.1)

2H*(aq) + 2e— -» H,(g) pH<7,n00, (2.2)

2H,0(1) + 2e— - H,(g) + 20H (aq) pH >7,n0 0O, (2.3)
0,(9) + 4H*(aq) + 4e— - 2H,0(1) pH<K7,0, (2.4)
0,(g) + 2H,0(l) + 4e— > 40H (aq) pH>=7,0, (2.5)

The atmospheric corrosion of iron is called ‘rusting.” The cathodic reaction, in this case, is
equation 2.5. The overall reaction results in the formation of ferrous hydroxide. The ferrous
hydroxide gets further oxidized in the presence of water to give hydrated ferric oxide (rust).
The schematic of these processes is shown in fig. 2.1 [17].
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Figure 2.1: Schematic representation of rusting of iron by (a) precipitation of ferrous hydroxide and then (b)
conversion to hydrated ferric oxide [17]

Every corrosion process needs anodic reaction, cathodic reaction, and mediums for con-
duction of ions and electrons. When metal is in an aqueous environment, interface develops
between the two phases. The charge-distribution across this interface is called the electrical
double layer. The electrical double layer results in a potential difference between the metal
and the solution medium. This is also known as the absolute electrode potential. Since it is
not possible to measure the absolute electrode potential, it is always reported against a refer-
ence electrode potential. The potential of the hydrogen electrode under standard conditions
(SHE) is the reference and set as 0 V. The standard electrode potential (E°) of different metals
is summarized in the electromotive force (EMF) series. It gives an idea of the reactivity of a
metal. Under non-standard conditions, the electrode potential of a metal (E') can be calculated
using the Nernst equation (equation 2.6). Here, n is the number of electrons involved in the re-
action, F is Faraday’s constant, R is the universal gas constant, T is the absolute temperature.
ap and ay are the activities of products and reactants, respectively [17].

RT ap
— 0 _
E=E nFln<aR> (2.6)

A convenient approach to study the corrosion behavior of a metal given by thermodynamics
is the Pourbaix diagram. Pourbaix diagram of metal shows its corrosion tendency by defining
species stable under different combinations of potential and pH. Fig. 2.2 shows the Pourbaix
diagram of iron at 25°C and dissolved ionic activity of 107¢ M. The potential is reported with
respect to SHE. The lines in the diagram have been drawn using the Nernst equation for a
reaction involving neighboring species in the plot. The dotted lines (a) and (b) mark the stability
region of water. Regions favoring the formation of ions are marked ‘corrosion’and denote
active corrosion condition. The regions promoting the formation of protective oxide film on the
surface of iron are marked ‘passivity’. At potential below -0.62 V, iron remains immune to any
corrosive action. However, at higher potential, it readily oxidizes to Fe?* ions across acidic to
neutral pH mediums. Fe?* ions oxidize to Fe3* ions above 0.77 V. Unfortunately, the Pourbaix
diagram has limitations as well. It applies to pure metals only. It does not give any information
about the rate of corrosion. The role of chloride ions in localized corrosion and the protective
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properties of the passive films are missing [17]. Electrochemical techniques can be used to
measure corrosion kinetics. The theory of the methods are discussed in the section 3.3.1.
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Figure 2.2: Pourbaix diagram of iron at 25°C and 10~¢ M dissolved ionic concentration [17].

2.2. Passivity of iron

Passivity is the property of metals and alloys to resist corrosion under oxidizing conditions
by forming a protective film on the surface. The film, formed by the reaction of the metal
with its environment, reduces the corrosion rate by acting as a barrier for the environment.
Passivity is observed in a large group of metals, including iron. Transition metals and their
alloys usually form thin passive films in the order of tens to several hundred angstroms [17].
The properties of the passive film depend on the metal being studied and environmental factors
like temperature, pH, and redox potential. The passivation process can be visualized from
anodic polarization of the metal. Fig. 2.3 shows a schematic anodic polarization curve of
an active-passive metal. On scanning in the anodic direction, the current density linearly
increases, followed by a sudden decrease at a specific anodic potential. This potential is
called the Flade potential or passivation potential (Epp). On further increasing the potential,
the current density remains more or less invariant, followed by an increase again at a higher
anodic potential. The Flade potential marks the transition from active to passive behavior
due to the formation of a passive film. Hence, the current density corresponding to the Flade
potential is called the critical current density (icyi¢). ipqss denotes the current density in the
passive region. Beyond the passive region, the current density increases again because of
the breakdown of the passive layer or decomposition of water in the solution. This region is
designated as the transpassive region. The shape of the polarization curve is sensitive to
environmental conditions [17, 18].
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Figure 2.3: Schematic anodic polarization curve for active-passive metal

For iron, the Pourbaix diagram shows the regions of passivity where Fe;O3 and Fe3;0O,4
formation is favorable. Passivation studies on iron do not agree unanimously on the struc-
ture and composition of the film. The disagreements arise due to the difference in conditions
used to form the passive film, low thickness of the film, and possible modification of the film
while performing ex-situ studies [17, 19]. Nevertheless, understanding the passivity of iron is
fundamental to studies on improving the passivation properties of iron by the addition of alloy-
ing elements. Some of the widely accepted models for passivity of iron are discussed further
briefly.

2.2.1. Duplex layer model

As per this model, the passive film of iron consists of two layers. The inner layer is made
of Fe3Qy4, while the outer layer is made of y-Fe;O3. This model is supported by the work
of Nagayama and Cohen [20], who studied the passivity of iron in a borate buffer solution
(pH=8.4). During cathodic reduction of the passive film, they observed two distinct plateaus in
the cathodic reduction curves associated with the reduction of the outer Fe,O5 layer and then
the inner Fe3;O4 layer. Studies using different characterization techniques have confirmed the
duplex layer model [21-23]. In contradiction, some studies have shown the occurrence of a
two-stage reduction for homogeneous film composed only of Fe; O3 [24, 25].

2.2.2. Hydrous oxide model

This model states that the passive film of iron contains water. It might be in the form of hydrated
oxides or hydroxides. Revie et al. [26] used auger electron spectroscopy to study the passiva-
tion of iron in KOH+H3;BO5 solution (pH=8.1) with special care to avoid contamination. They
reported the formation of hydrated ferric oxide. Murphy et al. [27] used the secondary-ion
mass spectrometry (SIMS) and confirmed the presence of water in the passive film. How-
ever, the SIMS study by Mitchell et al. [28] showed that hydroxyl groups were only present on
the surface. Similarly, XPS study on the passive film of iron in borate and phosphate buffer
solutions showed the presence of water at the surface only [29].
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2.2.3. Spinel/Defect model

This model states that the passive film on iron is a single-phase nanocrystalline spinel oxide
with many defects. It bears similarity but different from Fe,O3 and Fe3;O4. The model was
supported by in-situ X-ray studies that found different Fe - Fe distance and site occupancies
of Fe?*/Fe3* in the passive film than that is found in any known oxides or hydroxides [30, 31].
Davenport et al. [32] in their study called this new phase as the LAMM phase.

The growth and dissolution of the passive film on iron are well explained by the point
defect model proposed by MacDonald and co-workers [33—35]. The model is based on the
idea that the passive film has point defects like cationic and anionic vacancies and cationic
interstitials. The film starts forming above the Flade potential. The film is associated with a
high electric field close to the level of dielectric breakdown and hence can be treated like a
semiconductor. Iniron, the major defects are the Fe interstitial and oxygen vacancies. Hence,
the film behaves like an n-type semiconductor. During the growth process, the defects are
generated and annihilated at the metal-film and film-solution interfaces. In the case of iron, the
growth kinetics is controlled by the diffusion of cation vacancies. The film growth stops when
there is a condensation of uncharged metal vacancies at the metal-film interface, resulting in
separation.

2.3. Effect of processing induced factors on corrosion

All metals and alloys invariably undergo several stages of processing (thermal, mechanical,
thermo-mechanical) to attain a microstructure which fulfills the desired application require-
ments. From the fundamentals of corrosion, it is known that every corrosion process is a
couple of anodic and cathodic reactions. These reactions occur on the same metal surface.
This is possible because the surface of the metal has heterogeneous energy distribution. It
contains defects (grain boundaries, dislocations), crystal orientations with different packing
densities of atoms, and possible surface contamination [17]. During processing, the hetero-
geneity of metal surface can change, resulting in varying corrosion behaviors with different
processing methods for the same metal. Hence, it is essential to understand the effect of the
processing induced factors on corrosion. These factors include grain size, crystallographic
texture, residual stress, segregation of impurities, segregation of precipitates, and alloying el-
ements [2]. In the present study, the focus is on pure metals to eliminate the role of alloying
additions and precipitates.

2.3.1. Grain size

Grain size is the fundamental feature for describing the microstructure of metals. Most of
the metal processing techniques aim at achieving fine grain size to improve the mechanical
properties of the metals. The familiar Hall-Petch relation demonstrates the improvement in
strength with the reduction in grain size. As the grain size decreases, the grain boundary
density and number of triple junctions increases. Grain boundaries and triple junctions are
regions of atomic disorder with atoms not fulfilling their usual coordination number. Hence,
these atoms have higher reactivity than atoms from inside the grains [2]. The effect of grain
size on the corrosion behavior of pure metals in different environments has been studied. The
observations are discussed further with a particular focus on iron. A summary of the literature
for iron can be found in table 2.1 and table 2.2.

[ron
The effect of grain size on the corrosion of iron has been studied in active [12—15], passive
[8, 14, 36], and simulated body fluid (SBF) environment [37, 38]. In most of these studies,
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the reduction in grain size of iron is achieved by plastic deformation like rolling and equal
channel angular pressing (ECAP). Contradicting results have been published on the effect
of grain size in both active and passive conditions. Wang and co-workers [12, 13] studied
the corrosion behavior of bulk nanocrystalline iron separately in acidic sulfate (0.05 M H,SO,
+0.25 M Na,S0O,4) and 1 M HCI solutions. They noted improved corrosion resistance for the
nanocrystalline sample than the conventional polycrystalline ingot sample. This improvement
was explained by nobler corrosion potential, lower corrosion current density and higher charge
transfer resistance for the nanocrystalline sample. They attributed these results to the strong
(110)<111> texture observed in the nanocrystalline sample after the rolling operation. Jinlong
et al. [14] studied the effect of cold rolling temperature on the corrosion resistance of pure iron
in 0.5 M H,SO, solution. They observed a decrease in cathodic current with a reduction in
grain size and no visible effect on the anodic current response. The charge transfer resistance
was found to be higher for the cold-rolled sample than the annealed sample. However, XRD
analysis showed a decrease in (110) peak intensity and an increase in (200) peak intensity
for the cold-rolled sample than the annealed sample. The conclusion of underlying cause
in studies of Wang and co-workers do not hold in this study even though all of them report
improvement in corrosion resistance with finer grain size. Contradicting to these results, Zhang
et al. [15] reported higher polarization resistance for the as-cast pure iron sample than those
processed by ECAP in 0.5 M H,SO, solution. Furthermore, the ECAP samples showed higher
polarization resistance after annealing treatment.

In passive conditions, corrosion behavior is controlled by the protective properties of the
passive film. Yamamoto et al. [8] studied the passivation properties of pure iron subjected to
different amounts of rolling reduction in a borate buffer solution (pH=8.4). Compared to the
annealed sample, the rolled samples showed higher passivation current density, lower charge
transfer resistance, and higher density of defects in the passive film. Further, the passive film
was thicker for the cold-rolled sample than the annealed sample. They attributed these obser-
vations to the high dislocation density in the rolled sample, which accelerated the film growth
but resulted in more defective film. Jinlong et al. [14] also studied the passivation behavior in
borate buffer (pH=9.2) with and without chlorine ions. They observed that iron samples rolled
at room and cryogenic temperatures provide better passivation properties than the annealed
sample in both solutions. The room temperature rolled sample performed better among the
rolled samples even though it had slightly larger grain size. This result was ascribed to the
higher dislocation density in the cryo-rolled sample. Afshari et al. [36] studied the corrosion
behavior of iron in 10 wt.% NaOH solution over a wide range of grain sizes. They observed
that corrosion resistance improved as the grain size was reduced. A similar observation was
also reported for pure iron in simulated body fluid (Hank’s solution) [37].
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Table 2.1: Literature summary of effect of grain size on corrosion of iron in active condition.

Corrosion
Processing Grain size Solution re§|stanc.e . Remarks Reference
method range (with grain size
reduction)
Better resistance
due to (110)<111>
Severe hot 389 nmto 0.05MH,SO, Increases texture.Overlapping [12]
rolling 50 um +0.25 M Na,SO, effect of texture,
residual stress
and grain size.
Better resistance
due to (110)<111>
Seyere hot 38.9nmto 1 MHCI Increases texture.Overlapping [13]
rolling 50 um effect of texture,
residual stress
and grain size.
Annealing treatment
helps in improving
250 nm to polarization resistance.
ECAP 0.5 M H,SO, Decreases Overlapping effect [15]
450 nm .
of residual stress and
grain size. No analysis
of texture in the study.
Better resistance due
Annealed, . .
to decrease in cathodic
Cold rolled at . L
room reaction kinetics.
0.5 M H,SO,4 Increases Overlapping [14]
temperature
. effect of texture,
and cryogenic .
residual stress
temperature

and grain size.
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Table 2.2: Literature summary of effect of grain size on corrosion of iron in passive condition.

Corrosion
Processing Grain size Solution res.lstanc'e . Remarks Reference
method span (with grain size
reduction)
High dislocation
density results in
. Borate buffer thicker but more
Cold rolling - pH=8.4 Decreases defective passive [8]
film. No analysis
of texture.
Annealed, Resistance reduces
Cold rolled at Borate buffer o )
room (pH=9.2) with increase in
P S Increases dislocation density  [14]
temperature Borate buffer for fine arain
and cryogenic with 0.5 M NaCl 9
sample.
temperature
Finer grains give
more nucleation
Cast, annealed, 45 nmto sites for passivation
electro- 10 wt.% NaOH  Increases 11es forp [36]
i 300 um film with better
deposition i
resistance and
thickness.
Rolling ’ . Finer grallns glve
14.1 umto Hank’s solution more active sites
followed by _ Increases . [37]
. 168 um (pH=7.4) for dense passive
annealing ) .
film formation.
As-cast, Residual stress and
Laser metal . . . .
deposition 12 um to Hank’s solution Decreases dislocations [38]
P ’ 350 um (pH=7.2-7.4) destabilize

Selective Laser
melting

passive film locally.
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Other metals

The effect of grain size on corrosion has been studied for other metals as well. For Cu, the cor-
rosion resistance decreased with a decrease in grain size ina 0.1 M HCl solution [11]. This was
attributed to an increase in grain boundary density, which provides more active sites for cor-
rosion. However, the fine grain samples showed uniform corrosion, while the coarse-grained
samples exhibited preferential dissolution at the grain boundaries. Similar observations were
also seen in other studies of pure copper [39, 40]. In the alkaline environment, the decrease
in grain size by cold rolling resulted in better passivation properties of the film. This was as-
cribed to the higher activity of atoms in grain boundaries, which result in the rapid formation of
the passive layer [41]. Studies on Ti reported an improvement in corrosion resistance with a
decrease in grain size [42, 43]. The finer grain size provides more nucleation sites for easier
formation of the passive film. However, the studies on Ti do not comment on the role of tex-
ture. In the case of Ni, the reduction in grain size decreased the corrosion resistance in 2 N
H,SO, [44]. The fine-grained sample improved the kinetics of cathodic reduction of hydrogen
and also had higher passivation current density than the coarse-grained sample. On the con-
trary, cold-rolled Ni exhibited better passivation properties than the annealed Ni sample in the
borate buffer solution [45]. Similar improvements in passivation properties have been noted
for Mg [46] and Al [9] as well.

From the studies so far in the active and passive conditions, it is clear that factors like
texture and residual stress affect the corrosion behavior of metals. In several instances, they
have emerged as the dominant features [12—15]. Hence, these factors need to be considered
while relating grain size with corrosion resistance. Most of the studies miss out on this aspect.
Hence, understanding the role of grain size in the corrosion behavior of metal becomes difficult.
Ralston et al. [47] made the first attempt to propose a general relation between corrosion
rate and grain size by summarizing the corrosion studies on different metals and alloys. The
relationship can be expressed as:

icorr = A+ B*d 0> (2.7)

In this equation, i, is the corrosion current density, d is the grain size, A is a constant de-
pendent on the corrosion medium, and B is a material constant depending on the composition
or impurity level. Fig. 2.4 shows the corrosion current density as a function of grain size from
different studies. A distinction between active and passive behavior is made at 10 uA/cm?. Us-
ing grain boundary length as the deciding factor, they proposed that corrosion rate increases
with a decrease in grain size in active condition and decreases with a decrease in grain size
in passive condition. This behavior is illustrated schematically in fig. 2.5 in the form of polar-
ization curves. The factor 0.5 in the equation 2.7 comes from the simulations, which showed
that the grain boundary length is related to grain size as d~°> for random microstructure [47].
The relation is useful in understanding the effect of environment and impurity or composition
on the corrosion behavior of metals.
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Figure 2.4: Effect of grain size on corrosion rate for different materials in different environments compiled by
Ralston et al. [47].
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Figure 2.5: Schematic representation of the effect of grain size on corrosion behavior in (A) active and (B)
passive condition (CG - coarse grain, UFG - ultra-fine grain) [48].

Gollapudi [49] tried to extend the relation by including the effect of grain size distribution.
The proposed relation can be expressed as:

; -0.5 9 2
icorr = A+ Bx*xd "exp —§Sn (2.8)

In this equation, S, is the standard deviation of the number weighted grain size distribution.
S, varies between 0 and 1. In physical terms, S,, = 0 signifies every grain has the same
size. S, usually lies in the 0.3 - 0.5 range. This relation is proposed for pure metals under
uniform corrosion. As per the relation, for a given average grain size, a narrow grain size
distribution results in better corrosion resistance in passive condition than a broad grain size
distribution. Narrow grain size distribution results in compact and homogeneous passive layer
formation due to the uniform distribution of active sites (grain boundaries and triple junctions).
But in active condition, broad grain size distribution results in better corrosion resistance due
to lower grain boundary volume associated with coarse grains [49]. This explanation is shown
schematically in fig. 2.6.
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Figure 2.6: Schematic representation of the effect of grain size distribution on corrosion rate in (A) active and (B)
passive conditions [48].

2.3.2. Texture

Texture is a characteristic feature in the microstructure of metals. Crystallographic texture
refers to the preferential orientation of grains in a specific direction. Most of the metals and
alloys for structural applications are polycrystalline in nature. During processing by plastic
deformation, the atoms accommodate strain by slip and twinning. This process re-orients the
grains resulting in the emergence of texture. Texture can also be induced by phase trans-
formation and recrystallization [50]. In the present context, texture plays a vital role in the
corrosion behavior. Atoms along specific crystallographic planes are more densely packed
than others. As a result, a variation in the reactivity of atoms on different planes arises fac-
ing the corrosion medium [2]. Corrosion studies using micro-electrochemical techniques have
been performed in active and passive conditions on metals. The findings are discussed next
with a special focus on iron. A summary of the literature for iron can be found in table 2.3.

[ron

The role of texture in the corrosion behavior of iron is evident from the earlier discussion of
studies of Wang et al. [12, 13]. Fushimi et al. [51] studied the grain dependent dissolution of
ironin 0.05 M H,SO,4. They observed the corrosion resistance to following the order of (110) >
(111) > (001). The corrosion activity was found to be governed by the cathodic hydrogen evo-
lution reaction. They credited their observation to the decomposed d-valence charge at the
surface of different crystal planes, which also followed the same sequence. Schreiber et al.
[52] studied the anisotropic dissolution of iron by different polishing techniques. Atomic force
microscopy (AFM) showed the formation of steps in grain boundaries between dissimilar ori-
entations due to the difference in dissolution rates. After electropolishing, neighboring grains
of (001) orientation formed walls at grain boundaries, while trenches are observed in grain
boundaries between grains of the same orientation after chemical polishing. This is shown in
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fig. 2.7. Fushimi et al. [53] studied the passivation behavior of different crystal orientations in
borate buffer (pH = 8.4) using scanning electrochemical microscopy (SECM). Using Fe(CN)g*
as the mediator, the probe current on (001) plane was found to be lower than (111) and (101)
planes. The lower current on (001) plane was attributed to the formation of a thicker passive
film. In another study, Fushimi et al. [54] studied the local breakdown of the passive layer
by chloride ions using liquid phase ion gun. The induction time for breakdown followed the
sequence (001) > (111) > (110). This shows better passivation properties of the film formed
on (001) plane. A similar sequence was also reported by Davenport et al. [32] based on less
defectivity of the passive film on (001) orientation. Takabatake et al. [55] studied the grain
dependent passivation properties of iron in 0.05 M H,SO,4. The resistance of passivation film
followed (110) > (111) > (001). They ascribed this observation to the composition of the film
rather than the thickness. Based on the duplex layer model of the passive film, a thicker Fe; O3
layer provides better corrosion resistance for the same overall thickness of the passive film.
They observed the Fe3*/Fe?* ratio to follow the same sequence on different planes in XPS
analysis.

(b)

Figure 2.7: AFM images showing the formation of (a) walls in grain boundaries after electropolishing, (b) steps
and trenches in grain boundaries after chemical polishing [52].
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Table 2.3: Literature summary of corrosion activity of iron on different crystal planes.

Property Solution Sequence Reference

Dissolution  0.05 M H,SO,

s (oH=) (001) >(111) >(110)  [51]

Dissolution  Acetate buffer

s (oH=6) (111),(110) >(001)  [56]

Passive film Borate buffer

quality (pH=8.4) (001) >(110),(111)  [53]

Passive film Borate buffer

quality (pH=8.4) (001) >(110) [32]

Passive film Borate solution

quality (0H=6.5) (001) >(111),(110)  [54]

Passive film

quality 0.05 M H,SO,  (110) >(111) >(001)  [55]

Other metals

The grain dependent corrosion behavior is also witnessed for other metals. In the case of
rolled copper, Lombardia et al. [57, 58] found that grains oriented close to <111>// ND showed
higher corrosion activity than those along <001>// ND direction in active condition. They also
observed the corrosion activity of grains along <001>// ND to depend on the orientation of
neighboring grains. This is due to the formation of the anode-cathode couple between neigh-
boring grains with a large difference in electrochemical potential [59]. In the passive state,
they observed a stable and thicker passive layer on grains oriented close to <111>// ND than
<001>// ND [58]. Wang et al. [60] studied the grain dependent corrosion behavior of pure
Al in 3.5 wt.% NaCl solution. The corrosion resistance followed the sequence (001) > (110)
> (111). They ascribed the result to the bonding electron density on different crystal planes,
which plays an important role in accelerating the cathodic reaction. Hoseini et al. [61] com-
pared the effect of texture and grain size on the corrosion of Tiin 0.16 M NaCl solution. They
report texture to have a more dominant effect than grain size. They attributed close-packed
(0002) orientation parallel to the surface for high corrosion resistance. Besides grain orien-
tation, the effect of grain boundary type has also been studied. For Cu, Bettayeb et al. [62]
found high angle grain boundaries (HAGBs) to be more susceptible to intergranular corrosion
than low angle grain boundaries (LAGBs) and special grain boundaries like coincidence site
lattice (CSL). Slight angular deviation (> 1.70°) from perfect £3 CSL twin boundary also ren-
ders them susceptible to corrosion attack. Orlowska et al. [63] also found pitting corrosion
to occur preferentially along HAGBs in pure Al. HAGBs have higher energy than LAGBs and
CSL boundaries. Hence, the fraction of HAGBs in the microstructure needs to be accounted
for while assessing the corrosion behavior of metals.

2.3.3. Residual stress
Residual stress is the stress that exists in a material after the removal of externally applied
forces. During plastic deformation, the strain imparted on the metal creates lattice defects
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that increase the internal energy. This extra accumulated strain energy results in residual
stress. Residual stress can affect the corrosion behavior of metal. In active condition, the
presence of residual stress increases the corrosion susceptibility due to the higher activity of
atoms [2]. However, in passive condition, the effect is more complicated because the corrosion
resistance depends on the quality of the passive film formed. In the case of Cu [41], Ni [45],
and Ti [43], the corrosion resistance improved with the amount of plastic deformation in the
passive condition. The improved passivity was attributed to the rapid formation of a passive
film with low defect density. But, in the case of Fe, plastic deformation resulted in a passive film
with more defects [8, 38]. Nevertheless, these studies do not analyze passivity behavior over
a long time period. Bagherifard et al. observed a decrease in resistance of passive film with
time for shot-peened Fe sample due to breakdown and separation of the protective layer [64].
The use of annealing step to reduce the residual stress can be beneficial in active condition,
but in passive condition, it depends on the material’s response.

2.3.4. Segregation of impurities

The presence of impurities in pure metals is a common phenomenon. Thermal processing
steps can promote the segregation of impurities and affect the corrosion behavior of metals
[2]. Bolyanov et al. [42] reported better passive film formation in fine-grained Ti than coarse-
grained Ti. They attributed the segregation of impurities along grain boundaries to affect the
passive film formation in the coarse grain Ti sample. For a fixed concentration of impurities, a
sample with finer grains has more impurity-free grain boundaries than a coarse grain sample.
Mercier et al. [65] studied the role of segregated Fe impurities along grain boundaries on
the corrosion of Mg. The presence of Fe along grain boundaries enhanced Mg corrosion by
acting as cathodic sites for cathodic hydrogen evolution reaction. Preferential attack on grain
boundaries has been reported for Co with S as impurity [66]. The presence of S as impurity has
been reported to interfere with the formation of passive films in Ni [67]. Hence, it is necessary
to acknowledge the amount and distribution of impurities in the sample during the corrosion
study.

2.4. Corrosion modeling

Modeling of the corrosion process forms an essential part of the corrosion studies. The broad
purpose of corrosion modeling is to assess and predict corrosion-related damage to struc-
tures. This aids in the effective utilization of resources. However, corrosion is a complex
phenomenon. It is a multi-physics problem involving interaction between electrochemistry,
metallurgy, fluid flow, and stress, to name a few. Further, each of these phenomena operates
at different time and length scales. Hence, researchers model the corrosion problem at differ-
ent scales. The integration of these models gives a complete understanding of the corrosion
problem. The approach in corrosion modeling can be empirical or deterministic, depending on
the nature of the problem. Further, uncertainty in corrosion models can exist due to an incom-
plete understanding of mechanism or lack of data. Hence, the reliability of models should be
validated by comparing with experimental data [68—70]. Some examples of corrosion model-
ing in literature are summarized in table 2.4. In the following subsection, numerical modeling
of corrosion is discussed in detail.
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Table 2.4: Literature summary of some corrosion models.(FEM: finite element modeling, IGSCC: intergranular

stress corrosion cracking, RE: rare-earth)

Model
Type Purpose Input Output Reference
Effect of corrosion .
Governing .
. product layer on . Mass loss with
Numerical model " equations and . .
the corrosion rate time, pH evolution [71]
(FEM) . . parameters from .
evolution with . with time
. experiments
time.
To model corrosion Governing
Semi-empirical system implicitly equations and Physical [72]
model with corrosion parameters from relation
products. experiments
Effect of Simulation Crack propagation,
Monte-Carlo microstructure on .
. . . parameters and percolation [73]
simulation crack propagation experimental data  frequenc
in IGSCC P quency
Effect of amount and
Mathematical type of RE element Experimental Mathematical
. . [74]
model on corrosion of Mg data relation
alloys
Modelling Relative probablllty crack length
Cellular : of corrosion of . .
intergranular . , evolution with [75]
automata ; grains and grain i
corrosion . time
boundaries
. Effect of grain size .
Analytical and second phases Experimental Physical relation [76]
model . data
on corrosion
Governing Evolution of
Numerical model Micro-galvanic equations and corrosion front [77]
(FEM) corrosion parameters from and current density
experiments distribution
. . . Relative local
Cellular Slmulgtlng pit shape corrosion Pit shapes (78]
automata evolution .
probability
: Effect of texture Govenjnlng Pit depth, pit shape,
Numerical model . equations and . .
on pit growth ion concentration [79]

(FEM)

and shape

parameters from
experiments

evolution with time

2.4.1. Numerical modeling of corrosion

Numerical modeling based on finite element analysis is a convenient method for modeling
different corrosion phenomena. It involves discretization of the system under study by mesh-
ing. The governing physical equations are solved at nodes of each mesh element to generate
solutions over the entire system. The improvement in computational power has eased finite
element modeling of corrosion in complex geometries [80]. Several notable research works
on numerical modeling of corrosion can be found in the literature. Deshpande [81] developed
a numerical model of the galvanic corrosion. The model predicts the corrosion rate of the in-
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dividual constituents in the galvanic couple by tracking the moving electrochemical interface.
The observations of the model are verified by conducting scanning vibrating electrode tech-
nique (SVET) experiments and surface profile analysis. In another work by the same author,
the model is implemented to study micro-galvanic corrosion of AM50 Mg alloy [77]. The model
successfully incorporated the effect of phase fraction and phase distribution on the corrosion
behavior. Sun et al. [82] developed a numerical model to study the evolution of crevice cor-
rosion in stainless steel with time. The model is validated by pH distribution in the crevice,
crevice shape evolution, and deposition of corrosion products. Brewick et al. [79] studied
the microstructure dependent growth of pits after initiation in their numerical model and found
irregular stress distributions in the corrosion pits depending on their geometry [83]. As stated
earlier, the model solves equations that govern the physics of the system. For corrosion mod-
eling, these equations are discussed below.

Governing equations

Corrosion can be expressed in the form of an electrochemical system. It consists of electrode
and electrolyte. The corroding metal, acting as the electrode, conducts current through the
movement of electrons. The corroding environment, acting as the electrolyte, conducts current
by the movement of charged species (ions). The conductivity of the electrode is usually several
orders of magnitude higher than that of the electrolyte [80].

In the model, the values of electric potential and current density are solved in the electrode
and electrolyte domains. In the electrode, the relation is given by the vector form of Ohm’s law
(equation 2.9). In this equation, is is the electrode current density vector, g, is the electrode
conductivity, and ¢ is the electrode potential. In the case of electrolyte, the current density
vector (i) is related to the flux of the charged species i (N;) by equation 2.10. Here, F is
the Faraday’s constant and z; is the charge of species i. The flux of charged species in the
electrolyte is given by the Nernst-Planck equation (equation 2.11). In the equation, D; is the
diffusion coefficient of species i, ¢; is the concentration of the species i, u; is the mobility of
species i, ¢, is the electrolyte potential and U is the velocity of electrolyte. The equation from
left to right depicts the contribution of diffusion, migration, and convection to the flux of species,
respectively. The equation ignores the interaction between ions. Combining equations 2.10
and 2.11, the electrolyte current density vector can be rewritten, as shown in equation 2.12
[80].

is = —osV(¢s) (2.9)
i = FZ ZN, (2.10)
Ni = —DiVCi - ZiutiiV¢>| + CiU (211)

i| =-—F VZ DiCiZi - F2V¢|Zzziuici + UFZZiCi (212)
i i

i

The equation 2.12 can be simplified by making suitable assumptions. In the current mod-
eling work, the electrolyte is assumed to be incompressible, electro-neutral, well-mixed (i.e.
no concentration gradient in the electrolyte) and has constant electrical conductivity. As a
result, the contributions of flux from diffusion and convection can be neglected. This simplifi-
cation results in a linear relationship between the current density and potential gradient similar
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to Ohm’s law (equation 2.13). The electrolyte conductivity () accommodates the other pa-
rameters of the migration term. The electroneutrality condition implies that the total charge of
the electrolyte to be zero. This condition requires the divergence of the electrolyte potential
gradient to be zero (equation 2.14) [77].

i =—0V(¢) (2.13)
V2 =0 (2.14)

For the conservation of current, the electrochemical interface also needs to be taken into
consideration. Current flows across electrode-electrolyte interface through electrochemical
reactions. The electrochemical reaction kinetics is given by the Tafel equation (equation
2.15),which is used in the current work. Here, iy is the exchange current density, g is the
Tafel slope and n is the overpotential defined by equation 2.16. E and E, are the applied
potential and equilibrium potential, respectively [80].

n=pxlog (i) (2.15)

77:¢s_¢l_Eeq (2.16)






Materials and Methods

This chapter outlines the materials used, and the methods followed to perform the experimen-
tal and modeling studies. The material processing, microstructure characterization, electro-
chemical characterization,surface characterization and the numerical modeling are presented
sequentially in sections to answer the proposed research question.

3.1. Material processing

3.1.1. Material

A cold-rolled sheet of Armco iron (supplied by AK Steel, Netherlands) is used in the present
work. The sheet, with a thickness of 2 mm, is laser-cut to obtain samples of length 10 mm
and width 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 inten-
sities of constituent elements are compared to those of a reference standard to estimate the
chemical composition. The obtained composition is summarized in table 3.1. The sample has
Fe purity exceeding 99.5%.

Table 3.1: Elemental composition of iron samples

\Fe (o] N Si Mnh P S Al Cr Cu Mo

Ni Sn

Wt.%‘BaI. 0.001 0.003 0.003 0.04 0.003 0.003 0.004 0.014 0.007 0.001

0.012 0.002

3.1.2. Microstructure design

The as-received iron samples are heat-treated using a Bahr DIL 805 A/D dilatometer to obtain
different grain sizes. The samples are heated to the annealing temperature at a rate of 10
°C/s under approximately 1072° bar vacuum. The annealing duration is 10 minutes for every
sample. After annealing, the samples are quenched to the room temperature using helium
gas flow. The annealing temperatures selected in the present study are 700 °C, 950 °C, and
1100 °C. The corresponding heat treatment cycles are labeled Fe-700, Fe-950, and Fe-1100,
respectively, in the schematic fig. 3.1 and hereafter used as sample names.

21
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Figure 3.1: lllustration of the heat treatment cycles used to obtain samples with different grain sizes.

3.2. Microstructure characterization

3.2.1. Sample preparation

The heat-treated iron samples undergo sample preparation steps before microstructure char-
acterization. The samples are embedded in epoxy resin (Struers ClaroCit) and cured at room
temperature and under 2 bar pressure for one hour. The samples embedded in epoxy resin
undergo sanding sequentially from P80 to P4000 grit SiC paper. This step is followed by pol-
ishing with alcohol based diamond particle suspension (Struers DiaDuo-2) of particle size 3
pMm and 1 uym to obtain a mirror-like finish. The samples are then cleaned with isopropanol in
an ultrasonic bath for 10 minutes and dried with airflow.

3.2.2. Optical microscopy

The microstructure of the heat-treated samples is studied using the Keyence VHX-5000 digi-
tal microscope. The samples are etched with a 2% Nital solution to reveal the microstructure.
The samples are also examined under the microscope after electrochemical tests. The im-
ages from optical microscopy are used to calculate the grain size and observe the nature of
corrosion attack in different samples. The average grain size calculation is done by using the
line intercept method on three images for each sample.

3.2.3. EBSD

Electron backscatter diffraction is performed on the samples to extract their microstructural
information such as grain size, grain boundary fraction, the fraction of high-angle and low-
angle grain boundaries, and geometrically necessary dislocation (GND) density. The samples
undergo sanding and polishing, as discussed in section 3.2.1. An additional step of OPS
polishing is done before ultrasonic cleaning. The measurements are conducted using a JEOL
JSM 6500F FEG-SEM microscope with an EDAX/TSL detector. The step size and working
distance are 1 ym and 17 ym, respectively. The scan is performed over an area of 1.44 mm?
in each sample. The data processing and analysis are done using TSL-OIM v7.3 software and
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MATLAB® with the MTEX toolbox [84—88]. The grain identification is done using a threshold
misorientation angle of 5°. The grain boundaries are classified as low-angle and high-angle
grain boundaries using a threshold misorientation angle of 15°.

3.2.4. XRD

The macro-texture analysis is performed on the polished sample surface using Bruker D8
Discover X-ray diffractometer with Eulerian cradle and parallel beam geometry. The X-ray
radiation used is Co Ka (4= 0.179 nm) with an accelerating voltage 45 kV and a current of 25
mA. The measurements are performed on the normal plane of the samples consisting of the
rolling direction and transverse direction. Data processing and analysis are done using Bruker
software Texture Edit, Texture Evaluation, and DiffracSuite EVA 5.2. Fig. 3.2 illustrates the
placement of samples in the diffractometer.

Figure 3.2: lllustration showing the samples inside the diffractometer with the direction of X-rays

3.3. Electrochemical characterization

3.3.1. Theory

Several electrochemical techniques exist that can provide useful information about the cor-
rosion behavior of metals. It is common in corrosion studies to use multiple characterization
methods for a better understanding of the corrosion process [17, 18]. The theory and prin-
ciple of two important techniques: potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS) are explained further in detail.

Potentiodynamic polarization (PDP)

PDP is an electrochemical technique in which the response (current) of the system is recorded
by sweeping linearly over a selected range of potential. The experimental set-up consists of a
3-electrode electrochemical cell connected to a potentiostat. A potentiostat is a device that can
be used to control the potential or current through a cell and measure the other corresponding
signal. Fig. 3.3 shows the 3-electrode cell. It consists of a working electrode, counter elec-
trode, and the reference electrode in the electrolyte. It can also have special connection for
gas inlet and outlet. The material under examination is the working electrode. In corrosion
studies, the corrosion behavior of the working electrode is studied. The reference electrode
has a constant potential and serves as a reference for measuring the potential of the work-
ing electrode. The counter electrode completes the cell circuit. It is usually made of an inert
material like platinum or graphite. Once the cell is assembled, it is allowed to attain a stable
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open circuit potential (OCP) before performing experiments. During this period, no current
flows in the circuit. As the oxidation and reduction reactions on the electrode surface reach
equilibrium, the OCP becomes stable [17, 18].
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Figure 3.3: Schematic diagram of a 3-electrode electrochemical cell [18]

In PDP, the potential range of interest is defined first. The sweep begins in the positive
direction from the lowest potential. The scanning rate is kept small to maintain steady-state
like conditions. A potential (E)-current (1) plot is generated during the scan. The current is usu-
ally normalized with the area of the working electrode to get current density (i). The current
density is plotted in logarithmic scale as it can spread over orders of magnitude. This graph
can be used to determine parameters like corrosion current density (igo,r), cOrrosion potential
(Ecorr) @nd resistance polarization (Rp), which quantify the corrosion behavior of the material
under study [17, 18]. From the fundamentals of electrochemistry, the concept of polarization
is well-known. Polarization refers to the deviation of potential from its equilibrium potential
due to a net surface reaction resulting in current flow. It has been categorized into three
types: activation polarization, concentration polarization, and ohmic polarization. Activation
polarization arises due to a rate-limiting step controlling the half-cell reaction. Concentration
polarization arises due to the limiting effect of mass-transfer of species in the vicinity of the
electrode surface. Ohmic polarization, as the name suggests, is the potential drop associated
with ohmic resistance of the solution and surface films. The change in potential due to polar-
ization is quantified by the overpotential (n). If the overpotential is positive, it is called anodic
polarization and if it is negative, it is called cathodic polarization [17]. The general relationship
between current density and overpotential is given by the equation 3.1. In this equation, i, is
the exchange current density, «a is the anodic charge transfer coefficient, C, (0, t) and C; are
the concentration of oxidized species at the surface and bulk level. Similarly, Cz(0,t) and Cy
are the concentration of reduced species at the surface and bulk level. f stands for nF/RT
where n is the number of electrons involved in the reaction, F is Faraday’s constant, R is the
universal gas constant and T is the absolute temperature. On simplifying the equation by as-
suming a well-stirred solution with no mass-transfer effects, we get the familiar Butler-Volmer
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equation (equation 3.2) [17, 89].
=iy Co ((3' t) e—afn _ RO L (2’ £) e(-a)fn
CO CR

(3.1)

i =iy(e” N — (-0 (3.2)

At large overpotential (n > 118 mV), the equation gives the Tafel behavior. The value of
118 mV comes from the consideration that the back reaction contributes less than 1% of the
current [89]. If the plot obtained by PDP contains linear regions in the cathodic and anodic
sweep over a decade of current, they can be extrapolated towards the corrosion potential to
intersect to give the corrosion current density. A schematic of this extrapolation procedure is
shown in fig. 3.4. The corrosion rate (r) in thickness per unit time can be calculated from the
current density using the equation 3.3. Here, a is the molar mass of the corroding metal, n
is the number of electrons involved, F is Faraday’s constant and D is the mass density of the

corroding metal [17, 18, 89]. _
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Figure 3.4: Determination of corrosion current density by Tafel extrapolation [18]

At low overpotential (10-20 mV), the Butler-Volmer equation simplifies to a linear relation
between overpotential and current density. The slope of the curve plotted in linear scale gives
the polarization resistance (as shown in the fig. 3.5). The Stern-Geary equation gives the in-
verse relation between the corrosion current density and the polarization resistance (equation
3.4). Here, b, and b, are the anodic and cathodic Tafel slopes, respectively. A material with
high corrosion resistance has low ic and high Rp value [17, 89].

1

2.303R; (bi + ﬁ)

(3.4)

leorr =
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Figure 3.5: Determination of polarization resistance [18].

Electrochemical impedance spectroscopy

EIS is a non-destructive technique to understand the complex phenomena occurring at the
electrode-electrolyte interface. The method involves applying a small perturbation of voltage
or current periodically and recording the response of the system. Generally, an amplitude
of a 10-20 mV AC signal is applied to the system and the current response is recorded. The
perturbation displaces the system from its present state, followed by relaxation to a new steady
state. The relaxation process of the system is studied over a wide range of frequencies of the
excitation signal (1072 to 10°> Hz). The experimental set-up consists of a 3-electrode cell,
a frequency generator, a frequency response analyzer, and a potentiostat for controlling the
potential of the working electrode. The AC potential and current are sinusoidal and can be
expressed at any instant in time (t) by equations 3.5 and 3.6, respectively. Here, 1}, and I,
are the amplitudes of voltage and current, w is the angular frequency, and ¢ is the phase
difference between the voltage and current. These voltage and current can be represented
in complex form using Euler’s equation (equation 3.7) They are shown in equations 3.8 - 3.9.
The impedance of the system Z(w), given by Ohm’s law in the complex form, is presented by
the equation 3.10. Z, is the magnitude of impedance. The impedance consists of a real part
and an imaginary part [17, 18, 90].

V(w,t) = Vy(cos(wt)) (3.5)
I(w,t) = Ij(cos(wt — ¢)) (3.6)
e’ = cos(8) + jsin(8) (3.7)
V(w,t) = Vyel®t (3.8)
I(w,t) = [,e/(@t=®) (3.9)
V(w,t) -
2(@) = 4 = Fo(cos(®) + jsin($) (3.10)

EIS data processing is done by representing the impedance measured in terms of an equiv-
alent electrical circuit. This representation helps in simplifying the corrosion process occurring
at the interface. A typical representation of the metal-solution interface as electrical circuit
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is shown in fig. 3.6. Here R, is the solution resistance, Rp is the polarization resistance or
charge-transfer resistance, and Cy, is the capacitance associated with the electrical double-
layer. The impedance measurements performed by the software can be represented by two
plots. They are the Nyquist plot (also known as complex-plane plot or Cole-Cole plot) and the
Bode plot. In the Nyquist plot (fig. 3.7), the imaginary part of impedance (Z") is plotted against
the real part (Z') for every frequency. The frequency increases along the direction shown.
The length of the line drawn from origin to the graph gives the magnitude of impedance for
the specific frequency. The angle 6 is the phase difference described earlier. The graph
has a semi-circular shape and intersects the x-axis at two points. From the calculations, the
intersection at the low-frequency end (w — 0) gives the sum of polarization resistance and
solution resistance. At the high-frequency end (w — ), the intersection gives the solution
resistance. The frequency corresponding to the maxima of the graph is equal to the inverse of
time constant of the parallel R-C circuit. The Bode-plot (fig. 3.8) expresses the magnitude of
impedance as a function of the frequency. It can also include the dependence of phase angle
with frequency. The capacitance Cg can be calculated by extrapolating the linear portion of
the plot to the y-axis, as shown in the fig. 3.8 [17, 18].

Ry

Figure 3.6: A typical equivalent electrical circuit of electrochemical interface [18]
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Figure 3.7: Representation of Nyquist plot Figure 3.8: Representation of Bode plot [91]

In the present work, EIS is used to understand the metal-solution interface and develop
an equivalent electrical circuit. The values of the elements in the circuit are used to compare
the corrosion resistance of samples with different grain sizes. In active condition, the charge-
transfer resistance of the system is the indicator of the corrosion resistance of the metal. In
passive condition, the capacitance of the passive film gives a rough estimate of the film thick-
ness [18, 90].
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3.3.2. Experimental set-up

The electrochemical experiments on each sample are performed using a BioLogic VSP-300
potentiostat. The sample surface is prepared by grinding and polishing, as discussed in sec-
tion 3.2.1. The sample is coated along the edges with a BLR Electrolube sealant (fig. 3.9) to
prevent crevice corrosion. A piece of adhesive copper tape is stuck on the rear-end of the ex-
posed metallic surface for convenient electrical connection. The sample is now mounted in a
custom 3-electrode cell set-up. In this cell, the sample acts as the working electrode, stainless-
steel mesh acts as the counter electrode, and Ag/AgCI electrode filled with saturated KCI acts
as the reference electrode. The set-up is placed in Faraday cage to avoid to avoid interfer-
ence from external electromagnetic fields. This is shown in fig. 3.10. The experiments are
performed in deaerated 0.1 M H,SO, and 0.01 M H,SO, solutions. The preparation of these
solutions is discussed in Appendix A1. The deaeration step is carried out by purging N, gas
through 100 ml of the solution for one hour. The beaker containing the solution is sealed with
Parafilm M laboratory film during deaeration to avoid exposure to open air as much as possible
(fig. 3.11).

Figure 3.10: lllustration showing the custom 3-electrode
cell set-up in a Faraday cage used to perform the
electrochemical experiments.

Figure 3.9: Polished sample with the sealant applied
before the experiment.



3.3. Electrochemical characterization 29

Figure 3.11: lllustration of the deaeration step of the
corrosion medium before experiment.

3.3.3. Potentiodynamic polarization

Following the set-up, system is allowed to stabilize for one hour at room temperature to obtain
a steady open circuit potential (OCP). The measurement is then performed in the potential
range of -250 mV to +250 mV with respect to the OCP. The scan rate is 0.167 mV/s.

The exposed surface area of the sample is measured using a Keyence VHX-5000 digital
microscope after the test is completed. An illustrative area measurement image is shown in
fig. 3.12. The polarization experiment of the sample is repeated at least 3 times in each envi-
ronment to ensure the reproducibility of the results. The data collection and analysis is done
using EC-Lab v11.34 software. The polarization data is used to determine the electrochemical
parameters by the Tafel extrapolation method. The linear fitting of the cathodic branch is done
around -50 mV to -150 mV from the equilibrium potential. For the anodic branch, the linear
fitting is performed around +30 to +50 mV from the equilibrium potential.

©1000pm

Figure 3.12: Optical image illustrating the measurement
of the exposed area of the sample.
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3.3.4. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is performed on the samples to understand the
electrode-electrolyte interface and complement the corrosion behavior results of samples from
polarization tests. The system is first allowed to stabilize for 1 hour at room temperature before
the experiment to obtain a steady open-circuit potential. The measurementis performed in sine
mode using an AC excitation voltage signal of 10 mV amplitude in the frequency range from
30 kHz to 10 mHz. The impedance measurements are repeated at least 3 times for a sample
in each environment to ensure the reproducibility of results. The impedance data normalized
by the exposed surface area of the sample is analyzed using ZView v3.5h software. The fitting
of the data is done with an equivalent electrical circuit to obtain the values of circuit elements
and compare the corrosion behavior of samples.

3.3.5. Potentiostatic polarization

Potentiostatic polarization is performed on the samples to obtain a fresh corroded surface to
carry out surface characterization. The tests are performed in the deaerated 0.1 M H,SO,
solution. The system is allowed to stabilize for 1 hour at room temperature before the ex-
periment to obtain a steady open-circuit potential. The samples are allowed to corrode in a
controlled manner by applying a constant potential of +40 mV relative to their OCP values
recorded during experiments for a period of 10 minutes. The samples are then ready for
surface characterization.

3.4. Surface Characterization

The surface topography of the samples after potentiostatic polarization is studied by atomic
force microscopy (AFM). Before the AFM scan, a suitable area of interest on the sample sur-
face is delimited by indents using Struers DuraScan 70 Vickers hardness test instrument.
AFM scans are performed on the samples with low surface texture using a Bruker Dimension
Edge™in tapping mode with antimony (n) doped silicon tip. The measurements are conducted
with a pixel resolution of 1024 x 1024 and a scan rate of 0.6 Hz. Data collection during the
scans is done with Nanodrive v8.05 software. Data processing and analysis are done using
Gwyddion v2.50 software.

3.5. Numerical modeling of corrosion

Following the experimental results, an attempt is made to model the corrosion behavior of poly-
crystalline pure Fe. This is achieved by building a numerical model in COMSOL Multiphysics®
using the Electrochemistry module. The model predicts the corrosion behavior of pure poly-
crystalline iron using the corrosion behavior of different crystallographic orientations of iron.
The model is adapted from the work of Abodi et al. [92] on macroscopic corrosion of AA2024
Al alloy. They generated the polarization curve of the macroscopic system using individual
polarization curves of the Al matrix, intermetallic compounds, and sigma-phase precipitates
as inputs to the model. The current model follows an analogous pathway to generate the po-
larization curve of the polycrystalline pure Fe using corrosion information of crystallographic
orientations from the literature.
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3.5.1. Model parameters

The input parameters of the corrosion model include electrochemical parameters of each con-
tributing crystallographic orientation (i.e., corrosion potential, corrosion current density, and
Tafel slopes), the conductivity of the electrolyte, and the range of externally applied potential.
The crystallographic input data are taken from the work of Fushimi et al. [51]. They studied
the corrosion behavior of six different crystallographic orientations of pure Fe in 0.05 M H,SO,
(pH = 1). The obtained information is shown in fig. 3.13. The average value of each corrosion
parameter is used as input. The electrolyte conductivity is taken to be 4 S/m.
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Figure 3.13: Electrochemical parameters of different crystallographic orientations in 0.05 M H,SO, solution
available as input for the model [51].

3.5.2. Model geometry

The schematic model geometry used in COMSOL Multiphysics® is shown in fig. 3.14. The
geometry can be in 2-D or 3-D. In the 2-D geometry, the blue line indicates the electrochemical
interface, and the gray region is the electrolyte domain. In 3-D geometry, the top cube is the
electrolyte domain, and the bottom geometry is the electrode domain in the form of a bi-crystal.
In 2-D configuration, the electrolyte domain and the electrochemical interface are modeled.
In the 3-D configuration, the electrode domain is modeled additionally. This is not relevant
for the current model study because the potential across the electrode is constant due to its
high electrical conductivity. The modeling of electrode domains is of particular interest in the
case of porous and gas-diffusion electrodes. Hence, in the present model, the 2-D geometry
is used. In the current approach, the preliminary studies are done on a bi-crystal sample
geometry to validate the individual polarization curves of the crystallographic orientation with
their corresponding experimental polarization curves. After successful validation, the model
is implemented on the three samples. The distribution of different orientations in the samples
is obtained using their EBSD maps.
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Figure 3.14: Model geometry in (a) 2-D and (b) 3-D designed in COMSOL MultiPhysics®.

3.5.3. Model boundary conditions

As discussed in the section 2.4.1, the boundary conditions imposed on the 2-D geometry are
listed in table 3.2. The model calculates the current density based on the applied potential
using the Tafel equation. The line average of this current density across the electrochemical
interface is plotted against the applied potential to generate the polarization curve.
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Table 3.2: Summary of boundary conditions imposed on the model geometry

Boundary condition

Comments

i ==-0V(¢)

Applied in the electrolyte domain to calculate current density
based on the potential gradient.

N = sext — P1 — Eeq

Applied at the electrochemical interface to define overpotential
due to the externally applied potential.

oo = o+ 1007)

Applied at the electrochemical interface to calculate
local current density due to the applied overpotential.

ltotal = > iloc,m
m

Sum of currents generated across the electrochemical interface.

A - i = liotal Conservation of charge by Kirchhoff’s current law.

0 Applied at one of the electrolyte boundaries to set reference
Prond = for the potential values.
—-A-i=0 Applied at remaining electrolyte boundaries for insulation.







Results and Discussion

In this chapter, the results of the experiments and the model outlined in chapter 3 are pre-
sented. The results are analyzed, and correlations are made wherever necessary between
the observations for better comprehension and to draw suitable conclusions. The chapter
begins with the microstructure characterization results, followed by results of electrochemical
characterization and surface characterization. Then, the results of the corrosion model are
presented with model validation and comparison with the experimental findings. A summary
and overall interpretation of the results is included in the final section of the chapter.

4.1. Microstructure characterization

4.1.1. Optical Microscopy

Fig. 4.1 shows the optical microscopy images of the samples after etching with a 2% Nital
solution.The samples have a single ferrite phase. The Fe-700 sample shows fine equiaxed
grains due to the recrystallization process during annealing. The Fe-950 and Fe-1100 samples
exhibit relatively coarser grains due to their higher annealing temperatures. Some black spots
are observed scattered in the images. They are likely to be impurities or particles from the
polishing step. The grain boundaries are distinctly visible, but some grain boundaries appear
under-etched. Hence, to perform accurate grain size measurement, optical images after the
corrosion test in 0.1 M H,SO, solution are used. The exact images used for calculation are
included in the Appendix A2. The grain sizes of the samples, calculated by the line intercept
method, are summarized in the table 4.1.

Table 4.1: Summary of grain size of samples calculated by line intercept method

Sample Grain size (um)

Fe-700 30+24

Fe-950 48.9+3.5

Fe-1100 75.5+8.6

35
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Figure 4.1: Optical microscope images of (a) Fe-700 (b) Fe-950 and (c) Fe-1100 samples after etching with 2%
Nital solution. (Magnification: 500X)

4.1.2. EBSD

The microstructural features of the samples are studied by electron backscatter diffraction.
Fig. 4.2 shows the inverse pole figure (IPF) maps of the samples. They are obtained after
EBSD scans on the plane of the samples consisting of the rolling direction and the trans-
verse direction. The Fe-700 sample shows prominence of grains with <111> parallel to the
normal direction. For Fe-950 and Fe-1100 samples, it is difficult to comment on the texture
aspect due to the relatively smaller amount of grains. Hence, XRD macro-texture analysis is
performed for better understanding and is discussed in section 4.1.3. Table 4.2 summarizes
other microstructural features obtained from the EBSD analysis. The grain size of the sam-
ples obtained here is similar to that calculated by the line intercept method.The grain boundary
fraction increases with a reduction in grain size. The grain boundaries are classified as low
angle and high angle grain boundaries using a threshold misorientation angle of 15°. Based
on this classification, it is evident that high angle grain boundaries constitute a significant por-
tion of the grain boundaries in all the samples. The geometrically necessary dislocation (GND)
density calculated for the samples reveals that they are more or less in a similar order. The
values indicate samples are nearly strain-free with small difference in dislocation densities.
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Figure 4.2: EBSD inverse pole figure maps of (a) Fe-700 (b) Fe-950 and (c) Fe-1100 samples showing grain
orientations along the normal direction of the samples.

Table 4.2: Summary of microstructure parameters obtained from EBSD data of the samples.

HAGB LAGB

Grain size  Grain boundary . . GND
Sample (um) fraction (um~1) fraction fraction (m-2)
(m~')  (pm~Y)
Fe-700 25.7+21 0.102 0.096 0.006 3.4+0.4x10%3
Fe-950 52.7+4 0.052 0.050 0.002 7.9+0.2x10%2

Fe-1100 91.1+12.3 0.033 0.032 0.001 44+0.2x10"
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4.1.3. XRD texture analysis
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Figure 4.3: ODF section phi2 = 45°0f (a) Fe-700 (b) Fe-950 and (c) Fe-1100 samples d) illustrative phi2 =
45°0DF section representing the characteristic texture components in BCC metals [50].

Fig. 4.3 shows the constant phi2 = 45°section of the orientation distribution function (ODF)
plots of the three samples along with a representative ODF plot showing the characteristic
texture components seen in BCC materials. The ODF plots are represented using the Bunge
notation.
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In the ODF section, the horizontal region near PHI = 0°denotes the grains with {001} orien-
tation parallel to the sample’s rolled surface. Fe-700 sample and Fe-1100 sample have little
or no iso-intensity lines in this region, indicating a meager fraction of {001} grains. Fe-950
sample has a relatively higher density of the iso-intensity lines indicating a higher volume frac-
tion of grains close to {001} orientation. Similarly, in the ODF section, the horizontal region
near PHI = 50°to 60°denotes the grains with {111} orientation parallel to the rolled surface.
Fe-700 sample has most of its iso-intensity lines lying here horizontally. This is the y fibre
that is associated with the recrystallization of rolled BCC metals and alloys [50]. Hence, the
Fe-700 sample has most of the grains close to {111} orientation parallel to the rolled surface.
Fe-950 and Fe-1100 samples have a significantly lower density of iso-intensity lines in the y
fibre region compared to Fe-700 and consequently have a smaller fraction of grains close to
{111} orientation. Finally, in the ODF section, the horizontal region near PHI = 90°denotes the
grains with {110} orientation parallel to the rolled surface of the sample. Fe-700 sample has a
small region of a high density of iso-intensity lines indicating a small fraction of grains close to
{110} orientation. Fe-950 and Fe-1100 samples have multiple small regions of a high density
of iso-intensity lines, indicating a higher fraction of grains close to {110} orientation. Fe-950
and Fe-1100 samples also show dense regions of iso-intensity lines at several intermediate
orientations, which is missing in the Fe-700 sample. This analysis gives a clear picture of the
orientation distribution of grains at the corrosion front facing the solution medium in different
samples.

4.2. Electrochemical characterization

4.2.1. Open circuit potential measurement

The open-circuit potential (OCP) of the sample is recorded relative to the reference electrode
in the electrolyte medium to assess the system’s stability before performing tests like electro-
chemical impedance spectroscopy (EIS) and potentiodynamic polarization. A stable OCP is
a prerequisite for these tests because the excitation voltage signal in EIS and the potential
sweep range in potentiodynamic polarization are applied relative to the OCP.

Fig. 4.4 shows the evolution of OCP with time for the three heat-treated Fe samples in
deaerated 0.1 M H,SO, and 0.01 M H,SO, solutions, respectively. In all the samples, the
potential shows a drop in value initially and then attains a stable value. The observed drop in
potential could be associated with the dissolution of the naturally existing oxide layer on the
sample surface [93]. According to the Pourbaix diagram (fig. 2.2), Fe shows active behavior
atpH = 1.1 (0.1 M Hy;SO,4) and 1.9 (0.01 M H,SO,) in the solutions used. The decrease in
potential over time shows the increase in the corrosion tendency of the samples. Around t =
1500 s, the potential values begin to stabilize as the system moves close to the equilibrium. At
the end of 1 hour, the average potential values are summarized in table 4.3 for the samples in
both of the tested solutions. In 0.1 M H,SO, solution, the potential values of the samples are
close. Fe-950 sample has the most negative potential value, indicating its higher corrosion
tendency than other samples. In 0.01 M H,SO, solution, the potential values of the samples
are far apart, as evident from the plot. Fe-700 sample has the most negative potential value
followed by Fe-950 and Fe-1100 samples. These values indicate an increase in corrosion
tendency with reduction in grain size of the samples in 0.01 M H,SO, solution.
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Figure 4.4: Evolution of OCP with time of the samples in (a) 0.1 M H,SO, and (b) 0.01 M H,SO, solutions.

Table 4.3: Summary of the OCP values of the samples in the tested solutions

Sample OCP in 0.1 M H,SO, (V) OCP in 0.01 M H,SO, (V)

Fe-700 -0.469 £ 0.011 -0.510 £ 0.012
Fe-950 -0.475 +0.006 -0.505 £ 0.005
Fe-1100 -0.473 +0.008 -0.492 £ 0.009

4.2.2. Potentiodynamic polarization measurement

Fig. 4.5 shows the corrosion behavior of samples during potentiodynamic polarization in the
deaerated 0.1 M H,SO, solution. A noticeable difference is observed in the cathodic branches
of the polarization curves. Fe-950 sample shows a higher cathodic current density than Fe-700
and Fe-1100 samples in the applied potential range. On the contrary, the anodic branches of
the polarization curves overlap over each other. This observation indicates the role of cathodic
reaction kinetics in controlling the corrosion behavior of the samples. Table 4.4 summarizes
the polarization parameters obtained from the curves by Tafel extrapolation. The samples
have similar corrosion potential (E.r) values, which is also evident from the plot. The corro-
sion current density (i.o;r) Values are comparable for Fe-700 and Fe-1100 samples and lower
than the Fe-950 sample. This implies that on decreasing the grain size, the corrosion rate first
increases and then decreases. The increase in the corrosion rate for the Fe-950 sample rela-
tive to the Fe-1100 sample can be attributed to the increase in grain boundary density, which
implies more high energy active sites for corrosion [2]. However, the decrease in the corrosion
rate observed for the Fe-700 sample is counter-intuitive and requires a more in-depth analysis
of the role of other microstructural features. From the microstructure characterization analysis,
this unexpected corrosion behavior can be attributed to the dominant effect of crystallographic
texture in Fe-700 sample. The corrosion rate among crystallographic orientations of Fe in ac-
tive condition follows the sequence: (110) < (111) < (001) [51]. The low corrosion rate of {111}
oriented grains more than compensate for the increase in corrosion rate due to higher grain
boundary fraction.
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Figure 4.5: Potentiodynamic polarization curves of the samples measured in 0.1 M H,SO, solution.

Table 4.4: Summary of electrochemical parameters obtained by Tafel extrapolation of polarization curves
obtained in 0.1 M H,SO, solution.

Ecorr icorr B Anodic f Cathodic

Sample (V) (uAlem?) (mV)  (mV)

Fe-700 -468+7 73+4 45+4 191 +£15

Fe-950 -466+8 14923 515 198 £ 5

Fe-1100 -469+6 76+10 44 + 2 199 £ 13

The anodic Tafel slope (8 anodic) observed in this work is similar to that observed in the
literature [51]. The anodic reaction mechanism is forwarded by Bockris and co-workers and
is shown in the equations (4.1 - 4.3). They proposed two single-electron exchange reac-
tions, with the de-electronation step of the adsorbed iron hydroxide (equation 4.2) as the rate-
determining step [94].

Fe+ H,0 & FeOHy s+ H + e — (4.1)
FeOHguqs » FEOH" + e — (4.2)
FeOH' + HY & Fe?* + H,0 (4.3)

The cathodic Tafel slope observed in this work is higher than the values observed in litera-
ture for hydrogen evolution reaction (HER). The HER is given by the Volmer-Heyrovsky-Tafel
mechanism [95]. The corresponding reaction steps have been shown in the equations (4.4 -
4.6). Here ‘M’ denotes empty site on the metal electrode surface.
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H;0" + M + e— & MH,45 + H,0  (Volmer step) (4.4)
MH,45 + H;0% + e— & H, + H,0 + M (Heyrovsky step) (4.5)
2MHg4s < Hy + 2M (Tafel step) (4.6)

The first step is the Volmer step, in which the hydronium ion gets adsorbed on the elec-
trode surface as an intermediate. Now, the next step i.e. desorption can proceed in either of
the two ways. The adsorbed hydrogen can either react with hydronium ion from the solution
with the transfer of an electron to give molecular hydrogen (Heyrovsky step) or combine with
another adsorbed hydrogen to give molecular hydrogen (Tafel step). If the Volmer step is rate-
limiting, the Tafel slope is around 118 mV/decade; else, the Tafel slope is 39 mV/decade or 30
mV/decade based on the Heyrovsky step, or the Tafel step being rate-limiting, respectively.
Based on the cathodic Tafel slope obtained here, it is difficult to comment on the rate-limiting
step. However, the cathodic Tafel slope is consistent across the samples, indicating a simi-
lar reaction mechanism. The possibility of any dissolved oxygen in the solution resulting in a
cathodic reaction to give water is ruled out based on the corrosion potential of the samples
lying outside the water stability zone in the Pourbaix diagram for the pH of the used solutions.
Hence, the reason for the higher cathodic Tafel slope observed could be related to the pres-
ence of adsorbed species on the electrode surface, limiting the hydrogen evolution reaction.
The presence of adsorbed species has been noticed in the impedance spectroscopy results,
as discussed later in section 4.2.4.
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Figure 4.6: Potentiodynamic polarization curves of the samples measured in 0.01 M H,SO, solution.

Fig. 4.6 shows the potentiodynamic polarization results obtained for the samples in the
deaerated 0.01 M H,SO, solution. This experiment aims to understand the effect of change
in pH inside the active region on the corrosion behavior and the trend of corrosion rate among
the samples. Some similarities and differences can be noticed here compared to the results
obtained in the 0.1 M H,SO, solution (fig. 4.5). The cathodic current density of the Fe-950
sample is higher than the other samples. The cathodic branches of Fe-700 and Fe-1100
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samples overlap quite well, similar to the previous results in 0.1 M H,SO, solution. The anodic
branch of each sample is distinctly visible. The polarization parameters obtained from Tafel
extrapolation are summarized in table 4.5.

Table 4.5: Summary of electrochemical parameters obtained by Tafel extrapolation of polarization curves
obtained in 0.01 M H,SO, solution.

Ecorr icorr B Anodic f Cathodic

Sample v (uAlcm?)  (mV) (mV)

Fe-700 -502+12 74+15 62 +12 220+ 8

Fe-950 -498+4 111+4 754 2357

Fe-1100 -486+6 50+ 20 489 198 + 23

The Fe-1100 sample shows a nobler E,,, value followed by Fe-950 and Fe-700 samples.
The E, values of the samples are relatively more negative than those obtained in 0.1 M
H,SO, solution. Fe-950 and Fe-1100 samples show a decrease in the corrosion current den-
sity with dilution from 0.1 M to 0.01 M H,SO, solution, while the Fe-700 sample shows negli-
gible change in corrosion current density. The corrosion current density follows the sequence
Fe-1100 < Fe-700 < Fe-950. This trend provides a better picture of the corrosion behavior.
Fe-700 and Fe-950 samples individually show a higher corrosion rate than the Fe-1100 sam-
ple. It shows that the corrosion rate increases with a decrease in grain size. However, the
amount of increase is controlled by grain boundary fraction and crystallographic orientation of
grains. For the Fe-950 sample, a higher grain boundary fraction and the presence of a rel-
atively higher volume fraction of {001} oriented grains reinforce each other to achieve a high
corrosion rate. For the Fe-700 sample, a higher grain boundary fraction and the predominant
presence of grains with {111} orientation have contrasting effects on corrosion behavior. Con-
sequently, the net increase in the corrosion rate of the Fe-700 sample is lower than the Fe-950
sample. The combined effect of the grain size and crystallographic orientation is visible in the
corrosion behavior of the samples.The cathodic Tafel slopes of the samples are higher than
expected, similar to the results in the 0.1 M H,SO,4 solution. This is likely associated with the
presence of adsorbed species limiting the hydrogen evolution reaction.
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4.2.3. Morphology of corroded surface

(c)

Figure 4.7: Optical images showing comparison of surface morphology of (a) Fe-700 (b) Fe-950 and (c) Fe-1100
samples after corrosion test in 0.1 M H,SO, solution. (Magnification: 500X)

The surface morphology of the samples has been studied under the optical microscope af-
ter the potentiodynamic polarization tests. Fig. 4.7 shows the optical images of the samples
after corrosion in 0.1 M H,SO, solution. Uniform corrosion is observed in all three samples.
The grain and grain boundaries are visible clearly. Some grain boundaries appear to be at-
tacked more than others. Fe-700 sample has more grain boundaries with a deeper attack
than Fe-950 and Fe-1100 samples. This could be related to the nature of grain boundaries
or crystallographic orientations of the neighboring grains which form micro-galvanic couple
due to difference in their corrosion activity. High angle grain boundaries have been reported
to corrode more actively than low angle grain boundaries in copper [62] and aluminum [63].
For better insight, surface topography analysis of the corroded surface is pursued with atomic
force microscopy (AFM) and discussed later in section 4.3.
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(c)

Figure 4.8: Optical images showing comparison of surface morphology of (a) Fe-700 (b) Fe-950 and (c) Fe-1100
samples after corrosion testin 0.01 M H,SO, solution. (Magnification: 500X)

Fig. 4.8 shows the optical images of the samples after the corrosion study in 0.01 M H,SO,4
solution. Grains and grain boundaries are distinctly visible in Fe-700 and Fe-950 samples. The
attack on grain boundaries appears to have reduced relative to the results observed in the 0.1
M H,SO, solution.Some grains appear brighter in the Fe-700 sample indicating a selective
dissolution of grains based on the crystallographic orientation. In the Fe-1100 sample, the
surface appears dull with a fuzzy appearance of grain boundaries, indicating a relatively lesser
degree of corrosion attack than Fe-700 and Fe-950 samples. The corrosion in the 0.01 M
H,SO, solution is inhomogeneous. Some regions in the samples without corrosion attack are
also observed. Significant variations in the surface morphology are observed in different trials
of the same sample, as shown in fig. 4.9 and fig. 4.10. This variation in the morphology of the
corroded surface between trials is ascribed to the dilute nature of the solution.
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(@) (b)

Figure 4.9: Optical images of Fe-700 sample showing variation in surface morphology in different trials after
corrosion test in 0.01 M H,SO, solution. (Magnification: 500X)

(a) (b)

Figure 4.10: Optical images of Fe-1100 sample showing variation in surface morphology in different trials after
corrosion test in 0.01 M H,SO, solution. (Magnification: 500X)

4.2.4. Electrochemical Impedance Spectroscopy (EIS)

EIS is performed on the samples in the solution medium to understand the electrochemical
interface and the corrosion resistance of the samples. Fig. 4.11 shows the Nyquist and Bode
plots of the samples in deaerated 0.1 M H,SO, solution. The shape of the Nyquist plots is
identical across the samples with a depressed semi-circular appearance. A single capacitive
loop is observed at high to mid-frequencies in all the samples, associated with the charge
transfer across the electrical double layer. At low frequencies, a small inductive loop is ob-
served. The inductive loop is attributed to the relaxation of adsorbed species on the electrode
surface. They could be intermediate Fe(l) and Fe(ll) species, based on similar observations in
other studies [96-99]. The diameter of the capacitive loop is an indication of the charge trans-
fer resistance of the sample. Fe-950 sample has the smallest diameter among all samples.
Fe-700 and Fe-1100 samples show capacitive loops of similar size with a slight difference.
This observation indicates lower corrosion resistance of the Fe-950 sample relative to Fe-700
and Fe-1100 samples.
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Figure 4.11: (a) Nyquist and (b) Bode plots of the samples in 0.1 M H,SO, solution.

The Bode |Z] plots of the samples show frequency-independent regions at low and high
frequencies and a linear slope in the intermediate frequencies associated with the double-
layer capacitance. The phase angle plots show the non-ideal nature of the capacitance as
the minimum phase angle is quite far from -90°(for a pure capacitor). This non-ideal behavior
is ascribed to the inhomogeneities and roughness of the electrode surface [14]. The experi-
mental data are fitted using an equivalent electrical circuit (fig. 4.12), as proposed in similar
studies [14, 98], to quantify the impedance results. In the figure, Ry is the solution resistance,
Rt is the charge transfer resistance, R is the resistance and L1 is the inductance associated
with the adsorbed species, and CPE1 is the constant phase element (CPE) representing the
non-ideal double-layer capacitance. The CPE impedance is given by the equation 4.7.

1

Zcpg = W (4.7)

Here, Y, is the CPE constant, w is the angular frequency, and n is a parameter ranging
from 0 to 1, with n = 1 for a pure capacitor and n = 0 for a pure resistor.
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Figure 4.12: Equivalent electrical circuit for fitting the EIS data.

The average values of the circuit elements, obtained after multiple repetitions for each
sample, are summarized in table 4.6. The charge transfer resistance is a measure of the
corrosion resistance of the sample. Hence, the corrosion resistance initially decreases with a
decrease in grain size and then increases. This trend is consistent with the potentiodynamic
polarization results in the 0.1 M H,SO, solution and confirms the dominant effect of texture

Phase angle (Deg.)
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in the corrosion behavior of Fe-700 sample. The role of circuit elements R, and L remain
less explored in literature due to the non-stationary nature of adsorption, lack of sufficient data
points in the low-frequency region, and scatter in the inductive loop data affecting the fitting
accuracy [98]. In this work, the R and L values show large scatter, and hence, they are not
analyzed further. The ‘n’ values are similar across the samples indicating similar nature of the
electrical double layer. The low chi-square (x?) values indicate that a good fitting is achieved
in all the samples.

Table 4.6: Summary of impedance parameters obtained after fitting the EIS plots of samples in 0.1 M H,SO,

solution.
Sample Rs Ret Ry L )?:EO-‘ZO n X
2 2 2 2 -4

(2.cm?) (Q.cm<) (Q.cm*) (H.cm?) (@~1.cm~2s") X10

Fe-700 7. 438.4 1310.0 1642.5 1.588 0.816 4.8
© +1.3 +82.9 +5009 +1116.9 +£0.117 +0.016 +1.7
Fe-950 7.2 187.6 707.8 114.5 2.199 0.824 10.7
e +0.6 1439 +1204 +34.9 +0.293 +0.014 8.7

Fe-1100 10.7 411.9 1780.7 3636.2 1.798 0.821 3.6
© 27 +161.1 +868.6 +43354 +0.301 +0.014 +1.7

EIS tests are also performed on the samples in deaerated 0.01 M H,SO, solution. Fig.
4.13 shows the corresponding Nyquist and Bode plots of the samples. The Nyquist plot shows
a depressed semi-circular capacitive loop at high to mid-frequencies and a small inductive loop
at low frequencies. The consistent appearance of inductive loops in both of the tested solution
mediums and across all samples shows that it is not a mere artifact. As discussed earlier,
the inductive loop is associated with the relaxation of adsorbed intermediate species on the
electrode surface. The diameters of the capacitive loops follow the sequence Fe-1100 > Fe-
700 > Fe-950. Hence, their corrosion resistance also follows the same order. The Bode phase
angle plots show that the double layer behaves as a non-ideal capacitor since the minimum
phase angle falls quite short of the expected -90°, the phase difference for a pure capacitor.
This non-ideal behavior is attributed to the surface roughness and heterogeneity [14]. The
impedance data are fitted using the equivalent electrical circuit, as shown in fig. 4.12. The
average values of the circuit elements, obtained after multiple repetitions for each sample,
are summarized in table 4.7. The solution resistance is higher than in 0.1 M H,SO, solution
because of the dilute nature of the solution. The charge transfer resistance values confirm the
assessment of corrosion resistance of samples discussed earlier in this section. As the grain
size decreases, the corrosion resistance first decreases and then increases. The observations
from EIS results are consistent with that from the potentiodynamic polarization tests in 0.01
M H,SO, solution and highlight the combined effect of the grain size and the crystallographic
orientations on the corrosion behavior of the samples. The ‘n’ parameter is similar across the
samples indicating similar nature and quality of the electrical double layer. The role of circuit
elements R, and L in the corrosion behavior is not considered in the analysis owing to the
reasons stated earlier in the section.The low chi-square (x?) values indicate that a good fitting
is achieved in all the samples.
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Figure 4.13: (a) Nyquist and (b) Bode plots of the samples in 0.01 M H,SO, solution.

Table 4.7: Summary of impedance parameters obtained after fitting the EIS plots of samples in 0.01 M H,SO,
solution.

Sample Rs Ret Ry L )(zl:"lﬁ-‘to n X
2 2 2 2 -4

(Q.cm?) (Q.cm?) (Q.cm®) (H.cm?) (@~1.cm~2s") X10
Fe-700 63.3 307.7 880.5 194.4 1.786 0.827 3.7

e +9.5 +856 +112.6 +34.01 +0.667 +0.015 +1.4
Fe-950 52.5 209.5 645.4 92.9 1.987 0.817 3.9

e 59 +234 1114 1246 +0.338 +0.008 +0.7
Fe-1100 53.5 457.8 1182.1 4313 1.290 0.819 6.4

e +4.38 +1251 +2465 +283.1 +0.524 +0.032 +3.2

4.3. Surface characterization

The corrosion morphology observed in section 4.2.3 is pursued further by analyzing the to-
pography of the corroded surface of samples. Fig. 4.14 shows the optical images of the
samples after the potentiostatic polarization experimentin 0.1 M H,SO, solution. The images
are a good representation of the sample surface during the early stages of the potentiody-
namic polarization experiment. Here, the grain boundaries appear less attacked relative to
that observed in fig. 4.7. Further, in all the samples, some grains appear bright while the rest
appear dull. This indicates the preferential dissolution of grains, likely due to their own and
their neighbors’ crystallographic orientation.

Phase angle (Deg.)
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()
Figure 4.14: Optical images of (a) Fe-700 (b) Fe-950 and (c) Fe-1100 samples after potentiostatic poarization
testin 0.1 M H,SO, solution. (Magnification: 500X)

The AFM scans reveal interesting features observed in the surface topography of the sam-
ples. Fig. 4.15 show a high-resolution AFM scan on the Fe-700 sample surface and the line
profile scans conducted across the grain boundary. The grain boundaries are distinctly vis-
ible. A striking difference is observed in the surface texture of grains. The grain on the left
appears rougher with undulations, while the grain on the right looks relatively smooth. These
observations are evident in the line profile scans. A step-like feature is observed at the grain
boundary. The step height is about 230 nm in profile-1 and about 190 nm in profile-2. This
shows anisotropy in the dissolution of grains during corrosion. The height variations within
the grain are attributed to the inherent roughness of the surface and the possible presence of
corrosion products and oxides of iron.
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Figure 4.15: AFM topography of a region on corroded Fe-700 sample surface and the line profile scans across
grain boundary (x- position, y- depth/height).
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Fig. 4.16 and 4.17 shows small region AFM scans near the grain boundary in the Fe-700
sample with the line profile scans. The line profiles show contrasting topography at the grain
boundaries. In fig. 4.16, the grain boundary appears as a peak while in fig. 4.17, it appears
like a valley. Fig. 4.18 shows an AFM image of another region in the Fe-700 sample and the
line profile scans. Here, Profile-1 and profile-2 show a step-like topography across the grain
boundary, while profile-3 shows a wall-like topography at the grain boundary with the grains
at a lower level on both sides of the wall. The wall height is about 160 nm and has a width of
about 1 ym.
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Figure 4.16: AFM topography of a small region near grain boundary on corroded Fe-700 sample surface and the
line profile scan (x- position, y- depth/height).
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Figure 4.17: AFM topography of a small region near grain boundary on corroded Fe-700 sample surface and the
line profile scan (x- position, y- depth/height)
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Figure 4.18: AFM topography of another region on corroded Fe-700 sample surface and the line profile scans
across grain boundary (x- position, y- depth/height).
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Fig. 4.19 shows the AFM scan image of a region in the Fe-950 sample and the line profile
scans across the grain boundary. The line profiles show a sharp drop in height at the grain
boundaries, which gives rise to a trench-like topography. The depth of the trench is about 160
nm in profile-1 and about 230 nm in profile-2. Fig. 4.20 shows the AFM scan of a region in
the Fe-1100 sample. Profile-1 and Profile-2 show do not show any distinguishable difference
across the grain boundary. Profile-3 shows a trench like topography with a depth of nearly 200

nm across the grain boundary.
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Figure 4.19: AFM topography of corroded Fe-950 sample surface and the line profile scan across grain
boundary (x- position, y- depth/height).
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Figure 4.20: AFM topography of corroded Fe-1100 sample surface and the line profile scan across grain
boundary (x- position, y- depth/height).

Itis important not to jump to conclusions by correlating the observed features individually to
their corresponding sample. The AFM scans represent only a small region of the sample. Itis
reasonably possible to obtain all the topographies within the same sample. Hence, the origin
of such features is analyzed, irrespective of the sample. In the current study, the topography
across the grain boundary could be described by shapes like step, wall, and trench. These
observations have been addressed in other research works [52, 100, 101] and highlighted in
the literature review section 2.3.2. The step geometry is associated with neighboring grains
having a large difference in their corrosion behavior. A good example is the neighboring com-
bination of (001) and (110) orientation grains of iron studied by Schreiber et al. [52]. The (001)
grain corrodes faster than (110), resulting in a step topography at the grain boundary. The
formation of a wall and trench-like topographies is associated with neighbor grains of similar
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orientation or orientations with similar corrosion rates. The corrosion behavior of grain bound-
ary relative to its neighboring grains is likely to be the underlying factor. However, the exact
cause behind the appearance of either topography is not quite apparent because the corrosion
behavior of grain boundaries can vary depending on the grain boundary energy.

4.4. Numerical corrosion modeling

4.4.1. Preliminary model results

Using the 2-D model geometry for a bi-crystal sample, the polarization curves of 3 different
bi-crystal systems viz. (1112)-(10911),(1112)-(101)and (109 11)—- (10 1) are
modeled. These systems closely represent (001)-(111),(001)-(101)and (11 1)-(1
0 1) systems respectively.The model geometry is presented here again for convenience (fig.
4.21). For bi-crystal study, the electrochemical interface (blue line) is divided in ratio 1:1 to
assign the electrochemical properties of the two crystal orientations taken from fig. 3.13.

107 %107 o

o %10 m
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-4 -2 0 2 4 6 g 10 12 14

Figure 4.21: lllustration of model geometry for bi-crystal study.

Fig. 4.22 shows the modeled polarization curves for the three different bi-crystal systems
along with the contributing individual polarization curves. The modeled curves clearly capture
the role of the cathodic hydrogen evolution reaction (HER) controlling the corrosion kinetics.
The different crystallographic orientations show significant shifts in the cathodic branch of the
polarization curve. The role of cathodic reaction is also observed in the current experimental
work. Fe-950 sample (with higher corrosion rate) showed higher cathodic current density than
Fe-700 and Fe-950 samples. The Ey, and is values of the different systems, obtained by
Tafel extrapolation, are summarized in table 4.8. The (11 12)-(10911)and (1112)-(10
1) systems show similar corrosion current density and higher than (10 9 11) — (1 0 1) system.
This is attributed to the faster HER kinetics on (1 1 12) contributing to higher corrosion current
density in those two systems. The modeled polarization curves of individual orientations are
validated with the experimental counterparts from the work of Fushimi et al. [51]. This is
shown in fig. 4.23 for the three orientations discussed here. The range of the axes are kept
the same for better comparison. The modeled polarization curves bear close similarity with
the experimental curves.
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Figure 4.22: Modeled polarization curves of the bi-crystal systems (a) (1 1 12)-(101) (b) (10 9 11)-(101) and (c)

(1112)-(10 9 11)

Table 4.8: Summary of electrochemical parameters obtained by Tafel extrapolation of the modeled bi-crystal

systems.

System

Ecorr VS.

H 2
SHE (v) ICOI'I’ (Alcm )

(11 12)-(101)

-0.297 456 x10~*

(10 9 11)-(101

) -0.323 6.96 x 107>

(1112)-(109

1) -0.291 441 x10™*
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Figure 4.23: Validation of modeled polarization curves(left) of (a) (101), (b) (1 1 12), and (c) (10 9 11)
orientations with their corresponding experimental polarization curves (right) from the work of Fushimi et al. [51]

4.4.2. Model results of samples

Based on successful validation, the model is extended to the current samples, albeit with some
limitations and assumptions. There is a lack of complete understanding of corrosion on differ-
ent crystallographic orientations in general. Most of the experimental work on iron are limited
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to the basic three low index crystallographic orientations and in passive condition (table 2.3).
The current work shows the significance of HER kinetics on the corrosion behavior of iron.
A deeper literature analysis shows a lack of consensus about the underlying physical phe-
nomenon controlling the HER kinetics on the electrode surface. Some of the proposed factors
are work function and hydrogen adsorption free energy associated with the surface [102, 103].
These factors do not follow a monotonous behavior with change in atomic packing fraction, an
easily measurable physical property. This makes it difficult to define a relationship between
HER kinetics and crystallographic orientation [104]. Further, from fig. 3.13, it is observed that
the scatter associated with corrosion rate of different crystallographic orientations shows quite
some overlap.

Hence, to simplify the current study, only three orientations ((0 0 1), (1 1 1), and (1 0 1))
are taken into consideration. The corrosion parameters for (0 0 1) and (1 1 1) orientations
are assumed to be same as that of (1 1 12) and (10 9 11) respectively. Now, in the EBSD
maps of the samples (fig. 4.2), it is assumed that a grain behaves (in terms of corrosion
behavior) as one of the mentioned three crystal orientations based on its relative proximity
to these orientations. The EBSD maps of the samples are used to calculate area fractions
of ‘(001)’ like, ‘(111)’ like and ‘(101)’ like grains. This classification is done by using the RGB
color code employed in the EBSD image to set color threshold. A detailed explanation of
this step is added in the appendix A3. The computed area fractions on EBSD images of the
samples are summarized in table 4.9. These values are used as input for the ratio to divide the
electrochemical interface into three parts in the 2-D model geometry. The modeled polarization
curves of the samples are shown in fig. 4.24.

Table 4.9: Summary of the calculated area fractions from the EBSD maps of the samples.

Sample (001) area fraction (101) area fraction (111) area fraction
Fe-700 0.234 0.188 0.578
Fe-950 0.368 0.198 0.434
Fe-1100 0.347 0.325 0.328

Fe-700
[~ Fe-950
Fe-1100
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Figure 4.24: Modeled polarization curves of the three samples.
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The cathodic current density of the Fe-700 sample is lower than the Fe-950 and Fe-1100
samples in the range of applied potential. The polarization curves of Fe-950 and Fe-1100 sam-
ples overlap mostly. The corrosion parameters obtained by Tafel extrapolation are presented
in the table 4.10. The Fe-700 sample has the lowest corrosion density among the samples. It
supports the observation from the experiments in 0.1 M H,SO, solution regarding the Fe-700
sample. In the model, Fe-950 and Fe-1100 samples have similar corrosion rates. It is not in
accord with the experimental observations. The possible cause can be linked to the model’s
limitation to incorporate the effect of grain boundaries and less statistical representation of
microstructure in the model for Fe-950 and Fe-1100 sample due to fewer grains in the EBSD
map.

Table 4.10: Summary of electrochemical parameters obtained by Tafel extrapolation of modeled polarization
curves of the samples.

Ecorr VS licorr

Sample  ghE (v) x 10-* (Alem?)

Fe-700 -0.295 2.06

Fe-950 -0.291 2.95

Fe-1100 -0.294 3.07

4.5. Discussion

In the current research work, the effect of grain size on the corrosion behavior of pure Fe in
active condition is studied by performing extensive microstructure and electrochemical char-
acterization of the samples. Following the heat-treatment, the microstructure characterization
reveals the expected variation in the grain size of the samples. The EBSD results show similar
values of geometrically necessary dislocation density and a significant fraction of high angle
grain boundaries across the samples. The XRD texture analysis shows a distinct variation in
the fractions of crystallographic orientation of grains in the samples. Fe- 700 sample has a
significant volume fraction of grains oriented close to {111} orientation parallel to the rolled sur-
face. Fe-950 sample has a high fraction of grains close to {110} and {001} orientations parallel
to the rolled surface while Fe-1100 sample has a high fraction of grains close to {110} orien-
tation. Both Fe-950 and Fe-1100 samples have a good fraction of grains with intermediate
orientations. The difference in the orientation distribution of grains among samples could be
linked with the underlying phenomenon occurring during annealing heat treatment [50, 105].
Fe-700 sample undergoes recrystallization while Fe-950 and Fe-1100 samples undergo phase
transformation from ferrite to austenite and then back to ferrite during the heat treatment. The
corrosion rates vary with crystallographic orientations of grains. The sequence of corrosion
rates of different crystallographic orientations is dependent on the environment. In the active
condition, the corrosion response is governed by the resistance of material to undergo disso-
lution. In contrast, in passive conditions, the corrosion resistance depends on the stability and
protective nature of the passive film formed. From the literature, the corrosion rate follows the
sequence (110) < (111) < (001) for iron in active condition [51, 103]. This sequence is relevant
for the current study because the electrochemical experiments are performed in active condi-
tion.

The electrochemical characterization is done using a combination of techniques like potentio-
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dynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS). In the 0.1 M
H,SO, solution, the results indicate that the corrosion rate does not follow a clear trend with
grain size. The corrosion rate increases from Fe-1100 to Fe-950 sample and then decreases
from Fe-950 to Fe-700 sample. The unexpected decrease of the corrosion rate in the Fe-700
sample is attributed to the dominant role of crystallographic texture in its corrosion behavior.
In the 0.01 M H,SO, solution, the results show the same trend in the corrosion rate as in 0.1
M H,SO, solution. However, the dilution of the corrosion medium helps to elucidate the com-
plex role of grain size and crystallographic orientations in determining the overall corrosion
rate. Both Fe-700 and Fe-950 samples show a higher corrosion rate than the Fe-1100 sample
in the 0.01 M H,SO, solution. In the Fe-950 sample, the finer grain size and presence of a
good volume fraction of grains with {001} orientation supplement each other to achieve a high
increase in corrosion rate. However, in case of Fe-700 sample, the opposing effects of finer
grain size and grains with predominant {111} orientation on the corrosion behavior results in a
relatively smaller increase in corrosion rate than the Fe-950 sample. The results of EIS and
PDP agree with each other. The change in corrosion rate with crystallographic orientations
of iron in active condition is linked to the cathodic hydrogen evolution reaction (HER) kinetics
on the orientations [51, 103]. The role of HER kinetics is also evident in the potentiodynamic
polarization plots of the samples. Fe-950 sample shows higher cathodic current density than
Fe-1100 and Fe-700 samples. The underlying factor controlling the HER kinetics on the metal
surface is debatable. Extensive studies have been performed on HER kinetics in pure metals
like Pt [106] and Au [107] for electrocatalysis and orientation-dependent HER kinetics have
been observed. In case of Pt, the HER kinetics follow the sequence (111) < (001) < (110) and
in case of Au, the HER kinetics follow the sequence (110) < (001) < (111). Multiple reasons
have been proposed to be detrimental like the work function of the surface, hydrogen adsorp-
tion free energy, and surface coverage of hydrogen [102, 107—109]. The studies conducted
by Fushimi et al. [51] in pure iron and Yule et al. [103] by scanning electrochemical cell mi-
croscopy (SECCM) in low carbon steel reveal the same sequence of HER kinetics, i.e., (110)
<(111) < (001). However, they attribute different reasons behind their observation. Fushimi et
al. [51] link their results to the decomposed d-valence charge on the orientations, while Yule
et al. [103] link their results to hydrogen adsorption free energy. The studies exploring the
HER kinetics in iron and its alloys are limited in literature and require more attention since it
has been found to play a significant role in the current work.

The surface characterization of the corroded sample by AFM shows the variations in topogra-
phy across the grain boundary in the form of wall, trench and step. The non-uniform topogra-
phy arises primarily due to the difference in corrosion behavior of grain relative to its surround-
ing grains or grain boundaries [52, 100, 101]. A step-like feature appears at the grain boundary
when there is a preferential dissolution of grain relative to its neighboring grain. It arises due
to a large difference in the corrosion rates of neighboring grains. Wall and trench-like fea-
tures emerge when neighboring grains have similar corrosion rates, and the grain boundary
between them has a lower or higher corrosion rate [52].

A numerical corrosion model is developed in COMSOL® to predict the corrosion behavior of
the samples. The EBSD maps of the samples provide the microstructure input. The corrosion
behavior of three crystallographic orientations is considered. The model is simplified and lim-
ited due to the lack of experimental data and complete understanding of corrosion behavior
on different crystallographic orientations. Nevertheless, the model can single out the Fe-700
sample with the least corrosion rate among the three samples. This is possible due to the
dominance of crystallographic texture on the corrosion behavior of the Fe-700 sample. The
model predicts similar corrosion rates for Fe-950 and Fe-1100 samples. This is likely due to
the limitation of the model to incorporate the effect of grain boundaries. Larger area EBSD
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scans of Fe-950 and Fe-1100 samples could have helped to do a better representation of the
microstructure in the model. The model at its present state shows the gaps in the current
knowledge that can be overcome with more experiments. Localized electrochemical experi-
ments on different orientations of various metals combined with DFT calculations can help to
narrow down the underlying phenomenon behind the orientation-dependent corrosion behav-
ior.

The findings of the study relate well to the literature. Wang et al. [12, 13] reported an im-
provement in the active corrosion resistance of nanocrystalline Fe sample relative to the con-
ventional polycrystalline Fe sample in acidic sulfate and 1 M HCI mediums individually. They
attributed their observations to {110} crystallographic texture in the nanocrystalline sample.
Jinlong et al. [14] also reported an improvement in corrosion resistance of the cold-rolled
sample relative to the annealed sample in 0.5 M H,SO, solution and emphasized the role of
cathodic hydrogen evolution reaction kinetics in active corrosion. The conclusions about the
role of crystallographic texture and cathodic reaction kinetics are evident in the present study
as well. However, the link between the two observations is missing in the mentioned research
works. Studies by Fushimi et al. [51] and Yule et al. [103] establish the link between HER
kinetics and crystallographic orientation, which helps in a coherent interpretation of the results,
as discussed earlier in the section. The present work uniquely helps to visualize the combined
effect of grain size and crystallographic orientation of grains in the overall corrosion behavior
of the samples. This is achieved by:

+ Using a range of grain size instead of two samples with ‘coarse’ and ‘fine’ grains.
» Performing corrosion experiments in concentrated and diluted acid solutions.
» Doing a comprehensive microstructure-corrosion property correlation.

Finally, the answer to the research question posed in the work is not straight-forward. The
results in the 0.01 M H,SO, solution do show that there is an increase in the corrosion rate with
a reduction in the grain size relative to the Fe-1100 sample. However, the extent of increase
solely from the change in grain size is not apparent. The research hypothesis presented at
the beginning of the work is valid in principle, but not adequate to capture all the observations
of the experiments. The complexity arises because the crystallographic orientation of grains
is found to be more prominent than the grain size in determining the corrosion behavior. A
controlled material processing that ensures random orientation of grains while changing grain
size can be useful to study the true effect of grain size on the corrosion behavior.






Conclusion and Recommendation

5.1. Conclusion
Based on the findings in the current research work, the following conclusions are drawn:

* The electrochemical characterization of the samples show that the corrosion rate does
not follow a clear trend with grain size. The results show that the corrosion rate first
increases and then decreases with reduction in grain size.The combined effect of grain
size and crystallographic orientation on the corrosion behavior is the underlying cause.

» The surface characterization of the corroded samples by AFM reveals step, wall and
trench-like topography across the grain boundary based on the interplay of corrosion
behavior of grains and grain boundaries.

» The corrosion model, with its limitations and assumptions successfully predicts Fe-700
sample with the least corrosion rate, same as that observed in the 0.1 M H,SO, exper-
iments. This is possible due to the dominance of crystallographic texture on the cor-
rosion behavior. The model predicts Fe-950 and Fe-1100 with similar corrosion rates,
contrary to the experimental results. A larger area EBSD scan of these samples might
have helped in better prediction. The corrosion modeling exercise reveals the gap in the
current understanding of corrosion behavior of different crystallographic orientations in
active condition. This information can be used to improve the model.

+ The findings do not agree completely with the expected outcome based on the research
hypothesis proposed in chapter 1. It highlights the practical complexity of studying the
corrosion contribution of each microstructural feature individually. This hurdle can be
overcome with improved understanding of the processing-microstructure relationship
and by performing localized corrosion experiments on the sample.

5.2. Recommendation
The observations of current research work provide some interesting start points for conducting
further research.

» The impedance spectroscopy results show the presence of adsorbed species on the
surface. The role of these species can be explored further by studying the evolution of
EIS results with immersion time. The chemical nature of these adsorbed species can be
determined using suitable technique.
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5. Conclusion and Recommendation

» Based on the observations in the model and experiments, it is worthwhile to perform
localized electrochemical experiments on individual orientations and combine with DFT
calculations to understand the underlying physical property that results in the variation
of active corrosion behavior in different crystallographic orientations.

+ Texture is observed in the current work to be play a role in the corrosion behavior. Since
the texture is dependent on the processing technique, it is worthwhile to investigate the
possible textures arising from different processing techniques. This can help in better
design of controlled experiments.

* The corrosion studies can be performed in passive condition to understand the relation
between passivity and microstructure.



Appendix

A.1. Preparation of the solutions for corrosion tests
A1.1.0.1MH,S0,

Calculation

H,S0, molar mass = 98.08 g/mol

H,S0,4 density = 1.84 g/ml

Concentration of stock solution = 95% w/w

Amount of stock solution needed to prepare 1000 ml of 0.1 M H,S0,4 solution =
(0.1 x 98.08)/ (1.84 x 0.95) = 5.611 ml of stock solution

Procedure
1. About 500 ml of distilled water is taken in a 1000 ml volumetric flask.

2. Now, a measuring pipette fitted with a pipette bulb is used for pipetting out precisely 5.6
ml of sulfuric acid (Honeywell Fluka Sulfuric acid, 95 wt.% purity, CAS:7664-93-9) into
the volumetric flask.

3. The flask is filled with more distilled water until the 1000 ml mark.

4. The prepared solution is transferred into a glass bottle using a funnel.

A.1.2.0.01 M H,S0,

Calculation

Based on the formula for dilution of solutions M1 V1 = M2 V2; M1 and V1 are the molarity and
volume of the solution before dilution respectively. Similarly, M2 and V2 are the molarity and
volume of solution after dilution.

Here, M1=0.1 M, M2 = 0.01 M, V2 = 1000 ml. So, V1 =100 ml

Procedure
1. About 500 ml of distilled water is taken in a 1000 ml volumetric flask.

2. N2. Now, 100ml of 0.1 M H,S0;, is pipetted into a 100 ml volumetric flask. The acid is
then emptied into the volumetric flask containing the distilled water.

3. The flask is filled with more distilled water until the 1000 ml mark.

4. The prepared solution is transferred into a glass bottle using a funnel.
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A.1.3. pH measurement

The pH of the prepared solutions is measured before using it for experiments to ensure consis-
tency in results. During the course of the experiments, the solutions were prepared 2-3 times.
The pH values of the solutions recorded using InoLab pH7110 pH meter are summarized in
table A.1.

Table A.1: Summary of the pH of the synthesized solutions

pH 0.1 M H,S0, pH 0.01 M H,S0,

1.061 1.925
1.087 1.980
1.032 -

A.2. Optical images used for grain size calculation
A.2.1. Fe-700

Figure A.1: Optical images after potentiodynamic polarization in 0.1 M H,SO, solution. (Magnification: 250X)
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A.2.2. Fe-950

Figure A.2: Optical images after potentiodynamic polarization in 0.1 M H,SO, solution. (Magnification: 250X)

A.2.3. Fe-1100

Figure A.3: Optical images after potentiodynamic polarization in 0.1 M H,SO, solution. (Magnification: 200X)
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A.3. Steps followed to calculate area fraction of orientations from
the EBSD maps

The section gives a detailed summary of steps followed to assign grain orientations as '(100)’
like, '(111)’ like and ’(101)’ like for use in the corrosion model.

Principle

The EBSD map uses a RGB color code to assign different orientations based on the misori-
entation with the three main orientations. The EBSD plot legend is shown in fig. A.4. Red
-(001), Green - (101), Blue - (111).

111

001 101

Figure A.4: EBSD plot legend.

Steps

» The EBSD map is imported in ImagedJ software. The software recognizes this image as
RGB code type image. On each grain, the software recognizes a (R, G, B) coordinate
(fig. A.5).The scale on R, G or B has a maximum value of 255 and minimum value 0.

d

File Edit Image Process Analyze Plugins Window Help

Aaoc|o | 9 DevUJJJJ_
x=2.43 (364), y=1 37{205@
Figure A.5: Snapshot from ImageJ software.

+ The EBSD image with RGB code is converted into RGB Stack. The RGB stack generates
three 8-bitimages each focusing on R, G and B respectively.Each of this 8-bitimage uses
a grey scale from 0 (black) to 255 (white).The white regions are the ones with maximum
dominance of each color.This is illustrated in fig.A.6.

» Each of this 8-bit image is subjected to color threshold with both maximum and minimum
threshold set as 255. The purpose is to select the white portions only, which represent
maximum dominance of R, G or B respectively in the 3 8-bit images. This is illustrated
in fig.A.7

* Now, the selected area is used to calculate the area fraction. This is done with the
software.
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Figure A.6: Conversion of EBSD image using RGB stack tool to generate 8-bit images focusing on (a) Red (b)
green and (c) blue components individually.
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Figure A.7: Use of threshold on red 8-bit image.(Red colored region denotes the selected area by threshold.)
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