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Laser-based powder bed fusion of metals (PBF-LB/M) is an additive manufacturing technology
gaining attention in various industries due to its ability to allow design flexibility to fabricate complex
structures precisely. In the marine sector, there is a growing interest in PBF-LB/M because of its
potential to produce components such as heat exchangers, propeller shafts, impellers, and exhaust
manifolds with lesser lead time, reduced cost, and customization. While 316L stainless steel has been
a popular choice for marine applications due to its excellent corrosion resistance in seawater
atmosphere, nickel-free duplex stainless steel (NiFDSS) emerges as a cost-effective and lightweight
alternative, prompting research into its suitability for PBF-LB/M fabrication.

This thesis investigates the optimization of process parameters in PBF-LB/M of NiFDSS to attain
defect-free samples. Experimental analyses focus on understanding the microstructural
transformations of NiFDSS, transitioning from a fully ferritic to a duplex microstructure post-heat
treatment. The study evaluates the tribological and corrosion properties of NiFDSS using a
tribocorrosion setup under an artificial seawater environment.

Results obtained in this study indicate a relative density achievement of 98.83% for PBF-LB/Med
NiFDSS. Corrosion testing reveals superior corrosion resistance of NiFDSS, both in its as-built and
heat-treated condition, compared to 316L. However, 316L exhibits better wear resistance
characteristics. Further process optimization is needed to enhance the wear behavior of NiFDSS
samples.

Overall, the study underscores the potential of NiFDSS as a viable alternative for marine components,
particularly in applications where the wear rates are not very high, leveraging the design flexibility of
PBF-LB/M to meet industry demands effectively.

Key words: Additive manufacturing, 3D printing, Laser-based powder bed fusion, Nickel-free
stainless steel, Lean duplex steel, Tribology, Corrosion, Tribocorrosion, Heat treatment, Phase
transformation
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1 Introduction

Stainless steels (SS) are iron alloys composed of a minimum of 10.5 % chromium, with
carbon content below 1.2 %, and supplemented by various other alloying elements, including
molybdenum, nickel, nitrogen, manganese, etc [1]. SS has widespread popularity in almost
every industry due to its ability to resist corrosion by forming a passive layer of chromium
oxide that inhibits contact with corrosive media [2]. SS has been categorized into four groups
— austenite, ferrite, duplex, and martensite [3]. Austenite grades of SS contain a higher
percentage of chromium, nickel, and molybdenum. It demonstrates exceptional corrosion
resistance, possesses higher malleability and ductility, and accounts for over 70 % of SS
production [4]. Ferrite grades offer good corrosion resistance but have lower toughness [5].
Duplex grades amalgamate both austenitic and ferritic phases, providing higher strength and
superior corrosion resistance [6]. Martensite SS offers high strength but lower corrosion

resistance than austenitic grades [7].

AISI 316L, an austenitic stainless steel (ASS), is the most popular SS grade. It has gained
widespread acceptance in the marine, biomedical, food, and chemical processing industries
over time due to its exceptional corrosion resistance, versatility, and durability, making it a
preferred choice for applications where resistance to rust, erosion, and pitting is required [8].
Although duplex grades are less popular than AISI 316L, they present a compelling
alternative. Duplex stainless steel (DSS) offers higher corrosion resistance, especially in
seawater environments with chlorides and other aggressive substances [9]. Additionally, they
have superior resistance to stress corrosion cracking compared to austenitic stainless steels
[10]. Duplex grades are suitable candidates for applications requiring enhanced mechanical
strength and toughness. Moreover, duplex alloys can be metallurgically tailored to optimize

their properties in accordance with specific industrial needs [11].

The major hindrance in using DSS is its expensiveness compared to 316L due to higher
alloying elements and complex manufacturing routes. To address cost considerations, lean
duplex grades were developed in the mid-1980s to minimize the expense of raw materials,
especially nickel [12]. The price of nickel has historically exhibited volatility, and by reducing
nickel content, manufacturers have been able to provide customers with a more stable pricing

structure, enhancing the economic appeal of lean DSS [13].



The Pitting Resistant Equivalent Number (PREN) has been used to quantify the corrosion
resistance of stainless steel, especially pitting corrosion, which occurs in seawater
environments, and its identification and effective control are very difficult [ 14]. The pitting

corrosion resistance of stainless steel is assessed using the PREN, calculated by the formula:

PREN =Cr+33 XMo%+ 16 XN % (1)
where Cr, Mo, and N represent the weight percentages of chromium, molybdenum, and
nitrogen in the steel, respectively [15]. The PREN value is around 30 for lean DSS grades and
25 for a typical 316L grade [16]. Therefore, lean duplex grades are commonly used in subsea
components like flexible flowlines, anchor systems, and water injection lines exposed to
chloride-induced atmospheric corrosion [17]. Their utility extends to applications such as heat
exchangers, while in the chemical process industry, they are used in reactors, distillation
columns, and storage tanks [Ref]. Additionally, these alloys can be employed in desalination

plants and power generation facilities [Ref].

A new variant of lean DSS, nickel-free duplex stainless steel (NiFDSS), was first developed
by researchers at ETH Zurich [18]. Increased amounts of nitrogen and manganese replaced
nickel to improve stress corrosion cracking resistance and reduce cost. The alloy
demonstrated a yield strength of at least 550 MPa and an elongation to fracture of at least
40%, attributed to interstitial solid solution strengthening by nitrogen. The absence of nickel
provides excellent resistance to stress corrosion cracking in chloride solutions. The newly

developed alloy costs only a quarter of the 316L cost.

The PREN value for NiFDSS used in this thesis is 30.82, higher than the 316L grade, making
it particularly well-suited for less aggressive marine atmospheres and industries where
moderate corrosion resistance is essential. Also, NiFDSS has 3% less density than 316L

grades, allowing the design of lighter structures that are weight-saving.
1.1 Background of the thesis

Traditionally, steel components have predominantly been manufactured using conventional
methods such as casting, forging, and machining. Additive manufacturing (AM), also known
as 3D printing, is a process that builds three-dimensional objects layer by layer from CAD
models [19]. This fabrication method, widely used in rapid prototyping and tailored designs,
offers versatility along with precision in the field of manufacturing and eliminates the need

for tooling, thereby streamlining the fabrication process and minimizing associated costs.
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Metal-based additive manufacturing routes like laser-based powder bed fusion (PBF-LB/M)
allow design flexibility, intricate geometries with capabilities of fabrication of complex and
thin-walled geometries such as heat exchangers, and tailored solutions with potential cost

efficiencies through reduced material waste and manufacturing time [20,21].

The prevailing literature on PBF-LB/M of stainless steels has primarily emphasized austenitic
stainless steels, especially 316L grades. Several research and review papers have examined
the corrosion, tribological, and mechanical properties of components made from 316L via
PBF-LB/M [22-25]. Figure 1 shows the growing interest in PBF-LB/M of DSS over the years

in the scientific community, suggesting that research in this domain is still in its early stages.

35+

30

Publications

Figure 1. The publication trend of articles retrieved from the Scopus database using the keywords
"Duplex Stainless Steel" and "PBF."

PBF-LB/Med DSS grades like NiFDSS offer versatile applications, including the
manufacturing of boat propeller shafts, impellers, exhaust manifolds, compact heat
exchangers, and integral components for marine systems like anchors and connectors [26].
Additionally, they can find utility in chemical processing, contributing to constructing
corrosion-resistant pressure vessels. Only two documented studies report the production of

NiFDSS samples using the PBF-LB/M [27,28].
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Tribology studies are required for components operating in seawater environments, focusing
on comprehending wear resistance, friction, and wear rate in harsh marine conditions [29].
Electrochemical corrosion testing can offer crucial insights by determining corrosion rates and
resistance of specific alloys, aiding in evaluating their performance in corrosive conditions
[30]. Similarly, tribocorrosion studies are essential for understanding how the components
wear and corrode over time due to the combined effects of mechanical stress and exposure to
seawater atmosphere [31]. No study has been reported discussing the tribological properties
and corrosion resistance of NiFDSS samples fabricated by PBF-LB/M in an artificial seawater
environment. Also, tribocorrosion studies of DSS grades fabricated via PBF-LB/M have yet

to be conducted.
1.2 Outline of the thesis

The motivation behind this thesis is to fill this research gap. Figure 2 illustrates the research
plan adopted in this study. As shown in Figure 2, this study begins with a literature review
focusing on the properties and application of DSS, drawing a comparison with 316L grade. A
detailed discussion of the PBF-LB/M of duplex and austenitic stainless steel will follow. A
concise introduction to tribology, electrochemistry of corrosion, and tribocorrosion has also

been provided.

Experimental Methodology

Literature Review 7 5

* Phase diagram simulation of
nickel-free steel using
Thermo-Calc

* Heat treatment of PBF-LB-
built nickel-free duplex Steel

» PBF-LB of 316L steel

« PBF-LB of nickel-free steel ‘

o Parameter optimisation
o Support optimisation

« Austenitic & duplex steel

* PBF-LB of stainless steel ||

« Electrochemistry of
corrosion, Tribology and
Tribo-corrosion

.

+ PBF-LBbuilt316 L

l

. e e
e

|
: steel ]
. - i i |
: EBFl LBSlt)qut Al _ D~ Tribocorrosion study
| upiex stee r—a_.- | under artificial seawater
I Heat—t_reatled VIF environment
+ Results and discussion <:| | LB built Ni-free |
« Conclusion : duplex steel :
A 7
\\ ,I

T T o o o B

Figure 2. Research plan for the thesis

In the experimental part of this study, the NiFDSS samples were fabricated by optimizing
supports and process parameters of PBF-LB/M. Based on the phase diagram computed by
Thermo-Calc in the experimental part, the as-built samples were then subjected to heat

treatment to undergo phase transformations from complete ferrite to a duplex phase consisting
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of both austenite and ferrite in the microstructure. Then, the effect of heat treatment on
tribological behavior and corrosion resistance under mechanical loading was analyzed.
Throughout the study, PBF-LB/M-built 316L samples were kept as reference material for
comparison, as the main aim of this study was to validate if NiFDSS samples could
outperform 316L samples in terms of wear and corrosion resistance under seawater
environment when the manufacturing route is through PBF-LB/M. Also, 316L samples were
not subjected to any heat treatment in this study, as existing literature has already covered its

impact on phase composition, tribological behavior, and corrosive properties [21,32-34].
1.3 Aim and research questions

The overall aim of this study is to validate if PBF-LB/M-built NiFDSS is an alternative to
316L for equipment used in seawater environments by answering the following research

questions:

= Can NiFDSS fabricated through PBF-LB/M exhibit wear and corrosion resistance
comparable to 316L, both in the absence of loading and under mechanical loading

within a seawater environment?

= How does the phase transformation induced by heat treatment in PBF-LB-
manufactured NiFDSS samples impact their tribological behavior and corrosion

resistance?

= [s NiFDSS a viable choice for components in marine environments, and how can PBF-

LB/M contribute to manufacturing these components?
1.4 Limitations of the study

The limitation of this thesis includes the lack of a comparative investigation into the
mechanical properties of NiFDSS and 316L manufactured through PBF-LB/M. Despite the
inclusion of microhardness testing, other mechanical tests, such as tensile and nano-
indentation tests, remained unexplored. Moreover, this thesis focused only on uniform
corrosion. The tribocorrosion tests were conducted under a single environmental setting, i.e.,
artificial seawater (0.6 M NaCl with pH 8.2), using only one specific test condition for both

steel variants.
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2 Properties and applications of stainless steel

Steel, an alloy of iron and carbon, offers enhanced durability and better fracture toughness
compared to pure iron. When other alloying elements are absent except carbon, they are
termed carbon steels. Mild steel, with its low carbon content (0.05 % to 0.32 %), combines
affordability and malleability, making it suitable for structural applications and machine parts,
and it allows cost-efficient machining [35]. Medium-carbon steel, with a carbon content of 0.3
% to 0.6 %, has a balance between the strength of high-carbon steel and the formability of
low-carbon steel and is used in components requiring increased strength and toughness, such
as gears, axels, pressure vessels, etc. [36]. High-carbon steel, with a carbon content of 0.60 %
to 1.5 %, 1s in demand for applications requiring superior hardness, tensile strength, and wear
resistance, such as in the production of springs [37]. However, its increased brittleness causes
challenges in welding due to the high chances of cracking. Carbon steels often undergo
galvanization for rust protection through a hot dip or electroplating with zinc [38]. However,
this step doesn't guarantee resistance to corrosion during prolonged usage because if the zinc

coating gets damaged, the underlying steel will rust and corrode over time.

In 1913, Harry Brearley of Sheffield, UK, revolutionized the metallurgy of steels by
discovering 'rustless steel' by adding 12.8 % chromium content to molten iron [39]. This steel
was later renamed stainless steel (SS) as the steel was resistant to staining and corrosion. In
the 1950s and 1960s, technological advancements enabled the economical production of large
tonnages of SS [40]. In Finland, SS production started in Tornio in 1976 and has evolved into
one of the leading SS production sites in the world [41].

Figure 3 explains the unique self-healing capability of SS through a process known as
passivation. A thin protective oxide layer forms on its surface when exposed to oxygen. If the
steel is scratched or damaged, the chromium in the alloy reacts with oxygen to reform this

protective layer, preventing further corrosion [42].



14

Damage to the film
caused by scratch, acid
exposure, or
(1-3 nanometres) similar corrosive agents

Protective chromium oxide film

Oxide film restored

Stainless Steel Stainless Steel Stainless Steel

Protective chromium oxide Loss of protective film: Self-repair mechanism:
film: safeguards stainless steel exposes steel, inviting chromium-rich base reacts,
against corrosion corrosion restoring protection

Figure 3. Stainless steel film dynamics: protective chromium oxide layer, vulnerability to damage, and
self-repair mechanism.

In many applications, such as the oil and gas, food processing, and aerospace sectors, where
the risk of corrosion is very high and unacceptable, this self-healing characteristic improves
corrosion resistance and imparts longevity. Figure 4 depicts the percentage consumption of

SS across different application categories.

Transport: 8.0% \ / Pulp and paper, textile industry: 6.0%

Energy production: 7.0% Washing machine & dishwashers: 8.0%

Pans, cutlery, etc.: 9.0%

Chemical, oil and gas industry: 19.0%

Kitchen equipment: 4.0% ~ Food industry and breweries: 24.0%

/

4

Building and construction: 5.0%

Others: 10.0%

Figure 4. Application of stainless steel in various industries. Data collected from Ref. [41].

SS are classified according to the stable microstructure at room temperature. Austenite,
ferrite, and martensite represent the existing phases under equilibrium conditions. Chromium
contributes most to the corrosion resistance of SS by forming the passive layer and stabilizing
the body-centered cubic (bcc) atomic structure, i.e., ferrite [43]. Other elements like silicon,

aluminum, molybdenum, tungsten, niobium, and titanium promote the ferrite phase. The
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austenite phase has a face-centered cubic (fcc) atomic structure and is stabilized by alloying
elements such as nickel, manganese, carbon, and nitrogen [44]. To maintain an austenitic
microstructure at room temperature, SS needs approximately 17 % chromium and 11 % nickel
(or equivalents) [43]. The martensitic phase results from the diffusionless shear of austenite
into a distorted cubic or hexagonal structure and is formed spontaneously during rapid cooling
or can be induced isothermally through external deformation [45]. To have a martensitic
phase in the microstructure, a minimum of 12 % chromium with 0.1 to 0.2 % carbon is
required [46]. Due to high alloying elements in SS, some undesired intermetallic phases, such
as sigma, laves, chi, etc., get precipitated and can coexist in the microstructure. Intermetallic
phases impart an undesired hardness, brittleness, and localized corrosion vulnerability since
they form along grain boundaries and deplete the remaining microstructure of alloying

elements [47].

The Schaffeler-Delong diagram is usually used to predict the phases of an SS alloy upon
welding or casting. This diagram considers various alloying elements' contributions to
stabilizing the respective phases. Figure 5 explains how each alloying element affects the
phases present in the microstructure. For 316L, the alloying elements, primarily nickel, and
molybdenum, promote a fully austenitic microstructure, as demonstrated by its position in the
Schaeffler Diagram, while for NiFDSS, nickel is substituted with nitrogen and high

manganese, resulting in a duplex microstructure balancing ferrite and austenite phases.

28
A- Austenite @ Nickel-free Duplex Steel
F- Ferrite A 316LSteel 0% F
24 M-Martensite

Nickel equivalent in %
—_ —_ N
N (@] o
L - L L Ll 1 1

Ni, =[Ni]+30%([C]+[N])+0.5[Mn]

0 4 8 12 16 20 24 28 32
Chromium equivalent in %
Cre,=[Cr]+1.4[Mo]+1.5[Si]+0.5[Nb]+2[Ti]

Figure 5. Schaffler-Delong diagram highlighting the phases present in stainless steel grades
depending upon the alloying compositions. Reproduced from Ref. [48] which is under an open-access
Creative Common CC BY license
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For any SS grades, if the elemental composition is known, it can be predicted whether it will
have fully austenitic microstructure such as in 316L or duplex phase consisting of both
austenite and ferrite in the matrix for NiFDSS in as-solidified cast or weld conditions at room
temperature. ThermoCalc, a software package based on thermodynamic databases, can
compute phase diagrams for a specific alloy, predicting the stability and volume fraction of
various phases, including non-equilibrium phases such as intermetallics over a temperature
range [49]. It simulates phase diagrams for particular alloys by integrating thermodynamic
and kinetic models from diverse material databases. It can accurately represent the formation
and evolution of intermetallic phases even in the presence of deviations from equilibrium
conditions, as it incorporates kinetic models to account for non-equilibrium phase

transformations.

The mechanical and corrosion-resistant properties of stainless steel depend upon the
combined effect of the alloying elements. Chromium serves as the primary alloying element
in SS, providing corrosion resistance. All stainless steels contain a minimum of 10.5 %
chromium; the higher the chromium content, the more corrosion resistance will be [50].
Moreover, chromium enhances resistance to high-temperature oxidation of SS [51]. Nickel is
added in SS to improve ductility and toughness. Adding molybdenum increases the resistance
to uniform and localized corrosion while contributing to a moderate increase in mechanical
strength [41]. However, it amplifies the susceptibility of SS to the formation of intermetallic
phases in ferritic, duplex, and austenitic steel [52]. Manganese enhances the solubility of
nitrogen, resulting in higher dissolution of nitrogen in duplex and austenitic SS. As an
austenite-forming element, manganese can also substitute some of the nickel in SS
compositions [53,54]. Carbon enhances mechanical strength but diminishes the resistance to
intergranular corrosion arising from carbide formation. The addition of nitrogen increases the
mechanical strength, and when combined with molybdenum, it enhances resistance to

localized corrosion [55].
2.1 Austenitic stainless steel

Austenitic grades are the most popular and the largest group of SS. They are highly formable
and weldable and can withstand temperatures ranging from cryogenic to the heat of furnaces
and jet engines [56]. They retain strength at higher temperatures (above 500 °C) better than
ferritic SS alloys and are creep-resistant [57]. Austenitic grades are widely used for their

exceptional mechanical properties, such as high toughness and predictable corrosion
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resistance, ranging from grades that can withstand common corrosive environments to those
with higher corrosion resistance to withstand boiling seawater [43]. Adding chromium
enhances oxidation and corrosion resistance, while nickel equivalents contribute to austenite

stability.

ASS grades are used in a wide range of applications. They offer longevity, resistance to
corrosion, and biocompatibility for surgical instruments and implants in medical applications.
In the power generation and chemical processing industries, which demand higher oxidation
and corrosion resistance, ASS is applied in steam turbines, boiler tubes, digesters, storage
tanks, and heat exchangers [58]. ASS is suitable for high-stress, high-temperature, and life-

critical components in aircraft and automobile industries [58].

Cr-Ni-Mo austenitic SS are categorized as 'general purpose grades.' They exhibit enhanced
corrosion resistance due to the addition of molybdenum (2-3 %) [41]. Often labeled as "acid-
proof" stainless steels, they have a chromium content of approximately 17% and nickel
content ranging from 10% to 13% [59]. 316L grade SS falls under this category. The letter 'L
represents the low carbon content (<0.03 %). The removal of carbon is primarily done to
enhance the corrosion resistance of the alloy, especially in environments where sensitization
and carbide precipitation on grain boundaries can occur [60]. Minimizing carbon content
reduces the susceptibility to intergranular corrosion, making 316L stainless steel well-suited
for applications in corrosive environments, such as marine and chemical settings. Figure 6

outlines the primary areas of application for 316L SS.

Biomedical: 14.1%

Automotive: 9.5%
Chemical industries: 40.7%

-

Marine onshore & offshore: 21.5%
Food processing: 7.1%
Pharmaceutical: 7.1% P d ’

Figure 6. Applications of 316L SS across various industries. Reproduced and modified from Ref. [24]
which is under an open-access Creative Common CC BY license
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The major challenge in using ASS is its higher cost than carbon steel or ferritic grades [50].
The fluctuation in nickel prices further augments this cost aspect. The inability to undergo
heat treatment for hardening limits their applications, and the need for annealing to reduce
magnetic sensitivity adds more complexity to their manufacturing processes [61]. Moreover,
these alloys are prone to adhesive wear [58]. In high chloride environments, chloride-induced
stress corrosion can lead to cracking and pitting, causing premature failure of components like

fuel tanks in wet-area marine applications [58].
2.2 Duplex stainless steel

DSS grades represent the latest and most rapidly expanding alloy category within the SS
family. Discovered in the 1920s, DSS was not extensively utilized until the 1980s, when there
was an increased demand from the chemical industry [43]. These grades exhibit a ferritic-
austenitic microstructure, maintaining an approximate 50% balance between both phases.
They amalgamate advantageous properties from both ferritic and austenitic SS. They have a
higher chromium content (20.1-25.4 %) and a relatively low nickel content (1.4-7 %)
compared to austenitic grades, which leads to better price stability [41]. Adding molybdenum
(0.3-4 %) and nitrogen (0.15- 0.4 %) improves corrosion resistance. Manganese is
incorporated in certain grades to replace nickel and enhance nitrogen solubility in the
material. They have higher yield strength than ASS and a higher impact toughness than
ferritic steels [62]. Additionally, they are less prone to hydrogen embrittlement than ferritic
steels and provide better thermal conductivity than ASS [63]. DSS offers enhanced corrosion
resistance due to the balanced contribution of both phases [64]The ferrite phase is richer in
chromium and molybdenum, showing superior corrosion resistance. However, adding
nitrogen improves the corrosion resistance of the austenite phase, matching that of the ferrite.
This balanced microstructure allows DSS to outperform austenitic grades in aggressive

environments [43].

However, DSS is more susceptible to embrittlement from carbides, nitrides, and intermetallic
phases in the temperature range of 700 to 955 °C [65]. The formation of sigma and chi phases
reduces the corrosion resistance and mechanical properties [64]. The risk of sigma phase
formation increases with higher chromium, molybdenum, and tungsten content. To solve this
issue, DSS is solutionized at 900-1100 °C and quenched to prevent the precipitation of
intermetallic phases, resulting in uniform distribution of alloying elements such as chromium,

molybdenum, and nitrogen across both the ferritic and austenitic phases [66].
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DSS are suited for marine and harsh industrial environments due to their high resistance to
chloride-induced stress corrosion cracking [67]. The oil and gas industry represents another
sector where DSS is used. The chemical processing industry is also shifting to duplex
stainless steel for various applications such as heat exchangers, pressure vessels, tanks,

columns, pumps, valves, and shafting [63].

DSS are classified into five categories according to their PREN values: lean duplex with
PREN < 30, molybdenum-containing lean duplex with 30 < PREN < 33, standard duplex with
33 <PREN < 40, super duplex with 40 > PREN > 50 and hyper duplex with PREN < 50

[67]. Lean duplex stainless steels have low levels of nickel and molybdenum. Nickel is
substituted by nitrogen and manganese to achieve a balanced combination of austenite and
ferrite [68]. This category offers an alternative to 316L and another austenitic grade for
structural applications, tank construction, and environments requiring resistance to chloride
stress corrosion cracking since they possess similar corrosion resistance, better mechanical
properties, and material savings [64]. Standard DSS grades such as S2205 are the workhorse
grades in various applications. Super and hyper DSS are used for extremely corrosive

environments.
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3 Laser powder bed fusion of metals

Laser powder bed fusion of metals (PBF-LB/M) is an AM route that utilizes a guided laser
beam to selectively melt metal powders layer-by-layer in an inert atmosphere and facilitates
the production of intricately designed metal components. PBF-LB/M has gained significant
industrial interest since its advent in the 1990s due to its unparalleled precision, minimal
surface waviness, ability to achieve near 100% relative densities, versatility in producing
intricate and complex structures, and efficacy in reducing oxide impurities while production
due to presence of inert atmosphere which is crucial to preserve corrosion and fatigue

resistance in metal alloys since oxides can act as crack initiators [69].

Figure 7 describes the workflow of PBF-LB/M, which is divided into five stages. The first
stage is creating a design file based on the specific needs of the manufacturer using software
such as AutoCAD, Solidworks, or Fusion360. Supports are sometimes incorporated into the
design, especially with more than 45-degree overhangs. This addition ensures structural
integrity during the printing process, preventing deformities or collapses caused by
unsupported areas and preventing heat from accumulating. In the second stage, the design is
converted into the .STL file format, representing 3D surface geometry using connected
triangles, which is compatible with AM equipment [70]. Finally, dedicated software such as
Autodesk Netfabb is used to slice the .STL file into layers that gives laser path definition for
layer-by-layer fabrication. The sliced file is saved in a format compatible with the PBF-LB/M
equipment. For example, the Aconity MIDI+, a PBF-LB/M printer, accepts the .ILT format

for printing the parts.
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Figure 7. Schematic diagram explaining various stages involved in PBF/LB-M. Reproduced from Ref.
[71] which is under the licence of CC BY 4.0
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In the fourth stage, the manufacturing process starts with placing metal powders within the
powder-bed space, the quantity being dependent on the height of the part. A build plate is
positioned to serve as the base for printing and act as a reservoir of accumulated heat.
Subsequently, an inert gas such as argon or nitrogen gas is purged into the printer chamber to
establish an oxygen level below 1000 parts per million (ppm) because oxygen can lead to the
formation of metal oxides, which is detrimental to the mechanical properties of the as-built
part. The fabrication procedure initiates with the elevation of the powder bed, followed by the
recoater distributing a thin layer of powder onto the build plate. The laser then selectively
scans the area, melting the powder particles to solidify into the desired shape. The build plate
descends, enabling the deposition of a new layer, and this iterative process continues until the
entire component is fabricated. In the final stage, post-processing begins by removing the
metal parts from the build plate. These components may undergo additional treatments, such
as heat treatment, surface finishing, or machining, tailored to specific requirements decided by

the end-use application.

During PBF-LB/M, when the laser interacts with the metal powder, a series of complex
physical phenomena unfold, including absorption and reflection of laser energy, alongside
forming a melt pool [72]. As the molten metal solidifies through heat conduction and
convection, non-equilibrium phase transformations occur due to rapid cooling rates, often
accompanied by undesired spattering of molten metal particles from the melt pool. Many
ongoing research studies focus on integrating acoustic and thermal sensors to enhance process
understanding and control during PBF-LB/M, though detailed exploration is beyond the scope
of this thesis [73-75].

Figure 8 categorizes the key parameters involved in PBF-LB/M into four main groups:
powder material-based input parameters, machine-based input parameters, manufacturing
process parameters, and post-treatment parameters. Metal powders used in PBF-LB/M are
generally produced via gas atomization [76]. In this process, a high-pressure inert gas like
nitrogen or argon atomizes a stream of molten metal into small droplets. During free fall, the
droplets solidify at a very high cooling rate and form round spherical powder particles. The
gas atomization process enables precise control over powder morphology and size
distribution. Each of the sub-properties of powder used during the printing holds critical
importance. Powder morphology and size distribution determine powder flowability and
packing density [77]. Thermal and optical properties influence energy absorption and

reflectivity during laser interaction. Metallurgical properties dictate microstructure formation,



22

and rheological properties decide powder flow behavior and layer formation during printing

[78].
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Figure 8. Key parameters impacting the quality of PBF-LB-built components. Reproduced and
modified from Ref. [71], which is under the licence of CC-BY 4.0.

In machine-based input parameters, several sub-categories decide the efficacy and precision
of the PBF-LB/M process [71]. Laser type and optics control govern the characteristics and
modulation of the laser beam. The powder delivery system ensures uniform deposition of
powder layers onto the build platform, while base platform movement controls the positioning
and movement of the build platform. The scanning system directs the laser beam across the
powder bed, resulting in precise melting and solidification of each layer. Inert atmosphere
maintenance within the printing chamber safeguards against the oxidation of metal. Control
and monitoring sensors offer real-time feedback during manufacturing, facilitating data
storage for in-depth analysis and refinement of process parameters, enhancing efficiency and

quality control.

Figure 9 highlights the manufacturing process parameters that must be optimized for each
metal alloy [79]. Laser beam and spot size dictate the diameter and intensity distribution of
the laser beam, influencing the resolution and accuracy of the printed part. Laser power
determines the energy delivered (in Joules) to melt the powder per second. Laser scanning
speed governs the rate at which the laser traverses the powder bed, thereby determining the
melting efficiency and overall build rate. Hatch spacing distance, another essential parameter,
defines the separation between adjacent laser scan paths, affecting surface finish and part

density. Moreover, layer thickness serves as a fundamental parameter, determining the height
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of each deposited layer and thus influencing part resolution, build time, and mechanical

properties.
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Figure 9. Manufacturing process parameters in PBF-LB/M. Reproduced from Ref. [79], which is under
the licence of CC-BY 4.0.

Laser energy density (LED) is a metric in PBF-LB/M, defined as the ratio of laser power to

the product of scanning speed, hatch distance, and layer thickness, i.e.,

LED (J Jmm?®) = Power (W) (2)

Scanning speed (?) X hatch distance (mm) X layer thickness (mm)

It serves as a parameter in assessing the quality of fabricated parts. A higher LED than the
optimal value often leads to spattering, over-melting, and residual stress within the printed
parts, which occurs because the excessive energy input can cause the material to vaporize and
splatter, leading to irregularities in the printed layers. Additionally, over-melting can occur,
resulting in poor surface finish and reduced mechanical properties. Due to excess heat, there
is a chance of residual stress trapped inside as-built parts. Conversely, a lower LED can result
in problems like delamination, voids, and partial melting of the powder. This occurs because
insufficient LED may not fully fuse the powder particles, leading to poor adhesion between
layers and causing delamination. Also, inadequate energy input can result in voids within the
printed part, compromising its structural integrity. Therefore, maintaining the LED within the

appropriate range is essential for achieving optimal part quality.
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Figure 10 illustrates the correlation between PBF-LB/M parts and LED. It demonstrates how
variations in LED impact part quality, showcasing delamination in PBF-LB/Med NiFDSS
samples manufactured for this thesis study with lower LED (Figure 10 (b)) and crack-free
samples produced using optimal parameters (Figure 10 (c)). Figure 10 (d) shows over-melted
and distorted samples manufactured with higher LED, particularly evident in the area closer

to the build plate, where the sample appears burnt, caused by excessive heat accumulation.
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Figure 10. (a) Correlation between PBF-LB/M parts and laser energy density (LED). Reproduced from
Ref. [80] which is under the licence of CC-BY 4.0., (b) Delamination observed in NiFDSS samples with
lower LED, (c) Crack-free samples produced using optimal parameters, (d) Over-melted and distorted
samples manufactured with higher LED.

In addition to these primary parameters, other important considerations include scanning
strategy, which decides the path followed by the laser during part fabrication [81]. The user
defines the scanning path via software such as Autodesk Netfabb. An angled transition
between layers is introduced by rotating the laser scanning direction to avoid stress build-up
during printing [82]. Build orientation specifies the part orientation relative to the build
platform. Furthermore, support optimization involves strategically designing and placing
supports to ensure part stability during printing and to conduct the heat away. Build plate
preheating involves heating the build plate to a specified temperature before printing to reduce

residual stresses in the final printed component [83].
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3.1 PBF-LBof316L

Research on PBF-LB/M of austenitic stainless steels has predominantly focused on 316L SS,
with some limited studies on 304L SS grade [84]. The emphasis on 316L can be attributed to
its widespread use in various industries due to its excellent corrosion resistance, mechanical
properties, and biocompatibility. Relative density, in the context of PBF-LB/M, refers to the
ratio of the actual density of a printed component to the theoretical density of the material
being used. In 2010, Tolosa et al. attained a relative density of 99.9 % in PBF-LB/M
manufactured 316L SS. This was achieved using a 200 W laser with an 80 pum laser spot
diameter and a scan velocity reaching 1000 mm/s [85]. Following this study, various research
papers have documented the PBF-LB/M of 316L SS, consistently achieving relative densities
around 99.99 % [86-90].

Figure 11 illustrates the solidification behavior of ASS, which is primarily governed by the

equivalent ratio of chromium equivalent to nickel equivalent (Creq/Nieq).
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Figure 11. Solidification behavior of stainless steels depending on Creq/Nieq. Reproduced from Ref.
[91], which is under an open-access Creative Common CC BY license.
Depending on the Creq/Nieq ratio, different solidification modes are observed [91,92]:

e A mode (L — L+ vy —7)occurs when Creg/Nieg < 1.25.

e AFmode(L »L+y—L+y+3d—7+0—y)isobserved when 1.25 < Creq/Nieq < 1.48.
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e FAmode(L »L+3—L+0d+y— 5+ y— v)ischaracterized by 1.48 < Creq/Nieq <
1.95.

¢ Fmode(L>L+3—08—035+y—7)occurs when Creq/Nieqg > 1.95

Where L represents liquid, 6 represents ferrite (F), and y represents austenite (A). For 316L
grades, the Creq/Nieq ratio typically falls within the range of 1.25-1.95, leading to either AF or
FA solidification modes [93]. These modes favor the development of a fully austenitic matrix,

irrespective of the manufacturing method, whether it be PBF-LB/M, casting, or welding [92].

Figure 12 provides the material characterization of as-built PBF-LB/M 316L samples. The
SEM image reveals a complex cellular microstructure with fine sub-grains, typical of samples
synthesized via PBF-LB/M, indicating rapid solidification. EBSD imaging shows a fully
austenitic phase marked in red, proving the presence of a single austenitic phase in the
samples. Additionally, XRD mapping of gas-atomized powder and as-built samples confirms

the presence of only austenite phases in both cases.
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Figure 12. As-built PBF-LB/M 316L samples (a) SEM image showing cellular microstructure, (b) EBSD
imaging showing fully austenitic phase (marked as red), (c) XRD mapping of powder and as-built
samples showing only austenite peaks in both cases. Reproduced from Ref. [94], which is under the
licence of CC-BY 4.0. Reproduced from Ref. [95,96] which is under an open-access Creative Common
CC BY license
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PBF-LB/M has demonstrated its capability to fabricate 316L stainless steel with mechanical
properties surpassing its traditional wrought/cast counterparts [11]. As-built 316L samples
have an ultimate tensile strength ranging from 650 to 700 MPa, notably higher than the 450 to
550 MPa range observed in conventional methods [97]. Similarly, the samples have a yield
strength between 450 to 600 MPa, exceeding the 160 to 370 MPa range found in traditional
manufacturing [97]. Moreover, PBF-LB/Med 316L steel maintains good ductility, with
elongation values ranging from 35 to 60 %, compared to the 30 to 45 % range in
conventionally manufactured parts [98]. This combination of strength and ductility represents
the advantage of PBF-LB/M, offering a promising solution to the long-standing challenge of

balancing strength and ductility in conventional manufacturing processes.

Salman et al. studied the effect of annealing heat treatment on the mechanical behavior and
phase composition of PBF-LB/Med 316L SS samples [94]. Figure 13 (a) illustrates the effect
of annealing on the stress-strain curve. The optimal balance of strength and ductility is
achieved during the as-built condition, with subsequent heat treatments not enhancing the
performance of the material. The lack of improvement is caused by decreased strength not
compensated by a corresponding increase in plastic deformation. Figure 13 (b) presents XRD
patterns for the as-built specimens and those subjected to annealing at various temperatures
for 6 hours. The peaks indicate the formation of single-phase austenite in all specimens,
regardless of heat treatment. Moreover, negligible differences in peak intensities are observed
between the as-built and heat-treated samples, suggesting minimal changes in the phase

composition after annealing.
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Figure 13. Tensile stress-strain curves for as-built PBF-LB/Med samples and specimens subjected to
annealing at different temperatures (b) XRD patterns illustrating austenite phases in as-built samples
and samples heat-treated at varying temperatures. Reproduced from Ref. [94] which is under the
licence of CC-BY 4.0.
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3.2 PBF-LB of duplex stainless steel

DSS has gained popularity over the past few decades across various industries, including
chemical and marine engineering, owing to its superior strength and corrosion resistance
compared to austenitic SS. Among the most extensively studied grades, 2507 and 2205 grades
are the primary research focus, given their widespread industrial applications. Conventionally
produced duplex SS through casting and welding have a nearly equal proportion of ferrite and
austenite phases after solidification. Since, the Creq/Nieq for DSS is higher than 1.95, the
solidification sequence for DSS is L—-L+6—0—06+y, where L, 3, and y represent liquid,

ferrite, and austenite, respectively [92].

However, the PBF-LB/M manufactured DSS has a primarily ferritic microstructure with
minimal austenite and nitride phase formation at the grain boundaries [84]. In contrast to
welding processes with power outputs ranging from 1 to 50 kW and conventional casting
processes with cooling rates on the order of 10? K/s, the PBF-LB/M operates at much lower
powers, often below 0.5 kW, resulting in a higher cooling rate of approximately 10¢ K/s [92].
This rapid cooling inhibits the transformation from d-ferrite to austenite during PBF-LB/M,

necessitating post-heat treatment to form the dual-phase structure in duplex SS samples.

The EBSD phase map depicted in Figure 14 illustrates the phase composition of the as-built
PBF-LB/Med Fe-22Cr-5Ni-0.26N DSS grade and the austenite appearance after the heat
treatment [99]. After optimizing the process parameters, specimens were printed with a laser
power of 100 W, scan speed of 700 mm/s, hatch spacing of 60 mm, and layer thickness of 30
mm, achieving a relative density of 98.78 %. Then, the samples were kept at 1000 °C, 1100
°C, and 1200 °C for 1 hour, followed by quenching in water. Since ferrite is the initial
microstructure in the as-built specimen, austenite nucleation occurs from the ferrite phase.
The volume fraction of austenite is observed to increase, reaching 60.3 vol% when heat
treated at 1000°C. However, the austenite volume fraction gradually decreases with
increasing temperature, reaching 56.6 vol. % at 1200 °C. This suggests a strong dependence
of ferrite and austenite phase fractions on heat treatment temperature. XRD peaks gave
similar results as the powder and as-built samples have only ferritic peaks, while after heat

treatment, both austenitic and ferritic peaks are observed.
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Figure 14. Phase maps obtained through EBSD analysis of the specimens: (a) as-built duplex SS, (b)
heat treated at 1000 °C, (c) at 1100°C, (d) at 1200 °C, (e) XRD patterns obtained from powder and
different specimens (a-ferrite, y-austenite). Reproduced from Ref. [99] which is under an open-access
Creative Common CC BY license.

Florian et al. studied the effect of heat treatment on the mechanical behavior of PBF-LB/Med
2205 DSS grade [100]. As shown in Figure 15, the as-built sample, having an almost entirely
ferritic microstructure, exhibits a higher ultimate strength, reaching 940 MPa, with a very low
elongation at a fracture of 12%. After heat treatment in the 1000-1200 °C range for 5 minutes,
followed by water quenching, the specimens undergo complete recrystallization, resulting in
ultimate strength ranging from 720 MPa to 770 MPa. This transformation is accompanied by
the appearance of austenite in the matrix, resulting in a duplex microstructure and improving
ductility. Therefore, heat treatment is essential for improving the mechanical properties of
DSS produced via PBF-LB/M, transitioning them from predominantly ferritic to duplex

microstructures.
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Figure 15. Tensile stress-strain curves of PBF-LB/Med 2205 duplex SS in as-built and heat-treated
conditions. Reproduced from Ref. [100], which is under the licence of CC-BY 4.0.
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3.2.1 PBF-LB/M of NiFDSS

Only two studies have been reported on PBF-LB/M of NiFDSS. Tuomas et al. conducted a
design of experiment for process parameter optimization for fabricating NiFDSS, having laser
power ranging from 110 W to 300 W in increments of 20 W, scanning velocity varied from
400 mm/s to 2000 mm/s in steps of 400 mm/s, and hatch distance ranged from 0.05 mm to
0.08 mm with steps of 0.01 mm [27]. The layer thickness remained constant throughout the
experiments at 30 um, and the laser beam diameter was maintained at 80 um. A relative
density of 98.542 9% was achieved at a laser power of 110 W, while it was 98.469 % at a laser
power of 160 W with a scanning speed of 600 mm/s and hatch distance of 0.08 mm. Similar
to the previous study on PBF-LB/M of DSS, a fully ferritic microstructure was obtained in as-
built samples. After heat treatment at 900 °C for 0.5 hrs followed by quenching, a 52%

austenitic phase was observed in the sample with 110 W laser power.

Following this study, Chinmayee et al. did another comprehensive research on evaluating and
comparing the wear behavior of NiFDSS and 316L, manufactured via PBF-LB/M, in a
simulated body fluid environment for biomedical applications [28]. The study concluded that
NiFDSS has slightly better wear resistance and is more biocompatible than 316L in the
human body environment. Building upon these two studies as the foundation, further process
parameter optimization was done in this thesis, which is discussed in more detail in Section

7.3.2.
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4 Introduction to tribocorrosion

4.1 Principles of tribology

Tribology is a field dedicated to understanding wear, friction, and lubrication when
components are subjected to loading and movement against one another [101]. The term
"tribology" was coined in 1996 and originated from the Greek word "tribos" which means
rubbing [101]. Frictional resistance is experienced at the contact points during relative motion
between two bodies. Wear is defined as the gradual loss of material due to these interactions
between contacting surfaces during relative motion, and it presents a challenge in various
engineering applications, frequently leading to the failure of components and ultimately
requiring repair or replacement [102]. Tribological interactions contribute to 23 % of
worldwide energy consumption, with friction accounting for 20 % and the remaining 3 % on
remanufacturing worn parts and equipment due to wear-related failures [103]. A better
understanding of tribology for reducing friction and protecting against wear in industrial
equipment can lead to considerable savings in energy and avoid component failure. The
factors influencing friction and wear between interacting surfaces in relative motion are called

tribological systems.
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Figure 16. Examples of tribological systems and various tribological parameters influencing the wear
and friction. Reproduced from Ref. [103], which is under the licence of CC-BY 4.0.

As shown in Figure 16, different tribological systems exist across various domains, such as
bearings, gear drives, machining tools, tires/roads, and hip joints. Tribological parameters

have been classified into three main groups [103]. The first one is operational parameters,
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which include factors related to how the tribological system operates, including the type of
motion it undergoes, the amount of weight or load acted upon, how fast it moves, the
temperature it operates at, and how long it operates. Structural parameters are based on the
materials used to fabricate the components (triboelements), the environmental conditions
under which they operate, and the lubricating medium. Interaction parameters focus on how
the surfaces interact and cover details like how the surfaces come into contact, the friction

they generate, and how much material is worn away during their interaction.

A tribometer is used to simulate real-world tribological systems in laboratory settings. This
device determines tribological properties like the coefficient of friction (CoF), friction force,
and wear volume between two surfaces in contact. Figure 17 explains the working principle of
a ball-on-disc tribometer. In this setup, a normal load () is applied by a hanging mass
opposite the study sample via strings and pulleys. A ceramic ball holder makes contact with
the sample and is called a counterbody. When the apparatus is rotated, wear tracks are formed
due to the relative motion between the ceramic ball and the sample. The user defines the wear
track radius (R) and the operation time. The lubricating medium can be chosen based on the
application. A tribometer is equipped with various sensors like strain gauges, piezoelectric
sensors, wear sensors, etc., that allow the real-time calculation of wear, CofF’, and frictional
force [103]. CoF is the ratio of frictional force (£)) experienced by the ball divided by the F.
Once the test run is completed, total wear volume or depth can be evaluated using confocal
microscopy. Wear rate, defined by wear volume divided by normal force and total sliding
distance, is often used to compare the wear resistance of two different materials. This has

been summarised in Table 1.
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Figure 17. Schematic diagram of a ball-on-disc tribometer. Reproduced from Ref. [104] which is under
an open-access Creative Common CC BY license.
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Table 1. Analysis of various tribological properties: calculations and formulas

Tribological properties Evaluation Formula
Frictional force () Tribometer Fr = CoF X F,
Coefficient of Friction Tribometer CoF = Fr
(CoF) b
Wear depth (W) Tribometer / Confocal -
microscope
Wear volume (W) Confocal microscope -
Sliding distance (D) - D = RPM X 2mR X time
Wear rate (W) - W = W,
" DXE,

Wear mechanisms are categorized into four main groups: abrasive, adhesive, fatigue, and
corrosive wear, as shown in Figure 18 [102]. Adhesive wear arises from interactions between
surfaces and asperity bonding during sliding contact. When the bonding strength at the
contact point surpasses that of the bulk material, weaker material may detach and transfer to
the counter body. As a result, one surface experiences material loss, forming irregular holes or
pits, while the counter surface gains material in the form of a transfer film. Metals, especially
those lacking oxide formation, are particularly prone to adhesive wear. Moreover, material
toughness plays a crucial role, as materials prone to deformation readily adhere to each other,
forming a larger contacting surface where bonding occurs during sliding. Fatigue wear occurs
when repeated stress cycles lead to gradual damage on a surface, resulting in surface
deformation or fracture over time. Corrosive wear happens when chemical reactions alongside

mechanical wear degrade a surface, leading to material loss and part failure [105].

Abrasive wear results in high wear rates and involves multiple indentations of hard asperities
from the counter body into a softer material, commonly associated with sliding hard particles
over a smoother surface, resulting in damage through plastic deformation at the interface
[102]. These hard particles can originate from processing, hard inclusions, or reaction
products formed during sliding. Abrasive wear exists in two primary forms: cutting mode,
where wear debris in the form of chips is produced, and plowing, which leaves grooves in the
softer material. Such abrasive action is prevalent in materials exhibiting non-brittle behavior,

like most metals, but can also occur in multiphase materials with soft matrices embedding
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hard phases. Abrasive wear can be classified as two-body or three-body wear, depending on
the number of interacting bodies involved in the abrasion process. Two-body abrasion occurs
in mechanical operations like grinding and cutting, while three-body abrasion involves hard

abrasive particles acting as interfacial third-body elements.

Adhesive wear

Corrosive wear

surface
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Figure 18. Schematic diagram explaining different wear mechanisms. Reproduced from Ref. [106]
which is under an open-access Creative Common CC BY license.

4.2 Electrochemistry of corrosion

Corrosion is defined as the deterioration of a material or its functional properties due to
chemical reactions with the surrounding environment [107]. It involves irreversible interfacial
reactions between a material and its environment, resulting in material loss or the dissolution
of environmental constituents into the material [108]. This phenomenon is especially common
in metals, which are prone to chemical reactions that lead to corrosion. A common example of

corrosion is the rusting of iron that gradually deteriorates the material properties over time.

In an aqueous solution, metals release electrons and get oxidized, whereas the released

electrons are taken by dissolved oxygen or the protons present in the solution, i.e.
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M — M"" +n ¢ (Oxidation)
Oz + 2H20 + 4e” — 40H" (Reduction)
2H" +2¢” — H> (Reduction)

Most metals, especially stainless steels, are passive since they form a protective oxide coating
on the surface that prevents any interaction of underlying metal to the corroding environment
(Figure 19). Therefore, as shown in Figure 19, in passive conditions, the oxidation/reduction
reactions occur via an intermediate phase where the metal reacts with oxygen from water,
forming a metal oxide [108]. Subsequently, the metal oxide dissolves, releasing dissolved
metal ions (M™) into the surrounding medium. The overall reaction rate is restricted by the
sluggish movement of ions through the passive film and further interaction with the solution

at the interface.
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Figure 19. Corrosion phenomena taking place in a passive metal. Reproduced from Ref. [108], which
is under the licence of CC-BY 4.0.

Various forms of corrosion exist, including uniform, crevice, pitting, galvanic, stress
corrosion cracking, intergranular, and erosion corrosion [109]. Uniform corrosion results in
material loss occurring consistently across the entire surface. Pitting corrosion involves
localized attack in passive metals due to surface imperfections and aggressive anions, such as

Cl” in marine environments.

The study of electrochemical reactions, such as the corrosion rate at the metal-solution
interface, is based on electrochemistry principles. Without external factors, corrosion systems
act as self-driven electrochemical setups that are short-circuited, where both anodic and
cathodic reactions occur on the same surface (check Figure 20). So, in conclusion, metal
corrosion involves an internal flow of current between the oxidation site (anode) and the

reduction site (cathode) as electrons are transferred between them.
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Corrosion system

Figure 20. Electrochemical cell formed during metal corrosion. Reproduced from Ref. [110], which is
under the licence of CC-BY 4.0.

As outlined by Faraday's law, the amount of metal that undergoes an electrochemical reaction
is directly related to the electric charge transferred across the electrode and electrolyte
interface [108]. Hence, the corrosion rate is directly proportional to the current (the flow of
electrons) passing through the interface. So, the corrosion rate is determined by the formula-
3)

i
C J te(C.R.)) =—
orrosionrate ( ) =

where '1' represents the current passing over the surface area of the anode, 'n' stands for the
stoichiometric coefficient of electrons, while 'F' represents Faraday's constant, which is equal
to 96,485 C/mol. The mass loss rate of metal under a corrosive environment is dependent on

the C.R., atomic mass of the metal, and its density and is defined as-

3.276 X i X Atomic Mass 4)
nF X Density

Mass loss rate (mm/year) =

Electrochemical Impedance Spectroscopy (EIS) is a widely recognized quantitative approach
to finding metal corrosion rates. Figure 21 explains a general EIS setup consisting of three
electrode systems connected to a potentiostat [111]. The working electrode (WE) denotes the
metal under investigation for corrosion in contact with an aqueous solution. The reference
electrode (RE) is typically a glass capillary with an open tip containing a standard electrolyte
(Ag/AgCl or Hg/HgyCl, solution) and provides a constant potential for the setup. The counter
electrode (CE) serves as an additional interface dedicated to functioning as an anode or a
cathode for this electrochemical setup. Platinum wires or graphite rods are commonly used as
counter electrodes. To examine the corrosion kinetics of the WE, a constant potential of the

WE is maintained relative to the RE while determining the current density under these
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conditions. By employing a potentiostat, a range of potentials is applied to investigate how

changes in potential affect the corrosion rate.

Potentiostat
CE RE WE

@ ® @

\

CE : Counter Electrode | Connection terminal |
RE : Reference Electrode
WE : Working Electrode | Connection Cable |

| Specimen

Corrosion test cell
3.5 wt% NaCl Solution

WE

Figure 21. Experimental setup for EIS to measure corrosion rate. Reproduced from Ref. [111] which is
under an open-access Creative Common CC BY license.

When the potentiostat has applied a range of potentials, the overall current, which consists of
both anodic and cathodic current, is measured, as shown in Figure 22 (a). For calculating
corrosion current (Icorr), the logarithmic magnitude of the current is taken on the X-axis
(Figure 22 (b)). This kind of graph is called a polarization curve. The slope of each half of the
modified curve is calculated and referred to as tafel slopes (4, fSc). At the extreme points, both
curves show linear behavior, a mathematical equation for a line with a linear slope is derived,
and the intersection of two lines gives the value for /.. (Figure 22 (¢)). The magnitude of this
current (/.o-) 1s used to calculate the corrosion rate. Open circuit potential (OCP) is the
potential (Ecor) at Leor. The OCP is generally defined as the electrode potential of a WE
compared to the RE in the absence of applied potential or electric current in the
electrochemical cell. It indicates the ability of a metal to passivate in a corrosive environment

[112].
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Figure 22. (a) Plot of anodic and cathodic current w.r.t to the applied potential, (b) Tafel plot consisting
of a logarithmic magnitude of current on X-axis, (c) Equations used to derive Ecor and lcorr.
Reproduced from Ref. [113] which is under an open-access Creative Common CC BY license.

4.3 Synergy of tribology and corrosion- Tribocorrosion

Tribocorrosion occurs when material degradation arises from the simultaneous effects of both
corrosion and wear. Metals like stainless steel have a passive oxide layer that protects them
from corrosion. However, when this passive layer gets damaged due to wear, cracking, or
deformation, it triggers accelerated corrosion on the exposed surface [114]. This leads to
corrosion occurring at a higher rate in the depassivated area until the passive layer is restored,

as shown in Figure 23.
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Figure 23. Schematic diagram explaining the cyclic process of depassivation and repassivation
leading to wear-accelerated corrosion. Reproduced from Ref. [114], which is under the licence of CC-
BY 4.0.

An illustration of a tribocorrosion system is seen in Figure 24 - an excavator operating in an
open-air environment. During idle periods, water from rain or moist ground triggers corrosion
of the excavating components. Additionally, when the excavator is in action, the bucket teeth
engage with dry ground and endure wear from abrasion caused by hard rocks or sand. During
rainy weather, wear and corrosion occur simultaneously, leading to a case of tribocorrosion.
Thus, tribocorrosion represents the simultaneous occurrence of wear and corrosion, a
phenomenon encountered across various industrial applications needing detailed exploration

and study [115].

I | operating L N operating |
Wear Wear

+
corrosion

corrosion

Figure 24. An example of a tribocorrosion system. Reproduced from [115], which is under the licence
of CC-BY 4.0.

In marine environments, various components, such as offshore oil and gas pipelines, tidal
drilling equipment, anchors and connectors for mooring systems, wind turbines, rotor blades,
boat propeller shafts, etc., are exposed to corrosive conditions due to the saline environment.
They also experience abrasion wear from sliding and fatigue caused by tidal waves, offshore
wind, and vessel movements. This leads to a tribocorrosion system, resulting in material

removal, surface degradation over time, and mechanical integrity loss [115].
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Figure 25 represents a laboratory setup that simulates a tribocorrosion system consisting of a
tribometer and an EIS cell. As discussed in section 4.1, a counter load is applied to have
contact of the alumina ball against the metal surface. The user decides the wear track
diameter, RPM, and the surrounding medium. EIS setup monitors current against different
applied potentials using a three-electrode system. Generally, a static corrosion test is
performed in which load is not applied, and the entire setup is static. This gives the corrosion
rate in static conditions, i.e., no wear-accelerated corrosion. The next stage is to perform a
corrosion test under dynamic conditions, i.e., with load and the setup rotating for a certain
duration, resulting in wear-accelerated corrosion. With this setup, Wa, W., CoF, W\, Leorr,

OCP, and C.R. can be evaluated simultaneously.

POTENTIOSTAT
Reference electrode
Ball on disc LOAD (Ag/AgCl) RE AE WE
tribometer ~ o @

Auxiliary electrode
(Platinum)

Alumina ball &
holder (Nylon)
(Stationary)

Working electrode
(Test sample)

Tribocorrosion V
(Teflon)

(Rotatory)

Electrolyte

Figure 25. Schematic depicting a ball-on-disc experimental setup for tribocorrosion. CE is also known
as an auxiliary electrode (AE). Reproduced from Ref. [116] which is under an open-access Creative
Common CC BY license.

Stendal et al. compared the tribocorrosion behavior of PBF-LB/Med 316L with its wrought
counterpart in a 0.9 wt% NaCl solution. PBF-LB/Med 316L samples showcased higher wear
resistance, better passivation capacity, and higher resistance to pitting corrosion [117]. Gao et
al. studied the tribocorrosion behavior of wrought 2205 duplex SS in an artificial seawater
environment with a pH of 8.2 [118]. Both static and dynamic condition-based corrosion tests
were performed. The load was varied from 100 N to 300 N. The reciprocating speed was
maintained at 20 mm/s, and the duration was 30 minutes. A higher corrosion rate was

observed with increasing load due to increased corrosion current, as shown in Figure 26. So
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far, no study has been reported on tribocorrosion study of a duplex SS manufactured via PBF-

LB/M.

Potential (V) vs Ag/AgCl

1.5 +

1 2205 duplex stainless steel

-
o
1
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Sliding:60min,2HZ

e
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Lo HA 0.0421 0.106 0.161 0.261

Figure 26. Polarization curve in static condition (no sliding) and dynamic loading conditions along with
the calculated Ecorand /lcorvalues. Reproduced from Ref. [118], which is under the licence of CC-BY

4.0.
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5 Aim and purpose of the experimental part

The study aims to assess whether PBF-LB/M manufactured NiFDSS can serve as a viable
alternative to 316L for marine applications. The goal is to determine the wear and corrosion
resistance of PBF-LB/Med NiFDSS compared to 316L under static and dynamic conditions in
an artificial seawater environment. Additionally, the purpose is to investigate the influence of
heat treatment (HT)-induced phase transformation on the tribological behavior and corrosion
resistance of PBF-LB/Med NiFDSS. As shown in Figure 27, this study has been planned in
four stages.

Power characterization & sample fabrication

* SEM analysis of powder

* Powder size distribution

* Parameter optimization

* Density measurement
* Surface roughness measurement

STAGE 1

ThermoCalc Simulation & heat treatment of NiFDSS
* Phase diagram simulation
* Heat treatment at 950 °C, followed by quenching

STAGE 2

Material characterization of as-built 316L, as-
built NiFDSS, and HT NiFDSS

* XRD analysis

* EBSD imaging

* Vickers microhardness test

Tribocorrosion Testing

* Corrosion test in static condition

* Corrosion test in dynamic condition

* Wear track imaging & profiling

* Wear vol., wear rate, and CoF evaluation

STAGE 4

1111

Figure 27. Different stages involved in the experimental part of the thesis.

As Figure 27 shows, stage 1 includes powder characterization and sample fabrication. SEM
will be performed to analyze the powder morphology and size. Powder size distribution
(PSD) will give the range of powder sizes present and the percentage of particles within
specific size ranges. Performing these characterizations will help in understanding the
characteristics of the powder, such as its flowability and packing density. The next stage in

Figure 27 is to manufacture the sample via PBF-LB/M. For 316L, an optimized set of



43

parameters is already available in the PBF-LB/M printer database. However, NiFDSS is a
novel material, and its process parameters must be optimized to fabricate defect-free parts. So,
parameter optimization will be performed, and based on visual inspection and relative density
measurements, the optimal parameter will be chosen to print NiFDSS samples. Surface
roughness measurement will be done on printed specimens to understand the built quality and

surface finish achieved via PBF-LB/M.

Stage 2 study, as shown in Figure 27, will be based on ThermoCalc simulation of the NiFDSS
phase diagram. A heat treatment operation will be performed at a selected temperature on as-

built NiFDSS samples, based on ThermoCalc results, using a box muffle furnace.

Stage 3 (see Figure 27) will be based on a detailed study of material characterization of as-
built 316L, as-built NiFDSS, and HT NiFDSS samples. XRD will be done to understand the
phase composition of powders as well as the three different sample types. EBSD imaging will
reveal the percentage composition and distribution of phases in the matrix of the specimens.

Vickers microhardness test will be done to understand the mechanical properties.

In stage 4, the main theme of this study, as seen in Figure 27, i.e., tribocorrosion tests, will be
performed in a seawater environment. At first, a static corrosion test will be done to compare
the passivity and anti-corrosion properties of as-built 316L against NiFSS in as-built and HT
cases. The next half will be on conducting corrosion rate evaluations in dynamic conditions.
Wear track imaging, W,, W,, and CoF will also be evaluated simultaneously. These data can
then be used to compare the wear and corrosion resistance of 316L and NiFDSS in marine

environments.
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6 Experimental setup

Table 2 provides a detailed overview of the various equipment used in this study. Each item

listed is accompanied by an image and a description of its application.

Table 2. Various equipment used in this study, along with their images and applications. Reproduced
from Ref. [119—125], which is under an open-access Creative Common CC BY license.

Equipment Image Purpose of use

Thermo Scientific I - - For capturing high-
Apreo 2 SEM df resolution images of
setup powder particles.
For analyzing
Malvern MS3000 particle size
distribution.
Aconity MIDI+
system
(equipped with To fabricate samples
400 W SM fiber via PBF-LB/M

laser, F-Theta
optics, and a 3D

scanner)
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Thermo-Calc

software package

Thermo-Calc
Software

To predict the
stability of various
phases in NiFDSS

over a wide

temperature range

To detect various

Malvern phases present in as-
Panalytical built 316L, as-built
Empyrean NiFDSS, and HT

XRD NiFDSS using X-ray
diffraction.
To evaluate Vickers
Falcon 608 microhardness of

hardness tester

different samples.

Bruker Alicona
Infinite Focus G6
confocal

microscope

For predicting the
surface roughness of
as-built samples, W,

measurements and

wear profile imaging




Zeiss Crossbeam
540 SEM and an
EDAX Hikari
Plus EBSD

detector
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Densimeter H-

3000s

To evaluate the
percentage of
different phases and
their distribution in

the microstructure.

Nabertherm box

muffle furnace

For measuring

relative density %

Tribocorrosion
setup consisting
of DUCOM POD
4.0 tribometer
and IviumSoft
Vertex

potentiostat

For performing heat
treatment of as-built

NiFDSS samples

To perform
tribocorrosion test
on as-built 316L, as-
built NiFDSS, and
HT NiFDSS in an
artificial seawater

environment




47

7 Experimental procedure

7.1 Materials used

316L gas-atomized powders used in this study were supplied from SLM Solutions Group AG.
NiFDSS gas-atomized powders were purchased from Sandvik Osprey Ltd. Table 3 highlights
the information about the chemical composition of the powders as provided by the

manufacturers.

Table 3. Chemical composition of 316L and NiFDSS in wt. %

316L: Cr Mn Mo Si N C S P Ni (0] Fe
) 1784 090 243 064 010 0.020 0.01 0.007 125 0.02 Balance
NIFDSS: Cr Mn Mo Si N C S P Ni (0] Nb Co Fe
’ 17.3 1140 3.24 0.7 0.177 0.028 0.005 0.017 0.10 0.156 0.01 0.01 Balance

7.2 Powder characterization

PSD was calculated using a laser diffraction technique to obtain the distribution curve. The
experiments were performed twice to increase the accuracy of the result. Figure 28 illustrates

the SEM images of the powder particles along with the PSD curves.

200 D10- 20 pm
D50- 31.5 pm
D90- 49.3 pm

T T
0o o1 10 100 1000 10000 100000

D10- 17.9 ym
D50- 28 pm
D90- 44.6pm

Figure 28. (a) SEM image of 316L powder, (b) PSD curve of 316L powder, (c) SEM image of
NiFDSS powder, (b) PSD curve of NiFDSS powder.

The powder particles exhibited a spherical shape with slight protrusions, as depicted in Figure
28 (a, c¢). The D10, D50, and D90 values in the PSD curves (Figure 28 (b, d)) represent the

particle diameters at which 10%, 50%, and 90% of the particles are smaller than or equal to
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those diameters and their lower values for NiFDSS powders compared to 316L indicated that

the NiFDSS particles were smaller in size.
7.3 Sample fabrication via PBF-LB/M

During sample fabrication, argon supply was maintained in the build chamber to keep the
oxygen level below 500 ppm. Two distinct sets of samples were fabricated for various
purposes in this study: the first was cylindrical samples measuring 15 mm in height and 30
mm in diameter, used for process parameter optimization and material characterization, and
the second, cylindrical discs with a diameter of 60 mm and a height of 11 mm, for

tribocorrosion testing.
7.3.1 PBF-LB/M of 316L

For 316L, the process parameters were available in the Aconity database. Laser power of 150
W, scanning speed of 900 mm/s, hatch distance of 0.08 mm, layer thickness of 0.03 mm, and
laser spot diameter of 80 um were used to fabricate 316L samples (check Figure A 17). As
shown in Figure 29, a stripe-hatching pattern scanning strategy was used to fabricate all
samples used in this study. The stripe width was 5 mm, and the scanning direction was rotated
by 67° for each consecutive layer to ensure that the thermal gradients changed direction,

leading to reduced and evenly distributed residual stresses to prevent cracking in parts.

Stripe width

67°
Layer (n)

Layer (n-1)

Previous layers

Figure 29. Schematic illustration depicting the stripe hatching pattern scanning strategy, with a rotation
of 67° between consecutive layers. Reproduced from Ref. [126] which is under an open-access
Creative Common CC BY license.

* Check Appendix 2 for this image.
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7.3.2 Process parameter optimization of NiFDSS

Tuomas et al. optimized the process parameters of NiFDSS manufactured via PBF-LB/M
[27,127]. The optimized parameters were 110 W or 160 W for laser power, scanning speed at
600 mm/s, layer thickness of 0.03 mm, and hatch distance of 0.08 mm. Initial sets of samples
were fabricated using these parameters. Using these samples as the reference, a new design of
experiment was adopted. Relative density measurement was performed on each sample to find
the porosity %. Samples were weighed both in open air and immersed in distilled water. The
optimal laser power for PBF-LB/M of NiFDSS was chosen based on relative density data and
visual inspection. The surface roughness of the as-built 316L sample and as-built NiFDSS

with the optimized parameter was also evaluated.
7.4 Heat treatment of as-built NiFDSS

Figure 30 shows the volume fraction of various phases in NiFDSS over a temperature range.
The X-axis represented the temperature range, whereas the Y-axis depicted the stability of
different phases (a, v, sigma, chi) by giving their volume fractions. Based on the obtained
graph, 950 °C was chosen as the heat treatment temperature as both o and y phases will be
present in the matrix, resulting in a duplex structure. Also, undesirable sigma, chi, and other
intermetallic will not precipitate at this temperature. The heat treatment was performed in an
ambient atmosphere. The specimens were subjected to a heating rate of 10 °C/min until
reaching 950 °C, where they were kept for one hour. After that, samples were taken out and

quenched in water.
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TCFE10 : Fe, Cr, Mo, Si, N, C, Co, S, P, Ni, O, Nb, Mn
Pressure [Pa] = 100000.0, System size [mol] = 1.0, Mass percent Cr =
17.3, Mass percent Mo = 3.24, Mass percent Si = 0.7, Mass percent N =
0.177, Mass percent C = 0.028, Mass percent Co = 0.01, Mass percent
S = 0.005, Mass percent P = 0.017, Mass percent Ni = 0.1, Mass
percent O = 0.156, Mass percent Nb = 0.01, Mass percent Mn = 11.4
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Figure 30. Phase fraction of NiFDSS over different temperature ranges (BCC- a, FCC-y).

7.5 Material characterization of samples

For the Vickers microhardness test and XRD, as-built 316L, as-built NiFDSS, and HT
NiFDSS samples underwent grinding from coarse 80-grit size to fine 4000-grit size using SiC
papers. Then, the samples were polished using diamond suspensions of 3 pm, 1 um and 0.25
um. Vickers microhardness test was performed with the HV1 scale, and a dwell time of 10
seconds was used in the study. For each sample, eight hardness measurements were taken.
XRD analysis was conducted on powders, as-built samples, and HT sample using Cu-Ka

radiation to collect data within a 20 range spanning from 20° to 90°.

For EBSD analysis, cross-sectional samples were embedded in conductive resin, ground using
SiC papers, and polished to achieve a mirror-like surface finish employing 0.02 pm oxide

polishing suspension. EBSD analysis parameters included 20 keV energy, 3 nA current, and a
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15 mm working distance. A scanning step size of 300 nm was used. EBSD inverse pole figure

and phase maps were subsequently examined.
7.6 Tribocorrosion tests

For tribocorrosion testing, as shown in Figure 31, a ball-on-disc tribometer was employed in
conjunction with a three-electrode setup and a potentiostat. Two monitors were used to
measure wear and corrosion rates simultaneously. The sample to be tested was connected as
WE. Platinum wire and Ag/AgCl (3M) were used as CE and RE, respectively. Before the
tribocorrosion test, samples were ground to 4000-grit SiC paper and then polished using
diamond suspensions (3 um, 1 um, and 0.25 pm) to obtain a mirror finish (i.e. surface
roughness < 1 um). After that, the polished samples were ultrasonicated in acetone and
ethanol solution to ensure no contamination. A 0.6 M NaCl solution was used to prepare

artificial seawater, the pH of which was adjusted to 8.2 by adding 0.1 M NaOH [118,128].

Three electrodes setup Corrosion rate

monitoring

Real time wear

measurement
Tribology setup

Potentiostat

i

Figure 31. Tribocorrosion setup used in this study.

7.6.1 Corrosion test in static condition

A corrosion test in static condition was performed first, i.e., without counter load and rotation.
Ten minutes were allocated to stabilize OCP. The polarization scan ranged from -0.8 V to
+0.8 V. Scan rate of 0.5 mV/s was used, and the potential step size was 0.1 mV. After the
test, polarization curves were obtained for as-built 316L, as-built NiFDSS, and HT NiFDSS.
A model data analysis tool was used to analyze the curves to attain the corrosion rate, and it is
available with the IviumSoft software package. The surface area exposed to the corrosion

environment, equivalent weight, and density values were fed into the software, and the
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corrosion rate was automatically calculated (see Figure A 3*). For all the samples, the exposed
surface area to the seawater was 25.05 cm?. Equivalent weight was calculated according to
ASTM Designation G: 102-89 [129]. The calculated equivalent weight for NiFDSS was
25.558 g, while for 316L, it was 25.564 g. Based on the chemical composition of 316L and
NiFDSS, the theoretical density was 7.9 g cm™ and 7.73 g cm™, respectively. Finally, the

corrosion rate of all the samples was obtained.
7.6.2 Corrosion test in dynamic condition

To replicate tribocorrosion conditions, a 6 mm diameter alumina ball positioned in a holder
was brought into contact with the sample, applying a counter load of 60 N on the opposite
end. The setup was rotated with 10 RPM, and the selected wear track diameter was 6 mm.

The tribology test was performed for 56 minutes. After 2 minutes from the start, corrosion
rate monitoring was initiated. Similar to the static condition, the polarization scan ranged from
-0.8 V to +0.8 V with a scan rate of 0.5 mV/s and a potential step size of 0.1 mV. The
corrosion rate under a wear-induced dynamic environment was calculated using IviumSoft

software with a similar approach.

The plot of CoF variation was obtained in real-time using DUCOM monitoring software. W,
was determined by conducting optical profilometry on the wear scars using the MetaMax
software of Bruker Alicona Infinite Focus G6, which was also used to capture wear track

images (check Figure A 4%). W,.was calculated using the formula mentioned in Table 1.

* Check Appendix 2 for this image.
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8 Results and discussions
8.1 Optimized process parameters for NiFDSS

Figure 32 shows the samples fabricated with previously optimized parameters by Tuomas et
al. [28]. As shown in Figure 32 (a), delamination between the layers with a 110 W laser
power was observed, indicating a lower VED than required. Conversely, with 160 W (see
Figure 32 (b)), over-melting and distortion were observed in the samples, indicating higher

VED than the optimal value.

Figure 32. (a) Sample with 110 W laser power (b) Sample with 160 W laser power.
Figure 33 illustrates the new design of the experiment adopted in this study. To find the

optimal VED for getting crack-free and denser samples, the laser power parameter was varied
from 110 W to 160 W with a step size of 10 W. Other process parameters were kept constant
as varying them will increase the experimental work and is beyond the scope of this thesis. In
the first trial, eleven specimens were fabricated (see Figure 33) using the abovementioned
parameters. Six parameters were selected for the second trial based on visually examining

cracks and delamination in the as-built specimens (see Figure A 2%).

* Check Appendix 2 for this image.
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1. Power= 110 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 76.3 J/mm?

2. Power= 115 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 79.86 J/mm?
3. Power= 120 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 83.30 J/mm?
4. Power= 125 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 86.80 J/mm?
5. Power= 130 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 90.27 J/mm?
6. Power= 135 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED=93.75 J/mm?
7. Power= 140 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED=97.22 J/mm?
8. Power= 145 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 100.69 J/mm?
9. Power= 150 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 104.16 J/mm?

10. Power= 155 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 107.63 J/mm?

11. Power= 160 W, Speed=600 mm/s, Hatch= 0.08 mm, Layer thickness= 0.03 mm, VED= 111.11 J/mm?

Figure 33. Design of experiment to find the optimal process parameters. The blue marker boxes
represent parameters from the previous study, while the orange markers denote parameters selected
for further optimization in this investigation.

Figure 34 represents the samples fabricated after the first trial in which the laser power varied
from 110 W to 160 W while other process parameters were kept constant. Visual analysis of
the as-built samples revealed minimal cracks between 140 W and 160 W, with no signs of
delamination. At 150 W, holes were observed along the curved surface. Hump formation was
evident across all samples, particularly pronounced between 145 W to 160 W and less
prominent at 120 W. Some issues with the recoater of the Aconity MIDI+ led to non-uniform
powder distribution across the build plate, which resulted in missing areas between the
support and the build part for samples processed at 110 W, 115 W, 130 W, and 135 W. The
first attempt concluded that 140 W was the optimal laser power as there were no signs of

burning, distortion, or deformation due to residual stress in the sample.
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Figure 34. As-built NiFDSS specimens manufactured with varying laser power from 110 W to 160 W.

Based on the observation of the first trial, for the second attempt, samples were fabricated
with laser power from 120 to 145 W. During the second attempt between 120 W to 145 W, it
was observed that cracks disappeared after 135 W, indicating that the optimal power range
lies between 135 W to 145 W. Cracks were observed in samples processed at 120 W, 125 W,

and 130 W. Therefore, the conclusion was in alignment with the first attempt.

Figure 35 (a) represents the calculated density of PBF-LB/Med NiFDSS samples with varied

laser power. For 140 W laser power, the maximum density of 7.64 g/cm® was noted. The
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theoretical density of NiFDSS based on chemical composition was 7.73 g/cm’. So, the

relative density (RD) of the 140 W laser samples can be evaluated as-

RD (%) = Calculated density « 100 (5)
* 7 Theoretical density

_ 7.640
i.e.RD (%) = ——= x 100 = 9883 %

Therefore, based on visual and RD measurements, 140 W was selected as the optimal laser
power to fabricate defect-free NiFDSS samples. PBF-LB/Med NiFDSS samples fabricated
with optimized parameters (140 W laser power, 600 mm/s scanning speed, hatch distance
0.08 mm, and layer thickness of 0.03 mm) are shown in Figure 35 (b). Compared to the
previous study by Tuomas et al. [27,28], in which RD of 98.542 % was achieved with a laser

power of 120 W, in this study, with a laser power of 140 W, RD of 98.83 % was obtained.

Cal. Density
(gmicm?)

1ow 7559
15W 7512
120W 7586
125W 7533
130 W 7549
135 W 7533
145 W 7538
150 W 7.561
155 W 7562

a. 160w 7584

Figure 35. (a) The calculated density of as-built NiFDSS samples using Densimeter based on
Archimedes’ principle, (b) NiFDSS samples fabricated with the optimized process parameters

Using a similar approach, the RD of as-built 316L samples, whose process parameters were
available in the Aconity database, was calculated at 99.80 %. So, in comparison, PBF-
LB/Med 316L had fewer defects than as-built NiFDSS samples. More optimization works
need to be done to attain a relative density of more than 99.5 % for NiFDSS.

Figure 36 illustrates the variance in the surface topography of the fabricated 316L sample and
NiFDSS sample with the optimized parameter. More peaks and valleys were observed in

316L samples, showcasing surface irregularities compared to NiFDSS. The calculated surface
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area roughness (Sa) by averaging the data obtained from six different regions was 11.26 +
0.23 pm for 316L and 8.68 £+ 0.34 um for the NiFDSS sample. The higher surface roughness
for 316L can be due to the bigger particle size, as PSD determines the surface finish, as

coarser particles in the powders lead to a rougher surface [130].

a. 316L

_ 249rT0amn

pm

= 0160832 0mm
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30-

A0

b. NiFDSS

pm

Figure 36. Surface topography of (a) as-built 316L (b) as-built NiFDSS, obtained using Alicona
confocal microscopy

8.2 Microstructure and phase analysis

Figure 37 illustrates the phase composition of powder particles and samples used in this
study. For 316L, both powder and as-built specimen had only austenitic peaks. In the case of
NiFDSS, the powder and as-built sample had ferritic peaks. This is because while NiFDSS
powders were gas-atomized from molten metal, austenite could not emerge into the matrix
due to a very high cooling rate during solidification. A similar scenario occurred during PBF-
LB/M of NiFDSS. Due to the cooling rate in the range of 10° to 10°K/s, a fully ferritic
microstructure was retained. However, when the NiFDSS samples were HT, the austenite
phase emerged into the microstructure from the ferritic grain boundaries, resulting in the

detection of both austenite and ferrite peaks during XRD.
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Figure 37. XRD peaks representing different phases present in 316L powder, as-built 316L sample,
NiFDSS powder, as-built NIFDSS sample, and HT NiFDSS sample.

EBSD imaging shown in Figure 38 supports a similar analogy. The as-built 316L had 99.9 %
austenite in the matrix, while the as-built NiFDSS had 98.8 % ferrite phase. After HT, as
shown in Figure 38 (c), a duplex microstructure was obtained, containing 61.4 % ferrite, 34 %
austenite, and 3.8 % unwanted sigma phase, which is detrimental to the corrosion and
mechanical properties [131]. HT, followed by quenching, could not completely avoid the
precipitation of the undesired intermetallic sigma phase for DSS.

Phase

Il Austenite
B Ferite

N -
As-built 316L As-built NiFDSS HT NiFDSS
99.9 % austenite phase 98.8 % ferrite phase 61.4 % ferrite phase
0.1 % ferrite phase 1.2 % austenite phase 34.8 % austenite phase

3.8 % sigma phase

Figure 38. EBSD phase mapping of the specimens. Red indicates the austenite phase, green
represents the ferritic phase, and small dark red dots are the sigma phase.
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The graph in Figure 39 compares the hardness of different samples, with as-built NiFDSS
showing the highest hardness due to its fully ferritic structure. The ferrite phase has higher
hardness than austenite [127,132]. Since the HT NiFDSS had both phases in the
microstructure, it had hardness values between those of the as-built NiFDSS and as-built

316L.

399

316L NiFDSS NiFDSS HT

Figure 39. Comparison of Vickers microhardness of as-built 316L, as-built NiFDSS, and HT NiFDSS.

8.3 Tribocorrosion study
8.3.1 Wear analysis

In Figure 40, the wear track profile has been used to analyze the variance of wear depth. For
316L, uniform wear took place, as illustrated by the color map, as the dark pink area (the high
wear zones) was scattered uniformly across the wear scar. However, localized wear had taken
place for NIFDSS and more extreme for HT NiFDSS, as evidenced by the dark pink patches

across the wear track.
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Figure 40. Wear track profile for analyzing the wear depth.

Figure 41 includes the images captured in the wear track area for the different samples. Wear
tracks observed in Figure 41 explain the mechanism of wear. As seen in Figure 41 (a), metal
chips were in the center of the wear track, pointing toward plastic deformation and adhesive
wear. Abrasive wear also occurred as grooves were noticed along the wear direction. In the
case of NiFDSS and HT NiFDSS, grooves were intense, and there were no metal chips,
proving that the wear mechanism is fully abrasive due to the brittleness of the specimen.
Further, there was a complete removal of metal particles from some regions, and, as shown in
Figure 41 (c), those regions were bigger in the case of HT NiFDSS. This analysis aligns with
the wear depth profile shown in Figure 40 (c). SEM analysis was planned to understand the

wear mechanism in more detail. However, due to time limitations, it could not be performed.
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316L NiFDSS

Figure 41. Wear track imaging to understand the wear mechanism.
Table 4 showcases the wear volumes determined for each sample to calculate the wear rate
(W,). W, can be evaluated using the formula previously mentioned in Table 1. The applied

normal force (F) is 60 N, and the total distance covered in this study is-

Total distance (D) = RPM X 2R X time (6)
i.e.D = (10 x 2% 3.14 X3 x 56) mm = 10550.40 mm

Table 4. Calculated wear volume of the samples used in the study.

Sample Wear volume (in mm?)
As-built 316L 0.020
As-built NiFDSS 0.025
HT NiFDSS 0.030

Figure 42 represents the evaluated W, for the specimens. The W, of HT NiFDSS was
maximum, followed by as-built NiFDSS and as-built 316L. The data proves the analysis done
so far as the localized wear for NiFDSS in both conditions had increased its W, compared to
316L, which had uniform wear taking place. This study confirms that 316L has better wear
resistance than NiFDSS in both conditions since NiFDSS undergoes brittle fracture during the
wear test. Wear behavior also depends on the RD. The wear resistance can be enhanced if

more process optimization is performed to obtain a defect and crack-free NiFDSS sample.
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Figure 42. Wear rate comparison of as-built 316L, as-built NiFDSS, and HT NiFDSS

Figure 43 describes the variations in CoF during the tribocorrosion study. As shown in Figure
43, as-built NiFDSS had the lowest CoF, which can be attributed to its higher microhardness
compared to 316L and HT NiFDSS. The CoF values oscillated for 316L, and for HT
NiFDSS, the CoF values increased, remained stable, decreased, and increased to the stable
value again. The reason behind this variation is unclear yet, and a more detailed analysis

needs to be done.

—— HT NiIFDSS
. —— NiFDSS
0.6 —316L

Coefficient of friction (CoF)

0.0+

r—rrrTrrTrTr T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (Minutes)

Figure 43. Variation of CoF during the wear test.
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8.3.2 Corrosion test in static condition

Figure 44 (a) illustrates the polarisation curves obtained to study the corrosion behavior. 316L
showcased the maximum passivation potential, i.e., OCP under a seawater environment,
followed by NiFDSS and HT NiFDSS. As shown in Figure 44 (b), /co- was the minimum for
HT NiFDSS; thereby, it had the minimum corrosion rate (C.R.) as .o is directly proportional
to C.R. NiFDSS has a higher PREN value of 30.824 compared to 24.459 of 316L. So, the as-
built NiFDSS outperformed the as-built 316L in corrosion resistance. Upon HT, due to the
formation of a duplex phase that further enhanced the resistivity against corrosion, the C.R. of

HT NiFDSS was less than 50 % of as-built NiFDSS and 62 % than that of as-built 316L.

—— 316L
—— NiFDSS
— HT NiFDSS
-4 -
(&]
<
& -
3
[®)]
S 7]
-8 -
-1.0 | -0|.8 l -0'.6 l -OI.4 | -0[.2 | OTO l 0?2 ' OT4 l 0?6 ' 018 | 1?0
a. Voltage (V)
OCP (V) -0.075 -0.102 -0.123
lor(Alcm2) 178 x 108 1.295 x 106 0.6457 x 10©
b. C.R. (mm/year) 0.019 0.014 0.007

Figure 44. (a) Polarisation curves of 316L, NiFDSS, and HT NiFDSS in an artificial seawater
environment (0.6 M NaCl) with pH 8.2 under static conditions, (b) The obtained data from evaluating
the curves using lviumSoft software, comparing the OCP, Icor, and C.R.
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8.3.3 Corrosion test in dynamic condition

Figure 45 (a) describes the polarisation curves obtained under dynamic conditions, i.e., wear-
induced corrosion. The setup containing the samples had a 10 RPM rotation against the
counter load of 60 N, resulting in accelerated wear against the alumina ball. As-built NiFDSS
had higher passivation potential in dynamic conditions. Following a similar trend in the case
of the static condition, as shown in Figure 45 (b), HT NiFDSS had the least C.R. followed by
as-built NiFDSS and as-built 316L.

—316L
- —— NiFDSS

3 ——HT NiFDSS
o 4
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| 316L__| NifDSS__| HTNiFDSS
OCP (V) -0.334 -0.145 -0.212
I, (A/cm?) 1.888x10¢  1.72x 10 0.902 x 10
b. CR. (mm/year) 0.02 0.019 0.01

Figure 45. (a) Polarisation curves of 316L, NiFDSS, and HT NiFDSS in an artificial seawater
environment (0.6 M NaCl) with pH 8.2 under dynamic condition of 10 RPM and 60 N counter load
against alumina ball, (b) The obtained data from evaluating the curves using IviumSoft software,
comparing the OCP, Icorr, and C.R.

Figure 46 compares the increase in C.R. in static vs dynamic conditions. A significant
increase was noticed for as-built NiFDSS and HT NiFDSS, which could have resulted from

higher and localized wear and more surface area exposure to corrosive conditions, as shown



in Figure 41 includes the images captured in the wear track area for the different samples. .
However, for all the specimens in both conditions, C.R. fell below 0.025 mm/year, a critical

threshold indicative of excellent corrosion resistance for the steel grade under consideration

[110].
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Figure 46. Comparison plots of C.R. of as-built NiFDSS, as-built 316L, and HT NiFDSS in static and
dynamic conditions under an artificial seawater environment.
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9 Conclusion

In conclusion, this study aimed to validate whether NiFDSS samples fabricated through PBF-
LB/M could be an alternative to 316L for equipment used in seawater environments. The
research focused on three primary questions: whether NiFDSS could exhibit wear and
corrosion resistance comparable to 316L in seawater, both under static and mechanical
loading conditions; how phase transformation induced by heat treatment affects the
tribological behavior and corrosion resistance of NiFDSS; and the overall viability of NiFDSS

for marine applications, as well as the role of PBF-LB/M in manufacturing these components.

After process parameter optimization, a relative density of 98.83 % was achieved for PBF-
LB/Med NiFDSS samples. 316L in both powder and as-built condition had an austenitic
phase. In the case of NiFDSS, powder, and as-built samples were fully ferritic, and a duplex
microstructure was obtained after heat treatment. Through comprehensive investigation, it
was found that NiFDSS had superior corrosion resistance in seawater environments compared
to 316L grade, both in its as-built state and after heat treatment. The formation of a duplex
phase in heat-treated NiFDSS enhanced its corrosion resistance. However, 316L demonstrated
better wear resistance and uniform wear patterns, whereas NiFDSS showed localized wear in

seawater conditions.

Further process optimization is necessary to achieve more than 99.5% relative density for as-
built NiFDSS samples and improve their wear behavior. These findings provide industrially

relevant insights and highlight the potential of NiFDSS as a viable choice for components in
corrosive marine environments when the parts are not subjected to intense wear, with PBF-

LB/M offering design flexibility and the ability to fabricate complex structures.
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10 Further studies

In the present study, mechanical tests such as the nanoindentation test to determine the elastic
modulus of samples and the tensile test to understand the ductility and fracture strength have
not been performed. The in-detailed mechanical analysis should be conducted in the future to
better understand the mechanical performance of NiFDSS compared to 316L for marine

applications.

In the tribology section, SEM imaging on the wear track has not been included, which is
crucial for understanding and comprehending the wear mechanisms involved. EDS mapping
of elements in the wear track region can reveal whether 316L, NiFDSS, or HT NiFDSS has

higher oxygen content in the passive oxide layer.

Moreover, expanding the scope of tribocorrosion tests to include multiple environmental
conditions beyond artificial seawater would be beneficial. Understanding the behavior of
NiFDSS and 316L under elevated temperatures, particularly in the 300-500°C range, could
provide valuable insights into their hot corrosion resistance, which is crucial for applications

in demanding environments, such as nuclear applications.

The present thesis is a preliminary step in a detailed, comprehensive study of NiFDSS. It lays
the groundwork for future in-depth analyses and practical implementations within various

industries.
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Appendices

Appendix 1 Ferritic stainless steel

The ferritic grade SS are chromium alloyed (more than 11 wt%), with minimal or no nickel
addition [41]. These are the simplest and most economical variants of SS. Some grades
include molybdenum for enhanced corrosion resistance, while niobium or titanium are added
to improve weldability [43]. These Cr-steels exhibit magnetism due to their ferritic
microstructure. While their strength is comparable with austenitic grades, due to the
unavailability of nickel, they lack ductility and have poor formability. They showcase
brittleness at cryogenic temperatures. Higher thermal conductivity, oxidation resistance, and
better thermal fatigue resistance make ferritic grades suitable for high-temperature
applications such as heat exchangers and boiler tubes [133]. Ferritic grades are widely utilized
in structural components and equipment for chemical processing industries subjected to
mildly corrosive environments [ 134]. Ferritic grades exhibit lower corrosion resistance than
austenitic SS primarily due to their lower chromium content and poor nitrogen solubility.
Further, ferritic grades are more prone to intergranular corrosion than austenitic SS due to the

precipitation of chromium nitrides [135].

Appendix 2 Images

Figure A 1. As-built 316L samples.
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Figure A 3. lviumSoft software used in the C.R. calculation of as-built NiFDSS in static condition using
model data analysis.
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Figure A 4. As-built 316L wear volume calculation using MetaMax software.
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