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Abstract

Laser surface treatment shows great potential to locally create distinct phases in martensitic steels
due to its highly localized laser heat flux. Architectured materials with microstructures of
metastable austenite/martensite phases exhibit advanced mechanical properties, such as a better
combination of strength and ductility. In addition, the presence of laser-reverted austenite in
martensitic microstructure improves the pitting corrosion behavior due to the better corrosion
resistance of austenite over the martensite phase. However, the combined microstructure of
different phases might lead to the emergence of galvanic corrosion, which deteriorates the general
corrosion behavior of the laser-treated materials. These findings suggest that the laser surface
treatment affects the general and the localized corrosion behavior differently, which is an
interesting prospect that requires further investigation.

Fe-25Ni-0.2C, the material in this study, has the starting martensite formation temperature (Ms)
below room temperature due to its high nickel percentage, which is thermodynamically possible to
form reverted austenite and remain austenite phases during laser treatment. In this study, a high-
power Nd:YAG laser system is utilized to locally create an austenitic region in a cryogenically-
formed martensitic Fe-25Ni-0.2C alloy. Optical microscope (OM) and scanning electron
microscope (SEM) are used to assess the microstructure prior to and after laser treatment. The
observed microstructure is related to the high spatial gradients in peak temperature and the heating
rate of localized laser treatment, which governs the formation mechanisms. Moreover, the effect of
laser processing parameters, such as laser power (P) and scanning speed (v), on the laser-affected
zone (LAZ) is also investigated.

The corrosion behavior is characterized by potentiodynamic polarization tests in a 3.5% NaCl
solution. The corroded surface is examined by optical microscope (OM) and the three-dimensional
depth measurement of the pit morphology. In this work, both the general and the pitting corrosion
behavior are discussed. The results are influenced by the microstructure created by different heat
treatments. The effect of localized laser treatment on the corrosion behavior is investigated on a
combined microstructure of laser-reverted austenite/bulk martensite, which has a surface fraction
of laser-reverted austenite up to nearly 53%.
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1. Introduction

1.1 Motivation

Architectured materials, by the definition from Valdevit et al.[1], are multiphase materials in which
the topological distribution of the phases is carefully controlled and optimized for specific functions
or properties”. These materials have several advantages, such as optimum strength and stiffness
[2] . Particularly, the materials with austenite/martensite phases show a good combination of tensile
strength and total elongation [3]. The enhancement in strength and ductility is attributed to the
transformation of austenite to martensite during the plastic deformation, which refers to
transformation-induced plasticity (TRIP) effect [4]. Conventionally, the production of austenite-
martensite dual phase steels requires a cooling medium for quenching, such as water [5]. For certain
materials, subsequent immersion in liquid nitrogen is required to induce martensitic transformation

[6].

Using laser heat treatment to create architectured structure has several advantages over
conventional thermal processing, including highly localized, high heating and cooling rates [7].
Laser is used as a heat source where a high energy beam is applied on a highly localized region at
the surface while the rest of the component acts as a heat sink. Such a trait enables laser treatment
to rapidly heat up and alter the properties of the surface of metal within its penetration depth,
without affecting the properties of the bulk material. With localized processed area and the
conduction of heat transfer into the bulk material, the rapid cooling rate is achieved without the
requirement of an extra cooling medium, which is referred to as self-quenching [8].

Localized laser treatment has been used on martensitic stainless steels to create austenite/martensite
microstructure [9]. With high-intensity laser heating the localized region of the surface to above
austenitizing temperature, the transformation from the martensite phase to austenite, i.e. reverse
transformation, takes place, resulting in a microstructure with a new combination of
austenite/martensite. In addition to the beneficial effect on mechanical properties, lasered localized
heat treatment exhibits promising outcomes for enhancement of localized corrosion behavior as the
pitting potentials shifted in the noble direction [9,10]. This is attributed to the presence of the
austenite phase that has a better pitting corrosion resistance than the martensite phase. Moreover,
laser treatment leads to the dissolution or redistribution of precipitates or inclusions, leading to a
chemical homogenization of the laser-treated materials. The proportion of the retained austenite
can be modified by controlling the laser processing parameters [11], such as laser power (P) and
scanning speed (v), and hence the pitting corrosion properties of the architectured materials.

However, the general corrosion behavior might deteriorate as the galvanic coupling emerges
between the laser-treated and untreated surfaces [12], leading to an increase in corrosion rate. At
a macro scale, the surface ratio of laser-treated to untreated surfaces, which is an important
geometric parameter referred to cathode-to-anode ratio, influences the galvanic corrosion
significantly. Ata micro scale, the galvanic corrosion might occur between austenite and martensite



phases [13], resulting from the difference in potentials of the two phases that leads to localized
corrosion potential gradients or selected phase dissolution.

These findings have suggested that the localized laser treatment can influence the general and
localized corrosion through different mechanisms, and it can be an interesting topic that requires
further investigation. Fe-25Ni-0.2C alloy is a suitable material for creating an architectured
microstructure of austenite/martensite phases by localized laser treatment. With a high content of
nickel that serves as an austenite stabilizer, Fe-25Ni-0.2C shows a high potential to form reverted
austenite from martensite and remain as austenite phase during laser treatment.

1.2 Research Questions

The objective of this thesis is to investigate the possibility of using localized laser treatment to
create a distinct region of reverted austenite from a cryogenically formed martensitic Fe-25Ni-0.2C
steel, and its effect on the microstructure and corrosion behavior. Based on the objective, the
following research questions were formulated:

1. What is the effect of different heat treatments, such as cryogenic and tempering, on the
microstructure and the corrosion behavior of Fe-25Ni-0.2C steel?

2. Canlocalized laser heat treatment be used to create an architectured austenite/martensite
microstructure on Fe-25Ni-0.2C steel? What are the microstructural characteristics and
transformation mechanisms?

3. How do the laser parameters, laser power (P) and scanning speed (v), influence the
laser-treated Fe-25Ni-0.2C steel in terms of the microstructure?

4. How does the localized laser treatment affect the general and localized corrosion
behavior of Fe-25Ni-0.2C steel? What are the corrosion mechanisms?

1.3 Outline

In the following chapter, the background information is given on the laser treatment and the effect
of the laser processing parameters on the microstructure. In addition, the introduction of phase
properties along with the transformation mechanisms are explained. At the end of Chapter 2, the
mechanisms of the corrosion behavior are introduced. In Chapter 3, the materials and the
experimental methods are presented. The results of this study are presented and discussed in
Chapter 4, which is subdivided into two main aspects, microstructure and corrosion behavior. In
the end, main conclusions are drawn with respect to the research questions. Recommendations are
provided based on the setting and findings of this work.



2. Literature Review

In this chapter, a general background on laser surface treatments is first presented, followed by the
introduction of heat transfer in materials. The thermal information can be used to understand the
formation of microstructures by laser in this work, and the effect of laser processing parameters on
microstructures is also provided. The chapter then continues by discussing the phases and the
reverse transformation of Fe-Ni alloy, and its corrosion behavior is addressed at the end of this
chapter.

2.1 Laser Surface Treatment

In surface engineering, lasers are widely used due to their advantages over the conventional surface
treatment, including precision of operation, fast processing, and localized treatment [14]. Laser
surface treatment involves heating the surface of the workpiece with a source of coherent
electromagnetic radiation, i.e. laser light, in a protective gas atmosphere. Absorption of the laser
radiation takes place at the surface of the materials, and in bulk up to the optical penetration depth,
which results in modifying only the properties of the surface, such as hardness, toughness and
corrosion resistance, leaving the bulk material unaffected.

Depending on the peak surface temperature achieved during the heating, the laser surface treatment
can be categorized into three main classes [15]: solid-state transformation treatment (laser surface
hardening), laser surface melting and ablation (keyhole welding). In solid-state transformation
treatment on steels, the surface of the workpiece typically heats up to the austenite temperature
region (above A temperature), but not above the melting temperature, and cools down rapidly due
to self-quenching to form the martensite phase, leading to an improvement in the hardness, wear
[16], erosion [17] and corrosion resistance [18, 19]. Self-quenching refers to the process of heat
spreading from the laser focal spot evenly in all directions in an isotropic solid, which causes high
cooling rate, and is the main mechanism for laser surface hardening.

In laser surface melting (LSM), the peak temperature of the surface reaches the melting temperature
but not significantly above the vaporization temperature, which can be achieved by further
increasing the laser power (P) or decreasing the scanning speed, as shown in Figure 2.1 [15],
causing melting of the material and subsequent rapid cooling, and leads to the surface modification,
such as dissolution of precipitates, refinement of microstructure, and chemical homogenization [20].
Kwok et al. [9] investigated the effect of laser surface melting on corrosion behavior of martensitic
stainless steels, and found out that it significantly improved the pitting corrosion resistance by
shifting the pitting potential to a more noble direction. The enhancement of pitting corrosion was
mainly attributed to the refinement or dissolution of carbides from the boundaries into the grains
caused by laser input energy. Mahmoudi et al. [19] conducted the EDS analysis on revealed that
the amount of chromium in the grains increased after laser treatment, indicating the reducing
amount and size of chromium-containing carbides at the grain boundaries. Decarburization could
be another mechanism contributing to the decreased carbides. Maharjan et al. [21] reported that
decarburization occurred during laser surface treatment. The surface was austenitized during the

3



heating of laser treatment, providing the condition for the reaction between surface carbon and
atmosphere, causing carbon to diffuse out. Due to short interaction time during laser treatment and
the decreased mobility of carbon caused by alloying elements, the carbon in the bulk material failed
to fully replenish the loss of carbon at the surface, resulting in less amount of carbon for carbide
formation, and consequently, more passive alloying elements left in solid solution.

Other laser applications, such as laser cladding (LC) [22] and selective laser melting (SLM) [23],
also belong to the class of laser surface melting. Laser cladding (LC) is a powder injection
technique that rapidly melts and solidifies the feeding material powder as well as a thin layer of the
substrate surface with a laser source, forming a metallurgical bond between the cladding materials
and the substrate, as illustrated in Figure 2.2 [24]. This application is widely used for rapid
manufacturing, component repair, and surface coating; Selective laser melting (SLM) is an additive
manufacturing process designed to produce objects from metallic or polymer powder according to
computer-aided data (CAD), which uses high-intensity laser power as an energy source to melt and
fuse selective area of powder by scanning a powder bed layer by layer, as illustrated in Figure 2.3
[23]. The SLM component provides the advantage of low post-processing cost due to its near-net-
shaped property, but has the drawbacks of relatively high surface roughness caused by the balling
effect, and crack formation due to the residual stress resulting from the thermal fluctuation of the

materials during SLM.
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Figure 2.3 Schematic of selective laser melting process (i) selective area of the powder bed melted
by laser (ii) scanning process repeated layer by layer (iii) loose powder removed [23]

With further increase in the peak temperature by adjusting the laser power and the scanning speed,
the surface temperature reaches the vaporization temperature, Ty, and the vapor pressure (recoil
pressure) creates a depression in the melted workpiece, which is referred to the ablation (keyhole
welding). This depression experiences a significant absorptivity due to multiple
absorption/reflection of the laser beam. It causes higher temperature as well as an increase in the
depression, forming of a long and narrow cavity, or keyhole, as shown in Figure 2.4 [25].
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Figure 2.4 Sketch of the keyhole welding [25]



2.1.1 Effect of Laser on Heat Transfer and Microstructure

During the interaction of the laser with solids, a variety of physical processes occur. When
electromagnetic radiation strikes the surface of solid material, some part of it is reflected, some
absorbed and some transmitted. When the laser beam interacts with a solid surface, the force
induced by the electric field causes the electrons in the irradiated region to vibrate. The absorption
of electromagnetic energy in metals occurs by photon-electron interactions, which raises the energy
state of the electrons. This process of photons being absorbed by electrons refers to the inverse
bremsstrahlung effect [26]. If the accelerated electrons re-radiate in all directions, the reflected and
transmitted radiation occurs; If electrons undergo several collisions with lattice phonons and
transfer some of the electrons excess energy to lattice phonons, the energy is considered absorbed,
and the phonons would cause the structure to vibrate. The thermalization time of most metals, i.e.
the amount of time for the excited electronic states to transfer energy to phonons and thermalize,
is on the order of 1012-101% s [27]. When the laser-induced excitation rate is low in comparison
to the thermalization rate, it is considered that the absorbed laser energy is directly transformed
into heat. If sufficient energy is absorbed, melting of materials occurs because the vibration of the
structure is intensified and the bonding is stretched. The absorptivity of a material is determined by
its optical constants n (refractive index) and k (extinction coefficient) which are a function of the
materials, the laser wavelength, the temperature and the angle of incident [28].

The governing heat equation for heat transfer in the material can be stated as follows [29]:
pCIO T = kV°T (2.1)

Where k (W/(m - K)) is the thermal conductivity, a measure of materials ability to conduct. Cp [J/(kg
-K)] is the specific heat capacity, and p [kg/m®] is the density of the material. With algebraic
rearrangement, the heat conduction equation in Cartesian coordinates is obtained:

oT_ 92 T, 62T d?T
PT T T, 4 o 2.2)
0x2 dy? 0z2’ pCp

, Where a = kpCp

where o represents thermal diffusivity, which is the thermal conductivity divided by density and
specific heat capacity at constant pressure. It is a measure of the ability of a material to conduct
thermal energy relative to its ability to store thermal energy. High diffusivity means heat transfers
rapidly; g denotes the heat fluxes in the workpiece.

The heat equation governs the heat transfer phenomenon. From previous studies [30] and literature
three-dimensional finite element modelling has been conducted to predict stress field [31] and
thermal history [30, 32]. The simulation of transient three-dimensional heat transfer in a thin metal
plate heated by a moving heat source, which is the same condition as the laser treatment in this
work, can accurately predict the effect of laser on the sharp temperature and heating and cooling
rate gradients. This can give a valuable insight into the microstructure evolution. Indeed, the final



microstructure at the heat-affected zone showed good agreement with modelling. Besides, the stress
field analysis, material dilatation can produce residual stress during the solid-phase transformation
from austenite to martensite [31, 33]. The laser affected zone can be tailored by changing the laser
parameters. For example, the peak temperature [30, 31, 32] of the material as well as the heating
and cooling rate decreases when the distance from the laser focal spot increases. The higher the
moving heat source velocity, the faster the temperature changes during both heating and cooling.
More details of the effect of laser parameters on the microstructure will be discussed in the
following section and the experimental results obtained in this work.

2.2 Process Parameters

In this section, the effect of laser parameters, such as laser system, laser power and scanning speed
and focal position, has been investigated with the aim to modify the microstructure of the laser-
treated surface, and accordingly the properties.

2.2.1 Laser System

Laser has become a popular method for industrial processing after the invention of carbon dioxide
(COy) laser back in 1960s [34], a laser system that uses a gas mixture consisting of helium, nitrogen
and carbon dioxide as an active medium, which generates laser radiation with a wavelength of 10.6
um. Carbon dioxide laser is widely used in the application of laser cutting and welding [25] of
metal materials. During the laser-material interaction, the absorption of a metal surface strongly
depends on the irradiation wavelength, and it increases as the wavelength is short. A solid-state
laser system, neodymium—doped yttrium aluminium garnet (Nd:YAG) laser, which has a shorter
wavelength of 1.064 um, emerges as a competitive tool in laser surface treatment.

During the interaction between the laser beam and the material, part of the radiation is absorbed
while the rest is reflected. The absorptivity of materials is influenced by the laser wavelengths,
which are shown in Figure 2.5. At shorter wavelengths, the more energetic photons can be absorbed
by a more significant number of electrons, so the reflectivity drops and the absorptivity of the
surface increases. For steel materials, the absorption has significantly improved when the laser
system progresses from the molecular CO- laser (A = 10.64 um) to the solid-state neodymium-
doped YAG (Nd:YAQG) laser (A = 1.06 pm).

2.2.2 Laser power (P) and Scanning Speed (V)

Laser power refers to the output of the laser beam, which is measured in the unit of Watts, and
controls the amount of energy absorbed into the laser-treated material. As the laser power increases,
both the peak temperature and the temperature gradient of the melting zone increase, and
accordingly the depth of the melting zone increases [9]. The depth of laser penetration increases
with peak energy for pulsed lasers, which can be achieved by increasing the pulse width at constant
laser power [18]. When the pulsed energy remained fixed, every decrease in the pulse width would
increase the laser peak power, and Mahmoudi found out that the melting of the workpiece only
occurred when the pulse width decreased down to a critical value [19].
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Laser scanning speed denotes the relative movement of the laser source and the workpiece,
determines the time of the laser-material interaction, and hence influences the solidification rate
(cooling rate) and the melt pool temperature. When the scanning speed increased, the solidification
rate (cooling rate) was higher, while the melt pool peak temperature showed a  decreasing
trend. Lo et al. [17] studied the effect of the scanning speed, and they found that both the dissolution
of carbides and the depth of laser penetration increased with the decreasing laser scanning speed
due to a longer interaction time. The same result has been discovered by Mahmoudi [19], in which
the amount of Cr in the bulk increased with decreasing laser scanning speed, indicating a higher
dissolution of the high-chromium carbides into the bulk with a longer interaction time.

The formation of microstructure during solidification in LSM applications determines the
properties of the laser-treated materials, on both mechanical and corrosion scales. With less
austenite phase transforming into martensite phase during rapid cooling, which leads to a higher
volume fraction of retained austenite (RA), the corrosion behavior improved [9] due to the higher
pitting corrosion resistance of austenite over martensite, but the mechanical properties, such as
hardness, deteriorates [18]. Thus, controlling this ratio is critical to achieving the desired properties
of the materials.

Colaco and Vilar [35] further found that laser processing parameters were critical to alter the
proportion of retained austenite, which increased with decreasing power density and increasing
scanning speed. By varying the two parameters, the cooling rate became faster during solidification,
resulting in microstructural refinement [11], which was further proven experimentally and
analytically to decrease the martensite start temperature (Ms), and increase the volume fraction of
retained austenite.
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2.2.3 Focal Position

Focal position refers to the distance between the laser focal plane and the surface of the workpiece,
as shown in Figure 2.6, and exhibits a direct effect on the power density by changing the laser spot
size, which influences the depth of the laser-heated zone. By increasing the focal point position,
the spot size increased due to the divergence of the laser beam and the power density decreased,
leading to less transfer of heat energy to the material, and hence reduced the depth of the laser-
heated zone [18].

2.3 Phases in Fe-Ni-C

In this work, austenitic Fe-25Ni-0.2C alloys is first converted into martensitic microstructure by
cryogenic treatment, which is followed by local laser treatment to form microstructure with a
combination of reverted austenite/ bulk martensite. The introduction of austenite, martensite and
the reverse transformation of martensite to austenite upon heating are the main subjects in the
following section.

2.3.1 Austenite Phase

Austenite, denoted as y-phase, is a face-centered-cubic (FCC) iron that is is thermodynamically
stable above the critical eutectoid temperature (A1) of around 1000 K (727 °C) in plain steel. With
the addition of y-stabilizer elements, such as carbon and nickel, the critical points of iron are altered
by raising the A4 point (the temperature at which the austenite transforms to the delta iron) and
lowering the Az point (the temperature at which the ferrite transforms into the austenite), expanding
the range in which the austenite phase is stable, as it can be observed in the Fe-Ni diagram [37] in
Figure 2.7. At room temperature, austenite phase is thermodynamically unstable, but the driving
force for thermodynamic transformation is insufficient, and hence the metastable nature of the
austenite. Metastable austenite can transform to martensite either by cooling below martensite start
temperature (Ms) (thermal) or by deformation (mechanical). Hence, a critical characteristic of the
austenite phase is its stability.

Martensite start (Ms) temperature is a significant parameter to describe the stability of austenite in
steels, and it decreases with the increasing content of y-stabilizer elements [11]. In thermodynamics,
the addition of these elements reduces the Gibbs free energy difference between austenite and
martensite, i.e. chemical driving force AG™, and hence the Ms decreases [38]. Carbon shows the
strongest effect in reducing the Ms temperature among all the y-stabilizer. The effect of austenite
and carbon content on the martensite start (Ms) temperature of Fe-Ni-C alloys is confirmed by the
findings of Maxwell et al. [4]. The Ms temperatures of Fe-Ni-C alloys with high nickel content
(more than 20 wt%) and carbon content (up to 0.2wt%) are all below 0 °C.



Atomic Percent Nickel

10 20 30 40 50 60 70 80 90 100
L LS LT S W — i A ,mlmﬁr,_..{
1538°C 15614°C L :

1440°C (1455°C
1400 6Fe) 67 3
1394°C .
1
1200

© E

o

Q

& 1000

= (yFe,Ni)

w e12°C

|

[+)]

Q. 800

£ 70°C

Q

=
600
400 -

200 - R ——— P A
0 10 20 30 40 50 60 70 80 90 100

Fe Weight Percent Nickel Ni

Figure 2.7 Fe-Ni phase diagram [37]

2.3.2 Martensite Phase

Martensite phase (o) transformation is a diffusionless process, i.e. during the transformation
individual atomic movements are less than one interatomic spacing, which is achieved by
quenching of the austenite phase at a high cooling rate that suppresses the diffusion of carbon atoms
out of the crystal structure, forming a highly distorted body-centered tetragonal (BCT) structure
that is supersaturated with carbon [39]. The transformation can be thermally or mechanically
driven. A certain amount of undercooling AT from To (equilibrium temperature; temperature where
the chemical Gibbs free energies of austenite and martensite phases are equal) is required for
martensitic transformation. Martensitic transformation can take place when the temperature reaches
martensite start (Ms) temperature, i.e. the driving force is large enough to overcome the opposing
surface and strain energies associated with the formation of a martensite nucleus [40], as shown in
Figure 2.8 [41]. The mechanical driving force, U, resulting from an externally applied stress can
be complemented to add to the chemical driving force when the undercooling is insufficient for the
onset of martensitic transformation.
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2.3.2.1 Morphology of Martensite

In Fe-Ni-C alloys, four types of martensite morphologies have been observed, which are lath,
butterfly, lenticular and thin plate martensite, and each type exhibits a different crystallographic
orientation [42, 43]. The formation of different morphologies is linked to the nickel content in the
alloys and its formation temperature, as shown in Table 2.1 [44], and the transition temperature
between different morphologies was found to increase with increasing carbon content [43].

Martensite type Plate Lenticular Butterfly Lath

Shape
&

/ N
Ni concentration in Fe-Ni alloy High « » Low
Formation temperature Low <« » High
Substructure Twins Twins + dislocations Twins + dislocations Dislocations
Crystal orientation relationship G-T G-T, N-Wor K-S K-S or N-W K-S
Habit plane {3 10 15}, {310 15}, or {259}, {225}, {557} or{l 11},

Table 2.1 Morphology and crystal orientation of different types of martensite in Fe-Ni-C [44]
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2.3.3 Reversed Transformation

Reversed transformation of martensite to austenite takes place during heating up to reverse
transformation start temperature, As, and finishes at finish temperature, A two critical
temperatures of which correspond to Aci and Acs, respectively. For Fe-Ni-C alloys, depending on
governing parameters of the chemical composition and the heating rate, the reverse transformation
can occur by two mechanisms: diffusional or displacive [45, 46].

In Fe-Ni binary alloys, both the temperatures As and As are independent of heating rate within the
range from ~1 Ks? to ~8000 Ks[46], indicating the displacive mechanism of the reversed
transformation with no occurrence of significant rearrangement within the martensite before the
start of the transformation. In Fe-Ni-C alloys, with the presence of high-diffusivity carbon, the
mechanism is diffusional when carbon contents exceed 0.05% C. At a lower heating rate, the carbon
atoms have more time for diffusion, and result in complete carbide precipitation, which decreases
the carbon concentration in the parent martensite matrix, leading to an increase in As temperature,
as shown in Figure 2.9 [45]. The change of Ar temperature from increasing to decreasing trend
suggests the alteration of mechanism from diffusional to displacive nature. For the displacive
mechanism to take place, the diffusion of carbon needs to be suppressed, which occurs under the
condition of low carbon content (~0.004 wt%) and very high heating rates (above 1500 K s1) [45].
In displacive transformation, the process is accompanied by surface relief and a high density of
dislocation. Although the reverse transformation is applied for grain refinement, the size, shape and
orientation of reverted austenite were identical to initial austenite grains under certain conditions,
a phenomenon of which is referred as austenite memory.

2.4 Corrosion Behavior of Fe-Ni-C Steel

The corrosion behavior of Fe-25Ni-0.2C in this work is examined by potentiodynamic polarization
in the electrolyte of sodium chloride. In this section, the Pourbaix diagrams of Fe-Ni alloys in water,
which provides the first guide to its corrosion behavior based on the thermodynamic equilibrium,
are presented. With the presence of chloride anions, localized corrosion, i.e. pitting corrosion,
would take place through the breakdown of the passive layer formed on the surface. The mechanism
of pitting corrosion and its influence by the effect of nickel content are the subjects of the following
section.

2.4.1 Pourbaix Diagram of Fe-Ni Alloys in Water

Pourbaix diagram is developed based on the corrosion thermodynamic information, that is Nernst
equation (for an electrochemical reaction involving electron transfer) or equilibrium constant (for
chemical reaction), for a given metal on the equilibrium condition of pH value and potential with
its environment, diagram of which is also referred to potential/pH diagram. Based on the Pourbaix
diagrams [47] for Fe and Ni in Figure 2.10 (a) and (b) [48], thermodynamically stable phases can
be identified, where solid lines represent the boundaries between the predominant chemical species.
The superimposed dashed lines represent the stability limit of H2O, as shown in Figure 2.10 (c)
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[48], in which “line a” is for cathodic evolution of hydrogen and “line” b is for the anodic evolution
of oxygen, and in the region between both lines indicate the stability of H2O. The areas in Fe-H>0
diagram represents the stability species of iron on certain condition, where immunity means
dissolution of iron (corrosion) would not take place thermodynamically, and passivity means a
stable surface film is formed, such as oxide FesO4 and Fe2O3 based on the condition, which protects
the iron surface. In the passivity region, corrosion may occur by diffusion of ions through oxide
films, which is neglected in the diagram. By convention, the diagrams presented in this section
represent a concentration of 10° M of the dissolved ions, which is the minimum concentration that
corrosion is considered to occur. However, the Pourbaix diagram is limited to single elemental
metals but not to alloys. For iron-nickel alloys, the material of this study, Fe-25Ni, the compound
of NiFe204 [49] is not present in either diagram of iron or nickel. Therefore, the superimposition
of both conventional diagrams leads to false information. The Fe—Ni composite with a molar
proportion of Fe to Ni > 2 : 1 Pourbaix diagram at 298K (25 °C) is constructed by Thompson et al.
[49], as presented in Figure 2.11 [49]. It can be noticed that nickel is relatively more noble than
iron as the immunity area of nickel (Ni) has partly overlapped with the stability area of water,
indicating that the Ni(s) is the stable state and would not corrode in H.O environment within that
range of potentials and pH values in the overlapped region. Another limitation of Pourbaix
diagrams is that the localized corrosion by chloride ions is not taken into consideration. The
mechanism of localized corrosion-pitting, the focus of this study, will be presented in the following
section.
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Figure 2.10 Pourbaix diagram for (a) iron, (b) nickel in water system and (c) water (at 25 °C;
versus standard hydrogen electrode (SHE)) [48]
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2.4.2 Localized Corrosion- Pitting

Localized corrosion, in contrast to general corrosion, occurs in passivating alloys that form
protective oxide film, such as stainless steels, nickel alloys, aluminum alloys, when exposed to
environments that contain aggressive ions such as chlorides (CI-) [50]. Pitting refers to an
extremely localized attack on the surface that produces destructive cavities or holes. To initiate
pitting corrosion, the electrolyte acts as a strong oxidizer, while metal ions such as ferric act as
electron acceptors and favor the formation of the passive film. Chloride ions then migrate from the
electrolyte to the film interface and absorb on the outer surface of the passive film, permeate the
metal oxide passive layer, and react with the underlying metal [51].

Pitting corrosion starts with the breakdown of the passive film, and the small unprotected area acts
as anode and experiences anodic dissolution of the metal, while the rest of the metal surface remains
passive and acts as the cathode. To maintain charge neutrality, excessive positive metal ions
produced in the pits attract negative chlorine ions from the electrolyte, while the electrons released
from the anodic dissolution transfer to the cathodic area. Localized mechanical damage to the
protective oxide film such as a scratch or a dent, insufficient inhibitor coverage, and
nonuniformities contribute to pitting corrosion.
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The anodic reactions inside the pit are mainly the dissolution (oxidation) of iron:
Fe— Fe?* + 2¢~ (2.3)

The produced electrons travel through the solid metal to the surface, and participate in the cathodic
reactions, as shown in Figure 2.12 [52]. The cathodic reaction can be expressed as:

02+ 2H,0 +4e” — 40H (2.4)
Air
0, 0,
Vs ~
03 Na' ('|-‘ 02
‘ N&.. Cr Na'

O™ o Fe(OH)1yf Fg(OH); OH™ OM

Stainless steel

Figure 2.12 Generic schematic of pitting corrosion [52]

The Fe?* ions generated inside the pit (equation 2.3) react with CI~ ions that migrate into the pit for
charge neutrality, and form FeCl,. The Fe?* ions can also diffuse out of the pit and react with
hydroxyl ion generated by the equation 2.4, and form Fe(OH). and Fe(OH)3 around the mouth of
the pit. Fe(OH)2 can also form inside the pit through hydrolysis reaction [53]:

Fe?* + 2H,0 + NaCl — Fe(OH), + 2HCI (2.5)
2.4.3 Effect of Nickel on Corrosion Behavior of Fe-Ni alloys

Iron-nickel alloys exhibit sensational corrosion resistance in an oxidizing environment, where the
increased concentration of Ni in the alloy increases its corrosion resistance. Gehrmann et al. [12]
have conducted a humidity test on different iron-nickel alloys with nickel concentrations between
35 wt% and 82 wt% in between 25 °C and 80 "C, and found that with higher nickel contents the

alloys experience less corrosion attacks. Wen et al. [54] have examined the influence of nickel on
low alloy steels with 0.8, 2 and 5 wt.% Ni content in the mixed NaHSO3 and NaCl solution at 25
°C by the technique of polarization curves, EIS and SEM. The corrosion current density decreased
and the corrosion potential became more positive with the increment of nickel concentration. The
charge transfer resistance of the low alloy steel increased with increasing nickel content, indicating
that the corrosion dissolution reaction of the metal substrate was more difficult to carry out, which
was mainly due to the formation of the passive protective layer; Its resistance also increased with
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the increasing nickel concentration, showing that the corrosion resistance of the passive layer was
higher and acted as a barrier to prevent further corrosion.

The SEM results revealed that the structure of the passive layer of the nickel-containing steel
consisted of double layers, an adherent and compact inner rust layer which reduced the active area
for corrosion and prevented the penetration of corrosion ions, such as chloride, and an outer layer
with less adherent and more porous structure, while the carbon steel composed of only one single
rust layer with relatively high porosity. The compactness and adhesion of the inner passive layers
improved with the increase of nickel content. However, no details of the chemical composition of
the two layers were provided in Wen’s study [54]. The double-layer structure of Fe-Ni alloys
formed in a Cl-rich environment is consistent with the results found by Konishi et al. [55], who
further analyzed the composition of the inner layer of Fe-Ni alloys. The results indicated that the
layer consisted mostly of akaganéite (B-FeOOH) with a molar ratio higher than 60%, and its molar
ratio increased with increasing nickel content.

The thicker and more protective passive layer resulting from higher Ni content improved the
general corrosion behavior as well as the localized corrosion resistance of Fe-Ni alloys. The cyclic
potentiodynamic polarization (CPP) technique was conducted on Fe-36%Ni and Fe-45%Ni alloys
in 1M HCI solution by Alharthi et al. [55]. For general corrosion, the Ecorr Was less negative and
Jcorr was lower for higher-Ni-content alloy, which was consistent with the results by Wen [54].
Upon reversing the applied potential in the backward direction, the obtained current value increased
in comparison with the current density in the forward scan at the same potential, exhibiting positive
hysteresis, which was related to the decreased degree of passivity due to localized corrosion, pitting
corrosion in this case, indicating the difficulty in surface repassivation or stopping the propagation
of pits [56]. The values of current and the hysteresis loop obtained for Fe-36%Ni alloy were much
higher than Fe-45%Ni alloy, which was an indication of higher intensity of pitting corrosion. The
open-circuit potential (OCP) for both alloys shifted to a more noble direction with increasing
immersion time, which was resulted from the formation of corrosion product (rust layer) that
hindered the corrosion attack by blocking the surface area of the alloys, and Fe-45%Ni alloy
exhibited less negative value due to the formation of a thicker rust layer, which was confirmed by
SEM micrograph.

2.4.4 Effect of Phases on Corrosion Behavior of Steels

The effect of nickel, which is a y-stabilizer element, was reported to increase the fraction of
austenite phase in the matrix during laser treatment with increasing nickel content [57], resulting
in an improved corrosion behavior as the corrosion rate (current density) decreased due to its better
corrosion resistance. The retained austenite also improved the local corrosion resistance, as
discussed in section 2.2.2. However, the galvanic effect could take place between different phases
due to corrosion potential gradients [13]. Conventionally, the difference in potentials can be a result
of compositional change, which includes element depletion caused by carbide precipitation at grain
boundaries [19] and differences in passivating element content between phases [58].
Microstructural change has also been reported to contribute to galvanic corrosion, such as strained-
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induced martensite and deformation bands in the austenite matrix [13]. The structural change led
to a reduction in corrosion potentials, indicating strained-induced martensite is electrochemically
more active than the austenitic matrix, which can cause micro-scale galvanic corrosion that
deteriorates the corrosion resistance. As a result, the change in corrosion behavior is the trade-off
between the beneficial effect of austenite phase in the matrix and the detrimental effect of galvanic
corrosion due to compositional and microstructural change.
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3. Materials and Methodology

In this chapter, the materials and methodology used in this work are listed. The microstructures are
characterized by optical and scanning electron microscopy equipped with an energy dispersive X-
ray spectroscope (EDS); The corrosion behavior is analyzed by open-circuit potential measurement
followed by potentiodynamic polarization tests.

3.1 Material and Initial Heat Treatment

The composition of the investigated material is listed in Table 3.1. The alloy was vacuum cast in
an 80mm x 80mm x 400mm billet that was subsequently forged to a 50 mm x 50 mm x 1000 mm
billet and homogenized at 1273 K for 12 hours. Flat coupons of 1 mm were machined from the
billet with the use of an Electrical Discharge Machine (EDM). In this research, the dimension of
the specimens is 110 mm in length, 20 mm in width and 1mm in thickness.

Fe Ni C Mn Si Mo Al S P Cr |
wt-% Balanced 24.90  0.20 0.02 <0.01 <0.01 0.005 0.002 0.003 0.02
Table 3.1 Alloy composition

1000
900 1

800 1 FCC_A1

7001
FCC_A1 + Cementite
600 1

5001 ~NBCC_A2 +FCC_A1 .
BCC_A2 + FCC_A1 + Cementite

Temperature [°C]

4001

3001
BCC_A2 + FCC_A1 + Cementite
2001

100 T

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 040 045 050
A Mass percent C

Figure 3.1 Equilibrium phase diagram of Fe-25Ni with different carbon content [59]

As displayed in Figure 3.1 [59], the equilibrium phase diagram of Fe-25Ni with different carbon
concentrations is calculated by Thermocalc software [59], and at room temperature, the phase
consists of a mixed structure of FCC_AL1 (austenite), BCC_A2 (ferrite) and cementite. The non-
equilibrium parameter, Ms, was calculated to be 291K using JMatPro 4.0. [61]
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Initially, the alloy was immersed in an alkali chloride salt bath at 1173K for 60 seconds for full
austenitization, followed by water quenching to obtain an austenitic microstructure. In order to
completely transform the austenite, the samples must be cooled down to or below its martensite
finish temperature, My, indicating the necessity of performing a cryogenic treatment. The alloy was
further immersed in liquid nitrogen (LN>, temperature: 77K) for 600 seconds for the martensitic
transformation. Furthermore, the martensitic alloy was tempered at 523K for 1800 seconds and air-
cooled to room temperature. After the treatment, three different specimens are obtained: austenite,
as-quenched martensite and tempered martensite specimens.

3.2 Laser Heat Treatment

After the initial heat treatment, a continuous wave Trumpf Trudisk 8002 Nd:YAG laser with a
wavelength of 1064 nm was utilized for localized single-tracked laser treatment. The surface of the
specimens remained unground for the avoidance of the reflection of the laser radiation. In order to
investigate the effect of laser parameters on the microstructure and the laser affected zone, the laser
power (P) and the laser scanning rate (v) were varied. The divergence angle of this laser is around
16 degrees. When the laser height is 60.5mm, the laser spot is at its minimum d~0.2mm. By
increasing the height, the spot size also increases. The distance between the laser optics and the
workpiece (h; laser height) was adjusted to 185mm to maintain the laser spot size ~0.8mm, and the
parameter setting is listed in Table 3.2. To assess the combined effect of laser power and scanning
speed, linear laser energy density E(unit: J/mm) is used [62]:

The beam spot size is defined assuming a Gaussian beam profile as it dropped to 1/e? of its intensity.
In this research, the parameters of laser line 8 are applied on both as-quenched martensite and
tempered martensite specimens to investigate the effect of localized laser treatment on corrosion
behavior. The corresponding microstructure of the surface and cross-section is shown in Figure 3.2.
There are 3 distinct zones: melt, laser-affected zone (LAZ), and bulk martensite. The melt is not
present in the top-surfaced image due to grinding and polishing.

Argon was used as the shielding gas in this experiment, which serves to suppress laser-induced
plasma and vapor. During the interaction between the laser beam and plasma or vapor, the laser
energy is attenuated due to the absorption and refraction of laser-induced plasma to the laser beam,
and leads to the prevention of the full power density in the incident laser beam from reaching the
workpiece [63]. Using a shielding gas is considered as an effective method to suppress the laser-
induced plasma, and helium is also widely used as shielding gas due to its good thermal
conductivity and high ionization energy.
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Figure 3.2 Optical images of the top surface Figure 3.3 Schematic of tested surface of

(upper) and cross-section (lower) of laser line 8 on lasered specimens in corrosion analysis

as-quenched martensite (Dark grey triangles: indentation of
hardness test for positioning the LAZ)

Line 1 2 3 4 5 6 7 8
P(W) 400 400 200 200 160 160 160 160
v(mm/s) 25 50 25 50 50 120 150 200
EL (J/mm) 16 8 8 4 3.2 1.33 1.06 0.8

Table 3.2 Laser parameters setting

The specimens were denoted as LSR-M and LSR-TM for M and TM after the laser treatment,

respectively. (The limitation of the laser: minimum 160W of the laser power (P) and maximum
208 mm/s of the scanning rate (v))

3.3 Sample Preparation

To maintain the consistency of the surface quality, all the samples were ground on a Struers rotary
grinder with grid grinding papers of P800, P1200, and P2000 sequentially, and polished to 1-micron
polishing paste. In the end, the surface was cleaned with isopropanol and properly dried.
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3.4 Microstructure Characterization

In order to reveal the grain boundary of austenitic microstructure, the sample was first ground and
polished as mentioned in the sample preparation section, and etched with waterless Kalling’s #2
etchant (composition: 5 grams of CuCl, + 100 ml of Hydrochloric acid+ 100 ml Ethanol). For the
reveal of martensitic microstructure, Nital 2% etchant (2 ml of nitric acid + 100 ml of ethanol) was
used.

For the examination of the microstructure and the three-dimensional depth measurement, light
optical microscopy was performed using a Leica DMLM optical microscope and a Keyence VHX-
100 Digital microscope. For a detailed characterization of the microstructures, the morphological
images and the compositions of the specimens were obtained by utilizing a JEOL JSM-IT100
scanning electron microscope (SEM; in secondary imagining detection mode) equipped with an
energy dispersive X-ray spectroscope (EDS).

3.5 Corrosion Analysis

After the surface is well polished to achieve the condition for the following corrosion tests, the
laser affected zone (LAZ) is not distinguishable. To precisely locate the position of the laser
affected zone (LAZ), micro-indentation was conducted on both LSRM and LSRTM by an EMCO
G5 DuraScan, with a distance of 500 microns between the indentations. The corrosion behavior of
the specimens A, M, TM, LSRM, and LSRTM was investigated in a 3.5 wt% NaCl solution at
room temperature by open-circuit potentials (OCP) and potentiodynamic polarization
measurements. The duration of the OCP experiments is 90 minutes for A, M, and LSRM, and 10
minutes for TM and LSRTM. The potentiodynamic polarization experiments were performed by
scanning the potential from —0.25 V (versus OCP) in the positive direction to +0.25 V (versus OCP)
for non-lasered specimens, and —0.5 V (versus OCP) in the positive direction to +0.5 V (versus
OCP) for lasered specimens. The scan rate was set to be at a value of 0.167 mV/s. All the corrosion
tests were conducted by BioLogic Potentiostat, with a stainless steel mesh used as a counter
electrode and an Ag/AgCI, KCl(saturated) electrode used as a reference electrode, and the data was
acquired by the software EC-Lab.

The exposed area of the working electrode was 28.28 mm? (diameter: 6 mm) for non-lasered
specimens (A, M, and TM) and 0.79 mm? (diameter: 1 mm) for lasered specimens (LSRM and
LSRTM). The 1-mm-diameter exposed area includes the LAZ with a width of roughly 400 pm and
the base as-quenched martensite, and the coverage percentage of the LAZ area is around 53%, as
shown in Figure 3.3.
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4. Results and Discussion

In this chapter, the bulk microstructure of Fe-25Ni-0.2C formed by initial heat treatment is
presented firstly, which is characterized by optical microscopy and scanning electron microscope
(SEM). Following that, the effect of laser with different processing parameters, including laser
power (P) and scanning speed (v), on the microstructure is discussed.

For the corrosion analysis, the results of open circuit potential (OCP) measurement of different
specimens-austenite, martensite, tempered martensite, lasered martensite and lasered tempered
martensite, are presented, which is followed by the results of potentiodynamic polarization curves.
The effect of initial and laser heat treatment on corrosion behavior is discussed in detail. Next,
surface morphology after the corrosion test is examined by optical microscope to evaluate their
pitting corrosion behavior. In the end, the corrosion product and pits are further characterized by
SEM and EDS analysis.

4.1 Effect of Heat Treatment on Microstructure

(a)

100 ym

Figure 4.1 Optical microscopy images of (a) austenite, (b) martensite and (c) tempered
martensite specimens

The base austenitic microstructure is shown in Figure 4.1 (a). With the application of the intercept
method by ImageJ software [64], the average austenite grain size is 67 + 5 um was obtained. It is
observable that a large population of butterfly martensite is formed on the surface, which
corresponds to a 0.25 £ 0.01 weight fraction of the martensite phase in the XRD result. The
microstructure of cryogenically formed martensite is shown in Figure 4.1 (b). The white-etched
butterfly wings consist of a single twin pair of martensite with a relative misorientation angle of
16° [45, 65]. XRD analysis revealed a 0.08 + 0.01 weight fraction of the austenite phase in this
microstructure. After tempering heat treatment in an oven at 523K for 1800 seconds and air-cooled
to room temperature, the microstructure of tempered martensite is revealed in Figure 4.1 (c). The
white-etched butterfly wings are not clearly distinguishable compared to the as-quenched specimen,
and the entire microstructure turns slightly brownish which is likely due to the precipitation of
carbides. A more detailed microstructural analysis is shown in Figure 4.2. The most pronounced
difference between the SEM images is the presence of a high population of very fine, nanoscale
needle-type carbides that precipitate within the butterfly wings in the tempered specimen.
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Figure 4.2 SEM images of (a) as-quenched martensite (b) tempered martensite
4.2 Effect of Laser Parameters on LAZ and transformation mechanisms

In Figure 4.3, with microstructural analysis, the optical microscopy images show different well-
distinguished zones in the cross-section image of LSRM-line 8 (P=160 W, v =200mms): the melt,
laser affected zone, interface, and the bulk martensite phase. The depth of the melt is around 30
um. In the lasered affected zone, where only solid-state transformation occurs, the martensite phase
was reverted to austenite during the laser process, which can be further distinguished as fine-
grained and coarse-grained austenite. In this region, the grain boundaries of austenite were revealed
after etching with waterless Kalling. The austenitic microstructure is relatively dark-etched in the
fine-grained region compared to the coarse-grained region. The layer of fine-grained austenite is
up to a maximum of 70 um in depth in the middle which decreases when moving away from the
center, indicating a Gaussian beam profile that has the highest intensity of laser at the center, and
the thickness of the coarse-grained austenite layer is 100 um. The overall depth of LAZ is 170 pum.
The interface between the austenite and martensite is distinguished by dark etching, which
corresponds to a temperature range of the austenite start temperature (As) to the austenite finish
temperature (Af).

In this work, the effect of laser power and laser scanning speed on the microstructure is investigated.
As displayed in Figure 4.4. For laser line 1 to line 4, the specimens were etched with Nital 2%. The
microstructure revealed is very different from laser lines 5 to 8, which were etched with non-
aqueous Kalling solution. The interface of LAZ and martensite etches darkly, but the grain
boundaries of austenite are not clearly visible. From comparing lines 3 and 4, it is observed that
with an increase of scanning speed from 25 to 50 mms™, the linear laser energy density has
decreased from 8 to 4 Jmm, which leads to a microstructural change from full-penetration
(exceeding the thickness of the specimen:1mm) LAZ to the formation of LAZ with the depth of
approximately 430 um. The same effect is observed for laser lines 5 to 8, the depth of LAZ
decreases from around 420 um to 170 um as the laser power is fixed at 160 W. Reduced laser power
also causes a decrease in the laser energy density, and hence the depth of LAZ, which can be
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observed between line 2 and 4 as the laser power drops from 400 W to 200 W. All the specimens
show evident signs of melting. The width of LAZ is also influenced by the laser power and laser
scanning speed, and it decreases as the corresponding laser energy density reduces. The width of
LAZ for laser line 8 is around 595 um. It is worth noting that linear laser power density is just a
gross simplification. Laser line 2 (P=400 W, v=50 mms™) and line 3 (P=200 W, v=25 mms™) both
correspond to 8 Jmm™, but exhibit slightly different microstructure as the LAZ shows deeper
penetration for the latter, as shown in Figure 4.4 (b) and (c).

Coarse-grained austenite Fine-grained austenite Melt

Martensite

BT RN 100 um

Figure 4.3 The optical images of cross-sectioned LSRM-line 8 showing different zones of melt,
LAZ and parent martensite
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Figure 4.4 Optical microscopy images of laser lines 1 to 8 on as-quenched martensite, which
corresponds to (A) to (H), respectively (Etchant: line 1-4: Nital 2%; line 5-8: waterless Kalling)

According to the as-mentioned heat equation by D.R. Poirier et al. [29], the heat generated by laser
at laser focal spot spreads evenly in all directions in an isotropic solid, which results in a rapid
change in temperature at a point where large spatial gradient of thermal exist, and the temperature
change rate decreases as the distance from the laser spot increases [30]. Therefore, different
transformations take place at different zones. These zones can be distinguished as (i) melt region,
(i) laser affected zone (LAZ) and (iii) as-quenched martensite region, respectively, from the
position closed to the laser spot to far away from it, as seen in Figure 4.3 for the lasered martensite-
line 8 specimen. The lasered tempered martensite specimen has a similar dimension of LAZ, but
some differences in the microstructure can be expected. The rapid heating during laser surface
treatment would suppress the diffusion process, which leads to the formation of a LAZ with more

undissolved carbides and precipitates. In this section, only the lasered martensite specimen is
investigated.

0] Melt region:

The surface of the material is heated by the laser radiation to its melting point. Figure 4.5 shows
the microstructural characteristics of laser line 8 (P=160W, v =200mms™): in the melt region, where
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very fine grains with dendritic structure can be found, the microstructure of which is comparable
to the finding of selective laser melting (SLM) of Fe-30%Ni alloy by Zhang et al.[66]. The
condition for dendritic fine grains to form is the molten material (liquid) to be undercooled, or
supercooled, below the freezing point of the solid prior to solidification [67]. For laser application,
it can be attributed to the intense heat absorption from the laser source and elimination of heat
between molten pool and substrate. Moreover, the Marangoni flow (thermocapillary flow) in the
molten pool, which is a result of the thermal gradient, can lead to a high nucleation rate during
solidification. Rapid cooling with a large undercooling lead to an increase of nuclei and hence small
dendrite grain size. In this case, micron-scaled dendritic fine grains are formed in the melting area.

In this region, the transport of heat is governed by two forms: conduction and convection.
Marangoni flow, which has a dominant influence on mass and heat transfer within the molten pool

[68, 69, 70], is caused by surface tension gradients (:—f;), and it determines the dimension and

geometry of the melt pool. For pure and most alloys [62] with low content of surface-active
elements, such as sulfur [71], the melt flow is radially outward (from the center to the edge of the

melt) due to their negative surface tension gradients (2—¥ <0, the surface tension (y) reduces with an

increasing temperature), resulting in the formation of the shallow/broad instead of the deep/narrow
melt pool, same as the geometry of the melt in this study.

The effect of the laser parameters on the characteristics of the melt pool can be compared. The
dimension of the melt decreased when there was a decrease of 400 W to 200 W in laser power, as
in Figure 4.4 (b) and (d), the width reduced from around 750 to 550 um, and the depth reduced
from around 155 to 100 um, which results from lower peak temperature obtained by lower laser
power input. As scanning speed increases, the laser—powder interaction time is less to absorb
energy, both the width and the depth reduced from around 415 to 280 um and 100 to 30 um,
respectively, as shown in Figure 4.4 (e) to (h). The unevenness of the melt at the surface can be
observed, which is a result of surface tension at the air-liquid interface [72].

y Oy A )
SED 15.0kV WD11mmP.C.60 x3,500  5pm
TU Delft

Figure 4.5 SEM micrographs of the melting  Figure 4.6 Optical microscope images of laser
zone of LSRM-line 8 affected zone (etched with waterless Kalling)
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(i) Laser affected zone (LAZ):

After laser treatment (line 8: P=160 W, v =200mms™) on as-quenched martensite, the specimen
surface is ground and polished until the melt zone is removed, and the OM images of the laser
affected zone are shown in Figure 4.6. Comparing it with its cross-sectioned microstructure in
Figure 4.3, the melting zone and fine-grained austenite, which is up to around 70 um in depth from
the surface, are removed due to sample preparation. As a result, the microstructure corresponds to
the region of coarse-grained austenite, where the average grain size is measured to be 102 + 5 um.
In this study, the following corrosion test is conducted based on this microstructure of coarse-
grained austenite and bulk martensite.

Large austenite grains are formed in the LAZ close to the reverted austenite/martensite interface.
The grain structure appears to be relatively curved or wavy rather than straight, as seen in Figure
4.7, which is a result of the displacive (martensitic) transformation observed by Krauss [73].
Although displacive transformation is often applied for grain refinement [74], the phenomenon of
so-called austenite memory is also reported, which under certain conditions, the reverted austenite
is found to be similar to that of prior austenite in terms of grain boundaries, shape, size and
orientation. The same effect is also reported by Alaei et al. [75] when conducting cyclic reverse
martensite transformation on Fe-24Ni-0.3C alloys that has a similar composition to the material of
this study.

Fine-grained austenite is formed at the near-surface region bordering with the melting zone, where
the heating rate and temperature achieved during the laser process is relatively high, and is most
likely through the mechanism of recrystallization. Recrystallization is driven by the stored energy
of deformation, since the reverted austenite through martensitic (displacive) austenite
transformation is high in dislocation density, as reported by Shirazia et al. [76] for Fe-23wt%Ni
alloys, due to the inheritance of high density of dislocation in initial martensite into the austenite
[77] and the newly generated dislocation. As a result of recrystallization, the newly formed
austenite grains, which have different grain orientations and shapes, show relatively straight grain
boundaries [78], as shown in Figure 4.7.

(iti))  As-quenched martensite:

In the region far away from the LAZ, the base material has not been affected by the heat generated
by the laser source. The morphology of the martensite is determined by its accommodation process
for the transformation strain, which is dependent on its formation temperature [44]. The butterfly-
type martensite in this region, as marked with a dashed line in Figure 4.2 (a), has a relatively high
formation temperature [43] compared to lenticular and plate-like martensite, accommodation of
which occurs by twinning and dislocation slip on limited slip systems [44]. In the region near the
LAZ, the tempering of martensite by the laser heat can be expected, which leads to different
mechanical properties, such as lower hardness, than the as-quenched martensite far away from the
LAZ.
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Figure 4.7 Grain structure in LAZ (fine-grained austenite: straight grain boundary; coarse-
grained austenite: wavy grain boundary)

4.3 Corrosion Behavior of Fe-25Ni-0.2C
4.3.1 Open-Circuit Potential (OCP) Analysis

The open-circuit potential (OCP) curves of different Fe-25Ni-0.2C specimens in 3.5% NaCl
solution are depicted in Figure 4.8. All the specimens have been repeated once to obtain the
averaged data. The initial potential of austenite was measured to be -0.152 V versus Ag/AgCI
electrode, and it shifted in the less negative direction with increasing immersion time. There were
slight voltage drops of less than 10 mV from 2000 to 4000 s. At the end of the run (after 5400
seconds), the potential was -0.092 Vagagcl, and the fluctuation of OCP was 3.1 mV over the last
600 seconds, indicating that the system was relatively stable. The value of OCP for as-quenched
martensite shifted in the more noble direction from the initial potential of -0.138 Vagagci, but
slightly dropped by less than 7 mV from 3500 seconds to the end. It recorded -0.117 Vagiagci at the
end of the measurement. The trend of potential shift to the less negative direction can be related to
the thin protective layer of corrosion products formed during the immersion, which hindered the
corrosion attack to the surface by covering its exposed area [55].

The OCP curves of tempered martensite specimens were presented. It is worth mentioning that
both tests showed large variation with several potential drops of 20 mV to over 100 mV, and the
curves fluctuated throughout the entire period. The fluctuated curves indicate that the tempered
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specimens might be highly reactive in the environment of 3.5% NaCl solution, and hence the
unstable behavior. As a result, the time period for OCP measurement for tempered martensite was

then reduced to 600 seconds. The potential at the end of the run was -0.105 Vagagcl.

The results of lasered specimen, LSRM and LSRTM, with the parameters of laser line 8 (P=160
W, v=200 mms™) were displayed in Figure 4.8. The OCP curves of LSRM showed similar trend
as the recorded potential shifted to less negative direction with increasing time, and the curves
stabilized at the end of the run, recording potential of -0.123 Vagagci. For the lasered tempered
martensite, a few sudden drops of potential could be observed, indicating its relatively unstable
characteristic. For the consistency, the averaged data presented in Table 4.1 is based the OCP value
recorded at 600" second. Both martensite and tempered martensite recorded much lower OCP after
the laser treatment.
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Figure 4.8 Open-circuit potential (OCP versus Ag/AgCl) of (a) austenite, (b) martensite, (c)
tempered martensite, (d) lasered martensite, and () lasered tempered martensite with time in 3.5

Austenite

% NaCl solution

Martensite

Tempered Martensite

Lasered Martensite

Lasered Tempered

O C P (VAgIAgCI)

-0.136 + 0.028

-0.146 + 0.020 -0.139 + 0.026

-0.142 + 0.012

Martensite

-0.253 £ 0.102

Table 4.1 The mean OCP for each specimen in 3.5 % NaCl solution at 600" second

29



4.3.2 Potentiodynamic Polarization Curves

Following the OCP measurement, the pitting corrosion behavior of the specimens in 3.5% NaCl
solution was investigated by Tafel extrapolation of potentiodynamic polarization curves. The
polarization curves, which were obtained with a potential scan of £250 mV about Eocp for austenite,
as-quenched martensite, and tempered martensite. In cathodic branch, the decrease of the cathodic
current density with increasing applied potential till reaching the values of the corrosion currents
is due to the reduction of oxygen on the surface of the alloy (in neutral and alkaline solutions),
which is described as follows:

2H,0 + O + 46" — 40H" (4.1)

In the anodic branch, the dissolution reaction of the material takes place at the surface, resulting in
an abrupt increase of current density with the increasing applied potential. With further potential
scan in anodic direction, the current density increases slowly due to the formation of a corrosion
product layer on the metal surface to prevent the continual dissolution, which is also referred to
“passivation”. Based on the finding from Condit [79], who analyzed the anodic potentiodynamic
polarization behavior of Fe-Ni binary alloys with different weight percentages of iron, and the
finding showed that the dissolution reaction in the active region is controlled by iron if the weight
percentage of iron is above the critical value of 48.8 wt. % (50 at. %). Therefore, the increase of
anodic currents with potential in the active region is contributed by the dissolution of metallic iron
from the alloy to ferrous cations Fe?*, reaction of which is expressed as follows [80]:

Fe — Fe?* + 2e~ (4.2)

With further increase in the potential, an oxide layer is formed to protect the surface from
dissolution, and hence the slow increase in current density with the increase in potentials in the
anodic direction. The layer is formed through the reaction [80]:

Fe +% Oz + H20 — Fe(OH)2 (4.3)
3Fe(OH)2+ % O2 — Fe304 + 3H20 (4.4)

The trend of passivation and corresponding slow increase in current density was discovered by
Sherif [80], who conducted corrosion analysis on Fe64/Ni36 and Fe55/Ni45 in 4.0% NaCl.

In the presence of chloride ions, the current density rises drastically as the potentials increases
beyond the critical pitting potential, which is defined as the potential at which the passivation
breaks down locally, leading to the initiation of pitting. Therefore, pitting potential (Epit) could be
used as an index of resistance to localized corrosion. The corrosion parameters, such a corrosion
potential (Ecorr, potential at which the rate of anodic dissolution equals the rate of cathodic
reduction), corrosion current density (icorr, dissolution current density at the corrosion potential),
pitting potential (Epit), and passivation interval (Epit—Ecor, as an index of stability of passive film)
were obtained from the polarization curves, which were presented on Figure 4.9. It is worth
mentioning that austenite in Figure 4.9 (A, black curve) showed signs of metastable pits at around
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-1.02 Vagiagel in the passive region, which caused an increase in recorded anodic current density.
Same trend could be observed for tempered specimen Figure 4.9 (TM, blue curve), metastable pits
nucleated and grew but they were repassivated quickly after the growth, causing some fluctuations
in the anodic curves below the critical pitting potential. For each specimen, the averaged corrosion
data (x standard deviation) is presented in Table 4.2. Austenite exhibits slightly better pitting
corrosion resistance with a higher pitting potential of 0.074 Vagagcl and passivation interval of
0.275 Vagiagcl compared to martensite. The tempering treatment has a detrimental effect on pitting
corrosion behavior by shifting the pitting potential to a more negative direction and reducing the
passivation interval.

Comparing between the specimens prior to laser treatment, austenite specimen has exhibited the
best resistance to localized corrosion among all three by recording the highest Epit of 0.074 Vag/agci
and Epit—Ecorr (passivation interval) of 0.275 Vagagci, While tempered martensite specimen is the
most susceptible to pitting with pitting potential recorded in a more active direction. However, it
should be clarified that this does not serve as a direct indication of the corrosion behavior of
austenite and martensite phase of Fe-25Ni-0.2C alloys, since the austenite specimen consists of
martensite phase up to a fraction of 0.25 £ 0.01 as mentioned in section 4.1.
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Figure 4.9 Polarization curves of all specimens in 3.5 % NaCl solution (vs. Ag/AgCl)
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After laser application (laser line 8: P=160 W, v =200 mms™), the pitting potential has shifted to a
more noble direction, recording 0.153 Vagiagcr and 0.162 V agaqgci for lasered martensite and lasered
tempered martensite, which is an increase of 0.095 V and 0.140 V, respectively. The passivation
interval has also increased from 0.241 to 0.372 Vag/agci for martensite and 0.213 to 0.409 Vagagcl
for tempered martensite after the laser treatment, indicating the stability of passivated film has
improved. The corrosion data has suggested that the laser treatment has enhanced the pitting
corrosion resistance of Fe-25Ni-0.2C.

versus Ag/AgCl Austenite Martensite Tempered Lasered Martensite Lasered Tempered
Martensite Martensite
Ecorr (V) -0.201 £ 0.001 -0.183 £ 0.021 -0.191 + 0.057 -0.219 + 0.019 -0.247 £ 0.032
icor (WA/CM?) 0.082 + 0.001 0.073 £ 0.025 0.120 + 0.054 0.255 + 0.001 0.509 + 0.208
Epitt (V) 0.074 £ 0.012 0.058 + 0.018 0.022 + 0.016 0.153 + 0.030 0.162 + 0.010
Epit—Econ(V) 0.275 + 0.021 0.241 + 0.031 0.213 + 0.063 0.372+ 0.011 0.409 + 0.020
Reor (MMPY) 9.3 x 10 8.3 x 10 1.4x 1073 2.9x 10° 5.8 x 1073

Table 4.2 Mean values of parameters ( standard deviation) from polarization curves in 3.5 %
NaCl solution (vs. Ag/AgCl)

From Table 4.2, the icorr has increased significantly, for both martensite and tempered martensite
after the laser treatment, which indicates that the general corrosion resistance has reduced for the
lasered specimen. The parameter, icorr, Can be used to determine the average corrosion rates (Rcorr)
through the following equation [82]:

Reor (MM/year or mmpy) = 3.27 x 103 x l“’f X Ew

where icor is the corrosion current density in the unit of pA/em?, p (in g/cm?) is the density of the
alloy, and Ew is the equivalent weight of the alloy. For simplicity, the parameters were calculated
based on the composition of Fe-25Ni, and the calculated density is 8.13 and the equivalent weight
is 28.26 amu.

It is worth mentioning that the area of the lasered specimens is set to be 0.79 mm? (diameter: 1 mm)
for the corrosion test, which includes the microstructure of bulk martensite and laser-affected zone
and corresponds to around 53% of the overall area percentage of LAZ. The increase in current
density can be a result of the galvanic effect which correlates to difference in electrochemical
potentials between the surface of reverted austenite and martensite.

The micro-galvanic effect between different phases of the same composition has been reported by
Chen et al. [13], who conducted a uniaxial tensile test on austenitic 304 L stainless steel to induce
localized plastic deformation, leading to the formation of strain-induced martensite in the parent
austenite matrix. The results of scanning Kelvin probe force microscopy (SKPFM) revealed that
there was a difference of ~60 mV in Volta potential between austenite (higher) and strain-induced
martensite (lower), and the Volta potential gradients can lead to microscale galvanic corrosion,
which was confirmed by Scanning Electrochemical Microscope (SECM) that strain-induced
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martensite has higher surface reactivity than austenite. The finding indicates that diffusion-less
microstructural transformations, which result in no compositional change, can lead to changes in
localized electrochemical potentials. Similar results of SKPFM have been reported by Korkh et al.
[83], which a difference in Volta potentials exists between austenite and strain-induced martensite
formed by cold rolling.

The same micro-galvanic effect between austenite and martensite is expected for austenite and
martensite specimens. Based on the findings [13, 83], the martensite phase has a lower Volta
potential and higher reactivity, which preferentially corrodes as the anode, while the austenite phase
acts as the cathode and the oxygen reduction reaction occurs. The cathode/anode area ratio [84]
has been reported as an important geometrical factor that determines the galvanic current. An
increase in the cathodic area, which is the austenite phase in this situation, leads to more oxygen
adsorption on the cathodic surface, and accordingly the oxygen reduction rate increases.
Consequently, the dissolution (anodic) reaction is accelerated to provide more electrons for oxygen
reduction, resulting in a higher galvanic current. The austenite specimen has a 0.75 + 0.01 fraction
of austenite phase, and its cathode/anode area ratio is higher than the martensite specimen that has
a 0.08 + 0.01 fraction of austenite phase, and this explains the higher current density recorded by
the austenite specimen, as shown in Table 4.2.

The effect of tempering treatment on the microstructure of martensite specimen has been
characterized in section 4.1, which precipitation of nanoscale carbides is observed in the SEM
micrograph in Figure 4.2 (b). Volta potential difference at the carbide/matrix interface has also
been reported [85]. Due to the difference in the composition between carbide and matrix material,
surface potential gradient emerges as the reactivity is different between phases, and micro-galvanic
corrosion that is detrimental to corrosion behavior occurs, leading to an increase in current density
and corrosion rate for martensite specimen after tempering treatment, as listed in Table 4.2.

However, the effect of cathode-to-anode ratio on the resulting corrosion rate shows inconsistency
when comparing the non-lasered and lasered specimens. The order of cathode-to-anode area ratio
from high to low is austenite specimen-lasered martensite specimen-martensite specimen, but the
highest corrosion rate is recorded by the lasered martensite specimen. Firstly, near the interface of
reverted austenite and martensite, stress is expected to develop during the laser treatment due to
volumetric dilatation, which results from the difference in thermal expansion coefficients [31, 33],
and it provides an additional driving force for the formation of martensite. Due to structural change,
the emergence of corrosion potential gradient between reverted austenite (cathode) and martensite
(anode) near the interface is expected, which can lead to micro-galvanic corrosion, as mentioned
in the previous paragraph. Secondly, in the base martensite zone that is not affected by laser heat,
the phase fraction of the microstructure is the same as the martensite specimen, and hence the same
micro-galvanic corrosion between austenite (cathode) and martensite (anode) can take place.
Thirdly, at macroscale, the lasered martensite specimen has a phase distribution of bulk martensite
(anode)-reverted austenite (cathode) -bulk martensite (anode), and macro-galvanic couples
between dissimilar phases also contribute to the increase in corrosion rate. Combined micro and
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macro galvanic effect [86] can be the reason for the increase in corrosion rates of martensite after
the laser treatment (2.49 times more), and results in the highest corrosion rate despite its
intermediate cathode-to-anode area ratio. The schematic of galvanic couplings of lasered martensite
is shown in Figure 4.10. The description in black refers to the galvanic corrosion between the bulk
martensite (anode) and the laser-reverted austenite (cathode) in the LAZ at macroscale, while the
description in red refers to the galvanic corrosion at microscale that can occur at the interface and
between butterfly martensite and austenite phases within the bulk martensite, as illustrated in the
white scheme at the bottom right corner of Figure 4.10.

The lasered tempered martensite specimen, which has a phase distribution of bulk tempered
martensite (anode)-reverted austenite (cathode)-bulk tempered martensite (anode), records a much
higher current density than the lasered martensite specimen, as seen in Table 4.2. For micro-
galvanic effect, tempering treatment intensifies the galvanic corrosion due to carbide precipitation
as discussed previously; The galvanic couple between the bulk tempered martensite (anode) and
reverted austenite (cathode) is more microstructurally and compositionally inhomogeneous, which
leads to a higher electrochemical potential gradient than the couple between bulk martensite and
reverted austenite. As a result, the corrosion rate of the tempered martensite specimen is
approximately 3 times more after the lasered treatment.

Bulk martensite Bulk martensite
(anode) o (cathode) \ (anode)

Within bulk martensite
Austenite(cathode) / Martensite(anode)

Figure 4.10 Schematic of galvanic couplings of lasered martensite (white scheme at bottom left
corner: a simplified representation of bulk microstructure of austenite and butterfly martensite)

4.3.3 Surface Morphological Examination after Corrosion Test

The surface of all specimens has been investigated after the potentiodynamic polarization tests. The
optical microscope images of austenite, martensite and tempered martensite (with an exposed area
of 6 mm in diameter) are shown in Figure 4.11. 3D profile measurements are utilized for the
identification of the propagated pits, which is in the form of a depth color map, and the depth of
each pit is measured. The OM images of lasered martensite and lasered tempered martensite (with
an exposed area of 1 mm in diameter) are shown in Figure 4.12. In addition to pitting potential, as
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discussed in section 4.3.2, other parameters such as density of the pits (number of pits per unit area)
and the propagation rate, which determines the depth of pits, are used to assess the resistance to
localized pitting. The calculated parameters are listed in Table 4.3.

Austenite Martensite Tempered Lasered Martensite Lasered Tempered
Martensite Martensite
Exposed area 0.283 cm? (diameter of 6 mm) 0.0079 cm? (diameter of 1 mm)
Pit density (1/cm?) 7.06 31.8 7.7 253.2 126.6
Pit depth (um) 53.51+ 1.39 64.19 £ 9.20 89.72 £ 15.27 18.5+£9.19 36

Table 4.3 Pitting corrosion parameters for all specimens

From Figure 4.11 (a) and (c), the phenomenon of metastable pits can be observed for austenite and
tempered martensite, which results in the appearance of dark and brownish micron-sized dots on
the surface. This morphological result corresponds to the fluctuation of current density below the
critical pitting potential in Figure 4.9 in section 4.3.2. These metastable pits have a limited lifetime
of seconds because within the pits, the condition of concentrated acidic chloride solution (anolyte)
that propagates the pits is not maintained, and the metastable pits repassivate [48]. The aggressive
anolyte inside the pit is acidic due to the hydrolysis reaction of the dissolving iron cations and is
high in the concentration of chloride anions resulting from charge neutrality. Based on the finding
of Pistorius and Burstein [87], for the metastable pits to further grow stably, the pits require a
perforated cover [87] as barrier to ion diffusion to maintain the aggressive analyte, and then grow
to a certain depth that the pit depth itself could serve as diffusion barrier. If the cover ruptures
prematurely, the anolyte is diluted and the repassivation occurs. In this work, the repassivation of
metastable pits are further characterized by SEM and EDS, which will be discussed in the following
section.

From Table 4.3, both the rankings of pit density and pit depth (in descending order) are tempered
martensite > martensite > austenite, which indicates that the austenite specimen is the most pitting
corrosion resistant, and the tempered martensite specimen is the most susceptible to pitting. This
morphological result is consistent with the results obtained from polarization curves in Table 4.2.
The onset of pit initiation and growth is least favorable for the austenite specimen as its pitting
potential (Epit) is the highest. This can be attributed to its higher fraction of the austenite phase, and
results in a formation of more stable passive film on the surface of austenite specimen as its
passivation interval (Epit—Ecorr) is the highest. The finding of Bosing et al. [88], who investigated
the effect of strain-induced martensite content on AISI 304 austenitic stainless steel’s passivation
behavior, also suggested that the stability of the passive layer increases with increasing austenite
content. Higher martensite content decreases the polarization resistance and increases the
concentration of point defects, which indicates its passive film is thinner and less homogeneous,
and hence less stable. The increased susceptibility of the tempered martensite specimen to pitting
corrosion is due to the precipitation of carbides, as mentioned before.
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Figure 4.11 Optical microscope images and their corresponding depth color maps of surface of
(a) austenite, (b) martensite and (c) tempered martensite specimens after potentiodynamic
polarization test in 3.5% NaCl
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After the laser treatment, the martensite and the tempered martensite specimen record potential
shifts of 0.095 V and 0.14 V, respectively, in a more noble direction. The improvement in pitting
corrosion resistance for both specimens can also be observed from the surface morphological
results as the pit depth decreases. However, the pit density has significantly increased, indicating
more but shallow pits are formed and distributed on the surface of lasered specimens, unlike the
surface of non-lasered specimens that forms deeper but less pits per unit surface area. The pit depth
[89] is more susceptible and correlates strongly to the failure of materials, i.e., a material with a
surface of fewer but much deeper pits is more likely to fail than that with many but shallow pits.
“Local” pitting density, or clustering of pits, is a more important parameter than the “general”
pitting density to assess the pitting corrosion behavior, and it shows a strong correlation to the
failure of materials [89]. In Figure 4.11 (b) and (c), clustering of pits can be observed on the surface
of martensite and tempered martensite that some pits initiate and propagate close to each other, and
eventually merge.

The improvement in pitting corrosion resistance is due to the martensite-to-austenite reversion
caused by laser treatment, which increases the austenite phase content, and leads to higher
passivation intervals. However, the fraction of the austenite phase of the laser-treated specimen is
lower than that of the austenite specimen but shows better pitting corrosion resistance. As
mentioned in section 4.3, the reverted austenite is formed through the austenite memory effect,
which has the same grain shape and orientation as prior austenite but much higher dislocation
density, and in this work, the grain size of laser-reverted austenite is measured to be larger,
indicating the difference in microstructural properties, which might contribute to the enhancement
of corrosion behavior.

According to Gaberscek and Pejovnik [90], the metal surface is non-passivated at the moment of
the immersion in the electrolyte, and the passive film would preferentially grow at the most
favorable (active) sites after an induction time, when the energy of the active sites exceeds a critical
value, and then gradually spread over the metal surface. The active sites include the surface defects,
such as dislocations, grain boundaries, inclusions [91, 92], etc. The preferential dissolution at the
dislocation is further confirmed by Zhang and Ma through TEM analysis [93]. The standard
electrode potential (SEP) was found to drop drastically in the region around the dislocation core.
The structural defects induced heterogeneity in electrode potentials, which is the driving force to
initiate the dissolution.

Li et al. [92] investigated the passive film formed on nanocrystalline and coarse-grained stainless
steel. The finding shows that the large fraction of closely spaced surface defects, which are grain
boundaries and grain boundary triple junction, of nanocrystalline stainless steel leads to
instantaneous nucleation of passive film at these active sites, and then spreads over the surface to
connect each to form a uniform passive layer that significantly improves the pitting behavior. The
closely spaced surface defects shorten the lateral distance required for lateral growth of a uniform
passive layer. The absence of inclusions in nanocrystalline stainless steel is also reported to
contribute to the better corrosion performance.

37



Man et al. [91] investigated the effect of selective laser melting (SLM) on the passive and pitting
behavior of 316L stainless steel (316L SS). Both SLM and wrought 316L are pure austenite with
similar averaged grain size, but the SLM specimen has a much higher grain boundary length, which
is related to its curvier grain boundary shape, and much higher dislocation density due to high
residual stress introduced by the rapid solidification rate during laser. The passive film formed on
SLM 316L is thicker and hence more protective. In addition to the effect of higher surface defects,
the reduction in inclusion size due to refinement induced by laser treatment also plays a role in
improving the pitting corrosion resistance.
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Figure 4.12 Optical microscope images and their corresponding depth color maps of surface of
(a) lasered martensite and (b) lasered tempered martensite after potentiodynamic polarization test
in 3.5% NacCl

In conclusion, besides the microstructural transformation caused by laser treatment that increases
the austenite phase fraction, the higher dislocation density of the lasered-reverted austenite than
prior austenite might further improve the stability of passive film through the mechanism
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mentioned previously. The possible refinement or elimination of inclusions and precipitates in the
matrix during laser treatment, which is not characterized in this work, can enhance the chemical
homogeneity that also leads to better pitting corrosion resistance. As stated, those surface defects
serve as preferable initiation sites for passive film, however, during the further coverage process of
the surface the film already formed may undergo significant changes in its microstructural and
electrical properties [90]. This indicates the complexity of the entire passivation and pitting process.
The enhanced stability of the passive film after laser treatment can be a result of higher thickness
or better homogeneity of passive films. Further test and characterization, such as electrochemical
impedance spectroscopy (EIS) and Mott-Schottky Analysis [88], is required to fully understand the
formation mechanism and properties of the passive films.

4.3.4 Scanning Electron Microscope (SEM)-Energy Dispersive X-ray Spectroscopy
(EDS)

Following the potentiodynamic polarization test, SEM analysis were carried out for more detailed
morphology of the pits as well as the specimen surface. EDS measurement was used to obtain
corresponding qualitative data for detection or identification of the elements and semi-quantitative
data for approximation of the concentration of elements in the material. EDS can detect major
elements with concentrations higher than 10 wt.% and minor elements with concentrations between
1 and 10 wt.% [94]. The detection limit of EDS for bulk materials is 0.1 wt.%. Therefore, for the
material of this research, Fe-25Ni-0.2C, composition of which is shown in Table 3.1, the detection
of element Fe and Ni is expected, while the peak of carbon (0.2 wt.%) that is corresponding to K
value of 0.277 keV and other elements in the material, might not be detectable.

SED 20.0kV WD10mmP.C.60 x200 100pm :
TU Delft

Fis

Figure 4.13 SEM micrograph of the pit on the martensite surface after potentiodynamic
polarization test in 3.5% NaCl, and its corresponding EDS profile of inside-the-pit (marked as green
cross) and the surface position (marked as orange cross)
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Unit: wt.% Fe Ni (@] Cl
Point 1 68.13 17.49 13.21 1.16
Point 2 78.57 21.43 - -

Table 4.4 Corresponding weight percentages of elements detected in Figure 4.13

Figure 4.13 displays the SEM micrograph of the pit on the surface of martensite after the corrosion
test and its corresponding EDS analysis. The EDS analysis was conducted at both spots of inside-
the-pit (marked as a green cross, point 2) and the surface near the pit (marked as an orange cross,
point 1). The shape of the pit appears to be wide and shallow with a width of nearly 390 pm and a
depth of nearly 65 um. The characteristic peaks of iron (K,: 0.277 keV), nickel (Kq: 7.417 keV),
oxygen (Kq: 0.525 keV) and chloride (K.: 2.621 keV) can be detected for the spot at the surface,
and the corresponding weight percentages of the elements detected were as follows: 68.13 wt.%
Fe, 17.49 wt.% Ni, 13.21 wt.% O and 1.16 wt.% CI. The presence of oxygen indicates the existence
of oxides as a corrosion product on the surface, which can provide protection to the alloy surface
against further corrosion attack. The relatively low weight percentages of iron (68.13 wt.%) and
nickel (17.49 wt.%) compared to the original composition of the alloy can be attributed to the
formation of a thick layer of corrosion products, which covers and protects the original surface of
the alloy underneath [55]. According to the Fe—Ni composite Pourbaix diagram shown in Figure
2.11, as the pH value remains around neutral for positions outside the pits, this thick layer most
likely contains Fe>Oss). In addition, the presence of Cl (1.16 wt.%) suggests that the corrosion
products might not only form as oxides but also possible chloride compounds [81]. The possibility
of the contribution of residual NaCl salts from the electrolyte to the CI signal can be ruled out
because no Na peak (K.:1.041 keV) is detected. Instead, the NaCl salts deposited on the surface
would appear in the morphology of cubic particles, as shown in Figure 4.14, and the peak of Na is
distinct. The weight percentages are 37.86 wt.% Na and 62.14 wt.% CI, and the corresponding
atomic percentages are 48.5 at.% Na and 51.5 at.% ClI, which is close to atomic ratio of 1:1.

The elements detected within the pit (marked as green cross, point 2) are Fe and Ni only, and no
signal of O or Cl is present. The weight percentage is 78.57 wt.% Fe and 21.43 wt.% Ni, which is
comparable to the original composition of Fe-25Ni-0.2C. Similar to the result of NaCl, the EDS
semi-quantitative analysis provides an approximate concentration of detected elements. Comparing
the qualitative result of the elements within and near the pit, it suggests that the surface near the pit
is covered by a protective layer of oxide and possible chloride compounds, which is a result of the
cathodic reaction, and within the pit, the anodic dissolution takes place, leading to exposure of the
bulk material underneath the protective layer, and hence EDS result is close to the original
composition of the alloy.
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Figure 4.14 SEM micrograph of residual NaCl salts deposited on the surface after
potentiodynamic polarization test in 3.5% NaCl, and its corresponding EDS profile

SED 20.0kV WD10mmP.C.60 x1,000 10pm
TU Delft

keV

Figure 4.15 SEM micrograph of the surface of martensite after potentiodynamic polarization test
in 3.5% NacCl, and its corresponding EDS profile
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Unit: wt.% Fe Ni (@] Cl

Point 1 61.06 18.54 17.61 2.79
Point 2 58.51 17.38 20.79 3.32
Point 3 67.35 17.17 14.71 0.76
Point 4 68.10 18.46 12.84 0.59

Table 4.5 Corresponding weight percentages of elements detected in Figure 4.15

More detailed SEM images of the martensite surface after corrosion is presented in Figure 4.15.
Part of the surface is covered with corrosion product that appears as lighter grey compounds in the
image. For EDS analysis, four points are selected, which are two points on the corrosion product
and two on the surface without deposited compounds. From the qualitative results, signals of Fe,
Ni, O and CI are detected for all four points, and the corresponding weight percentages of the
elements are presented in Table 4.5. The presence of oxygen (with more than 10 wt.%) suggests
that the layer of oxides is formed as a corrosion product and covers the original surface of the alloy,
resulting in the relatively low percentages of Fe and Ni detected compared to its original
composition. Comparing the results, it can be observed that the weight percentages of Fe are lower,
and O and Cl are higher at points 1 and 2, while Ni is relatively constant (17-18 wt.%) throughout
the four measured points. The result of higher oxygen content suggests that the corrosion product
is thicker at points 1 and 2, which is consistent with the observation of microstructure from the
SEM image. In addition, the lower percentage of iron and the relatively fixed concentration of
nickel at points 1 and 2 suggests that the dissolution (anodic) reaction of the alloy most likely
occurs through the dissolution of Fe, as mentioned in section 4.3.2, and forms a protective layer of
iron oxides and possible iron chloride.

The morphological analysis of the surface of austenite after the corrosion test in 3.5% NaCl is also
conducted. The SEM image and its corresponding EDS results are present in Figure 4.16 and Table
4.6. The surface selected corresponds to the area with metastable pits that appear as dark brown
micron-size spots in Figure 4.16 (a). The presence of oxygen and low percentages of Fe and Ni
indicates the original surface is covered with oxides. The lower percentages of Fe and Ni at point
1 and 2 is due to thicker corrosion product formed on the surface than at point 3 and 4, and high
percentages of Cl detected for point 1 (20.37 wt.%) and 2 (15.3 wt.%) suggest that the corrosion
product might contain chloride, while the CI as well as Na detected at point 3 and 4 is mostly
contributed by residual NaCl from the electrolyte.

The high concentration of chloride might be contributed by iron chloride (FeClz). The iron chloride
can be formed as follows [53]:

Fe?* + 2CI- — FeClag) (4.5)
FeCla(ag) <> FeCly) (4.6)

The Fe?" ion is generated by the anodic dissolution of iron inside the pit, and it reacts with CI~ that
migrate to the anodic site due to charge neutrality to form FeClg). When the concentration of
highly soluble iron chloride reaches saturation, FeClas) will precipitate. The mechanism of
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repassivation of metastable pits is not certain, but it is suggested that salt films are formed at the
base of the metastable pits and protect the metal from further pit growth [48]. Rayment et al. [95].
utilized X-ray diffraction to characterize the salt film formed on dissolving iron surface in artificial
corrosion pits in 1 M HCI, which is a highly concentrated acidic chloride solution as in real pits,
and the result showed that the salt film is predominantly FeCl, - 4H,0.
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Figure 4.16 (a) SEM micrograph of the surface of austenite after potentiodynamic polarization
test in 3.5% NaCl (b) Higher-magnification SEM micrograph of the area (marked with blue
dashed line) and its corresponding EDS profile

Unit: wt.% Fe Ni 0 Na Cl |

Point 1 54.99 13.02 11.62 - 20.37
Point 2 48.34 12.44 23.92 - 15.30
Point 3 61.23 16.20 18.75 1.04 2.77
Point 4 64.21 17.62 13.72 1.74 2.72

Table 4.6 Corresponding weight percentages of elements detected in Figure 4.16 (b)

The SEM micrographs of the two pits of lasered martensite (LSRM) are shown in Figure 4.17,
where the depth of pit in (a) is 25 um and in (b) is 12 um. Oxygen is detected for all four points
detected as shown in Table 4.7, which results from the formation of oxide on the surface. A high
weight percentage of Cl (17.15 wt.%) is detected within the pit site (point 1) with the relatively low
percentage of Na (3.04 wt.%), where theoretically for NaCl the mass ratio of Na to Cl is 39.33%
to 60.67%, which indicates that the signal of Cl is contributed by both NaCl and possible iron
chloride. The EDS results at point 2 show that residual NaCl from the electrolyte is deposited and
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covering the surface, leading to low weight percentages of iron (2.48 wt.%) and nickel (0.79 wt.%),
which is similar to the finding of point 4 in Figure 4.17 (b).

The edge and vicinity of the 36-um-deep pit of lasered tempered martensite (LSRTM) are covered
with many residual sodium chloride particles, as shown in Figure 4.18. Both spots analyzed by
EDS show a peak of iron, nickel and oxygen, while only spot 2 (position within the pit) show the
signal of chloride.

SED 20.0kVWD10mm P C 60 HV  x370 50pum SED 20.0kVWD10mmP.C.60 HV  x370
TU Delft Mar 19, 2021 TU Delft Mar 19, 2021

Figure 4.17 (a) and (b) SEM micrographs of the two pits of lasered martensite after
potentiodynamic polarization test in 3.5% NacCl, and its corresponding EDS profile

Unit: wt.% Fe Ni o) \E cl |
Point 1 52.85 18.15 8.80 3.04 17.15
Point 2 2.48 0.79 2.09 37.65 56.99
Point 3 69.13 19.48 3.76 4.07 3.56
Point 4 28.49 7.10 4.69 34.39 25.33

Table 4.7 Corresponding weight percentages of elements detected in Figure 4.17

Comparing the EDS data prior to and after the laser treatment, the quantitative result within the pit
of martensite shows composition close to the original composition of the material with no signals
of oxygen and chloride, as shown for point 2 in Table 4.4. For lasered martensite specimens, oxygen,
as well as chloride, are present within the pits, as shown for points 1, 3and 4 in Table 4.7, indicating
oxide formation or salt film precipitation on the pit walls. However, not much information can be
extracted since the structure of the precipitated salt film is uncertain. The porosity and thickness
are reported to be the governing factors for the mechanism of ionic transport through it [81]. The
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porous film indicates a low field-transport process, which has been reported for both nickel and
stainless steel by Hunkeler et al. [60]. Whatever the structure of the precipitation film is formed on
the pit wall, the pit propagation of lasered martensite specimen is harder than the martensite
specimen since the diffusion of ions is hindered by the film. The schematics of pitting corrosion of
the martensite and the lasered martensite specimens are shown in Figure 4.19 and Figure 4.20,
respectively.
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Figure 4.18 SEM micrograph of the pit of lasered tempered martensite after potentiodynamic
polarization test in 3.5% NaCl, and its corresponding EDS profile

Unit: wt.% Fe Ni (@) Cl
Point 1 75.96 23.19 0.85 -
Point 2 75.40 22.59 1.21 0.80

Table 4.8 Corresponding weight percentages of elements detected in Figure 4.18

passive film

Corrosion products on the pit wall

No corrosion products on the pit wall

Figure 4.19 Schematic of pitting corrosion of Figure 4.20 Schematic of pitting corrosion of
martensite specimen (no corrosion products on the  lasered martensite specimen (corrosion products
pit all) on the pit all)

45



5. Conclusion

In conclusion, the main findings can be extracted from the results and discussion of this work. The
microstructure of lasered affected zone (LAZ) was formed on cryogenically formed martensitic Fe-
25Ni-0.2C alloys by continuous-wave Nd:YAG laser system. The microstructural changes and the
corrosion behavior of the treated zones were studied. The research approach was as follows:

1. Microstructure
a. Microscopy: to analyze the effect of localized laser treatment and localized
corrosion on microstructure of Fe-25Ni-0.2C as-quenched austenite, martensite and
tempered martensite.
2. Corrosion behavior
a. Electrochemical analysis: to assess the corrosion behavior of Fe-25Ni-0.2C alloys
prior to and after localized laser treatment.
b. Qualitative and semi-quantitative analysis: to characterize the corrosion product and
possible corrosion mechanism.

Following the main conclusions obtained from the microstructure and corrosion studies.
Microstructure

1. Initial heat treatment:

a. Austenite specimen: an average grain size of 67 = 5 um with a weight fraction
of the martensite up to 25+1%.

b. Martensite specimen: the morphology of butterfly wing and weight fraction of
8+1% of retained austenite.

c. Tempered martensite: carbide precipitation is observed within the butterfly
wings.

2. After the localized laser treatment on the bulk martensite, three main distinct
microstructural zones can be distinguished:

a. Melt zone: micron-scale fine grains with dendritic structure are observed, which
is a result of supercooling (undercooling) of the molten alloys prior to
solidification.

b. Lasered affected zone (LAZ): solid-state martensite-to-austenite reversion
occurs, and two distinct regions can be observed within this zone:

(1 Fine-grained austenite: in the region near the melting zone. The
formation mechanism is through recrystallization due to the high
dislocation density, and the newly formed grains show straight grain
boundaries.

(i) Coarse-grained austenite: in the region near bulk martensite. The grains
with similar size and shape as prior austenite are formed through
austenite memory mechanism, and hence shows curvy grain boundaries.
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c. Parent martensite: martensitic microstructure in the bulk that is unaffected by
localized laser treatment.

3. The effect of laser parameters of laser power (P) and scanning velocity (v) on the
microstructure has been investigated. Both higher laser power, i.e., higher energy input to
the materials, and lower scanning velocity, i.e., longer laser-material interaction, lead to a
larger dimension of the melting zone, as well as a wider and deeper formation of the LAZ.

Corrosion

1. General corrosion:

Before the localized laser treatment, the corrosion rate of the austenite specimen was higher
than the martensite specimen due to its higher cathode-to-anode ratio, which intensifies the
galvanic corrosion. The carbide precipitation of the tempered martensite also deteriorates
the corrosion resistance. After the laser treatment, the recorded corrosion rate is 2.49 and
3.14 higher for martensite and tempered martensite, respectively. This result can be
contributed by both the microscale galvanic couplings at the reverted austenite/ martensite
interface and the macroscale galvanic corrosion between the phases.

2. Pitting corrosion:

After the laser treatment, the pitting potential has shifted to a more noble direction by 0.095
and 0.140 Vagagcl for martensite and tempered martensite, respectively. The passivation
interval (Epit—Ecorr) has also increased by 0.131 and 0.196 Vagagcl, respectively. The
enhancement can be attributed to the presence of reverted austenite that has a better pitting
resistance, and results in the formation of a more stable passive film.

3. Corrosion products formed on the surface are mainly oxides as high weight percentage of
oxygen is detected. At the metastable pits, high chloride content is present, which indicates
the mechanism of repassivation might occur through the formation of iron chloride (FeCly).
After the laser treatment, the results show signals of oxygen and chloride in the pit,
indicating the oxide and salt film that hinder ions diffusion are formed on the pit wall. This
could be the reason for the formation of shallower pits on the surface of lasered specimens.

In this work, the architectured microstructure of reverted austenite/martensite phases was created
on cryogenically treated Fe-25Ni-0.2C alloys by laser surface treatment. The microstructure
consists of the melt, the lasered affected zone (LAZ), and the base martensite. Laser processing
parameters were found to affect the dimension of the LAZ, which increased with increasing laser
power (P) and decreasing scanning speed (v). The LAZ can further be distinguished as fine-grained
and coarse-grained austenite regions, and the transformation mechanisms are recrystallization and
austenite memory, respectively. For corrosion analysis, the current density has increased by nearly
2.5 times for the martensite specimen after the laser treatment. The deteriorated general corrosion
resistance can be attributed to the galvanic corrosion between austenite and martensite that occurred
at both micro and macro scale. The pitting corrosion resistance has improved as the pitting
potentials shifted to more noble direction, which results from better stability of the passive films
due to the presence of the austenite phase that has better corrosion resistance over the martensite
phase.
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6. Recommendation

Some recommendations can be made for future work based on the findings in this work.

1.

The laser parameters investigated in this work are laser power (P) and scanning speed (v),
and melting is not avoidable even with the lowest laser power density. The focal position,
which refers to the distance between the focal plane and the surface of the workpiece, is
another parameter that directly influences the laser power density. By increasing the
distance, laser spot size increases, and laser power density decreases, indicating a possibility
to create a more homogeneous microstructure with only solid-state transformation.

The effect of single-pass laser treatment on the formation mechanisms is understood in this
work. For further investigation, microstructures formed by multi-pass laser can be an
interesting topic.

Due to the sample preparation, the surface is removed, and the corrosion test is conducted
on the surface with the combination of coarse-grained austenite and bulk martensite. It
would be interesting to investigate the effect of recrystallized austenite (fine-grained
austenite) on the corrosion behavior as well. Moreover, the area fraction of coarse-grained
austenite is fixed at around 50% in this work. Corrosion tests on specimens with different
area fractions should be conducted.

Obtaining the Volta potentials of different phases with Scanning Kelvin Probe Microscopy
(SKPM) is required to confirm the mechanism of galvanic corrosion.

The EDS analysis is insufficient to identify the corrosion products. More detailed chemical
analysis, such as X-ray photoelectron spectroscopy (XPS) or Auger electron spectroscopy
(AES), is advised for identification of the compounds formed during the corrosion process.
The improvement in pitting corrosion after the laser treatment is due to the formation of a
more stable passive film. More detailed characterization should be carried out, such as
electrochemical impedance spectroscopy (EIS) and Mott-Schottky analysis, to reveal the
properties and defect density of the passive film.
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