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Abstract

The fuel consumption of cars has become an important issue in the devel­
opment of new materials. These developments resulted in the generation of
new grades of steel for the automotive industry. In particular, new advanced
high strength steels (AHSS) have been developed for the automotive indus­
try to lower fuel consumption (with weight reduction) by combining strength
with formability. Especially, quenching and partitioning (Q&P) steels from
3rd generation AHSS can exhibit significant strength and ductility balance
by combining martensite with retained austenite. Recently, there has been
a new interest in applying the Q&P treatment to stainless steels, in particu­
lar martensitic stainless steel. For the automotive industry, the development
in Q&P treated martensitic stainless steel can be a game­changer. The me­
chanical properties of Q&P treated commercial martensitic stainless steels
have been widely researched. Unlike mechanical behaviour, the corrosion
behaviour of Q&P treated martensitic stainless steel has not been investi­
gated deeply. The effect of environmental factors or the effect of microstruc­
ture on the corrosion performance of Q&P processed martensitic stainless
steel needs to be studied.
This master thesis aims to identify the effect of microstructural constituents
(retained austenite, primary and fresh martensite) on the corrosion response
of Q&P treated martensitic stainless steels. To this end, an experimental
approach is taken for this project. This work aims to create a relationship
between heat treatment, microstructure, and the resulting corrosion prop­
erties. As an experimental path, open circuit potential (OCP), electrochem­
ical impedance spectroscopy (EIS), potentiodynamic polarization and Mott­
Schottky experiments were carried out in 3.5 wt.% NaCl solution to reveal the
corrosion response and passive film properties of the Q&Pmicrostructures. In
addition, X­ray photoelectron spectroscopy (XPS) was performed to analyze
the chemical composition and fractions of oxide layers in the passive layer.
Results demonstrate a phase dependency for the corrosion performance of
Q&P treated martensitic stainless steels.
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Nomenclature

𝐴𝐻𝑆𝑆 Advanced high strength steel

𝐷𝑃 Dual phase

𝐶𝑃 Complex phase

𝑇𝑅𝐼𝑃 Transformation induced plasticity

𝑇𝑊𝐼𝑃 Twinning induced plasticity

𝑄&𝑃 Quenching and partitioning

𝑄&𝑇 Quenching and tempering

𝐺 Gibbs free energy [𝐽/𝑚𝑜𝑙]

𝐻 Enthalpy [𝐽/𝑚𝑜𝑙]

𝑆 Entropy [𝐽/𝑚𝑜𝑙𝐾]

𝑛 number of elementary charges

𝐸 Electromotive force [𝐽/𝑚𝑜𝑙]

𝑅 Gas constant = 8.3145 [𝐽/𝑚𝑜𝑙𝐾]

𝐶𝑅𝑒𝑑 Reduced bulk molecule concentration [𝑚𝑜𝑙]

𝐶𝑂𝑥 Oxidized bulk molecule concentration [𝑚𝑜𝑙]

𝜈 Reaction rate [𝑚𝑜𝑙/𝑚2𝑠]

𝑗 Current density [𝐴/𝑚2]

𝐸𝑒𝑞 Equilibrium potential [𝑉]

𝑗0 Exchange current density [𝐴/𝑚2]

𝜂 Overpotential [𝑉]

𝛼𝑎 Anodic charge transfer coefficient

𝛼𝑐 Cathodic charge transfer coefficient

𝑎 Molar Mass [𝑘𝑔/𝑚𝑜𝑙]

𝜌 Density [𝑘𝑔/𝑚3]
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xii Abstract

𝐸𝑃𝑅 Electrochemical potentiodynamic reactivation

𝑂𝐶𝑃 Open circuit potential

𝐸𝐼𝑆 Electrochemical impedance spectroscopy

𝑋𝑃𝑆 X­ray photoelectron spectroscopy

𝐴𝐶 Alternating current
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1
Introduction

1.1. Advanced High Strength Steels
The fuel consumption of cars has become an important issue in the development
of new materials and these developments resulted in the generation of new steel
grades. The developments started with the micro­alloyed steels and new grades ap­
peared for the automotive industry. Recently, advanced high strength steel (AHSS)
has been developed for automotive components (A­pillars, B­pillars, side­impact
beams, bumpers) to lower fuel consumption (with a weight reduction) by combining
strength with ductility. In particular, quenching and partitioning (Q&P) steels from
3rd generation AHSS can exhibit significant strength and ductility balance compared
to dual­phase (DP), complex phase (CP), transformation induced plasticity (TRIP)
steels from 1st generation AHSS. In addition, Q&P steels are not costly as Twinning
Induced Plasticity (TWIP) steels from 2nd generation AHSS. It is apparent that, Q&P
processed steels from 3rd generation AHSS is filling the gap between 1st and 2nd

generation AHSS as shown in Figure 1.1 [1].

Figure 1.1: Summary of tensile strength and elongation data for different classes of conventional and
advanced high strength steel grades [1].
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2 1. Introduction

The Q&P process proposed by Speer et al. [2] in 2003, and the relationship
between microstructure and properties of Q&P steels have been investigated by
many researchers. Recently, there has been a new interest in applying the Q&P
treatment to stainless steels, in particular, martensitic stainless steel [3].

For the automotive industry, the development in Q&P treated martensitic stain­
less steels can be a game­changer. The mechanical properties of Q&P treated
commercial martensitic stainless steels (AISI 410 and AISI 420) [4, 5] have been
widely researched by many researchers to combine strength with ductility. Accord­
ing to the literature, the mechanical properties of the martensitic stainless steels
can be improved with the Q&P process by combining the strength of the martensite
with the ductility of the retained austenite. Unlike mechanical behaviour, the corro­
sion behaviour of Q&P treated martensitic stainless steel has not been investigated
deeply. The effect of environmental factors or the effect of microstructure on the
corrosion performance of Q&P martensitic stainless steel needs to be studied.

The thesis aims to create a relation between microstructure and the corro­
sion behaviour of Q&P treated martensitic stainless steels. As an experimental
path, open circuit potential (OCP), potentiodynamic polarization, electrochemical
impedance spectroscopy (EIS) were performed in 3.5 wt.% NaCl to understand the
corrosion response of Q&P treated martensitic stainless steels and Mott­Schottky
analysis were performed in 3.5 wt.% NaCl to reveal the passive film properties.
In addition, X­ray photoelectron spectroscopy (XPS) was conducted to analyze the
chemical composition of different types of oxides in the passive layer of Q&P treated
martensitic stainless steels.



2
Background

2.1. The Quenching and Partitioning (Q&P) Process
Usually, heat treatment methods include a variety of techniques to improve the
properties of steel. For centuries, quenching and tempering (Q&T) treatment has
been applied to improve the mechanical properties of steels. Q&T process in­
volves austenitising, quenching and tempering stages. The Q&T process starts
with austenitising to allow the phase transformation of the initial microstructure
into austenite. In this stage, the carbon in the austenite can dissolve completely at
high temperatures. The austenitising stage is followed by quenching and this step
is essential to form desired microstructural features in steel. If the austenitized steel
is cooled rapidly, the carbon in austenite does not have enough time to diffuse out.
This rapid cooling process is called quenching. In quenching, the trapped carbon
atoms distort the lattice structure, due to this distortion a new type of microstruc­
ture is formed and called martensite. However, the distorted martensite creates
a barrier for the dislocation movement and the limitation in the dislocation move­
ment reduces the ductility of the steel. In order to improve ductility, the quenched
steel needs to be treated and this is done by tempering. The tempering process
reduces the hardness and strength slightly but increases ductility and toughness
significantly. The quenched steels consist of martensite and a small amount of re­
tained austenite (when steel is not quenched to the martensite finish temperature)
in their microstructure. The small amount of retained austenite in Q&T steels vanish
with tempering treatment [6, 7]. However, high mechanical properties and ductility
combination could be obtained at the same time with a mixture of martensite and
retained austenite in steels by applying a special heat treatment technique called
Quenching and Partitioning (Q&P) [2].

3
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4 2. Background

In 2003, Speer et al. [2] suggested a heat treatment process called Quench­
ing and Partitioning (Q&P). Q&P is a multi­step heat treatment route that produces
austenite and martensite mixture to meet the desired combinations of strength and
formability. The Q&P process includes cooling and heating steps, and an overview
of the typical Q&P process is displayed in Figure 2.1 [8]. Firstly, the Q&P process
starts with austenitising or intercritical annealing to set an initial austenite fraction,
followed by interrupted quenching to a specific temperature between the marten­
site start temperature (M𝑠) and martensite finish temperature (M𝑓) to produce the
desired martensite and untransformed austenite fractions. Then, austenite stabi­
lization before final cooling to room temperature is obtained via carbon partitioning
from carbon supersaturated martensite to austenite. The partitioning treatment
can be performed at the same temperature as the quench temperature (one­step
Q&P), or it can be performed at a higher temperature than the quench temperature
(two­step Q&P) [9]. The carbon enrichment of the untransformed austenite during
partitioning lowers its M𝑠 temperature and this enrichment stabilizes the austenite
upon cooling to room temperature. If the austenite is not sufficiently enriched with
carbon, some part of it can transform into fresh martensite during the final cool­
ing to room temperature. The final microstructure after the Q&P process typically
consists of:

• Primary martensite: Primary martensite is formed during the initial quench to
room temperature and tempered during the partitioning stage.

• Retained austenite: Retained austenite stabilized to room temperature by
carbon diffusion during the partitioning stage.

• Fresh martensite: Fresh martensite can only form via final quench to room
temperature when the untransformed austenite is not enriched sufficiently
with carbon.

Figure 2.1: Schematic heat­treatment diagram of the quenching and partitioning (Q&P) process [8].
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It is essential to understand the carbon partitioning for the development Q&P
process. A model has been developed to describe the endpoint of carbon parti­
tioning where competing reactions (cementite, or transition carbide precipitation)
are eliminated. According to the provided model, carbon diffusion from primary
martensite to untransformed austenite should pursue until the carbon potential be­
comes equal for both phases as seen in Figure 2.2 [10]. Furthermore, the model
assumes that the diffusion of carbon from supersaturated martensite to austenite
occurs without any migration of interface. The conditions where the interface is
immobile and the chemical potential of carbon is uniform in both phases are known
as constrained carbon equilibrium (CCE) [11, 12].

Figure 2.2: Gibbs free­energy vs. composition diagram that satisfies the CCE requirement [10].

In practice, reported volume fractions and carbon content of Q&P treated steels
are significantly lower than those predicted by the CCE model due to the carbon
consuming competing reactions [4, 5, 10, 13]. Competing reactions during par­
titioning leave less carbon available for the stabilization of austenite. Therefore,
it is essential to minimize the competing reactions to stabilize the largest volume
fraction of austenite and obtain the highest austenite stability.
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2.2. Q&P Process of Stainless Steels
In the automotive industry, the increase in the thickness of components is directly
proportional to the mechanical performance, but at the same time proportional to
its weight. Developments in AHSS have allowed researchers to reduce the weight
of automotive components by decreasing the thickness of the parts [14]. How­
ever, the decrease in thickness makes them susceptible to uniform corrosion and
the material loss due to the corrosion decreases the integrity of the steel. The cor­
rosion prevention of AHSS can be improved with galvanization treatment, but the
galvanization process brings some problems like zinc depletion and environmental
pollution. However, stainless steels have great potential in automobile structures.
In addition to excellent corrosion performance, stainless steel allows long­term ser­
vicing for thinner structures. However, stainless steels are inadequate in their me­
chanical strength for automotive structures [15]. To find an optimum point between
mechanical properties and corrosion resistance, it is essential to apply suitable heat
treatments for specific applications. The mechanical properties of stainless steel
can be improved with the Q&P process, but the corrosion behaviour is still a prob­
lem due to the combination of different microstructural features. The effect of
microstructure on the corrosion performance of Q&P treated stainless steel will be
explained in the following sections. This section will provide information about the
application of the Q&P process to stainless steel.

The application of the Q&P process to stainless steel has been studied exten­
sively by several researchers to improve the mechanical properties [4, 10]. The
main aim of the Q&P treatment is to provide strength and ductility at the same time
compared to other heat treatment techniques. In a particular work, the effect of
Q&P processing on the mechanical performance was compared with Q&T marten­
sitic stainless steel (AISI 410). The application of the Q&P process improves the
strength and ductility balance compared to Q&T steel as seen in Figure 2.3 [4].
The improved work hardening rate in Q&P steel is related to retained austenite.
The retained austenite can transform to martensite via TRIP effect under strain. In
this particular study, the Q&P steel contained 15 vol% retained austenite and with
increasing strain, the reduction in retained austenite volume fraction via TRIP effect
is observed with XRD measurements.

Most of the studies related to the Q&P process aim to maximize the retained
austenite volume fraction but many researchers have reported that the highest re­
tained austenite fraction is not directly related to superior mechanical properties.
The application of the Q&P process to AISI 420 martensitic stainless steel was stud­
ied and the optimum combination between strength and ductility was achieved by
quenching to 80 ∘C (353 K) and partitioning at 450 ∘C (723 K) for 3 minutes as
seen in Figure 2.4. In these conditions, 19 vol% retained austenite with the ten­
sile strength of 1570 MPa and total elongation of 15.7% was obtained. However,
the highest volume fraction of retained austenite (34 vol%) was obtained with a
higher quenching temperature (140 ∘C ­ 413 K), but this resulted in lower stability
of austenite and inferior mechanical properties [3]. This demonstrates that the me­
chanical properties of Q&P steels do not only depend on retained austenite fraction,
retained austenite stability is also essential for mechanical properties.
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Figure 2.3: Nominal stress­strain curve of AISI 410 steels after Q&P and Q&T treatment [4].

Figure 2.4: Room temperature stress­strain curves for Q&P treated stainless steels partitioned at 723 K
(450 ∘C). (b) Summarized tensile properties of Q&P specimens partitioned at 723 K (450 ∘C) and 573 K
(300 ∘C) [3].
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The stability of the retained austenite can be affected by competing reactions
during partitioning. These reactions leave less carbon available for the stabilization
of austenite. It is essential to minimize the competing reactions such as carbide
precipitation or austenite decomposition to obtain the highest retained austenite
stability. From a corrosion point of view, a microstructure free of chromium­rich
carbides is better for martensitic stainless steels because the amount of chromium
in the matrix remains higher which is essential for passive film formation. The pre­
cipitation of chromium­rich carbides is unlikely to form at temperatures below 480
∘C due to the limited diffusion of chromium. Therefore, as a partitioning tempera­
ture 450 ∘C is often used because this temperature is low enough to suppress the
formation of chromium carbides and at the same time high enough to allow the
carbon partitioning to austenite in a short time range [4, 5, 10]. However, the for­
mation of transition carbides and M3C carbides is possible during the Q&P treatment
of martensitic stainless steels. Tsuchiyama et al. [10] reported the precipitation of
M3C carbides (paraequilibrium cementite) in the martensitic regions of Q&P treated
martensitic stainless steel (AISI 410) after partitioning at 450 ∘C for 10 minutes as
seen in Figure 2.5 [10].

Figure 2.5: TEM images and diffraction pattern for the 450 ∘C ­ 10 minutes partitioned martensitic
stainless steel [10].
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The precipitation of carbides as a competing reaction can lower the stability of
the retained austenite. For instance, the cementite precipitation in Q&P steel can
be hindered by the addition of silicon due to its low solubility in cementite. In the
Q&P process, the mobility of substitutional atoms is limited, and silicon is trapped in
cementite during its growth. As a result, the addition of silicon retards the growth
kinetics of cementite and suppresses the precipitation of cementite. However, in
stainless steel, the presence of chromium can also hinder the precipitation of ce­
mentite. Therefore, the need for silicon in Q&P steels has been investigated by
many researchers [5, 16]. Tobata et al. [5] studied the Q&P treatment of low
carbon martensitic stainless steel. In this study, they found that the addition of
silicon to the martensitic stainless steels leads to a retardation of cementite for­
mation. Consequently, the thermal stability and the amount of retained austenite
increased.

In addition to silicon, manganese as an austenite stabilizer element is often
added to Q&P steels to stabilize the austenite. In general, austenite stabilizers (Ni,
Mn) hinder the ferrite to austenite phase transformation by lowering the 𝐴𝑒1 and
𝐴𝑒3 temperatures [6].
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2.3. Corrosion
Corrosion is the result of an interaction between a metal and the environment which
results in degradation. Q&P treated steels can provide significant mechanical prop­
erties as a result of multi­phase microstructure. However, the creation of a multi­
phase microstructure can affect the electrochemical properties. For this reason, a
focus on corrosion and passivation behaviour for Q&P treated martensitic stainless
steels is needed.

2.4. Corrosion Electrochemistry
For the corrosion to take place, there must be a formation of corrosion cell and that
consists of an anode, a cathode, a metallic path, and an electrolyte.

• Anode: In a corrosion cell, the anode represents the negative terminal of the
cell where oxidation takes place. The anode is the reactive metal in the cell
and electrons are released at the anode and can move through the cathode.

• Cathode: In a corrosion cell, the cathode represents the positive terminal of
the cell. The reduction takes place at the cathode and the electrons from the
anode are consumed at the cathode.

• Metallic Path: The electrodes are connected with a metallic conductor (path)
and the current flow from cathode to anode through the external metallic
path.

• Electrolyte: An electrolyte is an ionic conductor solution for corrosion to occur.

Electrochemical corrosion takes between due to the difference in the electro­
chemical potential between electrodes. This potential difference between elec­
trodes creates anodic and cathodic areas on the electrode surfaces. The electrons
are released at the anodic region and received by cathodic areas to ensure the
charge electroneutrality. At the interface between electrode and electrolyte, an
electrical double layer is formed, and the electrochemical corrosion process is con­
trolled by the properties of the double layer and the mass transport through the dou­
ble layer. To deeply understand the electrochemical corrosion mechanism it is es­
sential to understand the thermodynamics and kinetics of the electrode­electrolyte
system.
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2.5. Thermodynamics
The thermodynamics of the corrosion does provide information about the corrosion
tendency of the metals. Consider two different connected metals with different
electrochemical potentials. In theory, the metal with the more negative potential
will be the anode of the cell and it will dissolve. The main reason behind it is related
to the Gibbs free energy and the Gibbs free energy decreases during corrosion that
causes spontaneous reactions.

𝐺 = 𝐻 + 𝑇𝑆 (2.1)

Δ𝐺 = 𝑛𝐹Δ𝐸 (2.2)

In Eq. 2.1, 𝐺 is Gibbs free energy, 𝐻 is enthalpy, 𝑆 is entropy. In Eq. 2.2,
𝑛 is the number of charges involved in a reaction, 𝐹 is Faraday’s constant and 𝐸
is electromotive force. The electromotive force difference in a galvanic couple (a
corrosive cell with two different metals separated by an electrolyte) is the driving
force for corrosion.

Nernst Equation and Pourbaix Diagrams
The concentration of reducing and oxidizing species can change the electrochemical
potential of the cell. For non­standard conditions, the Nernst equation is used to
correlate the electrochemical potential of a reaction with the standard electrode
potential.

𝐸 = 𝐸0 − 𝑅𝑇𝑛𝐹 ln(𝐶𝑅𝑒𝑑𝐶𝑂𝑥
) (2.3)

In Eq. 2.3, 𝑅 is gas constant, 𝐶𝑅𝑒𝑑 and 𝐶𝑂𝑥 reduced and oxidised bulk species
concentrations. The Nernst equation links the electrode potential with the bulk
concentration of species.

The Nernst equation can be used to create Pourbaix diagrams to show the sta­
bility of a metal as a function of pH and potential. Pourbaix diagram for iron can be
seen in Figure 2.6 [17]. In the active zone of the Pourbaix diagram, iron oxidizes
into iron ions. In the passive zone, iron oxides are thermodynamically stable and
in the immune zone, the metal is thermodynamically stable which represents the
corrosion­free region.
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Figure 2.6: Pourbaix diagram for 𝐹𝑒 − 𝐻2𝑂 system at 25 ∘C [17].

2.6. Kinetics
Thermodynamics gives an idea about the tendency of electrode reactions to occur.
The electrode kinetics addresses the rates of corrosion reactions in the light of
Faraday’s law. The relationship between an applied current and the amount of
product formed can be explained with Faraday’s law.

𝑣 = 𝑗
𝑛𝐹 (2.4)

In Eq. 2.4, 𝜈 is the reaction rate of species, 𝑗 is current density, 𝑛 is number
of electrons involved in the process and 𝐹 is Faraday’s constant. The amount of
species that are produced or consumed is related to the amount of charge, and
hence it is related to the current that passes through the system.

Consider an electrode that is immersed in an electrolyte, at the interface of
the electrode there will be a charge transfer. This charge transfer will continue
until the electrochemical potentials become equal at both sides of the interface. At
the equilibrium potential 𝐸𝑒𝑞, oxidation and reduction reactions balance each other
out, resulting in zero net currents. In that case, the difference between anodic and
cathodic current gives the net current density 𝑗.

𝑗 = |𝑗𝑎𝑛𝑜𝑑𝑖𝑐| − |𝑗𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐| = 0 (2.5)

The current that flows through the interface as anodic or cathodic current is the
exchange current density 𝑗0 when the net current is zero.
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𝑗0 = |𝑗𝑎𝑛𝑜𝑑𝑖𝑐| = |𝑗𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐| (2.6)

The exchange current density is an essential parameter to control the corrosion
rate but since it is an intrinsic property, it is not easy to determine it. To deter­
mine the exchange current density, by polarizing the electrochemical system with
an external potential to induce some net current in the system. The difference
between the applied potential 𝐸 and the equilibrium potential 𝐸𝑒𝑞 is known as the
overpotential 𝜂.

𝜂 = 𝐸 − 𝐸𝑒𝑞 (2.7)

The application of external current allows controlling the anodic or cathodic net
current and through this overpotential­current relationship, it is possible to under­
stand electrode kinetics via the famous Butler­Volmer equation (Eq. 2.8).

𝑗 = 𝑗0 {𝑒
𝛼𝑎𝑛𝐹𝜂
𝑅𝑇 − 𝑒−

𝛼𝑐𝑛𝐹𝜂
𝑅𝑇 } (2.8)

Butler­Volmer equation is a fundamental relationship for electrode kinetics. In
this equation, the exchange current density corresponds to the corrosion current
density, which is used to calculate the corrosion rate from Eq. 2.9, where 𝑎 is molar
mass and 𝜌 is the density.

𝑟 = 𝑎𝑗0
𝜌𝑛𝐹 (2.9)

2.7. Pitting Corrosion
Corrosion may not have a detrimental effect on a metal immediately but it affects
the mechanical properties or the appearance. In order to select suitable materials
for engineering applications, it is essential to understand the types of corrosion.
This section will provide information about pitting corrosion which is an important
type of corrosion for stainless steel.

Pitting corrosion is a localized form of corrosion and metal surfaces corrode
preferentially by forming pits or cavities. Especially, metals which form passive
films are more susceptible to pitting corrosion (the breakdown of a passive film
leading to the dissolution at localized sites). It is the most dangerous form of
corrosion because it is hard to predict the formation of pits and detect them [18].
In particular, pitting corrosion is an important type of corrosion for stainless steel,
and it is one of the focus areas of this thesis.

In mild corrosive environments, stainless steels exhibit sufficient corrosion per­
formance due to the formation of a passive film on the surface. The localized
dissolution of the passive layer is one of the major sources of pitting corrosion. The
stochastic dissolution of the passive film generates microscopic holes on the metal
surface and the size of the holes increases with the aggressiveness of the corrosive
medium. As a nature of pitting corrosion, particular microscopic pits are anode
while remaining portions of the steel surface remain passive and cathodic [19].
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The pitting corrosion mechanism generally consists of pit initiation and pit prop­
agation stages. The pit initiation stage is the product of the electrochemical action
of ions at specific regions (heterogeneities) in the oxide layer. Once a pit nucleates,
pit propagation proceeds autocatalytically, and this autocatalytic reaction produces
cavities on the surface. In particular, chloride rich environments deteriorates the
oxide film and at preferential sites accelerate the formation of pits. The presence of
chloride ions in pits stimulates the redox reactions necessary for the propagation of
the pits. The pit propagation involves the anodic dissolution of metallic and chloride
ions within the pits. The diffusion of metallic cations into the pit causes the chloride
concentration within the pit to increase resulting in accelerated propagation of the
pitting corrosion. This phenomenon hinders the repassivation of the steel which
otherwise will hinder the pit propagation [20, 21]. In addition to pitting corrosion,
crevice corrosion is a localized form of corrosion too and caused by the deposition of
deposits on a metal surface or by the presence of gaps or cavities between adjacent
surfaces [18].

In particular, a stainless steel microstructure free of chromium­rich carbides is
desirable because the chromium level of the matrix will remain higher in the ab­
sence of carbides. As mentioned above, the pits initiate at heterogeneities in the
passive film and the initiation of the pit is followed by the breakdown of the passive
layer which deteriorates the corrosion resistance. As a result, in stainless steel, the
presence of chromium­rich carbides are preferential sites for the formation of pits
to deteriorate the corrosion performance [21].
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2.8. Corrosion Behaviour of Q&P Stainless Steels
Martensitic stainless steel is widely used in vehicle production, power plants and
building structures to provide strength and toughness combination with moderate
corrosion performance [22]. The martensitic microstructure in martensitic stainless
steel is produced by a Q&T route. The martensitic stainless steel is annealed at an
austenitization temperature of 950­1050 ∘C and followed by quenching. The appli­
cation of different heat treatment parameters (austenitizing temperature, holding
time, heating rate, cooling rate) can affect the mechanical properties [23]. The
martensitic stainless steel in the quenched state is quite hard and brittle and not
suitable for engineering applications. The application of tempering treatment with
suitable tempering parameters can improve the mechanical properties of marten­
sitic stainless steel. On the other hand, inappropriate tempering conditions can lead
to the formation of chromium­rich carbides in the vicinity of grain boundaries and
martensite laths. These carbides typically nucleating from M3C to M7C3 and then
transforms to M23C6 [24–27].

The corrosion properties of Q&T martensitic stainless steel have been studied
extensively [22, 24, 28]. However, only a little research can be found in the liter­
ature about the corrosion behaviour of Q&P treated steels, especially Q&P treated
martensitic stainless steels.

The corrosion behaviour of a Q&P treated medium carbon steel in NaCl was
investigated by Yang et al. [29]. In this work, the Q&P specimen exhibits a lower
corrosion rate compared to the Q&T steel. The reason for the lower corrosion rate
in Q&P steel is related to the formation of carbon­rich retained austenite and the
carbon depleted martensite. The carbon­rich retained austenite increases the cor­
rosion potential and the carbon depleted martensite decreases the residual tensile
stresses.

Mehner et al. [30] studied corrosion performance of low alloy Q&P steels and
same low alloy Q&T steel by using electrochemical impedance spectroscopy. In
the Q&T process, carbon is dissolved in martensite and alter the potential to be
more cathodic. In tempering, carbon atoms in martensite diffuse into austenite,
making carbon depleted martensite zones anodic. As a result, these zones become
more anodic compared to the rest of the microstructure. In the Q&P process,
the diffusion of carbon from super­saturated martensite to the austenite makes it
martensite anodic compared to the austenite. The total cathodic area for the Q&P
steel is smaller than the Q&T steel as illustrated in Figure 2.7. Thus, the corrosion
rate for Q&T steel becomes significantly higher than Q&P steel.

Dieck et al. [31] studied the corrosion behaviour of Q&P treated martensitic
stainless steels and compared it with the same Q&T steel by using electrochemi­
cal potentiodynamic reactivation (EPR). They found that Q&P steels exhibit better
corrosion performance compared to Q&T steel. In Q&T steel, the formation of
chromium­rich carbides creates a chromium depleted zone in the microstructure.
From the EPR test of Q&T steel, it is possible to observe an increment in the current
densities during activation and re­activation of the passivation layer. However, in
Q&P treated martensitic stainless steels no chromium depletion was detected, and
for all partitioning times, a stable passivation layer is observed.
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Figure 2.7: Schematic representing the microstructure of (a) Q&T and (b) Q&P structures [30].

Lu et al. [32] studied corrosion performance of martensitic stainless steel in
Q&P and Q&T forms. In this study, for specific partitioning temperatures, the pit­
ting potential was improved. The Q&P treatment reduces the pitting susceptibility of
martensitic stainless steel when they are partitioned at 350 ∘C and 450 ∘C. Through
the Q&P process, the formation of chromium­rich carbides is prevented, and a suffi­
cient amount of retained austenite is obtained at the end of the process. Therefore,
it is possible to observe better pitting resistance in Q&P treated steel compared to
Q&T.

In conclusion, Q&P treated martensitic stainless steel exhibit better corrosion
performance compared to the Q&T treated martensitic stainless steel. The presence
of carbides in Q&T steel microstructure deteriorate the corrosion performance since
they act as a pitting initiation site. On the other hand, it is not possible to observe
plenty of carbides in Q&P treated martensitic stainless steels and they are not detri­
mental as in Q&T martensitic stainless steels. In Q&P treated martensitic stainless
steels, the carbon­rich retained austenite and carbon­depleted primary martensite
can play a positive role together to reduce the corrosion rate. Retained austenite is a
soft phase, thus easily tolerating the shape change caused by the martensitic trans­
formation, further relaxation of internal stresses in retained austenite decreases the
corrosion rate. In addition to retained austenite, the primary martensite decreases
its lattice distortions via carbon depletion. As a result, the primary martensite be­
comes soft, which reduces the free energy and increases the corrosion potential.
Considering the potential applications of Q&P treated steels, there is a need for a
detailed investigation of the effect of microstructure on the corrosion behaviour of
Q&P treated martensitic stainless steels.
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2.9. Passivation and Oxide Film Properties
An oxide layer starts to develop on the surface of the metal when corrosive species
oxidize the surface. The protective passive oxide layer can limit corrosion by dimin­
ishing ion and/or electron transfer.

For corrosion protection, the structure, composition and semiconducting be­
haviour of the oxide layer are essential. In addition, compactness of the oxide layer
is one of the critical factors that determine corrosion protection, irregular and/or
porous structures allow corrosive species to penetrate through the metal under the
protective oxide film [33].

The composition and the semiconducting property of the passive film vary with
alloy composition and the pH of the electrolyte. The main effect of an increasing pH
on film formation is a thickening of the passive film. In alkaline solutions, iron oxide
is more stable. Thus, an increase in the amount of Fe (III) oxide is observed on the
passive film of Fe­Cr alloys in an alkaline medium. Conversely, in acidic solutions,
a chromium oxide film is more stable on the passive film of Fe­Cr alloys due to the
slower dissolution of chromium oxide [34].

Concerning the semiconductive behaviour of the passive films of stainless steel,
it has been proposed that films formed in neutral to alkaline pH are composed of a
chromium­rich inner layer (p­type semiconductor), and an iron­rich outer layer (n­
type semiconductor) [35]. Depending on the predominant defects in the passivation
layer of stainless steels, either p­type and/or n­type behaviour can be observed. The
passive films rich with cation vacancies generally behave as p­type. On the other
hand, in n­type behaviour, cation interstitials and/or anion (oxygen ion) vacancies
act as electron donors in the passive film of stainless steel. However, it is not
possible to separate the contribution of anion vacancies (oxygen vacancies) and
cation interstitials. [36].

The passive films properties that formed on stainless steel are impacted by
several microstructural features. These features are grain boundaries, chemical
composition, galvanic coupling between microstructural features, residual stresses,
and so on. For instance, grain boundary structure controls the corrosion behaviour
in both grain scale and sub­grain scale. In grain scale, the size and/or morphol­
ogy of the grains can influence the corrosion performance, in sub­grain scale, the
presence of dislocations can affect the corrosion performance by controlling the
residual stresses. In general, smaller (acicular) grains increase the surface activity
with excessive residual stresses which deteriorate the corrosion resistance [37]. In
addition, the presence of residual stress creates more active microstructures, for
instance, martensitic transformation generates residual stresses due to the change
in crystal structure and the distorted structure deteriorates the corrosion perfor­
mance [38]. Also, carbon diffusion to dislocation rich zones on the surface creates
local cathodic zones which accelerate the effect of galvanic coupling by increasing
the cathodic area [30].
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The effect of grain size reduction on the passive film properties of ferritic stain­
less steel was investigated, and it was reported that the grain refinement deterio­
rates the film properties and the deterioration can be explained by the increase in
both acceptor and donor density with grain size reduction [39].

The effect of grain refinement on the passive film properties of austenitic stain­
less steel was studied in a borate buffer chloride­containing solution, and it was
reported that the pitting potential and barrier properties are worsening with grain
refinement [40].

The grain size effect on the passive film properties was studied by comparing
ultra­fine grained, fine­grained and coarse­grained austenitic stainless steel in NaCl
medium. Due to the formation of more stable film in ultra­fine grained samples, they
exhibit better corrosion performance compared to the fine and coarse­grained sam­
ples. The lowest corrosion resistance belongs to coarse­grained austenitic stainless
steel sample [41].

The effect of grain size reduction on the passive film properties of ferritic stain­
less steel was investigated, and it was reported that the passive film formed on the
fine­grained sample was less defective than that of the coarse­grained. In other
words, the number of point defects was decreased with grain refinement [42].

According to the literature, it is possible to find contradictory results on the
relationship between grain size and passive layer properties of stainless steel. In
addition to grain size, the passive layer properties of stainless steels can be affected
by microstructural features. One of the aims of this master thesis is to create a
connection between microstructural features and the passivity behaviour of Q&P
treated martensitic stainless steels by combining Mott­Schottky analysis with X­ray
photoelectron spectroscopy (XPS).

2.10. Research Approach and Thesis Focus
The mechanical behaviour of the Q&P treated martensitic stainless steels have been
investigated deeply to combine the strength of the martensite with the ductility of
the retained austenite. Unlike mechanical behaviour, the corrosion behaviour of
Q&P treated martensitic stainless steel has not been investigated in depth. The
effect of environmental factors or the effect of microstructure on the corrosion
performance of Q&P martensitic stainless steel needs to be studied. This thesis
aims to create a connection between the microstructural features and the corrosion
behaviour of Q&P treated martensitic stainless steels. In particular, in this work, the
effect of retained austenite on the corrosion and passivation behaviour of the Q&P
treated martensitic stainless steels were investigated. As an experimental path,
potentiostatic polarization, open circuit potential (OCP), electrochemical impedance
spectroscopy (EIS), potentiodynamic polarization were performed in 3.5 wt.% NaCl
to investigate the corrosion response of Q&P treated martensitic stainless steels and
Mott­Schottky experiments were carried out in 3.5 wt.% NaCl solution to reveal the
passive film properties of the Q&P treated martensitic stainless steels. In addition,
X­ray photoelectron spectroscopy (XPS) was performed to analyze the chemical
composition and fractions of oxide layers in the passive film.
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To analyse the effect of microstructure on the corrosion behaviour of Q&P treated
martensitic stainless steels, it is essential to understand the corrosion response of
individual microstructural features and their interactions.

For this investigation, series of alloys with a Q&P microstructure is created
(the microstructural development part is taken from the Master Thesis of Benne
de Bakker). After the microstructure creation, electrochemical experiments were
performed to explore the corrosion and passivation behaviour of these steels. The
experimental details and the microstructure development are explained in this sec­
tion.

3.1. Microstructure Characterization
3.1.1. Material
A new stainless steel composition was designed considering a target microstructure
of tempered martensite and retained austenite after Q&P processing. The chem­
ical composition of Q&P processed steel is presented in Table 3.1. The selected
composition for the Q&P process was cast using vacuum induction melting by Ac­
erinox. Then, cast ingots were homogenized for 3 hours at 1270 ∘C. The ingots
were hot rolled into slabs by RINA­CSM. Then, each slab was slowly cooled to room
temperature. Lastly, all plates were annealed for 24 hours at 600 ∘C [43].

Table 3.1: Chemical composition (wt.%) of Q&P treated steel sample.

Alloy C Si Cr Mn Fe
Q&P 0.2 0.35 12.5 0.7 bal.
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3.1.2. Design of the Q&P Treatment
Thermodynamic calculations were performed with Thermo­Calc Software before the
experimental procedure to predict the phase stabilities and critical temperatures.
The complete dissolution of M23C6 carbides occurs above 950 ∘C as seen in Figure
3.1. The phases that are relevant to this study is ferrite (BCC_A2#3), austenite
(FCC_A1#3)) and chromium­rich carbides (M23C6).

Figure 3.1: Phase mass fraction (BPW(*)) vs. temperature graph for the studied alloy [43].

In addition to Thermo­Calc, to predict the critical temperatures, an empirical ap­
proach was used to calculate the martensite­start temperature of the alloy. From
the literature, the experimental data for the Q&P process of 13Cr martensitic stain­
less steel resulted in the following equation.

𝑀𝑆 (∘𝐶) = 553.7 − 530.8𝑤𝐶 − 9.7𝑤𝑆𝑖 − 12.1𝑤𝐶𝑟 − 30.4𝑤𝑀𝑛 (3.1)

In Eq. 3.1, 𝑤𝑖 represents the concentration of the elements in weight percent.
The coefficients for Mn and Cr are taken from the well­known Andrews equation
[44] which was validated by Kung and Rayment [45] for steels with up to 12 wt%
Cr and 5 wt% Mn. The M𝑠 temperature for the studied alloy is calculated as 272
∘C.
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Several experiments were performed to determine suitable processing parame­
ters for the Q&P treatment of the alloy. In this section, a detailed explanation of
the experimental procedure is given by considering the selection of heat treatment
conditions.

Selection of Austenitizing Conditions
The austenitizing conditions are essential for the Q&P treatment. The stability of
austenite during partitioning depends on the availability of carbon in austenite. The
carbon has to dissolve completely during the austenitization stage. In martensitic
stainless steel, the main aim of this stage is to dissolve chromium­rich carbides such
as M23C6.

The dissolution of chromium­rich carbides during austenitizing raises the con­
centration of carbon and chromium in solid solution which decreases the M𝑠 tem­
perature. This reduction in M𝑠 temperature with austenitizing conditions has been
studied extensively in martensitic stainless steel [13, 16, 46, 47]. However, the
austenitizing temperature to dissolve chromium­rich carbides can vary in literature
from 1000 ∘C (30 minutes) [10] to 1250 ∘C (2 minutes) [13].

In general, a higher austenitizing temperature has a greater effect on accom­
plishing complete austenitization and dissolution of carbides than longer hold times
at some lower temperatures. However, 1100 ∘C (15 minutes) was used as an
austenitizing temperature due to some limitations in the dilatometry measurement.

Selection of Cooling Rate Conditions
The cooling rate is important to achieve desired microstructural features. The cool­
ing rate from austenitizing needs to be high enough to avoid ferrite and pearlite
formation. For the selection of the suitable cooling rate, samples were subjected to
several dilatometry experiments. All samples were austenitized at 1100 ∘C for 15
minutes and cooled to room temperature with a cooling rate of 1 ∘C/s, 5 ∘C/s, 10
∘C/s, 20 ∘C/s.

As a result, it was decided to use a cooling rate of 5 ∘C/s for all Q&P treatments.
This cooling rate is low enough to allow for precise control of the quenching stage
and high enough to prevent competing/side reactions during cooling.

Martensite Kinetics
The martensite transformation kinetic is an essential parameter for the Q&P process.
The Koistinen­Marburger relationship is used to describe the progress of marten­
sitic transformation. The Koistinen­Marburger relationship combines the extent of
the martensitic transformation with an undercooling. In the following Koinstinen­
Marburger expression where f𝑀 is the fraction of primary martensite, M𝑠 for marten­
site start temperature and QT for quenching temperature [48].

𝑓𝑀 = 1 − exp [−𝛼𝑚 ⋅ (𝑀𝑆 − 𝑄𝑇)]
𝑀𝑆 > 𝑄𝑇 > −80∘C (3.2)
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The transformation rate parameter (𝛼𝑚) is usually a constant value and inde­
pendent of composition. However, several researchers have suggested that the
transformation rate parameter can vary with chemical composition, the rate pa­
rameter was calculated based on an empirical equation [49].

𝛼𝑚 (𝐾−1) = 0.0224−0.0107𝑤𝐶−0.0007𝑤𝑀𝑛−0.00005𝑤𝑁𝑖−0.00012𝑤𝐶𝑟−0.0001𝑤𝑀𝑜
(3.3)

From Eq. 3.3, the transformation rate parameter (𝛼𝑚) was calculated as 0.0183
for the studied alloy.

In addition to the Koistinen­Marburger model, the martensitic transformation
was investigated experimentally. The relative change in length was measured by
dilatometry and the relationship between temperature and martensite fraction is
estimated by using the lever rule [43].

Selection of Quenching Temperatures
The Koistinen­Marburger can be used to select the suitable quenching temperature
and to calculate the untransformed austenite fraction [50]. In this work, the volume
fraction of untransformed austenite was calculated by using Eq. 3.1, Eq. 3.3 and
Koistinen­Marburger relation. From these equations, the untransformed retained
austenite fraction for selected quenching temperatures is shown in Table 3.2 [43].

Selection of Partitioning Conditions
In this work, initial quenching followed with a partitioning at 450 ∘C for 5 minutes
with a heating rate of 10 ∘C/s. The partitioning conditions were selected from
the literature [3, 4, 13]. At 450 ∘C, the precipitation of chromium­rich carbides is
unlikely to form during the partitioning step [3].

Table 3.2: Selected quenching temperatures and untransformed austenite fractions [43].

Sample ID Quenching Temperature (∘C) Untransformed austenite fraction at QT
QT113 113 0.10
QT155 155 0.20
QT183 183 0.30
QT205 205 0.40
QT220 220 0.50
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3.1.3. Dilatometry
The heat treatments were performed using a dilatometer. Dilatometry is a device to
study solid­state phase transformations because it allows for monitoring the change
in length as a function of temperature and time. From the change in length in the
sample as a function of temperature, it is possible to evaluate phase transformation
and transformation temperatures.

The heat treatments were designed to produce several Q&P microstructures.
The overall heat treatment presented in Figure 3.2 with the following treatment
parameters:

• Full austenitization of the initial microstructure at 1100 ∘C for 15 minutes with
a heating rate of 10 ∘C/s.

• Cooling rate of 5 ∘C/s for cooling to quenching temperature.

• Holding time at quenching temperature of 20 seconds followed with a parti­
tioning at 450 ∘C for 5 minutes.

• Cooling rate of 5 ∘C/s for cooling to room temperature after partitioning to
complete the heat treatment.

Figure 3.2: Overview of the Q&P heat treatment used in this study [43].
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The Q&P microstructure was generated through several types of heat treat­
ments. All specimens were heated at 10 ∘C/s to an austenitizing temperature
of 1100 ∘C. After holding for 15 minutes, the specimens were cooled to specific
quenching temperatures between M𝑠 and M𝑓 temperatures with a cooling rate of 5
∘C/s. Initial quenching followed with a partitioning at 450 ∘C for 5 minutes. Then
to complete the Q&P treatment all samples quench to room temperature with a
cooling rate of 5 ∘C/s.

3.1.4. Sample Preparation
The microstructures obtained from different Q&P treatments were prepared for op­
tical microscopy examinations. The samples were first embedded in a hot mounting
machine. After the mounting, the samples were ground with sanding paper from
320 to 4000 grit. All samples were polished using a diamond suspension with 3 and
1 µm particle sizes. For the microstructural analysis, few samples were etched (20
to 30 seconds) with a Vilella’s reagent to reveal the microstructural details.

3.1.5. Investigation of the Microstructure
The final microstructures of different Q&P treatments were analyzed with optical
microscopy. A Keyence VHX­500 optical microscope was used to characterize the
overall microstructure.
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3.2. Electrochemical Analysis
Electrochemical analysis was performed for 6 different samples. Out of these 6
samples, 5 of them are Q&P treated martensitic stainless steel. One of them is an
annealed commercial martensitic stainless steel (AISI 420) with a chemical compo­
sition (wt.%) of 0.4 C, 0.35 Si, 14 Cr, 0.7 Mn and (Bal.) Fe.

3.2.1. Sample Preparation
The samples were ground with sanding paper from 320 to 4000 grit. After that,
all samples were polished using a diamond suspension with 3 and 1 µm particle
sizes to obtain a proper surface for electrochemical experiments. The edge of the
samples was coated with a lacquer to prevent them from crevice corrosion. In
addition, the bottom side of the sample is ground to create a working electrode
contact for the electrochemical cell. The sample preparation steps were repeated
for all electrochemical tests. An example of a sample for an electrochemical test is
shown in Figure 3.3.

Figure 3.3: An example of the completed sample for electrochemical experiments.

3.2.2. Electrochemical Setup
A Biologic VSP­300 potentiostat was used in combination with a three­electrode
electrochemical cell setup for the experiments. In the setup, platinum mesh as the
counter electrode, the sample as the working electrode and Ag/AgCl (saturated KCl)
as the reference electrode were used. EC­Lab v11.36 software was used to control
and analyze the electrochemical measurements. The electrochemical cell setup
was placed in a cage to shield it from external noises and all experiments were
conducted at room temperature. The electrochemical setup is shown in Figure 3.4.
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Figure 3.4: Electrochemical cell setup.

3.2.3. Electrochemical Experiments
Electrochemical experiments were carried out in a 3.5 wt.% NaCl (pH 6.7) to assess
the role of microstructure on the corrosion behaviour. 3.5 wt.% NaCl solution was
used as an electrolyte due to the presence of 𝐶𝑙− ions in the solution that initiate
pitting corrosion by breaking down the protective oxide film.

Corrosion experiments were initiated by cathodic potentiostatic polarization and
followed with measuring the open circuit potential, then the corrosion resistance
was measured with electrochemical impedance spectroscopy, and finally, the cor­
rosion response of the samples was analysed with potentiodynamic polarization. All
tests were repeated at least 3 times to verify the reproducibility of the results.

Cathodic Potentiastatic Polarization
Cathodic potentiastatic polarization was applied to samples to remove the natural
oxide layer of martensitic stainless steel and the applied potential was ­300 mV (vs.
OCP) for 10 minutes.

Open Circuit Potential
Open circuit potential (OCP) of the samples were recorded for 30 minutes relative
to the Ag/AgCl reference electrode in 3.5 wt.% NaCl medium to make the system
stable.
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Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) was used to measure the electro­
chemical responses of the passive layer that formed on Q&P processed martensitic
stainless steel samples. EIS measurements were carried out by applying an alter­
nating current (AC) perturbation in the frequency range from 30 kHz to 0.01 Hz
with a 10 mV peak­to­peak amplitude after a stable OCP was achieved.

The Zview 4 software is used to fit the experimental EIS data into equivalent
electrical circuits.

Potentiodynamic Polarization
Potentiodynamic polarization was conducted to determine the effect of the mi­
crostructure on the corrosion response of the stainless steel samples. The samples
were polarised in a potential range between ­0.3 V to 0.4 V with respect to the OCP
with a scan rate of 0.167 mV/s.

Corrosion potential and corrosion current density values were calculated through
Tafel slopes from the linear parts of the polarization curves by using EC­Lab v11.36
software.

Mott­Schottky Measurements
Mott­Schottky measurements were performed to study the effect of microstructure
on the semiconducting properties of the passive film. The OCP of the samples were
recorded for 30 minutes to form a passive layer. Mott­Schottky measurements were
carried out by applying an AC perturbation at a fixed frequency of 1 kHz with 10
mV amplitude. A potential range of 0.1 V to ­0.3 V (reverse scan) was swept with
a step size of 50 mV.

3.3. Passive Layer Analysis
X­ray Photoelectron Spectroscopy
X­ray photoelectron spectroscopy (XPS) measurements were conducted to analyze
the chemical composition of different oxide layers in the passive layer of Q&P treated
martensitic stainless steels. Before XPS measurements, grinding and polishing steps
were repeated to obtain a mirror­like surface. Then, the samples were rinsed with
ethanol and dried with compressed air. XPS analysis was carried out using a PHI­
TFA XPS spectrometer, equipped with an Mg­monochromatic X­ray source. Narrow
multiplex scans of the peaks were recorded using a pass energy of 20 eV with a step
size of 0.1 eV, at a take­off angle of 45° with respect to the sample surface. Low
energy electron gun was used for surface charge neutralization XPS. The elemental
composition was determined from the XPS survey spectra, high­energy resolution
spectra of O 1s, C 1s, Fe 2p and Cr 2p photoelectron peaks were curve­fitted by
using Multipak v8.0.
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Results and Discussion

The results from experimental investigations are presented in this section. The
corrosion response of the Q&P treated martensitic stainless steels and the passivity
behaviour of these steels is discussed and compared with an annealed commercial
martensitic stainless steel (AISI 420). In this section, the corrosion response of
the samples and the passivity response is discussed considering the microstructural
features and their interactions.

4.1. Application of the Q&P Treatment
All samples were subjected to Q&P treatments with varying quenching temper­
atures. Phase fractions of Q&P processed specimens (the phase fraction values
are estimated from the Master Thesis of Benne de Bakker) with different quench­
ing temperatures as shown in Table 4.1 [43] and these Q&P treated martensitic
stainless steels were used for electrochemical measurements. For the Q&P treated
alloys, the highest retained austenite fraction (0.22) was achieved at a quenching
temperature of 183 ∘C.

Table 4.1: Phase fractions of Q&P processed specimens with different quenching temperatures [43].

Sample ID Retained austenite fraction Fresh martensite fraction
QT113 0.06 0.04
QT155 0.18 0.02
QT183 0.22 0.08
QT205 0.18 0.22
QT220 0.12 0.38

29
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4.2. Electrochemical Measurements
The electrochemical experiment results of the Q&P treated martensitic stainless
steel and annealed AISI 420 steel is presented in this section. The electrochemical
measurement aims to create a relation between the microstructural features and
the corrosion behaviour of Q&P treated martensitic stainless steels. As an experi­
mental path, potentiostatic polarization, open circuit potential (OCP), electrochemi­
cal impedance spectroscopy (EIS), potentiodynamic polarization and Mott­Schottky
experiments were carried out in 3.5 wt.% NaCl solution to reveal the corrosion
response and the passive film properties of Q&P treated steels.

Potentiastatic Polarization
Potentiastatic polarization was applied to remove the natural oxide layer of the
stainless steels and the applied potential was ­300 mV (vs. OCP) for 10 minutes as
shown in Figure 4.1. For all samples, after 10 minutes of potentiostatic polarization,
the constant current was achieved.

Figure 4.1: Potentiastatic polarization curve at applied potential of ­300 mV (vs. OCP) for 10 minutes in
3.5 wt.% NaCl solution.

Open Circuit Potential
Figure 4.2 shows the OCP measurements of all samples in 3.5 wt.% NaCl solution.
OCP values have stabilised after 30 minutes. The measurements show a similar
trend for both Q&P treated steels and AISI 420. For all samples, the open­circuit
potential shifts to more positive values, which is indicative of the passive film for­
mation.
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Figure 4.2: The open circuit potentials of commercial martensitic stainless steel (AISI 420) and Q&P
treated martensitic stainless steels in 3.5 wt.% NaCl solution.

Potentiodynamic Polarization
Potentiodynamic polarization tests were conducted to measure the corrosion resis­
tance of the steels. Potentiodynamic polarization plots are shown in Figure 4.3.
Polarization curves of all stainless steel samples show a clear passivation behaviour
which allows analysis of the passivation response of the samples. All Q&P treated
martensitic stainless steel samples with different microstructures show similar po­
larization behaviour in 3.5 wt.% NaCl electrolyte. Table 4.2 summarizes the polar­
ization parameters obtained from the polarization curves by the Tafel extrapolation
method.

Table 4.2: Corrosion current density (𝑖𝑐𝑜𝑟𝑟), corrosion potential (𝐸𝑐𝑜𝑟𝑟) and pitting potential (𝐸𝑝𝑖𝑡) values
of Q&P processed and AISI 420 steels calculated from the potentiodynamic polarization experiments.

Sample ID
𝑖𝑐𝑜𝑟𝑟

(10−8𝑥𝐴/𝑐𝑚2)
𝐸𝑐𝑜𝑟𝑟
(mV)

𝐸𝑝𝑖𝑡
(mV)

AISI 420 5.62 ± 1.76 ­122 ± 12 127 ± 20
QT113 4.89 ± 1.92 ­134 ± 16 92 ± 19
QT155 4.32 ± 2.18 ­140 ± 15 130 ± 29
QT183 3.64 ± 2.25 ­127 ± 14 200 ± 42
QT205 4.97 ± 2.34 ­96 ± 15 259 ± 12
QT220 5.12 ± 2.63 ­130 ± 10 146 ± 42

Results reveal that the AISI 420 steel corrodes slightly faster than the Q&P
treated steel. The corrosion current density (𝑖𝑐𝑜𝑟𝑟) value for the AISI 420 is slightly
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Figure 4.3: Potentiodynamic polarization plots of commercial martensitic stainless steel (AISI 420) and
Q&P treated martensitic stainless steels in 3.5 wt.% NaCl solution.

high compared to the Q&P treated martensitic stainless steels. A comparison be­
tween corrosion performance of Q&P treated martensitic stainless steels can be
done. The lowest corrosion current density belongs to the QT183 steel among all
Q&P treated martensitic stainless steels. The current density value for the QT113,
QT155 and QT183 steels is lower than the QT205 and QT220 steels. For the QT113,
QT155 and QT138 steels, the fresh martensite content is insignificant compared to
the QT205 and QT220 samples. The higher corrosion current density for the QT205
and QT220 steels can be correlated with the high amount of fresh martensite.

In addition, pitting potential (𝐸𝑝𝑖𝑡) is improved with the Q&P treatment as seen
in Figure 4.4. Except for the QT113, all Q&P treated martensitic stainless steels have
higher 𝐸𝑝𝑖𝑡 compared to the annealed AISI 420. This behaviour can be explained by
the presence of carbides (M3C, M7C3, M23C6) in the microstructure of the annealed
AISI 420 [23]. The presence of carbides in the microstructure act as pit initiation
sites.

On the other hand, it has been investigated that the corrosion resistance of
austenite is higher than ferrite/martensite [21, 51] due to that austenite contains
lower residual stress and fewer defects [52]. Therefore, the distribution of the re­
tained austenite might affect the pitting resistance of the Q&P treated martensitic
stainless steels [53], the residual stress of the martensitic grain would be released
because the less stressed retained austenite, and the localized corrosion perfor­
mance of the Q&P treated steel will be more resistant.
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Figure 4.4: Pitting potentials (𝐸𝑝𝑖𝑡) of the stainless steel samples based on potentiodynamic polarization
curves.

Moreover, passivation current density values for all samples are calculated from
the end of the passivation region. The passivation current densities for all steels
is shown in Figure 4.5 The passivation current density for both AISI 420 and Q&P
treated steels is in the order of 10−7 𝐴/𝑐𝑚2.

Electrochemical Impedance Spectroscopy
Figure 4.6 shows EIS measurement results in the form of a Nyquist plot. Figure 4.7
and 4.8 display EIS measurement results in the form of Bode plots. All curves in the
Nyquist plots show similar characteristics of arcs with different diameters. Nyquist
plots of the Q&P treated martensitic stainless steel exhibit a larger arc diameter
compared to the AISI 420. Bode plots show a higher impedance value for the
Q&P treated steels compared to AISI 420 at the low frequency of 10−2 Hz. From
the Bode plot, the minimum |Z| value at the low­frequency region means that the
passive film for AISI 420 exhibits the lowest barrier properties for the passive films.
A comparison between corrosion performance of Q&P treated martensitic stainless
steels can be done. The QT113 steel has the smallest arc diameter and the lowest
bode impedance at 10−2 Hz. It shows the lowest protective passive layer among
all Q&P treated martensitic stainless steels. On the other hand, for the QT183 and
QT205 steels, the arc diameters and the impedance values at the low frequency of
10−2 Hz is quite close to each other and higher than the QT155 and QT220 steels.

The Bode |Z| plots of all samples show linear slope in the intermediate fre­
quencies that are associated with the double­layer capacitance. The phase angle
plots show the non­ideal nature of the capacitance as the minimum phase angle is
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Figure 4.5: Passivation current density (𝑖𝑝𝑎𝑠𝑠) of the stainless steel samples based on potentiodynamic
polarization curves.

Figure 4.6: Nyquist plots of commercial martensitic stainless steel (AISI 420) and Q&P treated martensitic
stainless steels in 3.5 wt.% NaCl solution.
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Figure 4.7: Bode impedance plots of commercial martensitic stainless steel (AISI 420) and Q&P treated
martensitic stainless steels in 3.5 wt.% NaCl solution.

Figure 4.8: Phase angle plot of commercial martensitic stainless steel (AISI 420) and Q&P treated
martensitic stainless steels in 3.5 wt.% NaCl solution.
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slightly far from pure capacitor behaviour (­90°). This non­ideal behaviour can be
explained by the imperfect nature (heterogeneities or roughness) of the electrode
surface [54]. The experimental data fitted using an equivalent electrical circuit is il­
lustrated in Figure 4.9, to elaborate the EIS results. This equivalent circuit has been
used in previous works to describe the passive layer of similar systems [55, 56].

Figure 4.9: Equivalent circuit proposed for modelling the electrochemical response of commercial
martensitic stainless steel (AISI 420) and Q&P treated martensitic stainless steels.

An equivalent circuit with two Constant Phase Elements (CPE) in parallel provides
the best fitting for impedance data. CPEs are used instead of a perfect capacitance
due to the deviation from the ideal capacitive behaviour. In the equivalent circuit,
𝑅1 represents the resistance of the electrolyte. 𝑅2 and 𝐶𝑃𝐸2 are associated with
the resistive and capacitive behaviour of the double layer (at higher frequencies),
respectively. 𝑅3 and 𝐶𝑃𝐸3 are associated with the resistive and capacitive behaviour
of the passive layer (at lower frequencies), respectively. The equivalent circuit fitting
results are given in Table 4.3.

Table 4.3: The fitting values of the equivalent circuit components for AISI 420 and Q&P processed
martensitic stainless steels.

Sample ID
𝑅1

(Ωcm2)
𝐶𝑃𝐸2­𝑄

(Ω−1𝑠𝑛𝑐𝑚2𝑥10−5) 𝐶𝑃𝐸2­𝑛
𝑅2

(𝑘Ωcm2)
𝐶𝑃𝐸3­𝑄

(Ω−1𝑠𝑛𝑐𝑚2𝑥10−5) 𝐶𝑃𝐸3­𝑛
𝑅3

(𝑘Ωcm2)
𝑋2

(10−3)
AISI 420 3.46 ± 0.32 5.57 ± 0.51 0.92 ± 0.01 35.74 ± 11.72 4.54 ± 0.58 0.58 ± 0.02 89.64 ± 54.29 1.32 ± 0.62
QT113 4.76 ± 0.82 4.73 ± 0.55 0.92 ± 0.06 20.08 ± 5.09 1.94 ± 0.58 0.58 ± 0.02 155.38 ± 42.15 3.14 ± 2.21
QT155 4.89 ± 0.34 4.82 ± 0.57 0.92 ± 0.02 21.52 ± 3.98 1.97 ± 0.22 0.57 ± 0.08 205.38 ± 22.25 2.67 ± 1.23
QT183 5.32 ± 0.28 4.48 ± 0.54 0.91 ± 0.02 52.58 ± 10.52 1.92 ± 0.26 0.52 ± 0.03 324.23 ± 67.75 2.26 ± 1.81
QT205 4.54 ± 0.24 4.02 ± 0.12 0.93 ± 0.05 42.22 ± 4.82 1.72 ± 0.42 0.59 ± 0.09 313.57 ± 42.45 2.68 ± 1.64
QT220 4.69 ± 0.62 4.15 ± 0.24 0.93 ± 0.03 20.51 ± 3.26 1.67 ± 0.24 0.58 ± 0.04 267.04 ± 28.52 2.74 ± 1.57

The resistive behaviour of the passive film (𝑅3) for the Q&P treated steel mi­
crostructure is better than the annealed AISI 420. Among all Q&P treated steels,
QT183 steel exhibits the highest 𝑅3 value. From QT113 to QT183 with increasing
quenching temperature, the 𝑅3 value is increasing proportionally with the increas­
ing retained austenite fraction. Then a drop in 𝑅3 value is observed with increasing
quenching temperature from QT205 to QT220. In addition, the differences can be
seen clearly from Table 4.3 between the charge transfer resistance values of the
double layer (𝑅2) and the passive layer (𝑅3). 𝑅2 is lower than 𝑅3, indicating that
the resistive behaviour of the double layer is lower than the passive layer. Calcu­
lated 𝐶𝑃𝐸 values are similar for both Q&P and AISI 420 microstructures. 𝐶𝑃𝐸2­𝑛
values of all microstructures show similar capacitive behaviour of around 0.92. It
means that the electrochemical behaviour of the double layer formed on the stain­
less steel samples slightly deviates from a pure capacitive (𝐶𝑃𝐸2­𝑛 = 1) behaviour.
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Figure 4.10: Mott­Schottky plots for the passive film formed on Q&P treated martensitic stainless steels
in 3.5 wt.% NaCl solution.

In conclusion, Q&P treated martensitic stainless steels exhibit better corrosion per­
formance in a chloride rich environment than the AISI 420, retained austenite and
carbon­depleted primary martensite play a positive role together to reduce the cor­
rosion rate of the Q&P treated steels. In addition, the resistive behaviour of the
passive film has more contribution to corrosion behaviour compared to the resistive
behaviour of the double layer.

Capacitance Measurements
The semiconducting properties of the passive films are investigated by Mott­Schottky
analysis. Figure 4.10 shows the Mott­Schottky plots of the Q&P treated martensitic
stainless steel. In Mott­Schottky plots, the positive slope indicates an n­type semi­
conductor behaviour of the passive films [57]. The slope of the Mott­Schottky plot
is inversely related to the defectiveness of the passive films. As a result, the highest
slope in the Mott­Schottky plot means the lowest defect density, better passive film
properties.

A semiconductor­electrolyte interface consists of charged layers both on the
semiconductor and electrolyte side, as shown in Figure 4.11 [58]. Passive film ca­
pacitance is influenced by the space charge region of the semiconductor and the
Helmholtz double layer of the electrolyte. The film capacitance is the combination
of the space charge region (SCR) and the Helmholtz double­layer (HL). The capac­
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Figure 4.11: Space charge region (SCR) and Helmholtz (HL) double layer at the semiconductor­
electrolyte interface [58].

itance of the SCR is much smaller than HL and the total capacitance of the passive
film can be regarded as the capacitance of the SCR [59]. The donor density of the
passive layer formed on Q&P steels can be calculated through Eq. 4.1.

𝐶−2 =
2(𝐸 − 𝐸𝐹𝐵 −

𝑘𝑇
𝑒 )

𝜀𝜀0𝑒𝑁𝑑
(4.1)

In Eq. 4.1, 𝑁𝑑 is the donor density, 𝐶 the capacitance, 𝐸𝐹𝐵 the flat band poten­
tial, 𝑘 the Boltzmann constant, 𝑇 the temperature, 𝑒 the charge of electron, 𝜀0 the
permittivity in vacuum, 𝜀 = 15.6 [36, 60] is the dielectric constant of the passive
films formed on stainless steel.

The donor densities and flat band potential of the Q&P treated martensitic stain­
less steels are shown in Table 4.4. The flat band potential of the samples was
calculated from the x­axis intercept of the Mott­Schottky plots.

Table 4.4: Donor density and flat band potential values obtained from Mott­Schottky analysis.

Sample ID
Donor density / 𝑁𝑑

(1021𝑐𝑚−3)
Flat band potential
(vs Ag/AgCl) / V

QT113 2.64 ± 0.3 ­0.433 ± 0.05
QT155 1.65 ± 0.2 ­0.421 ± 0.02
QT183 1.52 ± 0.2 ­0.414 ± 0.01
QT205 2.38 ± 0.5 ­0.426 ± 0.04
QT220 2.62 ± 0.2 ­0.432 ± 0.01

The higher the number of donor density, the more defects within the passive
film. The presence of defects makes the passive film susceptible to rupture (by
deteriorating the passive layer properties), causing the pitting corrosion to initiate.
From the capacitance results, QT113 steel is particularly more defective compared
to the rest of the Q&P treated steels and the lowest donor density value belongs to
QT183 steel. QT113 steel donor density value is 1.74 times the value of the QT183
steel. The lowest donor density value for the QT183 steel can be explained by the
high amount of retained austenite and primary martensite phases. Among all Q&P
treated steels, QT113, QT155 and QT183 have relatively low fresh martensite con­
tent compared to the QT205 and QT220 samples and these fresh martensite rich
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steels (QT205 and QT220) exhibit worse passive film properties compared to the
QT155 and QT183. The differences in the flat band potentials represent different
passive film compositions as reported previously for the iron oxide volume fractions
of the passive films on dual­phase carbon steel [61]. However, no significant differ­
ence was observed in the flat band potentials of Q&P treated martensitic stainless
steels.

Depending on the dominant defects either p­type (Cr­rich inner layer) and/or
n­type (Fe­rich outer layer) semiconductor behaviour can be observed in the pas­
sive film of stainless steels. In stainless steel, cation vacancy dominant passive
films generally behave as p­type. On the other hand, cation interstitials or anion
vacancy (oxygen ion) dominant films behave as n­type semiconductors. From the
capacitance measurements, no evidence for p­type behaviour was obtained, indi­
cating that as characteristics of the oxide (n­type), cation interstitials and/or oxygen
ion vacancies are dominant defects. However, it is not possible to distinguish the
contribution of oxygen vacancies and cation interstitials [36].

4.3. Passive Layer Analysis
X­ray photoelectron spectroscopy (XPS) measurements were performed to analyze
the chemical composition of different oxide layers in the passive layer film (formed
on contact with air) of Q&P treated martensitic stainless steels. For the XPS analysis,
QT113 and QT183 were selected to see the effect of passive film composition on the
passivation properties. High­resolution Fe 2p photoelectron spectra of QT113 and
QT183 samples are given in Figure 4.12 and 4.13. High­resolution Cr 2p spectra for
QT113 and QT183 is given in Figure 4.14 and 4.15. From Figure 4.12 and 4.13, it is
possible to make comments about the Fe contribution. According to the literature,
the peak position values of Fe 2p3/2 is between 710.6 and 711.2 eV. The binding
energies of Fe 2p3/2 and Fe 2p1/2 obtained from the present study are 710.6 ±
0.009 and 724.1 ± 0.11 eV, respectively and these peaks represent Fe (III) oxide.
The satellite peak (occur due to a sudden change in Coulombic potential as the
photo­ejected electron passes through the valence band) was obtained at 718.8 ±
0.014 eV and it does not overlap with Fe 2p3/2 and Fe 2p1/2. The satellite peak of
Fe 2p3/2 for Fe (III) oxide is located approximately 8 eV higher than the Fe 2p3/2
peak. [62, 63].

From Figure 4.14 and 4.15, it is possible to explain the Cr contribution. From
literature, according to the XPS results corresponding to Cr 2p1/2 and Cr 2p3/2
orbitals, the peak appeared at binding energies of between 576.0 and 578.0 eV for
Cr 2p3/2 and the peak appeared at binding energies of between 586.0 and 588.0
eV for Cr 2p1/2 orbital, these peaks represent Cr (III) oxide. The binding energies
of Cr 2p3/2 and Cr 2p1/2 obtained from the present study are 576.4 ± 0.03 and
586.2 ± 0.08 eV, respectively. In addition, a satellite peak was observed for QT113
steel and no satellite peak was observed for QT183. According to the literature, the
satellite peak of Cr 2p1/2 for Cr (III) oxide is located at 597 eV and in this study,
the satellite peak is located at 596.6 eV [63, 64].
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The phase fractions for Fe 2p are given in Table 4.5. The Fe (III) oxide contribu­
tion is similar for both Q&P treated QT113 and QT183 steels. The phase fractions
for Cr 2p are calculated according to fitting parameters and given in Table 4.6. From
the phase fraction results, the Cr/Fe oxide ratio from the most characteristics oxide
(the ratio between Cr (III) oxide 2p3/2 and Fe (III) oxide 2p3/2) is for the QT113
steel (Cr/Fe oxide = 0.84) is lower than the QT183 steel (Cr/Fe oxide = 1.12). Due
to this reason, the QT183 steel exhibits better passive film properties compared to
the QT113 steel since the higher fraction of Cr oxide compared to Fe oxide is better
for passivity properties. In addition to Fe 2p and Cr 2p, phase fractions for O 1s are
calculated but no significant difference is observed (both samples have the same
fraction oxide/hydroxides). As a conclusion, concerning the semiconductive be­
haviour of the passive films of Q&P treated martensitic stainless steel, it is possible
to make comments about the duplex structure (Fe and Cr oxides) of the films. The
duplex structure of the passive film is a combination of a chromium­rich (Cr (III))
oxide and an iron­rich (Fe (III)) oxide but the contribution of the chromium­rich
layer is more critical for better corrosion performance.

Table 4.5: Fractions of the passive layer calculated from the fitting of Fe 2p spectrum.

Fe metal (%)
Fe 2p3/2

Fe (III) oxide (%)
Fe 2p3/2

Satellite (%)
Fe 2p3/2

Fe (III) oxide (%)
Fe 2p1/2

QT113 3.29 65.36 3.52 27.83
QT183 4.00 62.04 3.67 30.29

Table 4.6: Fractions of the passive layer calculated from the fitting of Cr 2p spectrum.

Cr (III) oxide (%)
Cr 2p3/2

Cr (III) oxide (%)
Cr 2p 1/2

Satellite (%)
Cr 2p1/2

QT113 55.29 35.62 9.09
QT183 69.38 30.62 ­
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Figure 4.12: Experimental Fe 2p spectrum from the XPS measurement and corresponding fitting of the
spectrum for the QT113.

Figure 4.13: Experimental Fe 2p spectrum from the XPS measurement and corresponding fitting of the
spectrum for the QT183.
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Figure 4.14: Experimental Cr 2p spectrum from the XPS measurement and corresponding fitting of the
spectrum for the QT113.

Figure 4.15: Experimental Cr 2p spectrum from the XPS measurement and corresponding fitting of the
spectrum for the QT183.
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4.4. Phase Dependency of Corrosion and Passivity
This section discusses the results of the electrochemical experiments. In particu­
lar, the corrosion response of the Q&P treated martensitic stainless steels and the
passivity behaviour of these steels is discussed and compared with an annealed
commercial martensitic stainless steel (AISI 420).

Results reveal that the AISI 420 steel corrodes slightly faster than the Q&P
treated steel. The corrosion current density (𝑖𝑐𝑜𝑟𝑟) value for the AISI 420 is slightly
higher than the Q&P treated martensitic stainless steels. A comparison between
corrosion performance of Q&P treated martensitic stainless steels can be done.
The lowest corrosion current density belongs to QT183 steel among all Q&P treated
martensitic stainless steels. The current density value for QT113, QT155 and QT183
steels is lower than QT205 and QT220 steels. For the QT113, QT155 and QT138
steels, the fresh martensite content is insignificant compared to the QT205 and
QT220 samples. This behaviour suggests that the presence of retained austenite
and primary martensite (with partitioning decreases its carbon content and reduces
its lattice distortion) phases contribute to better corrosion performance compared
to the fresh martensite. Unlike primary martensite, fresh martensite is formed via
final quench to room temperature from austenite with carbon content higher than
the nominal content of the steel. Consequently, primary martensite contains fewer
defects compared to fresh martensite [65]. Due to this reason, the higher corro­
sion current density for the QT205 and QT220 steels can be correlated with the high
amount of defective fresh martensite. The defective structure of the fresh marten­
site can deteriorate the corrosion properties of Q&P treated martensitic stainless
steels.

Except for the QT113 steel, all Q&P treated martensitic stainless steels have
higher pitting potential (𝐸𝑝𝑖𝑡) compared to the AISI 420. This behaviour can be
explained by the presence of carbides in the microstructure of the annealed AISI
420. The presence of carbides as heterogeneity is the preferential site for the pit
initiation in the passive film and the initiation of the pit is followed by the breakdown
of the passive layer which deteriorates the corrosion resistance.

It has been investigated that the corrosion resistance of the austenite phase is
higher than ferrite/martensite [21, 51], due to that austenite contains lower internal
stress and fewer defects [52]. Therefore, the distribution of the retained austenite
might affect the pitting resistance of the Q&P treated martensitic stainless steels.
The residual stress of the martensitic grain would be released when the less stressed
retained austenite is well distributed in the microstructure [53], with this way the
Q&P treated steels with less residual stresses (well distributed) would be more
resistant to localized corrosion.
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The resistance value of the passive layer (𝑅3) is higher for the Q&P treated steels
compared to the AISI 420. The passive layer that formed on the Q&P treated steel
microstructure is more corrosion resistant than the annealed AISI 420 steel. This
behaviour suggests that the presence of carbides in the annealed AISI 420 dete­
riorate the corrosion properties. On the other hand, in Q&P treated steels, the
presence of retained austenite and primary martensite contributes to the formation
of better passive film layer properties. The carbon­depleted primary martensite
and retained austenite play a positive role together to reduce the corrosion rate of
the Q&P treated martensitic stainless steels, the serious carbon depletion of pri­
mary martensite via partitioning decreases lattice distortions and lower the resid­
ual stresses. In addition, retained austenite can easily tolerate the shape change
caused by the martensitic transformation, further relaxation of internal stresses in
retained austenite decreases the corrosion rate [66]. Thus, the relaxation of in­
ternal stresses in both primary martensite and retained austenite decreases the
corrosion rate. In addition, the carbon­depleted primary martensite and retained
austenite have less defective structure, thus the passive film properties are more
protective.

Capacitance measurements can be used to make comments about the semicon­
ducting behaviour of passive films that formed on Q&P treated martensitic stainless
steels. From the Mott­Schottky results of Q&P treated martensitic stainless steels,
no evidence for p­type behaviour (Cr­rich oxides) was obtained, indicating that as a
characteristic of the passive film (n­type (Fe­rich oxides)), cation interstitials and/or
oxygen ion vacancies are dominant defects [36]. Among all Q&P treated steels, the
lowest donor density value belongs to the QT183 steel. Retained austenite frac­
tion for QT183 steel is relatively high compared to the rest of the Q&P steels and
the combination of less defective phases (primary martensite/retained austenite)
makes the passive film more protective. On the other hand, the QT205 and QT220
steels exhibit worse passive film properties compared to the QT155 and QT183,
due to the highly defective (high defect density) fresh martensite content in their
microstructure.

XPS measurements were performed to analyze the chemical composition of dif­
ferent oxide layers in the passive film of Q&P treated martensitic stainless steels.
From the XPS results, it is possible to observe Cr (III) and Fe (III) oxide peaks.
The Cr/Fe oxide ratio is for the QT113 steel (Cr/Fe oxide = 0.84) is lower than the
QT183 steel (Cr/Fe oxide = 1.12) and the higher fraction of Cr oxide is better for
passivity properties. Due to this reason, QT113 steel with the highest donor den­
sity exhibits worse passive film performance compared to the QT183 steel with the
lowest donor density. As a result, XPS results of the QT113 and Q183 are fitting
well with the capacitance measurements.
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In conclusion, the presence of retained austenite and primary martensite phases
in Q&P treated martensitic stainless steels contribute better corrosion performance
compared to the annealed commercial martensitic stainless steel (AISI 420). Among
all Q&P treated steels, for the QT113, QT155 and QT183 steels, the fresh martensite
content is insignificant compared to the QT205 and QT220 samples. From QT113
to QT183 with increasing quenching temperature, the 𝐸𝑝𝑖𝑡 from polarization curves
and the 𝑅3 value from impedance curves are increasing proportionally with the in­
creasing retained austenite fraction and the 𝑖𝑐𝑜𝑟𝑟 value from polarization curves and
the donor density values from capacitance measurements are decreasing with the
increasing retained austenite fraction. For the fresh martensite rich samples (QT205
and QT220), the 𝑖𝑐𝑜𝑟𝑟 values and the donor density values are higher compared to
the QT155 and QT183 steels, this trend can be explained with the presence of
defective fresh martensite. In addition, it is not possible to ignore the effect of car­
bides or inclusions on the corrosion behaviour of Q&P treated steels. There might
be carbides in the fresh martensite rich regions and/or the presence of inclusions
deteriorate the corrosion performance of Q&P treated martensitic stainless steels.
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Conclusions and

Recommendations

5.1. Conclusions
For the automotive industry, the development in Q&P treated martensitic stainless
steels can be a game­changer. The mechanical properties of Q&P treated commer­
cial martensitic stainless steels have been widely investigated to combine strength
with formability. The Q&P process of martensitic stainless steel can improve the
mechanical properties by combining the strength of the martensite with the ductil­
ity of the retained austenite. Unlike mechanical behaviour, the corrosion response
of Q&P treated martensitic stainless steel has not been investigated deeply. This
thesis investigated the effect of microstructure on the corrosion and passivation
behaviour of Q&P treated martensitic stainless steels.

For electrochemical measurements, six different samples were used. Out of
these 6 samples, 5 of them (Q&P steels) had different volume fractions of retained
austenite and martensite (tempered, fresh). One of them is an annealed commer­
cial martensitic stainless steel (AISI 420). As an experimental path, open circuit
potential, potentiodynamic polarization, electrochemical impedance spectroscopy
(EIS) were performed in 3.5 wt.% NaCl to understand the corrosion properties of
all samples. Mott­Schottky analysis and X­ray photoelectron spectroscopy (XPS)
was performed to reveal the passive film properties of Q&P treated steels.

• For all samples, open­circuit potential shifts to more positive values, which is
indicative of the passive film formation.

• Electrochemical impedance spectroscopy experiments show that all samples
have similar capacitive behaviour. Nyquist plots of the Q&P treated martensitic
stainless steels exhibit a larger arc diameter compared to the AISI 420 steel.
Among all Q&P treated, QT113 steel has the smallest arc diameter and the
lowest bode impedance at the lowest frequency. On the other hand, for the
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QT183 and QT205 steels, the arc diameters and the impedance values are
quite close to each other and higher than the QT155 and QT220 steels.

• The resistance value of the passive layer (𝑅3) for the Q&P treated steel mi­
crostructure is higher compared to the AISI 420. The passive layer that
formed on the Q&P treated steels microstructure is more resistant than the
AISI 420 steel. This behaviour suggests that the retained austenite and pri­
mary martensite phases contribute to the formation of a better passive film.

• Results reveal that the corrosion current density (𝑖𝑐𝑜𝑟𝑟) value for the AISI 420
is slightly higher than the Q&P treated martensitic stainless steels. Among
all Q&P treated martensitic stainless steels, the lowest corrosion current den­
sity belongs to QT183 steel. The carbon­rich retained austenite and carbon­
depleted primary martensite play a positive role together to reduce the cor­
rosion rate of the Q&P treated steels. The serious depletion of carbon from
primary martensite during partitioning reduces the residual stresses. In ad­
dition, the retained austenite can tolerates easily the shape change caused
by the martensitic transformation, the relaxation of internal stresses in both
primary martensite and retained austenite decreases the corrosion rate.

• The pitting potential (𝐸𝑝𝑖𝑡) is improved with the Q&P treatment. Except for the
QT113, all Q&P treated martensitic stainless steels have higher 𝐸𝑝𝑖𝑡 compared
to the AISI 420.

• From the capacitance measurements, no evidence for p­type behaviour was
obtained, indicating that cation interstitials and/or oxygen ion vacancies are
dominant defects in the passive film (n­type).

• The lowest donor density value for the QT183 steel can be explained by the
high amount of retained austenite and primary martensite phases. The com­
bination of less defective phases (primary martensite and retained austenite)
makes the passive film more protective compared to the fresh martensite rich
samples.

• From the XPS results, the Cr/Fe oxide ratio is for the QT113 steel is lower
than the QT183 steel. Due to this reason, QT183 steel with the lowest donor
density exhibits better corrosion performance compared to the QT113 steel.

The presented results indicate that the electrochemical behaviour of Q&P treated
martensitic stainless steel is dependent on the phase constituents of the microstruc­
ture.
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5.2. Recommendations
Recommendations for future research can be summarised as:

• The effect of microstructure on the corrosion performance of Q&P treated
martensitic stainless steel microstructures can be studied in different environ­
ments other than NaCl to gain extensive knowledge.

• The effect of prior austenite grains size (PAGS) on the corrosion and passi­
vation properties of Q&P treated martensitic stainless steel can be studied by
changing the austenitization parameters.

• The analysis of the microstructural features with localized electrochemical
methods such as Scanning Kelvin Probe Force Microscopy (SKPFM) could ex­
plain the Volta potential differences between phases to investigate the micro­
galvanic coupling.

• The presence of carbides in Q&P treated martensitic stainless steel microstruc­
tures can be studied with Transmission Electron Microscopy (TEM) to obtain
detailed information about the pitting corrosion mechanism.
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