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Abstract

Laser-powder bed fusion (L-PBF) is a type of additive manufacturing (AM) that involves the
addition of metal powders in a sequential layer-by-layer manner to create near-net-shape
components. An outstanding characteristic of this technology is its ability to achieve high
cooling rates, reaching up to 107 K/s. This unique characteristic has benefits in the production
of high-strength stainless steel alloys, as it helps to reduce unwanted phase formation. SAF
2507 super duplex stainless steel (SAF 2507 SDSS), a type of stainless-steel alloy, contains
around 25% chromium and 7% nickel, has a unique phase composition with an equal
distribution of about 50% ferrite and 50% austenite and characterized by its higher
mechanical strength and resistance to corrosion, which are attributed to its high levels of
chromium and nickel content along with its low level of carbon. Producing intricate geometry
with SAF 2507 using traditional methods with a specific phase composition is challenging and
requires post-processing. LPBF is an alternative technology capable of manufacturing near-
net-shape components with complicated geometry. It is important to conduct a
comprehensive investigation to retain the desired phase composition while fabricating
components using L-PBF. Although several studies have investigated the microstructure and
mechanical properties of SAF 2507 using L-PBF. However, the influence of different L-PBF
process parameters as well as energy density on microstructure and mechanical properties
has yet to be investigated. This study examines the influence of L-PBF process parameters
(laser power, scan speed, hatch distance) on the microstructure and mechanical properties of
SAF 2507 SDSS. Additionally, the corrosion properties are investigated using the established
optimum parameters. A design of experiment (DoE) was performed using the central
composite design over a wide range of process parameters: laser power (100-300 W), scan
speed (250-1000 mm/s), and hatch distance (50-180 um) to investigate their effect on the
microstructural and mechanical properties of SAF 2507. By implementing the selected
parameter set, the as-built SAF 2507 SDSS sample had porosity less than 1%, a Vicker
hardness ranging from 288 to 357 HV, a yield strength of 824 to 1220 MPa, an ultimate tensile
strength of 965 to 1304 MPa, elongation of 6% to 18.1%, and a corrosion rate of 127.65 um/y
was determined. The findings derived from this investigation have the potential to facilitate
the customization of component quality by meeting design specifications and minimizing as-
built defects, thereby decreasing the need for post-processing.
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Abstrakt

Laser-powder bed fusion (L-PBF) er en type additiv produksjon (AM) som involverer tilsetning av
metallpulver pa en sekvensiell lag-for-lag-mate for & lage komponenter i nesten nettform. Et
enestaende kjennetegn ved denne teknologien er dens evne til 8 oppna hgye kjglehastigheter, som
nar opp til 107 K/s. Denne unike egenskapen har fordeler ved produksjon av hgyfaste rustfrie
stallegeringer, da den bidrar til & redusere ugnsket fasedannelse. SAF 2507 super duplex rustfritt
stal (SAF 2507 SDSS), en type rustfri stallegering, inneholder rundt 25 % krom og 7 % nikkel, har
en unik fasesammensetning med en lik fordeling pa ca. 50 % ferritt og 50 % austenitt, og er preget
av sin hgyere mekaniske styrke og motstand mot korrosjon, noe som tilskrives dets hgye nivaer
av krom- og nikkelinnhold sammen med det lave niviet av karbon. A produsere intrikat geometri
med SAF 2507 ved bruk av tradisjonelle metoder med en spesifikk fasesammensetning er
utfordrende og krever etterbehandling. LPBF er en alternativ teknologi som er i stand til a
produsere nesten-nettformede komponenter med komplisert geometri. Likevel er det ngdvendig
a gjennomfgre en omfattende studie for a beholde den gnskede fasesammensetningen mens man
fremstiller komponenter ved bruk av L-PBF. Flere studier har undersgkt mikrostrukturen og de
mekaniske egenskapene til SAF 2507 ved bruk av L-PBF. Denne studien undersgker pavirkningen
av  L-PBF-prosessparametere  (laserkraft, skannehastighet, skraveringsavstand) pa
mikrostrukturen og de mekaniske egenskapene til SAF 2507 SDSS. 1 tillegg blir
korrosjonsegenskapene undersgkt ved & bruke de etablerte optimale parameterne. Et
eksperimentdesign (DoE) ble utfgrt ved bruk av den sentrale komposittdesignen over et bredt
spekter av prosessparametere: lasereffekt (100-300 W), skannehastighet (250-1000 mm/s) og
skraveringsavstand (50-180 pm) ) for & undersgke deres effekt pd de mikrostrukturelle og
mekaniske egenskapene til SAF 2507. Ved a implementere det valgte parametersettet hadde SAF
2507 SDSS-prgven som er bygget porgsitet mindre enn 1 %, en Vickers-hardhet som varierer fra
288 til 357 HV, en flytegrense pa 824 til 1220 MPa, en strekkfasthet pa 965 til 1305 MPa,
forlengelse pa 6% til 18,1% og en korrosjonshastighet pa 127,65 pm/ar ble bestemt. Funnene fra
denne undersgkelsen har potensial til a lette tilpasningen av komponentkvalitet ved 4 mgte
designspesifikasjoner og minimere as-built-defekter, og dermed redusere behovet for
etterbehandling.
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Chapter 1

Introduction

1.1. Background

The Additive Manufacturing (AM) sector is noticing rapid growth, with an increasing number of
markets exploring the potential applications of this technology [1]. These days, business and
academics are paying attention to metallic materials that are made by AM [2]. The ability to build
items quickly, effectively, and securely in the desired geometry and with the corresponding
mechanical qualities makes it possible to implement a digital spare parts warehouse in the form
of computer-generated models. By doing this, it becomes possible to decrease and even
completely do away with the requirement to have spare parts on hand in favour of being able to
generate the required parts as needed [3]. Prototypes and customized parts can also be produced
more quickly and effectively than using traditional processes. This technology can be applied
because it is capable of reproducing items with the required shape and expected mechanical
qualities.

Laser powder bed fusion (LPBF) is a form of AM that involves the layer-wise addition and
consolidation of metal powders in near-net-shape parts. LPBF technology is being used more
often to produce items with complex shapes at a reasonable cost for a range of important
applications [4]. Research and investigations into LPBF techniques and equipment are being
conducted with the goal of producing materials with the most faithful qualities possible, making
the procedure more useful both practically and economically [5]. From the time of its invention
LPBF metals has transitioned from prototyping technology into a multi-billion-dollar
manufacturing revolution [6][7]. Design integration, reductions in lead times, ability to
manufacture hard metals, novel properties of as-printed parts, defect rectification, recycling of the
spent powders, ability to function with almost zero waste generation are some of the advantages
AM offers over subtractive manufacturing [8]. The LPBF technique is characterized by high
cooling rates, reaching up to 107 K/s, which effectively prevents undesired phase development in
metal alloy [9][10]. This unique characteristic has benefits in the production of high-strength
stainless steel alloys as it prevents unwanted phase formation in this alloy. In addition, the process
of printing stainless steel alloys using LPBF requires a lower laser energy density to form the melt
pool and fabricate the components for their lower thermal conductivity and higher laser
absorption capacity compared to other alloys [11].

Among the stainless steels, SAF 2507 Super duplex stainless steel (SAF 2507) is known for its
excellent combination of corrosion resistance and high strength. The microstructure consists of
two phases with nearly equal composition of approximately 50% ferrite & 50% austenite [12].
Super duplex stainless steel (SDSS) is an alloy of approximately 25% Cr, 7% Ni, 0.3% Mo, 0.2% N
that was developed during the early part of the 21st century. This specific composition has also
been standardized by ASTM under the designation UNS 32750 [13] [14]. Notable about SAF 2507



E H University of Agder
cii UIA

Norway

SDSS is that it has roughly twice the strength of more conventional stainless steels (304, 316L)
while improving their corrosion characteristics [10]. SDSS often has a higher resistance to pitting
corrosion than the conventional 300 series [15]. This is due to the chemical composition,
specifically the chromium component [16]. SDSS is particularly resistant to stress corrosion
cracking (SCC) due to its high strength and outstanding corrosion resistance [17]. Because they
use less material due to their high strength, they can also be less expensive [18]. Even though
duplex stainless steel (DSS) has been around since the 1930s, researchers are constantly
searching for new ways to innovate, such finding different ways to produce duplex stainless steel
[19]. Because of the high strength and resistance to corrosion, super duplex stainless steels are
extensively utilized in petrochemical, oil, and gas, shipping, and other industries. These
exceptional qualities are ensured by the appropriate 50/50 austenite to ferrite phase balance [20].
However, exact thermomechanical processing of DSS-wrought products has increased expenses
[21]. Examining appropriate production procedures is therefore crucial for the creation of SDSS
structural components. Compared to other forms of stainless steel, SDSS is more challenging to
process, and the SLM procedure has not yet been sufficiently improved for this class of materials
[22]. Due to the growing demand for 3D-printed SDSS, companies are seeking to advance and
enhance the SLM method for this type of materials [23].

The production of iron-based metal parts using LPBF has a well-established history in literature
and industry, particularly for standard grade stainless steels including martensitic, austenitic, and
ferritic steels [24][25][26][27]. Very few investigations on the LPBF fabrication of duplex stainless
steels have been performed and reported. These studies looked at the changes in the mechanical
properties and microstructure of the SAF 2507(SDSS) that were processed using LPBF
[28][29][30]. Previous investigation showed that in as-printed samples, ferrite was the main
phase, whereas in heat-treated samples, the duplex structure was found. Additionally, the
investigations showed that, in comparison to heat-treated samples, as-printed samples showed
extremely high strength and little elongation [31]. The microstructure evolution in the LPBF
manufacturing of gas atomized SDSS powders was studied by Davidson et al. [32] and found that
ferrite is the common phase in the printed samples with austenite precipitating at the grain
boundaries or forming Widmanstatten laths, the ferrite grains were elongated in the build
direction. In similar investigations, also showed that ferrite was the primary phase in higher
energy density in the microstructure of the gas-atomized 25Cr7Ni LPBF processing [33][34]. Very
few investigations on the LPBF process parameters on microstructure and mechanical properties
of duplex stainless steels have been performed and reported. Additionally, few research was done
to characterize the corrosion properties with parameters that were manufactured using LPBF.
These subjects are the focus of the current investigation. The primary goal of the study is to
investigate the effects of process parameters on microstructure, mechanical, and corrosion
behaviours of gas-atomized SAF 2507 that was manufactured using L-PBF. The research results
will help in selecting the range of process parameters to get desired output of microstructural,
mechanical and corrosion properties using LPBF technology. The results will also help to clarify
how changing of LPBF process parameters affect the microstructural, mechanical and corrosion
properties of the printed samples.
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1.2. Aims and objectives.

This research aims to study the influence of LPBF process parameters on the microstructure and
mechanical properties of SAF 2507 (EN 1.4410). This aim will be achieved through the following
objectives:

1. Selecting parameter ranges using DoE.

2. Effect of different process parameters on microstructural and phases
3. Effect of different process parameters on mechanical properties

4. Evaluation of corrosion behaviour SLM printed parts.

5. Compare the results with standards.

1.3. Research Questions

The primary question of this thesis is- How do the LPBF process parameters influence the
microstructure and mechanical properties of SAF 25077 In addressing this primary question, the
thesis aims to answer the following research inquiries.

1. How can a set of parameters for generating samples be obtained?

2. How do the parameters of the LPBF process affect the porosity of as-built samples?

3. How do the parameters of the LPBF process influence the microstructure of as-built
samples?

4. Whatis the impact of LPBF process parameters on the microhardness of as-built samples?

5. What is the impact of LPBF process parameters on the ultimate tensile strength, yield
strength, and elongation of as-built samples?

6. What is the corrosion rate associated with the energy density that produces minimum
porosity?

1.4 Thesis Outline

This thesis consists of five chapter.

Chapter 1: Presents an introduction and background information on the selected problem and
the objectives of this research followed by Research questions.

Chapter 2: Presents a comprehensive analysis of the existing literature and theoretical
framework, providing a deep insight into additive manufacturing (AM), its categorization,
selective laser melting (SLM), and different process parameters of laser power bed fusion, and
concludes with an overview of super duplex stainless steel.

Chapter 3: Outlines the methodology, manufacturing methods, and characterization procedures
used for the samples.

Chapter 4: Provides an analysis of the impact of LPBF process parameters on porosity,
microstructure, tensile strength, and elongation. The chapter concludes by examining the
corrosion rate, focusing on the sample with the lowest porosity.

Chapter 5: Provides a concise summary of our findings and proposes more research
opportunities.
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Chapter 2

Theoretical background

2.1 Additive Manufacturing (AM)

Additive manufacturing methods have the capacity to produce a diverse range of materials,
including ceramics, glass, metals, polymers, and composite materials. According to ASTM
guidelines, the range of additive manufacturing techniques is categorized into various groups (Fig
1), which include selective laser melting (SLM), stereolithography (SLA), selective laser sintering
(SLS), electron beam melting (EBM), direct energy deposition, sheet lamination, material
extrusion, and vat photo-polymerization [35], [36]. Within each category, there are several
distinct techniques, but all are based on the same principle: the selective modelling of layers. Due
to the stacking of layers, the parts produced by AM methods exhibit some anisotropy in one
direction. Anisotropy can be decreased by selecting the proper orientation during the part's
production. Materials used for AM can range from polymers and ceramics to metals and
composites, depending on the kind of AM process being used. The following are some of the main
AM techniques with promising applications in Engineering, Construction, Medical, Military,

Aeronautics, Fashion, Architecture, Computer Industry.

2.2 Classification of AM

Additive manufacturing (AM) classification generally entails grouping different methodologies
according to their fundamental input, working methods, and materials.
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Figure 1. Classification of additive manufacturing processes from different contexts [36].

2.2.1. Powder bed fusion

Power bed fusion (PBF) is an additive manufacturing process in which thermal sources (e.g. lasers
or electron beams) are used to fuse the powder particles in a consistent manner to construct

structures using computer-aided design.

The following are examples of types of Powder bed fusion (PBF) processes:

1. Selective Laser Sintering (SLS)

2. Selective Laser Melting (SLM)

3. Direct Metal Laser Sintering (DMLS)
4. Selective Heat Sintering (SHS)

5. Electron Beam Melting (EBM)

2.2.1.1 Selective laser melting (SLM)

Selective laser melting (SLM) is an additive manufacturing process where a high-density laser
beam scans a powder bed, melting solidified layers to create a functional three-dimensional part
or prototype [37]. It melts alloy powder particles instead of sintering [38]. Germany initially
adopted this method in 1999. The technology was developed by Fockele and Schwarze (F&S) in
collaboration with the Fraunhofer Institute of Laser Technology. The SLM technique constructs
goods by using high-energy laser beams on a powder bed, layer by layer. Currently, it is a highly
favoured technique to produce metal components. SLM utilizes a laser mounted on the upper part,
accompanied by a series of lenses that concentrate on the powdered material to achieve
solidification of the layer, as seen in Figure 2. After each layer is fused together, the construction

platform descends, and the recoating arm applies a new layer on top of the previous one. This

o)
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sequence continues until the entire part is fully formed. The layer of powder must have a
minimum thickness of 0.020 mm [39].

X-Y scanning
system

Laser Beam

Eluting
gas

Powder transfer
device

Powder
storage box

Substrate

Manufacturing

Figure 2. Schematic Diagram of Selective Laser Melting Process (SLM) [39]

In recent times, high-intensity lasers have been incorporated into Selective Laser Melting (SLM)
technology, with the advancements in fibre optics. This integration allows for the processing of
many metallic materials, including tungsten, copper, and aluminium. Hence, a wide range of
metallic materials can undergo the process of melting on Selective Laser Melting (SLM). This
facilitated the development of several research possibilities in the field of SLM for composite and
metallic materials. This method of production offers the benefits of generating goods with
excellent precision and superior quality [39]. SLM components have exceptional mechanical
characteristics. SLM is utilized to produce components in the aerospace, automotive, and medical
industries. The production of a lattice structure can be achieved by the process of Selective Laser
Melting. Deficiencies can be detected and assessed [40]. A microbial fuel cell is a device that
harnesses the power of microorganisms to generate electricity from renewable resources or
waste products. The technique of Selective Laser Melting (SLM) was utilized to manufacture the
essential elements of Microbial Fuel Cells (MFCs), such as a bio-inspired lattice aluminium alloy
anode and a 3D macro-porous structure. These components possess a high specific surface area
and surface roughness, which are ideal for accommodating microorganisms and enhancing power
efficiency. The optimal energy recovery rate was around 3 kWh/ms3 per day [41]. SLM possesses
a very varied process capability, enabling it to manufacture new components, restore and
reconstruct old or damaged components, and provide protective coatings that resist wear and
corrosion [42].

2.3 Process parameters of SLM

Several parameters can influence LPBF procedures used in additive AM to create components. A
portion of these parameters is used to ascertain the energy density administered to the powder
layer in the LPBF procedure.
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The variables in the equation are as follows: Eq is the energy density (J/mms3), P is the laser beam
power (W), Vs is the laser scan speed (mm/s), Dy, is the hatch spacing between scan passes, and
T\ is the deposited layer thickness (um).

It is essential to examine the correlation between process parameters and the mechanical and
material characteristics of a SAF 2507 produced using laser powder bed fusion. This investigation
will focus on three process parameters: laser power, hatch distance, scan speed, as well as the
total laser energy density.

2.3.1 Laser Power

The laser power directly influences the quantity of energy that is used to liquefy the powder layer
and generate a productive molten pool. Lowering the laser intensity can lead to inadequate
powder melting or reduced depth of laser penetration, which may prevent complete melting of
the powder and fusion of subsequent layers. Excessive laser power can result in the evaporation
of material, leading to the formation of gas bubbles and the creation of porosity in the recently
melted layers of powder [42].

Yadroitsev et al. examined how energy density-related factors affect the geometric properties of
individual tracks formed by melting stainless steel powder on an LPBF machine [43]. The
researchers discovered that laser power had the greatest impact on the geometrical properties of
a single track. Following this, the powder layer thickness, scanning speed, and powder particle
size were shown to have progressively less significance. In their investigation employing stainless
steel powder, Gu et al. reduced the laser power from 195 W to 70 W and dropped the scan speed
from 800 mm/s to 287 mm/s, while keeping the energy density unchanged at 61 J/mm3. They
also discovered that there was an increase in porosity and a decrease in density [44]. Dingal et al.
enhanced the laser power in an iron powder laser sintering system and observed a decrease in
porosity [45]. Abele et al. discovered that the effect of laser power on tensile strength was minimal
compared to hatch distance and scan speed. However, raising the laser power from 165 W to 180
W resulted in a decrease in porosity and an increase in tensile strength of stainless steel (17-4 PH)
specimens [46]. Qiu et al. discovered that raising the laser power from 150 W to 200 W led to a
reduction in the porosity of titanium alloy [47].

2.3.2. Scan Speed

The scan speed, which refers to the velocity at which the laser beam moves across the powder
layer to melt it, plays a crucial role in reducing the total manufacturing time for an LPBF product.
Nevertheless, if the scanning velocity is excessively rapid, the laser could not possess an adequate
duration to liquefy the powder. To enhance the melting process and attain equivalent energy
density, one may either decrease the hatch distance or increase the laser power, which would also
enable a higher scan speed. Kempen et al. discovered that by increasing the scan speed from 120
mm/s to 600 mm/s, the hardness and relative density of steel (18Ni-300) decreased [48].
According to Sun et al., the density of titanium alloy (Ti-6Al-4V) was seen to rise when the scan

8
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speed decreased [49]. Delgado et al. conducted a comparative analysis of two additive
manufacturing (AM) systems. They found that one system led to decreased hardness and ultimate
tensile strength (UTS) as the scan speed rose. However, the other system did not show any notable
changes in either hardness or UTS [50]. Vandenbroucke and Kruth conducted research where they
adjusted the scanning speed to reduce the presence of small pores and meet the specific
mechanical property criteria, such as hardness, strength, stiffness, and ductility, for titanium alloy
components produced using an LPBF system [51]. The laser intensity and layer thickness
remained consistent. When the scan speed was increased from 90 mm/s to 190 mm/s, the scan
tracks did not entirely melt, resulting in the formation of large holes and a drop in the observed
component density. Qiu et al. employed a comparable additive manufacturing (AM) technology to
fabricate components made of titanium-based alloy (Ti-6Al-4V). They modified the scanning
speed from 800 mm/s to 1500 mm/s [47]. The researchers discovered a negative correlation
between porosity and scan speed.

Abele et al. discovered that by raising the scanning speed from 1150 mm/s to 1350 mm/s, the
porosity of stainless-steel specimens increased but their tensile strength decreased [46]. Liu et al.
manipulated the scan speed for powders with two distinct particle size distributions [52]. The
observed component bulk density exhibited a negative correlation with the scan speed, as it
decreased with higher scan speeds. The UTS system achieved its peak performance across a
diverse range of scan speeds, indicating the existence of an ideal scan speed for the system. Gu et
al. discovered a comparable correlation in which decreasing the scanning speed from 1200 mm/s
to 600 mm/s resulted in a decrease in porosity and an increase in density of stainless-steel
samples [44]. Song et al. conducted an experiment where they enhanced the scanning speed from
100 mm/s to 300 mm/s. As a result, they observed a reduction in hardness for a different nickel
alloy (NiCr) [53].

2.3.3.Hatch Distance

The hatch distance/spacing refers to the distance between the centres of consecutive laser tracks
as the laser beam moves over the layer of powder. Reducing the hatch distance will result in a
greater degree of overlap between each laser pass, perhaps causing excessive burning around the
outside border of the laser track. Augmenting the hatch distance might potentially impede the
laser's ability to sufficiently overlap and thus lead to inadequate powder melting. Vandenbroucke
and Kruth conducted research where they adjusted the hatch distance to reduce porosity and
satisfy the mechanical property criteria for hardness, strength, stiffness, and ductility of titanium
alloy components produced using an LPBF system [51]. The laser intensity and layer thickness
remained consistent. The augmentation of the hatch distance from 0.12 mm to 0.14 mm led to
incomplete fusion of the scan tracks, the formation of significant holes, and a reduction in density.
Sun et al. used titanium alloy powder in conjunction with a bespoke LPBF system, while
simultaneously modifying the hatch distance [49]. As the distance between hatches reduced, the
density rose. Abele et al. investigated the impact of energy density-related factors on the porosity
and mechanical characteristics of thin-walled hollow cylinders fabricated from stainless steel.
They discovered that the hatch distance had the most significant influence on the tensile strength.
The scan speed exhibited the second most significant influence, whereas laser power had the least
significant impact on the tensile strength. The porosity was raised, and the tensile strength was
lowered by increasing the hatch spacing from 0.12 mm to 0.19 mm [46].
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2.3.4. Layer Thickness

Increasing the depth of the powder layer during each laser solidification step might expedite the
total manufacturing time of a component. Nevertheless, if the thickness of the powder layer
exceeds a certain limit, it may impede the formation of a sufficiently deep melt pool required for
melting and fusing two consecutive layers. To produce the same effective melt pool, a slower
scanning speed or a greater laser power is necessary when dealing with a thick coating of powder.

Kempen et al. conducted a study to assess the impact of altering the thickness of layers on the
hardness and density of a specific steel alloy known as 18Ni-300 [48]. It was discovered that when
the thickness of the layer rose from 0.03 mm to 0.06 mm, both hardness and relative density
dropped. Sun et al. employed a specialized selective laser melting (SLM) technique to utilize
titanium (Ti-6Al-4V) powder [49]. Additionally, it was discovered that the density exhibited a
drop in proportion to the rise in layer thickness. Augmenting the thickness of the layers caused a
rise in porosity, which subsequently led to a reduction in density of the fabricated component
[54]. In their study, Dingal et al. employed iron powder on a specialized laser sintering system.
They discovered that raising the thickness of the powder layer from 0.2 mm to 0.4 mm led to an
augmentation in porosity, as well as a decrease in density and hardness [45]. Delgado et al.
evaluated the influence of modifying the thickness of layers on two distinct additive
manufacturing (AM) systems using stainless-steel powders [50]. One system exhibited a decrease
in hardness as the layer thickness increased, whereas the other system showed no substantial
alteration in hardness with increasing layer thickness.

2.4 Defect in SLM printed SAF 2507

Porosity is often categorized into three distinct groups: lack of fusion pores, metallurgical pores,
and keyhole pores. Metallurgical pores are formed because of the presence of oxygen and other
impurities, measuring 100 um in diameter and having a spherical shape. The lack of fusion pores
manifests with an elevated scanning velocity. Typically, the lack of fusion pores exhibited irregular
forms larger than 100 pm, as seen in Figure 3. The development of keyhole mode pores
demonstrated a progressive rise in size with power. The number and size of keyhole holes grow
as the power increases. However, when the scan speed is faster, the production of keyhole pores
is inhibited and only occurs at higher power levels. At greater scan speeds, the safe processing
window is consequently bigger [24][25].
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Figure 3. Different types of pores formation.
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2.5 Super Alloy

Superalloys are characterized by their superior heat resistance, high levels of strength and
toughness, improved dimensional stability, and rigidity retention [55],[56]. Superalloys are
characterized by their superior heat resistance; high levels metal's microstructure and
mechanical properties vary at high temperature. When exposed to high temperatures, such as in
power plants, airplanes, oil and gas extraction, and processing units, the metal loses strength.
These weaknesses in metals functioning at high temperatures can be avoided by creating an alloy
that can withstand high temperatures [57]. Alloy metals are combined with wear-resistant metals
to enhance their qualities, resulting in a superalloy. Superalloy materials have great temperature
resistance as well as resistance to oxidation, corrosion, creeping, and abrasion [58].

Three classes can be used to generally categorize super alloys [59]. They are listed as follows: -

1. Base made of Nickel.
2. Base of Nickel-iron.
3. Base of Cobalt.

The properties of nickel-iron base superalloys, or super duplex stainless steel, are the focus of this
thesis.

2.6. Duplex Stainless Steel

Ferritic (8) and austenitic (y) microstructures form the basic phase composition of duplex
stainless steel (DSS). Once DSS steel is melted, it will solidify into a ferritic structure that is roughly
100% ferritic. A portion of the ferritic structure will turn into austenite when it cools to room
temperature. The most popular and ideal kind of DSS has a ferrite to austenite ratio of almost
50/50. DSS steel will benefit from both the greater yield strength of ferrite and some of the work-
hardened characteristics that result in tensile strength with such an equal distribution. The
austenitic microstructure is responsible for this characteristic. Therefore, DSS steel fills the gap in
the market that exists between ferritic and austenitic stainless steel [60]. DSS offers certain
advantages over austenitic stainless steel, such as superior mechanical strength and anti-
corrosion properties. DSS advantages over austenitic stainless steels can be increased by using it
in places where typical austenitic stainless steels are inappropriate owing to stress corrosion
cracking. [61].

2.6.1. Super Duplex Stainless Steel

A super duplex stainless steels composition and variety of alloying components can be used to
identify it. Super Duplex is very resistant to uniform corrosion by organic acids like acetic and
formic acid because of its high chromium and molybdenum content. Moreover, Super Duplex is
more resilient to inorganic acids, especially those that contain chlorides. This product is
specifically designed to meet the needs of the oil and gas and chemical industries, offering superior
corrosion resistance and strength. For most material types, the Super Duplex pitting resistance
equivalent (PREN) will be greater than 38 [62] Super-duplex chromium-nickel stainless steel with
additional copper content is known as Alloy SAF 2507 (EN 1.4410 / ASTM S32750). Table 1 below
displays the EN 1.4410 material's chemical composition [63], [64].
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Table 1: Chemical Composition of EN 1.4410(ASTM S32750) [63], [64].

UNS
Number

C | Mn P S Si Cr Ni Mo N Cu |[Other|

§$32750 [0.03| 1.2 | 0.035 | 0.02 |0.8| 24.0-26.0 |6.0-8.0(3.0-5.0|0.24-0.32| 0.5 -

The physical and chemical characteristics of each alloy element are unique. Based on these
features, every factor influences the superalloy's qualities. In the section below, the significance
of the super duplex stainless steel alloying elements is briefly discussed.

2.7. Microstructure of Super Duplex Stainless Steel

There can be two distinct primary phases in DSS alloys. An iron-carbon alloy can be either
austenitic or ferritic. The lattice structures of these phases vary, influencing the solubility and
mechanical characteristics of other elements. Figure 4 describes the crystal structures of the
austenite phase and the delta ferrite phase. The austenite phase has a face-centred cubic (FCC)
crystal structure. An FCC structure is shown to have a higher atom than a BCC structure. For FCC
and BCC, the corresponding atomic packing factors (APFs) are 0.74 and 0.68, respectively. This
indicates that there is more packing inside the FCC structure. Additionally, it is evident that the
FCC and BCC have different coordination numbers—that is, 12 and 8, respectively. The atoms in
FCC cells appear to be denser, as indicated by both the coordination numbers and APF [65].

Figure 4: Crystal structure of Ferrite (BCC) and Austenite (FCC) [66].
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Chapter 3

Methodology

3.1 Powder

The SAF 2507 (European grade EN 1.4410) powder, which is generated by the process of gas
atomization, is provided by Sandvik Osprey, located in Neath, UK. Table 2 displays the chemical
composition of the powder. The morphology of the powder particles has a substantial impact on
the fluidity and melting characteristics of the powder in the LPBF process. Factors such as the
shape and size distribution of the powder particles directly affect the quality of the manufactured
samples [6].

Table 2: The chemical composition of SAF 2507 powder.

Element Content( wt.%)
Fe Balance
Cr 24.6-25.4
Ni 6.8-7.2
Mo 3.76-4.24
Mn 0.7-1.1
N 0.26-0.31
Si 0.2-0.6
(0] 0.08
Cu 0.02
C 0.02
Co 0.02
Al 0.015

P 0.010
Sn 0.010
Ti 0.010
w 0.007

S 0.007

B 0.001

3.2. Design of Experiments

A Design of Experiments (DOE) was created to assess the impact of the SLM process parameters
and the laser energy density on the quality of the as-built components. Equation 1 defines the
volumetric energy density.
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Regression analysis was used to examine the impact of laser power, scan speed, hatch spacing,
and energy density on the parameters of the as-built item. A comprehensive factorial design of
experiments (DOE) was created, utilizing the response surface methodology to explore a broad
spectrum of factors in the selective laser melting (SLM) process. Figure 6 displays a concise flow

diagram overview of the process.
’_’
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Figure 5. Flow diagram of methodology
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3.3.1. Central composite Design (CCD)

The Central composite Design (CCD) is a statistical technique that uses a Design of Experiment
(DoE) to produce metrology. It involves fitting a regression model that relates input and output
parameters, and subsequently optimizing the process results. The acronym "DoE" stands for
Design of Experiments, which encompasses many techniques such as complete factorial, central
composite, and box-Behnken. These methods are used to create a series of trials where the results
are influenced by the input components. This study focuses on optimizing three factors: laser
power (p), scan speed (v), and hatch distance (h). The layer thickness (t) remains constant at 50
pum. The optimization procedure often neglects the layer thickness (t) and maintains it at a
constant value. However, it has been discovered that smaller layer thicknesses lead to improved
quality [38]. Therefore, a layer thickness of 50 um was chosen.

The chosen design of experiments (DoE) dictates the quantity of trials, combinations, replication,
and randomization of the elements to examine the cause-and-effect connections between inputs
and outputs with a specific level of certainty. The number of trials required for a complete factorial
Design of Experiments (DoE) with three components, each having five levels, is 53 = 125.
Nevertheless, doing 125 experiments (i.e., making and measuring cubes) is not feasible due to the
constraints of cost and time. The CCD, or Central Composite Design, is a comprehensive five-level
fractional factorial Design of Experiments that includes centre and cube points. It is commonly
employed to accurately fit quadratic models. A three-factor central composite design (CCD)
consists of 8 cube points, 7 centre points, and 6 axial points. The factorial points (1, -1) for all three
components are determined by referencing the prior investigations conducted on SDSS [32-34].
Subsequently, the centre and star points are computed and documented, as seen in Table 3. The
star points determine the lowest and highest values for all three criteria. The Central composite
design was employed to construct the different run sets shown in Table 3 using Minitab software
(version 20, Minitab, Pennsylvania, USA). A set of 21 cylinders, measuring 5 x 10 mm each, were
created. Each cylinder was allocated distinct printing parameters settings in accordance with the
sequence presented in Table 3.

Table 3. Illustration of a three-factor central composite design (CCD)

Power Scan speed Hatch distance
0 0 -1
-1 0 0
. . 0 1 0
Axial point 1 0 0
0 0 1
0 -1 0
0 0 0
0 0 0
0 0 0
Centre point 0 0 0
0 0 0
0 0 0
0 0 0
- -a o
Cube point 2 . .
- o o
- (14 -a
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The three essential parameters, laser power, scan speed, and hatch distance/spacing, were

methodically altered based on the CCD model, considering normalization through energy density

(Eqg. 1) as presented in Table 3. It is important to note that the layer thickness remained constant

at 50 pm. The parameter range is determined after an in-depth review of relevant literature [67-

69], have a laser power, scan speed, and hatch spacing of (100-300) W, (250-1000) mm/sec, and

(50-180) um, respectively. The study investigated a range of energy densities, ranging from 21.4

J/mm3 to 168.9 J]/mm3, by adjusting the three LPBF parameters individually, as shown in Table 5.

The levels and corresponding values of the CCD factor are shown in Table 4. Cylindrical samples

were constructed for each parameter set, with dimensions of 10 mm in length and 5 mm in

diameter.

Table 4. CCD factor levels and values.

Levels Laser Power Scan Speed Hatch Distance Layer
W) (mm/s) (um) Thickness(um)
Lowest (-1) 100 250 50 50
Lower (- a) 140 402 76.4 50
Centre point (0) | 200 625 115 50
Higher (a) 259.5 848 154 50
Highest (1) 300 1000 180 50
Range 100-300 250-1000 50-180 50

Table 5. Various parameters set based on central composite design.

Sample NO. Power(W) Scan speed(mm/s) Hatch distance(um)

1 200 625 115
2 200 625 115
3 100 625 115
4 200 625 50

5 200 625 180
6 140 402 76.4
7 200 625 115
8 259.5 402 154
9 200 625 115
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10 200 625 115
11 259.5 848 154
12 200 250 115
13 140 848 76.4
14 140 402 154
15 140 848 154
16 200 1000 115
17 200 625 115
18 300 625 115
19 259.5 402 76.4
20 259.5 848 76.4
21 200 625 115

As shown in Table 5, twenty-one samples with distinct parameter configurations were
manufactured. From a total of 21 samples, a subset of 15 samples has been selected as the
representative sample for further analysis in this research. Hence, the updated parameters are

displayed in Table 6.

Table 6. Selected parameters set for further investigation.

Sample NO. Power(W) Scan speed(mm/s) Hatch distance(um)
1 200 625 115
2 100 625 115
3 200 625 50
4 200 625 180
5 140 402 76.4
6 259.5 402 154
7 259.5 848 154
8 200 250 115
9 140 848 76.4
10 140 402 154
11 140 848 154
12 200 1000 115
13 300 625 115
14 259.5 402 76.4
15 259.5 848 76.4

Among the 15 samples, each with different parameter combinations, the seven most suitable parameters
set have been selected for manufacturing the tensile test samples. Each parameter set is printed twice,

as shown in Table 7.

Table 7. Selected parameters set for Tensile sample.

Sample No. Power Scan Speed Hatch distance
1 200 625 115
2 200 625 115

17




;l

i UiA oo

)

3 245 625 115
4 245 625 115
5 300 625 115
6 300 625 115
7 200 1000 115
8 200 1000 115
9 200 402 115
10 200 402 115
11 200 625 180
12 200 625 180
13 200 625 76
14 200 625 76

3.3. Manufacturing of Specimen

Figure 6 displays the manufactured samples with 3D design. The SLM SOLUTIONS 280 2.0
machine (fig. 2) from Mechatronics Innovation Lab AS was used to create all the samples. The SLM
SOLUTIONS 400W printer utilizes an IPG 150 fibre laser operating at a wavelength of 1070 nm.
The laser has a beam width of 60 pm and a maximum power output of 400 W. It can achieve a
scanning speed of up to 10 m/s and has a minimum feature size of 150 pm. All samples were
printed in an argon atmosphere with a consistent oxygen concentration of 0.01%. Twenty-one
cylindrical samples measuring 10x5 mm were produced utilizing 21 distinct datasets (as
displayed in Table 5). The stripe scanning approach was used for all samples. The scanning
direction between consecutive layers was maintained at 679, without any re-melting techniques
as seen in figure 7.

4

&
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©

Figure 6. SLM Printed 21 cylindrical Samples with different parameters set. (a) Top view of CAD
design, (b) 3D view of CAD design, and (c) Manufactured samples.
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Figure 7. Illustration depicting a stripe scan pattern. Each subsequent layer causes the stripes to
rotate at an angle of 67° relative to the preceding layer.

The 3D design of tensile test samples and the as-built samples for tensile testing, according to the
parameters specified in Table 7, are depicted in Figure 8.

Figure 8. SLM Printed 14 cylindrical Samples with different parameters set. (a) Top view of CAD
design, (b) 3D view of CAD design, and (c) Manufactured samples for tensile test.

3.4. Specimen Preparation

3.4.1. Hot Mounting

Following the specimen's cutting, the hot mounting technique depicted in Figure 9 is employed to
facilitate the handling of the specimens during metallurgical operations, such as grinding,
polishing, LOM analysis, SEM analysis, and hardness analysis.
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Figure 9. (a) Struers Citopress-15, (b) and (c) Hot mounted sample

The Struers CitoPress-15 device was utilized to fabricate the test discs using condofact, a fast-
casting synthetic resin that is electrically conductive and well-suited for electrolytic etching.

3.4.2. Grinding and Polishing

Grinding and polishing are procedures used to achieve a flawless scratch-free, and reflective
surface of the specimen for microscopic analysis. The Struers Tegraforce-30 machine was utilized
for the specific tasks of grinding and polishing, as seen in Figure 10. The samples were ground
using SiC-Paper with grit sizes of P220, P1200, P2400, and P4000. Following that, the specimen
underwent polishing with polishing cloths coated with MD-Dac diamond suspension.

Figure 10. Struers Tegraforce-30 machine.

3.4.3. Electrolytic polishing and Etching
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The specimens underwent etching using a 20% NaOH solution at 5V for a duration of 10 seconds,
with the purpose of conducting phase analysis. Following the etching process, the material
underwent water washing, ethanol cleaning, and air drying.

3.4.4. Experimental setup for Optical Microscope

Following the grinding, polishing, and etching procedures, the material was analysed using the
Zeiss Axio Imager.Alm light microscope, as shown in Figure 11, to obtain a comprehensive
understanding of the microstructure and distribution of phases in the sample. The materials were

examined at magnifications ranging from 2.5 to 50 times.

Figure 11. Optical Microscope Zeiss Axio Imager.A1m

3.4.5. Experimental setup for Hardness measurement

The hardness test is a reliable method for assessing a material's ability to withstand plastic
deformation. The specimens were meticulously polished to achieve a sleek surface to quantify the
indentation mark accurately. The grinding and polishing methods for the optical microscope
sample were identical. The hardness tests were conducted using the Zwick Roell DuraScan 50 test
machine (Figure 12) with a load of 10 kg, specifically HV10, and a dwell duration of 10 seconds.

Every sample was assessed at 3 to 5 distinct locations of indentation.
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Figure 12. Zwick Roell DuraScan 50 hardness test machine.

3.5. Microstructure Analysis

Light optical microscopy (LOM) was used to analyse the microstructure of as-built samples of SAF
2507. The Zeiss Axio Imager.A1m microscope was utilized to assess the microstructure of the
etched components. The polishing and etching operations were conducted in accordance with the

guidelines provided by Maamoun et al. [2].

3.6. Mechanical Testing

The microhardness measurement was conducted in accordance with the ASTM E384-17 standard
using a Zwick Roell DuraScan 50 testing apparatus. The mean microhardness values of the
samples were determined on the XY-plane, which is parallel to the deposited layers. The recorded
values were obtained by averaging 5-10 indentations made on the tested surface with a 10 Kg
weight applied for a duration of 10 seconds. The findings were then analysed using ecos Workflow
Pro software. The tensile rod samples were created and manufactured in accordance with the
specified geometry and dimensions given in [SO 6892-1. The tensile test was conducted following
the ISO 6892-1standard protocols utilizing a SI-Plan Universal load system with a maximum load

capacity of 25 kN.

3.7. Ferric Chloride Pitting Test

The ASTM G48 Test is a set of standardized methods used to evaluate the resistance of stainless
steels and related alloys against pitting and crevice corrosion. This is done by subjecting the
materials to a ferric chloride solution. The experiment utilizes method A, specifically the Ferric

Chloride pitting test [70].

3.7.1 Sample Preparation
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The sample underwent grinding and polishing using SiC paper with grit sizes of P220, P800,
P1200, and P2400, as seen in Figure 13. Due to its cylindrical shape, uniform polishing was a tough
task. The sample's sharp edges were further smoothed by the process of grinding and polishing.
The sample's dimension was assessed, and the overall exposed area was computed. Subsequently,
the specimen underwent thorough rinsing with water, immersion in acetone, and subsequent
drying by exposure to air. The sample was measured with precision to the closest 0.0001g.

Figure 13. Surface polishing of corrosion test sample.

3.7.2. Preparation of Ferric Chloride Test Solution

Dissolve 100 grams of ferric chloride, FeCl3-:6H,0, in 900 millilitres of Type IV reagent water,
resulting in a solution with approximately 6% FeClz by mass. Pass the mixture through glass wool
or filter paper to eliminate insoluble particles [70].

3.7.3. Apparatus Required

e Beaker

e Supporting Specimen
¢ Nylon Wire

¢ Thermometer

¢ Plastic lid

3.7.4. Procedure
A solution was prepared by dissolving 100 g of Reagent grade ferric chloride FeCl3.6H20 in 900 ml
of distilled water, resulting in a solution with a concentration of 6% FeCls by mass. The solution
volume for the tested specimen was guaranteed to be a minimum of 5 ml per square centimetre
of surface area. Due to the conduction of the corrosion test at ambient temperature, the use of a
water bath was unnecessary. The solution was transferred into the beaker, and samples were
secured with slender nylon wire and suspended on plastic rods. Once the solution had achieved
the target temperature of 22 + 2°C, the samples were submerged in the solution [70]. Following
the immersion of the specimens in ferric chloride solution contained in beakers, plastic covers

were employed to shield the beakers and prevent the test solution from evaporating. It remained
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at that location for a duration of 24 hours. Following the immersion of the specimens in ferric
chloride solution within beakers, plastic covers were employed to shield the beakers and inhibit
the evaporation of the test solution. Upon finishing the test, the specimens underwent a water
washing, followed by the utilization of a nylon brush to eliminate corrosion products. Following
the cleaning process, the items were immersed in acetone for a duration of 15 minutes and
subsequently allowed to air dry at ambient temperature for a period of 24 hours. The dried
specimens were initially examined for the presence of pits, followed by the measurement of their
weight loss. Ultimately, a microscope was employed to conduct a more thorough analysis of the
surface of the material [70]. The corrosion rate can be determined by utilizing the formula
presented below.

We-Wtg
A

COrTosion rate = — it wssessssssssssssssss s equation 2

Wt; and Wt represent the weights of the sample before and after the test, respectively, whereas A
denotes the exposed surface area.
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Chapter 4

Results and Discussion

The investigation in this chapter started by examining the morphology of SAF 2507 powder.
Porosity, microstructure, tensile strength, and elongation are analysed in this chapter in relation
to the influence of LPBF process parameters including laser power, scan speed, and hatch spacing
as well as the resulting laser energy density. In the concluding section of the chapter, the corrosion

rate is studied with particular emphasis on the sample characterized by the lowest porosity.

4.1 Powder Characteristics

SAF 2507 powder’s morphology was characterized using SEM and the images are shown in Figure
14(a, b). It can be seen in SEM images, most of the particles have spherical shape morphology with
a small number of satellites. Further, the particle size distribution (PSD) was measured using
image ] software from the SEM image, and the result is shown in Figure 14c. As shown in Figure
14(c), the PSD of the powder varies from 19 to 55 um. The typical powder size, represented by
D10, D50, and D90, was 22, 32.3, and 44.8 um, respectively.
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Figure 14. (a) Scanning electrode micrograph of the gas atomized SAF 2507 powder, (b) SAF
2507 powder with satellites, and (c) size distribution of the SAF 2507 alloy powders.

4.2. Porosity Characterization analysis of SLM printed parts.

Porosity is a prominent flaw that occurs during LPBF metal additive manufacturing. Porosity is a
crucial property that directly or indirectly affects the mechanical and microstructural properties
of manufactured parts [71]. The most critical aspect to be considered in AM is the densification of
the material. To get a more compact product, it is necessary to have an optimum set of process
parameters. This section focuses on the pore’s formation and the influence of process parameters
on porosity. The porosity of all samples listed in Table 6 was measured and documented in Table
8.

Table 8. The SLM process parameters applied for fabricating the SAF 2507 samples.

Sample Scan Hatch Layer Laser Energy | Porosity
No. Power(W) Speed(mm/s) Dl(s,::;\rgce Thickness(um) | Density(j/mms3) (%)
1 200 625 115 50 55.7 0.02
2 100 625 115 50 27.8 9.03
3 200 625 50 50 128 0.42
4 200 625 180 50 35.6 0.73
5 140 402 76.4 50 91.2 1.18
6 259.5 402 154 50 83.8 0.58
7 259.5 848 154 50 39.7 0.28
8 200 250 115 50 139.1 3.68
9 140 848 76.4 50 43.2 0.04
10 140 402 154 50 45.2 0.76
11 140 848 154 50 21.4 12.86
12 200 1000 115 50 34.8 0.22
13 300 625 115 50 83.5 0.06
14 259.5 402 76.4 50 169 3.97
15 259.5 848 76.4 50 80.1 0.06

4.2.1. The Effect of laser Power on the Porosity

An investigation was conducted to analyse the impact of laser power on the porosity of LPBF of
SAF 2507. Three different laser powers of 100, 200, and 300 W were utilized, with the scan speed,
hatch spacing, and layer thickness maintained at 625 mm/sec, 115 pm, and 50 um, respectively.
This is shown in Table 6 as an experiment set. The dark contrast colour indicates the presence of
pores in the SAF 2507 samples throughout this study. As illustrated in Figure 15a, the maximum
porosity (%) was obtained by employing a laser power of 100 W. The as-built sample produced
by a 100 W laser exhibiting irregularly shaped porosity. This irregularity is attributed to lack of
fusion (LOF) and residuals in interparticle gaps. At lower laser power levels, it is seen that the
melt pool and, consequently, the scan track will be narrower and shallower. This results in

insufficient fusion between neighbouring tracks and between successive layers [72].
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Figure 15. Optical micrographs as a function of different the laser power of (a)100 W, (b) 200 W,
and (c) 300 W with the scan speed, and hatch spacing held constant at 625 mm/s, and 115 pm,
respectively. (d) Percentage of porosity distribution (logarithmic) and Circularity of pores with
different laser power(W).

The porosity decreased as the laser power increased from 100 W. The observation is evident in
Figure 15b, where an increase in power (as seen in Figure 15d) leads to porosity decrease,
followed by a progressive rise in randomly distributed pores with rounded forms. In the
intermediate region, when porosity is limited, only little spherical pores are present. These
metallurgical pores result from trapped gas between the particles. The further increase of laser
power to 300 W, above the laser power of 200 W, resulted in a notable increase in the presence of
spherical pores, as seen in Figure 15c. The presence of these roundish pores can be defined as
keyhole porosity. This occurs when excessive laser power creates a deep melt pool with rapid
dynamics, resulting in the trapping of vapours within the pores as the melting pool advances and
the vapor cavity collapses. These are most likely the gas-filled pores that develop during the
process of solidification. It is worth noting that at a constant scanning speed, there are distinct
thresholds below which lack of fusion pores becomes the dominating issue. However, the
formation of keyhole pores only occurs when the vapor depression becomes unstable at higher
laser power [26]. Thus, while the scan speed, hatch spacing, and slice thickness were constant, the
power variation resulted in different porosity formation. At lower power, insufficient fusion
occurred, whereas higher laser power led to increased keyhole porosity.

4.2.2. The Effect of Scan Speed on the Porosity

Figure 16 presents LOM images and porosity percentage of cylindrical samples built with varying
scan speed, from 250 to 1000 mm/sec, while the laser power, hatch spacing, and layer thickness
were held constant at 200 W, 115 um, and 50 um, respectively. This is listed as an experiment in
Table 8. The variation of scan speed on porosity is less significant than the variation of laser power
but more significant than the variation of hatch spacing. The lowest porosity was observed when
a scan speed of 625 mm/s was used. Figure 16(a) illustrates the presence of larger pores in the
sample produced with lowest scan speed of 250 mm/s. As the scanning speed lowers, the time
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required for laser action per unit length of scanning is higher. Consequently, the powder's heat
absorption rises, leading to a progressive increase in the amount of melted powder per unit length.
The melting pool's width and height gradually expands. Thus, the pool that was previously melted
undergoes remelting, leading to the creation of keyhole porosity [73].
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Figure 16. Optical micrographs as a function of different Scan Speed of (a) 250 mm/s, (b) 625
mm/s, and (c) 1000 mm/s with the Laser power, and hatch distance held constant at 200 W, and
115 pum, respectively. (d) Percentage of porosity distribution (logarithmic) and Circularity of
pores with different Scan Speed (mm/s).

If the scan speed increases from 250 mm/s, remelting decreases resulting in lower keyhole
porosity. At the scan speed of 625 mm/s the generates lower porosity called metallurgical pore
because of gas entrapped in melting zone. A further increase in scan speed resulting in lack of
fusion pore, corresponding to a scan speed 1000 mm/s because of lowering exposure time given
to a specific length, as shown in figure 16c. Thus, particles don’t get enough heat to melt, resulting
in irregular shape pores. There exist some unmelted particles in between lack of fusion pore.
Figure 16(d) reveals that the keyhole porosity is more prevalent than the lack of fusion porosity.

4.2.3. The Effect of Hatch Spacing on the Porosity

Figure 17 presents percentage of porosity determined from cylindrical samples produced by
varying the hatch spacing from 50 to 180 pum, while the laser power, scan speed, and layer
thickness were held constant at 200 W, 625 mm/sec, and 50 um, respectively. This is listed as an
experiment in Table 8. From figure 4(d), it is seen that the variation of hatch distance is not
significant as Laser power. As seen in Figure 17(b) the lowest porosity was observed when a hatch
spacing of 115 pm was used; the porosity increased when the hatch spacing was lower or higher
than 115 pm. Notably, at a lower hatch spacing of 50 um, as depicted in Figure 17a, keyhole
porosity becomes more prominent because of overlapping between hatches. As the hatch distance
increases from 50 pm in Figure 17b, remelting diminishes, resulting in lower keyhole porosity.
Specifically, at a hatch distance of 115 pm, lowest porosity is observed, referred to as metallurgical
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pore, attributed to gas entrapped in the melting zone as seen in Figure 17b. Further increasing the
hatch distance from 115 pm, the width of the new track did not completely cover the spacing
between the hatches, leading to insufficient fusion between the tracks. Figure 17c illustrates the
presence of larger pores in the sample produced with the maximum hatch spacing of 180 um.
When the space between hatches is increased, the heat received by neighbouring tracks is
insufficient to melt the material due to less overlap between molten spots and adjacent tracks.
This leads to the formation of irregularly shaped pores [74]. Additionally, there exist some
unmelted particles interspersed within lack of fusion pores.
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Figure 17. Optical micrographs as a function of different hatch distance of (a) 50 pm, (b) 115 pm,
and (c) 180 um with the Laser power, and Scan Speed held constant at 200 W, and 625 mm/s,
respectively. (d) Percentage of porosity distribution (logarithmic) and Circularity of pores with
different hatch distance (um).

Nevertheless, the degree of variation in porosity with hatch spacing decreased to some extent
when the optimum laser power, scan speed, and slice thickness were used at 200 W, 625 mm/sec,
and 50 um, respectively.

4.2.4. Influences of overall laser energy density on porosity

Figure 18 shows light optical microscopic (LOM) images obtained in the printing direction (XY-
plane) of SAF 2507 samples produced with various laser energy density investigated in Table 8.
Figure 18 also shows that the energy density values ranging from 43.4 to 83.8 J/mm3 resulted in
materials with a porosity of less than 1%. The literature reports an optimal energy density range
of 38 to 63 J/mm3 with the porosity remaining below 3% while the laser energy density varied
[75].

Lower laser energy density, for example, resulting from either high laser scan speed, larger hatch
spacing, or lower laser power at a constant layer thickness, yielded more irregular-shaped flaws
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due to insufficient melting, i.e., lack of fusion flaws [76]. Figure 18a illustrates that process-
induced porosity or lack of fusion pores of 250-300 um size and irregular shapes are formed at a
low energy density of 21.5 J/mm3. The part produced with a lower energy density may have
unmelted particles because of insufficient powder melting to the melted layer, which results in a
porous structure. As the laser energy density increases, the probability of lack of fusion porosity
decreases, and the particles receive sufficient energy for adequate melting. Figure 18(a-h)
displays light optical micrographs of the SAF 2507 sample, fabricated using an energy density
range of 21.5 to 55.6 ] /mm3. The minimum amount of porosity, in terms of both quantity and size,
is attributed to the sufficient energy density of 55.6 ]/mm3 as seen in Figure 18h. As the figure 18h
sample produced at higher energy density than figure 18a, the lack of fusion pores almost
disappeared but there exist gas pores. These flaws and/or pores appear within the intermediate
volumetric energy density range of 43.4 to 83.8 ]/mm3. A further increase in laser energy density
led to the formation of more spherical pores, which can be attributed to the keyhole effect. The
higher energy density creates a steep “V” shaped melt pool, which leads to micro evaporation from
the melt pool; that gas is trapped below the melt pool, which again results in porosity [77]. As a
result of the higher energy density, Figure 150 sample exhibits a larger keyhole porosity in
comparison to figure 15h sample.
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Figure 18. Optical micrographs from the cross-sections perpendicular to the build direction for
LPBF SAF 2507 built as functions of different laser energy density.

It is important to mention that the laser energy density level has a substantial impact on the rate
at which solidification occurs. As a result, particular porosity features are formed based on the
values used [3].

Moreover, Figure 19a presents the percentage and types of porosity determined from samples
produced by LPBF as function of various laser energy employed as listed in Table 8. In Figure 193,
porosity (%) decreased sharply with an increase in laser energy density, remained up to 0.024%
at energy density 55.6 ]/mm3, then increased gradually with a further increase in laser energy
density. Porosity lower than 1% was observed for the sample produced with the laser energy
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density from 43.4 to 83.8 ]/ mm3 as shown in Figure 19a. The minimum porosity of 0.024% was

observed for the sample of energy density of 55.6 J/mma3.
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Figure 19. (a) Percentage of porosity distribution, and (b) Circularity of pores with Laser energy
density (J/mma3).

The correlation between the circularity of pores, which varies from 0.71 to 0.97, and the laser
energy density, which ranges from 21.4 to 169 J/mms3, is depicted in Figure 19b. A significant
decrease in circularity below 1 would indicate lack-of-fusion pores, whereas circular pores
approaching 1 would be more likely to represent metallurgical or keyhole pores. Pores with much
reduced circularity were found at low energy density, where the development of lack-of-fusion
pores resulting from inadequate melting occurs. Pores with a circularity value approaching 1 in
laser energy density of 55.6 J/mm3 are more likely to represent metallurgical or gas-trapped
pores. At very high energy density pores with somewhat reduced circularity have been found,
where keyhole pores occur. This is attributed to the fusion of several keyhole pores. From Figure
19b itis observed that energy density ranged from 43.4 to 80.1 ] /mm3, which was associated with
a porosity level below 1% and circularity over 0.90. Hence, this is the optimal LPBF parameter
range established in this investigation. The crucial parameter for achieving a dense product is the
optimum laser energy density, which may be attained by carefully selecting the laser power,
scanning speed, hatch spacing, and layer thickness.

In Figure 203, b, there is an observed correlation between the increase in laser power and the
variations in speed and hatch patterns depicted in the plots of (laser power*scan speed) and (laser
power*hatch spacing). Moreover, the Figure 20c (scan speed*hatch spacing) plot clearly
demonstrates that raising the speed has a noticeable impact on the different hatch curves,
suggesting a significant interaction effect among the three parameters.

Figure 20a displays the quantitative porosity data, illustrating the laser power variation for three
distinct scan speeds: 402 mm/s, 625 mm/s, and 884 mm/s. The results demonstrate that the
optimum laser power range for achieving minimal porosity decreases as the scan speed
decreases. It is apparent that a lower scanning rate necessitates less laser power to generate a
melt pool of equivalent size. Furthermore, it has been observed that lower laser power combined
with faster scan speed leads to increased porosity, whereas higher laser power combined with
slower scan speed results in increased porosity. At a consistent laser power, a higher scan speed
results in an increased presence of a lack of fusion porosity, whereas a lower scan speed leads to
a higher presence of keyhole porosity (as depicted in Figure 16d). These results also demonstrate
that for a fixed scan speed, the keyhole porosity grows in both extent and size as the power
increases. This can be attributed to the larger vapor cavity formed at higher power levels. Higher
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laser power together with faster scanning speed results in a wider range and reduced occurrence

of keyhole mode porosity. The higher scanning velocity also reduces instability in the vapor cavity,
which aligns with the previous research [77].
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Figure 20. Factor vs. Interaction plots for porosity (%), (a) Laser power* Scan speed, (b) Laser
power* Hatch speed, and (c) Scan speed * Hatch speed.

The porosity (%) is depicted in Figure 20b, demonstrating the variation in laser power for three
different hatch spacings: 76.4, 115, and 154 pm. It is observed that at lower laser power, less
overlap, and remelting occurs as hatch spacing rises, leading to a lack of fusion between
neighbouring tracks. Similarly, figure 20c shows that reduced porosity is the result of lower hatch

spacing combined with faster scan speed, while reduced porosity is the result of higher hatch
spacing combined with slower scan speed.

The influence of laser power, scan speed, and hatch spacing on the sample porosity was
demonstrated using three-dimensional (3D) surface graphs and the corresponding contour plots
shown in Figure 21. Figure 214, b illustrates the impact of laser power along with scan speed on
porosity at a fixed hatch distance of 115 pm. Higher porosities are observed when there is a

combination of either decreased laser power and increased scan speed, or increased laser power
and decreased scan speed.
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Figure 21. Laser power, scan speed, and hatch distance influence on the porosity: (3, c, ) surface
plots; (b, d, f) counter plots

The effects of hatch distance and laser power on porosity are displayed in Figures 21c, d at a fixed
scan speed of 625 mm/s. It seems that when there is a combination of either increased laser
power and decreased hatch spacing, or decreased laser power and increased hatch spacing, larger
porosities are observed.

At a fixed laser power of 200 W, Figure 21e, f illustrates how the hatch distance and scan speed
affect the resultant porosity. High porosity levels are produced by either lesser scan speeds
combined with lower hatch distances or higher scan speeds combined with larger hatch distances.

4.3. Process parameters influence on Microstructure.

The practical application of LPBF in recent years has proved the effectiveness of SAF 2507. SDSS
is well known for its two phases microstructure with nearly equal composition of approximately
50% ferrite & 50% austenite. The LPBF procedure results in the formation of a mostly ferritic
microstructure due to its rapid cooling rates at high laser energy density.
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In Figure 22, the microstructure of SAF 2507 is shown, where the white/bright phase is austenite,
and the grey/black phase is ferrite. The initial ferrite formation is followed by austenite nucleation
and growth at ferrite-ferrite grain boundaries [40]. Figure 22a shows that the melt pool solidified
with an elliptically shaped profile, and that these melt pool shapes overlap in a specific
arrangement according to the value of hatch spacing used. This shape is related to the Gaussian
distribution of laser beam power [2]. In comparison to the sample produced at an energy density
of 21.4 J/mm3 in Figure 223, the melt pool shape geometry in Figure 22g is larger due to getting
sufficient heat to melt as the energy density increases to 55.6 ]/mm3. A coarser grain structure is
also present inside and along the borders of the melt pool shape as illustrated in Figure 22g. The
melt pool shape geometry of the Figure 221 sample is further enlarged compared to the figure 22g
sample due to a higher solidification rate together with an energy density increase. The grain
structure is coarser than figure 22g sample.

Figure 22. Microstructure (light optical microscope) of the as-built SAF 2507 samples processed
under different laser energy density.

34



E - University of Agder
cii UIA

Norway

At lower energy density, the austenite phase grows roughly equal portion of ferrite phase. Ferrite
phase dominates as an increasing laser energy density from 45.2 J]/mm3. As seen Figure 22(a-d),
in lower energy density there is a formation of austenite phase with ferrite phase along with
considerable pore formation due to lack of energy input. In the as-built condition of SDSS at higher
laser energy density, ferrite is the prevailing phase as seen in Figure 22(g-1). At higher energy
density the columnar ferrite grains grow along with austenite grain grow in grain boundary. The
austenite grain growth was better observed only on the grain boundary at higher energy density.
The further increase in energy density developed mostly ferritic phase in the as built
microstructure as shown in figure 22(1). Figure 23 a, b, ¢ shows that the percentage of ferrite
increases with increasing laser power and decreases with increasing scan speed and hatch
distance. The proportion of the ferrite phase ranges between 45% and 89.7% when different
energy densities ranging from 21.4 to 170 J/mm3 are applied, as shown in Figure 23d. At high laser
energy density due to rapid cooling, SDSS produced with LPBF mostly displays a ferritic structure,
accounting for about 95% of the composition [12, 40]. The austenite phase in the as-built samples
can be efficiently increased to 71% with solution treatment at 1200°C [78].

Ferrite (%)
w - w 1] ~
g 8 8 8 2

N
S

100

200
Laser power (w)

300

Ferrite (%)
W & oD N o® e
o © © © © © O

250

625
Scan speed (mm/s)

1000

b

Ferrite (%)
g 88838 8

50

115
Hatch distance (pm)

180

100

3
o

@
o

Ferrite (%)

40

20

0 20 40 60 80 100 120 140 160 180
Laser energy density (J/mm?)

Figure 23. Percentage of ferrite phase in the as-built SAF 2507 samples processed with (a)
variation in laser power (w), (b) variation in Scan speed (mm/s), (c) variation in hatch distance
(um), and (d) using different energy density.

To reestablish the equilibrium between austenite and ferrite and hence recover the necessary
ductility, post-processing techniques are frequently employed. Reduced solidification speed and

improved uniformity of the molten pool, enabling sufficient spreading of the components that
stabilize austenite [79].

4.4. Process parameters influence Mechanical properties.

An investigation is conducted to analyse the impact of SLM process parameters on the mechanical
characteristics of SAF 2507 samples. This analysis is based on experimental data collected from
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the central composite design. The subsequent part will demonstrate the microhardness and
tensile behaviour based on the defined SLM process parameters.

4.4.1. Microhardness

Hardness is a fundamental surface property of a material that has significant importance in
several manufacturing processes, indicating material ability to withstand plastic deformation or
fractures under external forces. This section provides a detailed analysis of how every parameter
affects the hardness. This section encompasses the effects of laser power, scan speed, hatch
distance, and energy density on Microhardness.

To conduct the analysis on the measured hardness values in relation to the processing
parameters, the 15 blocks (Table 8) were produced using various combinations of 3 variables:
laser power, scan speed, and hatch distance. The uniformity of the layer thickness (50 um) across
all blocks rendered it unnecessary for inclusion in the analysis. Given the relationship between
these process parameters as described in Equation (1), it is anticipated that their impact on the
resultant material hardness would be intricate. Hence, this analysis was performed by isolating
the impacts of individual process factors, recognizing that the effects of other parameters are
hidden inside the individual outcomes. However, this technique allows for the identification of the
significant impact of individual process factors.

4.4.1.1. Influences of Laser power on Microhardness

Laser power is the primary process parameter that significantly influences the mechanical
properties of SLM objects, as it directly affects the thermal energy generated in each area during
a specific period. This, in turn, has a direct impact on the solid-solution aging process of the
material. Adjusting the sintering time by varying the laser power in the unit forming area is the
main factor influencing the scanning speed. This adjustment directly affects the thermal energy of
the pre-alloyed powder and its impact on the solid-solution aging process of the material. Thus,
the relationship between laser power and scan speed on material hardness remains steady. The
variation of the microhardness value with increasing laser power range from 100 W to 300 W is
depicted in Figure 24(a) while maintaining all other parameters at their optimal values (scanning
speed: 625 mm/s, hatch spacing: 115 pm).

When the scanning speed and hatch spacing are held constant, Figure 24(a) demonstrates that at
low laser power, the pre-alloyed powder in the forming area consumes less energy per unit
of time. As a result, a significant portion of the pre-alloyed powder remains partially melted,
resulting in an inadequate thermal gradient within the forming layer leading to the formation of
numerous pores in the molten channels and pools results in lowering hardness. Lower laser
power leads to the formation of narrow radial molten channels with large spacing between
adjacent channels (as seen in Figure 22b), as well as elongated longitudinal "perlage"” molten
pools. These characteristics are attributed to the low surface tension of the molten metal and the
shear stress of the solidification phase boundary coupling [80].

As laser power increases, the thermal energy of the pre-alloyed powder in the forming layer
becomes sufficient to completely melt. This leads to an improvement in the surface tension within
the liquid metal, resulting in the expansion of the radial dimension of the melting channel and the

36



E H University of Agder
cii UIA

Norway

"perlage" molten pool. Simultaneously, the longitudinal dimensions of the molten pool gradually
decrease, eventually transitioning from a lengthwise shape to a wider shape, as depicted in Figure
22g. Subsequently, the number of pores diminishes as the laser power increases, reaching optimal
results at a laser power of 200 W, as seen in Figure 15b. The hardness reaches its peak at the laser
power of 200 W.

However, if the laser power exceeds the optimal range, the pre-alloyed powder on the forming
layer will become more liquid due to the excessive absorption of laser energy per unit time. This
leads to an increase in the radial width of the molten pool and molten channel, as well as disorder
in their arrangement due to secondary remelting at the boundaries. This will cause it to spread
over the adjacent formed layer and the galvanized layer, resulting in varying widths of each
melting pool and melting medium as depicted in Figure 22i. According to equation 3, this results
in a decrease in hardness. Conversely, the presence of pores is amplified because of the re-melting
of the molten channel and molten pool causing reduction in hardness. The correlation between
Vickers hardness and grain size is determined by Hall and Petch according to their studies [81].

Hy=Ho+KuyD-12 s equation 3

Where, Ho and Ky are the respective constants. Hv and D represent the measures of hardness (HV
10) and grain diameter (um), respectively.
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Figure 24: Microhardness of the as-built SAF 2507 samples along the XY-direction; (a) laser
power, (b)Scan speed, and (C) Hatch distance.

4.4.1.2. Influences of Scan speed on Microhardness

The hardness values obtained from the measurements are shown in a graphical format,
categorized based on the scan speed as seen in Figure 24b. This investigation establishes a direct
correlation between hardness and scan speed within the range of 250 mm/s to 1000 mm/s. All
variations in hardness associated with different scan speeds are statistically significant. This
interaction is related to the microstructure. The laser scanning speed determines the duration of
laser energy exposure on the pre-alloyed powder inside the designated forming region, as well as
the interval between consecutive laser injection locations. The thermal energy of the pre-alloyed
powder may be altered primarily by adjusting the melting time in the unit forming region.

When the hatch spacing and laser power are held constant as medium parameters, Figure 24b
shows that at alower scan speed of 250 mm/s, the grain size expands with increasing laser energy
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density, leading to a reduction in hardness. An increase in particle size leads to a reduction in
hardness as equation 3 [82]. With an increase in scanning speed, the heat of the pre-alloyed
powder in the melting area of the unit gradually decreases, the size of the grains decreases, the
molten material takes on a more uniform shape, and the rapid cooling causes a delay in the growth
of the matrix grains. This leads to an improved arrangement of the grains and an improvement in
hardness. Increasing the scanning speed results in a shorter solidification time for the pre-alloyed
powder in the unit melting area due to the reduced scanning time. This is accompanied by smaller
dimensions of the molten pools/molten channels, as depicted in Figure 22c. Equation 3 strongly
suggests a correlation between hardness and grain size. Smaller grain size leads to increased
hardness measurements. High scanning speed leads to a decrease in laser energy input, causing
finer and smaller grain structure, and an increase in the microhardness at an energy density of
34.8 J/mma3. Several PBF systems [83], [84] also show a comparable correlation between scan
speed and hardness value.

4.4.1.3. Influences of Hatch spacing on Microhardness

The hatch spacing is the span between the two closest scanning layers. It influences the quality
and density of the formed material by affecting the lapping rate, which is the proportion of the
width of the molten channel between adjacent pools to the total width of the molten channel.

When the laser power and scan speed are held constant as medium parameters, Figure 24c shows
that at a lower hatch distance of 50 pm results in an increase in heat transfer from the adjacent
formed portion to the pre-alloyed material at the boundary of the molten pool/molten channel.
As illustrated in Figure 22k and in accordance with the direction of the temperature gradient, the
boundary portion will increase as the degree of remelting increases, resulting in larger grain sizes
and a consistent distribution trend of the molten pool reduces hardness. The samples' reduced
hardness can also be attributed to higher particle size from Equation 3.

Figure 24c also demonstrates that a higher hatch spacing results in reduced energy absorption by
the pre-alloyed powder on the boundary of the molten pool/molten channel. Consequently, this
leads to the formation of a smaller grain size with fine refinement (as seen in 22d) and increases
the microhardness of the samples.

4.4.1.4. Influence of overall laser energy density on Microhardness

Figure 25 illustrates the variation of microhardness and average grain size with the variation of
laser energy density of the SAF 2507 samples. The microhardness measurements were taken in
the XY-direction along various laser energy density. The microhardness values vary from 288 to
357.3 HV. The microhardness profile of SAF 2507 samples shows a good agreement with
microstructure and porosity profile size. The highest value of microhardness is achieved at an
energy density of 45.2 J/mm3, which is attributed to the smaller grain size. Nevertheless, a
considerable quantity of pores is detected at this specific laser energy density of 45.2 J/mm3.
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Figure 25. Variation of microhardness with the variation of laser energy density of the as-built
SAF 2507 samples along the XY-direction.

The findings also indicate a significant decline in microhardness values with the rise in laser
energy density, starting from 55.65 J/mm3, as seen in Figure 25. This phenomenon can be
attributed to the larger size of the grains and the reduced level of grain refining, as described in
equation 3.

Figure 26 shows a significant interaction impact among three parameters on microhardness, as
illustrated by the interaction plot. In Figure 264, b, there is an observed correlation between the
increase in laser power and the variations in speed and hatch patterns depicted in the interaction
plots of (laser power*scan speed) and (laser power*hatch spacing) on microhardness. Figure 26¢
(scan speed*hatch spacing) plot clearly demonstrates that raising the speed has a noticeable
impact on the different hatch curves.

Figure 26a displays the quantitative microhardness (HV 10) data, illustrating the laser power
variation for three distinct scan speeds: 402 mm/s, 625 mm/s, and 884 mm/s. These results also
demonstrate that for a lower scan speed of 402 mm/s, the keyhole porosity grows in both extent
and size as the power increases. This can be attributed to the larger vapor cavity formed at higher
laser energy density as shown in Figure 18k. Variation in laser power with higher scanning speed
of 848 mm/s results in greater microhardness region.

The microhardness graph is depicted in Figure 26b, demonstrating the variation in laser power
for three different hatch spacings: 76.4, 115, and 154 um. It is seen that higher microhardness is
the result of higher hatch spacing combined with higher laser power, whereas increased laser
power in conjunction with smaller hatch spacing results in decreased microhardness. A
proportionate trend between hatch spacing and scan speed is seen in Figure 26c.
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The influence of laser power, scan speed, and hatch spacing on the sample microhardness was
demonstrated using three-dimensional (3D) surface graphs and the corresponding contour plots
shown in Figure 27. Figure 2743, b illustrates the impact of laser power along with scan speed on
microhardness at a fixed hatch distance of 115 pm. Higher microhardness is observed when there
is a combination of higher laser power and larger scan speed.

The effects of hatch distance and laser power on microhardness are displayed in Figures 27c, d at
a fixed scan speed of 625 mm/s. It is seen that increased laser power with reduced hatch spacing
results in increased microhardness.

At a fixed laser power of 200 W, Figure 27e, f illustrates how the hatch distance and scan speed
affect the resultant microhardness. It is seen that higher microhardness level is produced by lesser

scan speeds combined with larger hatch distances.
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4.4.2. Tensile Strength Analysis

The tensile strength in powder bed fusion (PBF) is greatly affected by LPBF process parameters.
Figures 28a, b depicts the printed tensile samples before and following the tensile test,
respectively. Tensile test samples were generated utilizing the set of printing parameters, as
illustrated in Table 7. The yield strength (0.2% offset), ultimate tensile strength (UTS), and
elongation tensile parameters are determined using different parameter settings.
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Figure 28. Printed tensile samples using the selected ranges of printing parameters, (a) before
tensile test, and (b) after tensile test.

4.4.2.1. Influences of Laser power on Tensile strength

The microstructure of as build sample has a vital role in the mechanical properties in particular;
the strength of the component depends on grain size and relative density. The refined grain
structure greatly influences the porosity, and strength of the components. Figure 29a displays the
engineering stress-strain curves of the printed tensile samples with various laser power. A
significant correlation exists between laser power and the ultimate tensile strength, yield strength
(0.2% offset), and elongation percentage. Figure 29(b) shows that when the power increases from
200 to 300 W, the ultimate tensile strength reduces gradually from 1139 MPa to 1003 MPa, the
yield strength (0.2% offset) decreases gradually from 1012 MPa to 878 MPa, and the elongation
increases from 13.4% to 15.1%. Further heat treatment results in an increase in elongation [79].
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Figure 29(a) Engineering stress-strain curves of printed tensile samples using different laser
power, (b) Variation of yield stress (0.2% offset), ultimate tensile strength (UTS), and strain (%)

using different laser power.

where the optimum laser power tended to exhibit the highest tensile strength of 1139 MPa. This
is attributed to the porosity corresponding to the laser power of 200 W. In laser power of 200 W
the porosity of the sample was minimum as seen in figure 15h. On the other hand, the laser power
of 200 W generates a finer and more grain refinement as resulting higher UTS and YS value as
shown in Figure 22g. Similar trends occur with the yield strength. At laser power of 200 W the
yield strength is maximum of 1012 MPa.

4.4.2.2. Influences of Scan speed on Tensile strength

The scanning speed determines the time it takes for the laser to scan and heat the powder, and
the time it takes for the workpiece to be formed. When the scanning speed is too low, the forming
time of powder melting and sintering is high, and this effect generates keyhole porosity. When the
scanning speed increases, the powder forming time is lower and solidification rate is higher
resulting in refined grain structure with lowering keyhole porosity. Figure 30a displays the
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engineering stress-strain curves of the printed tensile samples with different scan speeds. Figure
30b shows that when the scan speed increases from 402 mm/s to 1000 mm/s, the ultimate tensile
strength increases gradually from 1065 MPa to 1304 MPa, the yield strength (0.2% offset)
increases gradually from 965 MPa to 1220 MPa, and the elongation decreases from 11.5% to 5.8%.
To further enhance the elongation, the material should undergo solution treatment [79].
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Figure 30.(a) Engineering stress-strain curves of printed tensile samples using different scan
speed, (b) Variation of yield stress (0.2% offset), ultimate tensile strength (UTS), and strain (%)
using different scan speed.

In figure 30(b) scan speed of 1000mm/s tended to exhibit the highest tensile strength of 1304
MPa. This is attributed to the microstructure corresponding to the scan speed of 1000mm/s. The
higher scanning speed creates a small melt pool with lower wetting characteristics, leading to
separate solidification, popularly known as the ‘balling effect’, and a highly porous structure. As
seen in figure 22(c), scan speed of 1000mm/s generates a finer and more grain refinement as
resulting higher UTS and YS value. Similar trends occur with the yield strength. At the scan speed
of 1000mm/s the yield strength is maximum of 1220 MPa. However, at higher scan speed there
generates more lack of fusion pores because of improper melting as a result elongation at this scan
speed only 5.8%. Further heat treatment results in an increase in elongation [79].
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4.4.2.3. Influences of Hatch spacing on Tensile strength

The distance between the centre of two adjacent laser scanning lines is called the hatch spacing.
The size of the hatch spacing determines the coincidence degree of the two adjacent laser lines

(i.e. the smaller the hatch spacing is, the higher the coincidence degree is.

Figure 31a displays the engineering stress-strain curves of the printed tensile samples with
varying hatch distances. Figure 31b shows the influence of hatch spacing on the tensile strength
of as build parts. It can be seen from the figure 31b that when the spacing increases from 76 pum,
to 180 pm, the ultimate tensile strength gradually increases from 965 MPa to 1292 MPa, the yield
strength (0.2% offset) increases gradually from 824 MPa to 1195 MPa, and the elongation

decreases from 18.6% to 10.7%.
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Figure 31. (a) Engineering stress-strain curves of printed tensile samples using different hatch
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In figure 31(b) Hatch spacing of 180 pm tended to exhibit the highest tensile strength of 1292
MPa. similarly, At the Hatch spacing of 180 pum the yield strength is maximum of 1195 MPa. This
is attributed to the microstructure corresponding to the scan speed of hatch spacing of 180 um.
The higher Hatch spacing creates a small melt pool leading to higher solidification rate as seen in
figure 22(d).

4.4.2.4. Influences of laser energy density on tensile strength

The yield strength (0.2% offset), ultimate tensile strength (UTS), and elongation tensile
parameters are shown in Table 9. The maximum ultimate tensile strength of 1304.522 MPa is
obtained when the energy density is 34.8 J/mma3. This is followed by an energy density of 35.6
J/mms3, resulting in a tensile strength of 1292.43 MPa. Nevertheless, the energy density of 84.2
J/mm3 demonstrated the lowest tensile characteristics, with an ultimate strength of 965.21 MPa.

Table 9 presents a comparison between the average tensile characteristics of the printed
samples, obtained from the SAF 2507 material, and the DIN EN 10088-3 standard. The LPBF
samples exhibited a greater ultimate tensile strength (UTS) of 1304.5 (MPa) together with a
reduced elongation of 5.83 %. The observed behaviour can be related to the equilibrium
composition of ferritic and austenitic microstructure, as seen in Figure 22c. Kunz et al. [33]
observed that LPBF printed samples exhibited comparable mechanical properties, with an
ultimate tensile strength (UTS) of 1031 MPa and an elongation of 14%. Furthermore, they
observed that the heat-treated samples exhibited a decrease in tensile strength and an increase in
elongation (i.e., satisfying the minimal criteria specified by the DIN EN 10088-3 standard).

Table 9. The tensile characteristics of SAF 2507 SDSS for LPBF samples and DIN EN 10088-3
standard [33].

. Ultimate
Laser Yield tensile
. State energy strength Elongation | Toughness
Material Density (0.2% St(ﬁgg;h (%) (MJ/m?)
(J/mm3) offset)
DIN EN
10088-3 >500 700-900 >25
standard
34.8 1220 1304 5.83 164
35.6 1195 1292 10.7 317
SAF 2507
SDSS 55.6 1012 1139 134 345
LPBF 68.2 950 1054 13.7 264
83.5 878 1003 15.1 337
84.2 824 965 18.6 427
86.5 965 1064 11.5 272
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The effect of various process parameters on the tensile strength of the building part is discussed
in the above section. The overall most influencing factor is energy density for SAF 2507, and the
maximum UTS and YS value is obtained at an energy density of 34.8 ] /mm3 as shown in Figure 32.
This agrees with the microstructure observation, which showed minimum grain size of the as-

built SAF 2507 sample.
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Figure 32. Variation of ultimate tensile strength, yield strength (0.2% offset), and strain (%) of
the as-built SAF 2507 samples along different laser energy density.

However, the current results indicate that applying an energy density of 34.8 J]/mm3 is the
maximum condition for processing SAF 2507 alloy using a scan speed of 1000 mm/s, 200 W laser
power, and 0.115 mm hatch spacing. This could result in better quality of the as-built SAF 2507
parts according to the mutual connection between surface roughness, microstructure, and
mechanical properties.

This thesis results reveal that the UTS, YS, and microhardness values are nearly twice as high as
those obtained through Forging Processes as seen in Table 10. However, the elongation value is
significantly reduced compared to forging processes. Subsequent heat treatment has the potential
to enhance elongation to meet the standard requirements. Nevertheless, according to the
literature [79], heat treatment decreases the ultimate tensile strength (UTS), yield strength (YS),
and microhardness value.

Table 10. Comparison of mechanical properties of conventionally made SDSS [22] and SAF 2507
SDSS produced by LPBF in this work.

Microhardness Elongation
Type UTS (MPa) | YS (MPa) (HV) (%) at Reference
fracture
Forging Processes 727.14 522.29 203.93 41.3 [79]
POWder(gll\;)ta““rgy 600-800 | 400-550 200-250 - [78]
LPBF (as-build) 1368.6 1162.5 417.13 4.97
LPBF (as-build with
solution-treated at 879.9 621.5 277.17 29.2
1000°c) [85]
LPBF (as-build with
solution-treated at 820.4 564.41 256.63 30.2
1200°c)
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4.4.3. Corrosion properties Analysis

The pitting corrosion test was conducted using ASTM G48, method A. The specimen had a
cylindrical shape, measuring 9.72 mm in diameter and 27.2 mm in length, as seen in figure 33. The
specimen was produced with an energy density of 55.6 ]/mm3. In this energy density, the porosity
of the sample was at its lowest. The mass of the specimen was determined both before and after
conducting the pitting corrosion test.

Figure 33. Corrosion test sample

FERRIC CHLORIDE PITTING TEST

Temperature (°C): 22

Specification: ASTM G48, Method A Time (hour): 24

E'::fr Length | Width Surface Initial Final Weight :2; eslgI;tr Corrosion
.gv gt Area Weight Weight Loss P Rate
density | {em) | em) | ) | (@) (@) @ | A | wmm
(J/mms3) (8/cm?)
55.6 2.73 0.97 9.81 15.62295 | 15.6203 | 0.00655 | 0.00027 127.65

Figure 34. Corrosion test Report.

The test specimen was polished with a P220, P1200, and P2400 grits finish and rinsed in an
ultrasonic cleaner to remove any debris. It was passivated for 24 hours before being placed into
the test solution. The test solution is formulated following the guidelines of ASTM G48 Method A.
The solution and bath water were preserved at a temperature of 22°C. Figure 29 illustrates that
the samples produced at a printing density of 55.6 ] /mm3 had a corrosion rate of 127.65 pum/year.
Corresponding findings can be observed in the literature [75].
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Chapter 5

Conclusion

The present investigation concentrated on examining the impact of LPBF process parameters on
the microstructure and mechanical characteristics of the as-built SAF 2507 samples. An analysis
was conducted on the microstructure and mechanical properties of these components across a
range of chosen SLM parameters settings using DoE. The impact of Laser powder-bed fusion
parameters, including laser power, hatch spacing, and scanning speed, on the characteristics of
the as built samples is discussed. Every parameter has an impact on the porosity,
microstructure, tensile strength, hardness, and corrosion characteristics of the manufactured
samples. Each parameter is thoroughly examined, and the key findings are described as follows.

1. Porosity develops within the SAF 2507 samples throughout the manufacturing process. The
size and distribution of this porosity differ according to the parameters of the LPBF process. The
porosity level achieved its lowest value of 0.024% when the laser power was set to 200 W, the
scan speed was set to 625 mm/s, and the hatch spacing was set to 115 pm. In addition, the energy
density was 55.6 J/mm3. At lower energy densities, the presence of lack of fusion porosity is the
prevailing factor. Conversely, keyhole porosity arises when circumstances with greater energy
density. The optimum energy density range that yields the porosity below 1% and circularity of
pores over 0.90 is from 34.8 ]/mm3 to 83.8 ]/ mm3. Applying a solution treatment can effectively
decrease the porosity of the as-built samples.

2. The microstructure of the SAF 2507 samples exhibits significant changes when exposed to
different LPBF process parameters and energy densities. At lower energy density, the austenite
phase and the ferrite phase existin almost equal proportions. The ferrite phase becomes
dominant after the laser energy density exceeds 45.2 J/mm3 and becomes 89% at an energy
density of 170 J]/mm3. The austenite phase in the as-built samples may be efficiently increased to
71% with solution treatment at 1200°C. Furthermore, enhancing the rate at which solidification
occurs and achieved more consistency in the molten pool, facilitating adequate dispersion of the
elements that maintain the stability of austenite.

3. The grain size of the SAF 2507 samples increases proportionally to the energy density. The
generation of an equiaxed grain structure and the uniformity of the microstructure in the as build
samples range from 21.4 to 45.2 J/mm3 along the XY plane.

4. The microhardness of SAF 2507 samples is examined using different process parameters
settings. It is seen that the microhardness of SAF 2507 samples is consistent with the
microstructure studies made along the XY plane. Nevertheless, the microhardness of SAF 2507
samples is influenced by pre-existing porosity. The as-built sample of SAF 2507 samples has a
hardness value ranging from 288 HV to 357 HV, which is nearly twice as high as those obtained
through Forging Processes. The energy density required for achieving improved hardness in the
as-built sample ranges from 27.83 J/mm3 to 91.57 J/mm3. Utilizing different grain refining
processes can enhance the hardness of a sample in its original state.
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5. The investigation focuses on the UTS, YS, elongation, and toughness properties of the SAF 2507
samples, specifically in relation to varying LPBF process parameters. The UTS, and YS of SAF 2507
samples were determined and found within the range of 965 MPa to 1304 MPa and 824 MPa to
1220 MPa, respectively. The toughness value of SAF 2507 samples found within the range of 164
to 427 MJ/m3. These values were obtained for energy densities ranging from 34.8 ]/mm3 to 86.5
J/mm3. The highest recorded UTS, and YS are 1304 MPa, and 1220 MPa respectively, when the
energy density was 34.8 J/mm3. The highest value of toughness observed was 427 MJ/m? at an
energy density of 84.2 ]/mm3. The maximum elongation is 18.6%, achieved at an energy density
of 84.28 ]/ mm3. However, further heat treatment is necessary to improve elongation.

6. A corrosion rate of 127.65 um/year is achieved with the sample of least porosity, produced
with an energy density of 55.6 J/mm3. The SAF 2507 sample offers higher corrosion resistance.
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Recommendations

The thesis aims to address the research gap in LPBF fabrication of SAF 2507. This research has
established an empirical correlation by correlating the changes in the microstructure and
mechanical properties of LPBF fabricated SAF 2507 SDSS with the LPBF process parameters. This
was accomplished by conducting a study of porosity, microhardness, tensile strength, and
corrosion rate calculation using various combinations of parameters. Moreover, it offers a
promising chance to enhance research in the fabrication of SAF 2507 using LPBF technology.
Furthermore, it provides the following research opportunities for manufacturing of SAF 2507
SDSS using LPBF:

1. The SAF 2507 SDSS can be printed using various layer thicknesses and hatch strategies. This
will offer information regarding the influence of these parameters on microstructure and
mechanical properties.

2. The lack of the austenite phase was seen in the as-printed samples when subjected to greater
energy density. Several heat treatment analyses can be performed to restore the austenite phase.

3. The elongation percentage in the printed samples is below the standard. Heat treatment can be
applied to enhance the level of elongation (%).

4. Corrosion samples can be printed using different parameter settings to observe the impact of
processing parameters on the corrosion rate. This research is currently in progress.
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