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Introduction

Additive manufacturing (AM) is an advanced technique used to manufacture objects,
and numerous AM processes have been developed over the last two decades. Laser
powder-bed fusion, commercially known as selective laser melting (SLM), is a widely used
AM process that enables fabrication parts with a high resolution of features and
high-dimensional control. This process can manufacture parts from different materials,
such as Fe-, Al-, Ti-, Ni-, Co- and Cu-based alloys; and high entropy alloys (HEAs).

To be processed by SLM, metallic alloys must fulfil certain criteria, such as possessing
adequate weldability and crack formation resistance, and exhibit different technology
readiness levels (TRLs). Among these metallic alloys, Ti6Al4V alloys have been extensively
studied in the context of AM and have shown excellent specific strength, corrosion
resistance, high thermal stability (~350 °C), and promise for diverse industrial
applications. In addition, HEAs, a recently developed class of alloys, have attracted
considerable research interest owing to their unique properties, such as excellent
mechanical strength even at elevated temperatures (up to 600 °C); and excellent
resistance to oxidation, wear, and fatigue. HEAs can be used as thermoelectric,
radiation-resistant, and soft magnetic materials and are potential candidates for various
industrial applications, including hydrogen storage and electromagnetic shielding.

SLM manufacturing from atomised commercial powder substrates is relatively costly,
time-consuming, resource-demanding, and requires considerable expertise, among
other challenges. The in-situ alloying of powders using SLM can address the issues
associated with the requirement of pre-alloyed commercial powders, providing high
flexibility and reducing energy wastage. However, in-situ alloying with a large fraction of
elements could result in inhomogeneous distributions or unalloyed elements. Laser
remelting strategy could reduce the inhomogeneity in SLM.

The use of SLM is advantageous in the fabrication of objects with a high resolution of
features, high-dimensional control. However, SLM is a complex process with a large
number of non-transferable process parameters (>130), all of which significantly
influence the quality of the final part. The parts fabricated by SLM exhibit poor
performance under cyclic loading, anisotropy and inhomogeneity in microstructural and
mechanical properties, defects (pores and cracks), and high residual stress (RS). Although
post-heat treatment can improve the reliability and quality of the SLM parts, it increases
the final production cost/time and reduces their strength. In contrast, laser remelting is
an affordable non-additive technique that utilises a laser beam to impart energy and
remelt the material. It can be applied to homogenise the microstructural and mechanical
properties and improve the reliability and quality of SLM parts.

Therefore, in this study, Ti-based and HEAs were in-situ alloyed via SLM. The aim of
the present thesis is to investigate the feasibility of producing compositionally
homogenous from elemental powders mixtures corresponding to the Ti6Al4V and
equiatomic CoCrFeMnNi HEA using SLM with remelting scanning strategy. In situ
equiatomic CoCrFeMnNi HEA from elemental powder using SLM is carried out for the
first time. In addition, laser remelting was used as a tool for increasing the homogeneity
of microstructure and mechanical properties of SLM parts from pre-alloyed and mixed
elemental. Furthermore, the influence of laser remelting on the substructure;
mechanical properties (tension/compression, impact, hardness, and fatigue); RS; and
tribological properties of the SLM parts was investigated.
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1 Literature review

This chapter provides the theoretical background necessary for understanding the work
that has been carried out in this dissertation. This chapter first describes the principle
and classification of AM processes. The SLM process will be discussed in detail, followed
by describing the process parameters and its shortcomings. Then, the main powder
preparation techniques for SLM and their advantages and disadvantages will be
explained. Finally, the general background of the Ti6Al4V alloy and CoCrFeMnNi HEAs
fabricated by SLM, including their microstructural and mechanical properties, will be
discussed.

1.1 Additive manufacturing classification

Additive manufacturing, developed in the 1980s, is one of the most compelling emerging
manufacturing technologies that can potentially revolutionise the manufacturing sector.
The American Society for Testing and Materials (ASTM) has defined AM as “the process
of joining materials to make objects from 3D model data, usually layer upon layer,
as opposed to subtractive manufacturing methodologies” (ASTM, 2012). AM, also
referred to as three-dimensional (3D) printing, is a manufacturing technique that uses
computer-aided design (CAD) to build objects. Over the last four decades, AM has
attracted considerable interest from both industry and academia owing to its ability to
produce almost net-shaped components with complex shapes in a cost-efficient and
flexible manner. According to ASTM F2792 — 12a (ASTM, 2012), AM processes are
classified into seven categories based on the material properties (such as heat resistivity),
strength, shape complexity, dimensional accuracy, cost, and surface quality, among
other features, as summarised in Table 1.1.

Table 1.1 Summary of additive manufacturing processes (ASTM, 2012).

AM categories Technology Material Power source

Polymer, ceramic,

Indirect inkjet printing and metal powder

Binder jetting Thermal energy

Directed energy Laser, electron

deposition

Laser engineered net shaping

Molten metal

beam

Material extrusion

Fused deposition modelling,
contour crafting

Thermoplastics,
ceramic slurries

Thermal energy

Material jetting

Polyjet, inject printing

Photopolymer, wax

Thermal energy,
photocuring

Powder bed fusion

. . . Polyamides,
Selective laser sintering Laser beam
polymer
Direct metal laser sintering Metal, ceramic Laser beam
Selective laser melting Metal and ceramic Laser beam

Electron beam melting

Metal and ceramic

Electron beam

Sheet lamination

Laminated object
manufacturing

Plastic film,
metallic sheet

Laser beam

Vat
photopolymerisation

Stereolithography

Photopolymer
materials

Ultraviolet laser
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The application of AM processes depends on the material feedstock, mechanical
properties, precision, technology availability, cost, application, post-processing, and
expertise. In the binder jetting process, a liquid bonding agent is selectively deposited to
join the powder, and this process is used in various applications, such as prototypes, large
sand-casting molds, and low-cost metal parts. The directed energy deposition (DED)
method involves the use of a metal wire or powder particles as feedstock to manufacture
components, and the energy source can be a plasma arc or a high-energy beam. DED
fabricates parts by depositing molten material onto a component through a nozzle,
and the heat source melts the material. Material extrusion involves using filaments of
thermoplastic or composite material to fabricate components from compatible raw
materials, including Nylon or ABS plastic. This process can be applied to produce
non-functional and cost-effective rapid prototypes, with a dimensional accuracy higher
than those of other AM processes. In material jetting, photopolymers or wax can be used
as feedstock to manufacture components from multi-materials with high dimensional
accuracy and a very smooth surface finish. Powder bed fusion (PBF) is an advanced AM
technique wherein a high-energy beam (laser or electron beam) consolidates material in
powder form to fabricate objects in a layered-wise manner. In PBF, powder particles are
first spread over a platform and then selectively melted by a high-energy beam. Sheet
lamination, which offers high speed, low cost, and ease of material handling, involves
fabricating parts from metallic sheets using ultrasonic waves and mechanical pressure
for bonding. However, this process may require post-processing to improve the quality
of the parts, and the materials that can be used in this process are limited. In vat
photopolymerisation, a liquid photopolymer in a vat (or tank) is selectively cured by an
ultraviolet heat source layer by layer to form a 3D object. This process has high accuracy,
high speed, and the possibility to fabricate large objects with high quality.

1.2 Selective laser melting process

The SLM process is one of the most used AM techniques and uses a laser beam to
selectively melt the powder particles in a layered-wise manner, which can produce
net-shape metal objects with complex geometries. In the SLM process, particles are
melted completely along the laser tracks to bond them with the adjacent tracks and the
precedent layer. Therefore, this process can fabricate nearly fully dense parts with high
design freedom for various industries, including automotive, aerospace, medical, tooling,
and energy.

Figure 1.1 illustrates the SLM process. First, a 3D model of the object is created using
CAD software. Then, the model is sliced into thin layers. The designed object is fabricated
on a metallic substrate plate, which can move up and down. The powder bed in the SLM
process is formed by pre-spreading powder particles homogeneously over the platform
or a previously solidified layer from the container stores according to the dosage level
set on the machine. The laser beam scans the powder particles according to the SLM
process parameters and selectively melts the powder particles into the desired shape
under a protective gas (argon, nitrogen, or helium). After scanning the layer, the platform
is lowered as dictated by the programmed layer thickness. Powder particles are again
spread over the platform and melted on top of the former layer. This process is repeated
for each layer of the CAD model until the object is fabricated. Finally, the remained
powder particles will be collected and may be used again.

11
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Figure 1.1 Schematic diagram of SLM process (adopted from (Doubenskaia, 2016)). Note that the
designed object is fabricated layer by layer.

The SLM process is arguably one of the most successful AM processes. Different
classes of material can be processed, including Al-, Ti-, Ni-, Fe-, Cu-, and Co-based alloys,
and other classes of materials such as metallic glasses and HEAs (Wu, 2018). In addition,
due to a very high cooling rate of the SLM process, the fabrication of amorphous
materials is also possible. Moreover, the mechanical properties of the alloys can be
controlled by adjusting the SLM process parameters, such as hatch style and preheating
of the platform. These process parameters can influence the microstructure of the
fabricated parts. However, the total manufacturing costs of the SLM process is relatively
high, and the size of the build chamber of the SLM process is a manufacturing restriction.
Currently, there is a rigorous quest to improve the quality and performance of SLM
components.

SLM process parameters: SLM process parameters play a significant role in the
physical and mechanical properties of fabricated parts and improper selection of these
parameters can result in poor mechanical properties or defects, such as high surface
roughness, deformation, and pores. Numerous studies have investigated the effect of
process parameters on the quality of the final parts. Different strategies have been used
to optimise the process parameters and, consequently, to improve microstructural and
mechanical properties, dimensional accuracy, and surface quality. The main process
parameters are, as follows.

1. Laser wavelength: The laser wavelength affects material absorptivity and,
consequently, the total amount of energy required to melt the powders. Boley
et al. (2016) reported significant variation in the absorptivity of different metals.
SLM machines with a fibre laser typically have a laser wavelength of 1.06 um,
where the absorptivity of the laser at room temperature (~25 °C) is very low.

2. Spot size: The spot size or laser beam diameter defines the size of the melt pool
and affects the properties (such as density) of the fabricated parts. One way to
increase the build rate of SLM is to increase the laser power that allows for a
larger laser spot size, resulting in a larger melt pool size, higher layer thickness,
and larger hatch spacing.

12



3. Laser power: The power of the laser is a key SLM process parameter that
controls the amount of energy absorbed by the powder material. Laser power
determines productivity, density, and the microstructural and mechanical
properties.

4. Scan speed: The scan speed plays a vital role in the final product and by
increasing the scan speed, the time of laser energy transfer is decreased,
resulting in cracks and porosity. The scan speed affects the maximum melt pool
temperature, cooling rate, density, and mechanical properties (Chen, 2019).

5. Scanning strategy: The scanning strategy is the geometrical pattern followed by
the laser beam, which has an influence on the mechanical properties, RS, and
surface quality (Ali, 2018). In addition, the scan strategy can improve the surface
roughness, mechanical properties, and lower the porosity (Carter, 2014;
Larimian, 2020; Rashid, 2017).

6. Layer thickness: Layer thickness is a measure of the height of each successive
powder layer. Increasing the layer thickness decreases the total build time and
production cost. Layer thickness affects productivity, surface quality,
mechanical properties, and density (Alfaify, 2019).

7. Hatch distance: Hatch distance or scan spacing is the distance between two
consecutive laser beam tracks. It determines the productivity of the SLM
process and the extent of defect formation. In addition, the hatch distance
influences the mechanical properties, surface quality, density, and RS.

Challenges associated with SLM process: The SLM process offers a great advantage
in fabricating objects with complex geometry. However, it exhibits a large number of
challenges due to its complex nature, which requires a comprehensive understanding of
the process to fabricate parts with desirable properties. Some of these challenges are
discussed in this section.

1. Scores of process parameters
SLM is a complex process with a large number of process parameters that have a large
influence on the quality of the final part. Yadroitsev (2009) reported that there are more
than 130 parameters that could affect the quality of the fabricated part. To examine the
effect of these parameters or compare the input energy of the processes, energy density
Eq (J/m3) has been used, which is defined as follows:
P

= VS% 1.1
where Pes is the effective laser power (W), his the hatch distance (m), vs is the scan speed
of laser (m/s), and d is the layer thickness of the powder bed (m). However, Eq in SLM
process parameter optimisation is a contentious definition, because it may also require
considering the melt pool size, properties of the precursor powder (particle size, thermal
conductivity, heat capacity, latent heat of fusion, etc.), laser parameters (laser type and
mode, spot radius, etc.), scanning strategy, oxygen concentration during the processing,
etc. Therefore, it is essential to optimise the SLM process parameters in order to fabricate
components with the required properties and different methods can be used to design
the experimental setup, including response surface methodology, Taguchi robust design
methods, direct optimisation, optimal design of experiments, and energy density (Ed)
(Khorasani, 2019; Nguyen, 2020).

13



2. Transferring process parameters

In a complex AM process such as SLM, transferring the optimised process parameters for
a particular material among different machine manufacturers may not be possible.
In SLM, scores of process parameters influence the properties of the finished part.
The machine type and manufacturer, maintenance condition, protective gas flow, and
other consumables can be different. The laser beam may degrade and depolarise during
that time, which can affect the final quality. The geometry of the SLM component and
powder material are not constant, which affect the process. Despite all the developments
and improvements, the SLM process is still a trial-and-error experience-based activity.
It is vital to improve the reliability and repeatability of this process.

3. Surface roughness

The surface roughness of the 3D net-shape parts fabricated by SLM is relatively high and
might be attributable to the turbulence of the melt pool that caused the uneven
solidification and partial melting of powder particles. It has been reported that surface
roughness can reach ~12 um, which is considerably higher than that of machined parts
(Jamshidi, 2020). Numerous studies have reported the effects of scanning strategy,
post-processing, powder particle size, building direction, and laser power on the
surface topography. Eyzat et al. (2019) reported that the application of post-treatment
(e.g., heat treatment, polishing, sandblasting, and chemical etching) could reduce the
surface roughness. However, post-surface treatments are time-consuming and
resource-demanding. Furthermore, Han et al. (2019a) stated that surface roughness
improved with the application of laser remelting. Chen et al. (2018) reported that the
fabricated SLM parts exhibited orientational dependence on surface topology, which
influences the contact and mechanical properties. High surface roughness affects the
functional properties of the material, frictional behaviour (especially for biological
applications), and optical properties. In addition, the high surface roughness of the parts
leads to a considerable reduction in fatigue strength.

4. Porosity

During SLM, there is not sufficient time for conductive homogenisation of the laser input
energy, and the heat is not distributed evenly in the loose powder bed. Therefore, pores
can be formed that can be categorised into two types: lack of fusion (LOF) and
metallurgical pore (MP). LOF pores have an irregular shape, which can form because of
improper SLM process parameters. MPs are spherical in shape and can form owing to
the presence of adsorbed/entrapped gases. Pores have distinct influences on monotonic
and cyclic mechanical properties, which may cause SLM parts to fail prematurely.

5. Cracking

Cracking is a highly complex phenomenon that may occur above the solidus temperature
as a result of thermal stresses/strains, which are generated because of solidification
shrinkage and thermal contraction. If the liquid phase (in the form of films) separating
the grain boundaries and sufficient thermal strains are present, cracking occurs at the
grain boundaries. In the rapid heating/solidification of the SLM process, the reason for
cracking can be categorised into two types: (1) metallurgical factors, including
solidification temperature range, amount and distribution of liquid during solidification,
ductility of solidifying metal, the surface tension of grain boundary liquid, grain structure
and solidification phase, and (2) mechanical factors, such as contraction stresses, degree
of restraint, and geometry.

14



6. Laser absorptivity

Laser absorption is one of the most important phenomena with a complex nature in the
SLM process that influences efficiency and reliability. Laser light irradiates the loose
powder and melts the material, which then rapidly solidifies. Laser absorption is the main
physical phenomenon in SLM, where the reflectivity of most metals is high. The laser
absorption of the loose powder is influenced by many parameters, including the
wavelength and power of the laser, powder particle size (cooperation number), powder
bed morphology, temperature of the melt pool, angle of incidence, surface roughness,
and powder-surface chemistry. Yang et al. (2010) have developed a model to measure
the laser absorptivity on the top surface of the Ti6Al4V components.

7. Impact strength

The impact strength of AM parts is poor. Many studies have reported that the impact
strength of parts fabricated by SLM is relatively lower than that of their wrought
counterparts due to high porosities and large amounts of absorbed oxygen (Yasa, 2010).
Grell et al. (2017) studied the effect of building orientation, hot isostatic pressing (HIP),
defects (pores), and powder oxidation on the Charpy impact energy of Ti6Al4V parts
fabricated by electron beam melting (EBM) and reported that the impact toughness
increases with HIP and with a decrease in oxidation.

8. Anisotropy

Anisotropy, i.e., the property of a material exhibiting directionally dependent features in
mechanical properties, is one of the major issues facing AM technologies. Anisotropy in
the mechanical properties of SLM parts can be influenced by anisotropy in
microstructure, crystallographic texture, and spatial distribution of defects concerning
the build direction. A large number of studies have reported that the effect of building
orientation influences mechanical properties, including tensile, compressive, and fatigue
strength (Tridello, 2020; Simonelli, 2014). In addition, it has been reported that the parts
fabricated in a horizontal orientation exhibit lower strength than those fabricated
vertically.

9. Inhomogeneity

Inhomogeneity is defined as non-uniformity in the features of fabricated parts. In the
SLM process, each volume of the material within a deposition layer experiences a
different thermal history. The microstructure variation in a SLM part may lead to local
variability in mechanical properties. Yang et al. (2010) studied inhomogeneity in the
microstructure of as-built SLM (as-SLM) Ti6Al4V alloys using X-ray diffraction (XRD) and
scanning electron microscopy (SEM) and observed distinct changes in constituent phases
under specific SLM conditions. In addition, numerous studies have reported the effect of
heat treatment on the homogenisation of the SLM parts and found a decrease in
inhomogeneity (Cao, 2021; Zhang, 2019).

10. Residual stress
In the SLM process, very high-temperature gradients, rapid phase transformation, and
rapid solidification lead to the cyclic thermal expansion and contraction of the material,
and, consequently, RSs form in the parts. These stresses could lead to crack formation,
delamination, or accelerated in-service fatigue failure. The formation of RSs in the SLM
parts depends on process parameters (e.g., powder bed temperature and scanning
strategy), materials properties (e.g., thermal expansion and Young’s modulus), geometry,
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support structures, etc. A large amount of studies have reported that the RSs of SLM
parts can be removed through the application of a heat treatment process (Shiomi, 2004;
Jiang, 2019).

11. Cost

The manufacturing costs of the SLM process are relatively high compared to other
processes due to a low build rate. The cost of the SLM machine is quite high, which
constitutes a major fraction of the total cost. SLM parts exhibit poor surface quality,
which necessitates post-treatment, increasing the final production cost. Furthermore,
the production cost of metallic powder particles is quite high, requiring high-quality
spherical powders with good flowability, appropriate particle size distribution, and low
oxygen content. The total cost of equipment, labour, energy consumption, protective
gas, and the pre- and post-processes are high. Liu (2017) developed cost models for the
SLM process and investigated the influence of factors such as production volume and
raw material price. Powder production cost greatly influences the total cost of SLM and
will be discussed in detail in Section 1.4.

12. Reliability

AM parts are considered unreliable, and their fatigue behaviour has been extensively
investigated using SLM (Kumar, 2020; Gunther, 2017; Cao, 2017; Fotovvati, 2019; Masuo,
2018; Sangid, 2018). Due to the presence of defects and high RSs, SLM parts exhibit
inferior performance under cyclic loading compared to that of their wrought
counterparts (Sangid, 2018), limiting their application. It has been reported that cracking
is mainly initiated by the presence of defects, such as LOF pores and/or MPs (Cao, 2017;
Gunther, 2017; Masuo, 2018). However, post-processing strategies such as heat
treatment and HIP can be applied to reduce the number of LOF pores and MPs and,
consequently, improve the fatigue life (Yasa 2010).

1.3 Production of metal powders

In powder-based fusion processes such as SLM, metal powder particles are used to
fabricate components. There are various technologies for metal powder production, as
shown in Figure 1.2. The produced metal powder particles can be characterised by
particle morphology, i.e., shape (irregular or spherical), surface roughness, and size
(Sutton, 2016). Table 1.2 lists the diameters of the powder particle produced through
various techniques. Furthermore, the production methods influence the physical
properties of the powder particles, such as chemical properties (reactivity and
impurities), flowability, porosity, density (apparent and tapped), compressibility, and
cost.

16



|

Atomization
Processes

Rotating
Electrode
Process (REP)

Powder Production
Methods

Mechanical
Processes |

il

Gas Atomization Free Fall

Close Coupled

Water Atomizati

High Pressure

EIGA & PIGA

Centrifugal
Atomization

Plasma Atomization

Plasma REP

Comminution

[ Mechanical Alloying
Route

Plasma Route

Chemical
Processes

Chiloride Reduclion
Hydrometallurgical
Techniques

Carbonyl Reactions

Figure 1.2 Methods of powder production (adopted from (Singh, 2017)).

Table 1.2 Powder particles diameter produced by the techniques given in Figure 1.2 (adopted from

(Antony, 2003)).

Process

Powder particle
diameter (um)

Powder

Gas atomisation (GA) 60-125 Ni, Ti, Zr, Ti-Al, Fe-Gd, Zn, Pb
Water atomisation (WA) 12-16 Fe and Cu
Centrifugal atomisation 7-8 Al-20Si
Plasma atomisation (PA) 40-90 Ti, Mo, Cu, IN 718 (Nickel

superalloy)
Plasma rotating 75-200 1018 steel
electrode process
Stamp mill, ball mill 25-500 Al, Cu
Oxide reduction 1-10 Fe, Co, Cu, Mo, Al, Mg
Carbonyl reactions 10 Fe, Ni
Hydrometallurgical 1-10 Ni

techniques

Powder atomisation: The vast majority metal powders used in AM are produced by
atomisation processes, which generally show reliable and repeatable results. In SLM,
powder characteristics have significant influences on the properties of the final AM part.
To produce powder particles using atomisation processes, molten metals are broken into
either small liquid drops by high-speed fluids (including gas and water) or fluids with
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centrifugal force. The molten drops are then solidified into powder particles. Gas (GA)
and plasma (PA) are two main atomisation processes.

The GA process is the main process to produce high-purity powders of a wide range
of materials for SLM and it uses high-purity inert gases (e.g., nitrogen, argon, or helium).
In the GA process, the metal is usually melted using gas and the molten metal is atomised
using gas jets. Figure 1.3a shows a schematic of the GA process. A stream of molten metal
is hit by an inert gas jet and nebulised into droplets that are cooled down (with a cooling
rate of ~10° K/s) during their fall in the atomisation tower. The process takes place inside
an atomisation tank, which is filled with inert gas. The particles obtained by GA are
usually spherical (Fig. 1.3b). However, satellite particles can be formed due to
considerable interactions between droplets while they cool in-flight in the cooling
chamber. In addition, the inert gas can be entrapped in the powder particles, resulting in
porosity. A higher gas flow rate for a certain metal flow rate results in finer powder

particles.
b Powder
production
G::asg::i | }

Plasma atomization

Fine Powder s oyt s ) s
4 n‘_\ 9 gl 3

Collection
Chamber

Figure 1.3 a Schematic of the GA process (adopted from (Matsagopane, 2019)). b Typical morphology
of metal powder particles produced by atomisation processes (adopted from (Wallner, 2019)).

PA can be used to fabricate metal powders with premium-quality spherical powders,
flatter surface textures, and minimal satellite content. The flowability and packing
properties of powders fabricated using PA are better than those of powders fabricated
using other atomisation methods. In PA, metal wire is melted in a plasma torch,
and a plasma flow breaks up the liquid into droplets. The cooling rate is in the range of
100-1000 K/s, and powder particles are formed. PA can produce powder particles of
reactive and high-melting-point materials such as Ti-, Ni-, Tl-, Zr-, Mo-, and W-based
alloys. The cost of powder production via PA is significantly higher than that of powder
production via GA and water atomisation (WA). It should be noted that WA has
limitations in producing particles of reactive metals and alloys, and that the resultant
powders typically exhibit poor quality due to irregular shape, poor flowability, and very
high oxygen content.

Powder modification for SLM: The atomised powders, particularly GA and PA
powders, exhibit important advantages, including extremely narrow chemical tolerances
and spherically shaped powders with a wide particle size distribution range. In processes
involving rapid solidification and the fabrication of complex objects, there are certain
limitations related to materials that can be used for the SLM process. A few of the major
disadvantages are the following.

1. Limited number of available commercial alloys: In the SLM process with the
possibility of the fabrication the most complex objects, the compositional
flexibility of the material is restricted. Moreover, certain alloy powders can be
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challenging to produce via the atomisation processes due to quality or chemical
composition issues.

2. High cost of production: The number of metallic powder manufacturers on the
market is limited, and the large size of the minimum batch sizes available causes
an inflated total price. Furthermore, the powder particle size and morphology
requirements for SLM cause an increase in cost (Dong, 2021).

3. Time-consuming processes: The production of pre-alloyed powders using
atomisation processes is a time-consuming and resource-intensive procedure.
Powders are usually produced from alloy ingots that are melted and then
atomised. However, a new atomisation processes that uses a mixture of sponge
and master alloy has been described by Arimoto et al. (2006).

4. Required expertise: Producing powder particles via atomisation processes,
particularly PA, requires specific expertise to meet the commercial
requirements of customers. The manufacturer should have the ability to control
the chemical composition and particle size, as well as consistency within
production batches, and only experienced manufacturers are able to fabricate
high-purity spherical metal powders with narrow particle distributions.

5. Other issues: In brief, powders of some alloy compositions can be challenging
to produce via atomisation because of the issues associated with quality or
chemical composition. Similarly, powder of alloys that contain elements with
large differences in physical properties, such as the melting point or weldability,
are difficult to produce via atomisation.

Therefore, developing material for SLM through the (gas) atomisation process is
difficult, and there is a need for a flexible alloying procedure. In processes with rapid
solidification, such as SLM, materials with different microstructures, phases, and,
therefore, physical and mechanical properties can be obtained. Tailoring the chemical
composition of alloys in SLM will result in a material with new microstructural and
mechanical properties. A plausible solution to the aforementioned problems is to use
mixed elemental powders as feedstock to fabricate SLM parts, which is commonly known
as in-situ alloying. This technique has made a significant contribution to the development
of different alloy systems and offers low production costs and, in addition, can be used
instead of purchasing large batches of metal powders of fixed composition. In-situ
alloying allows mixing the elemental powders in desired weight or atomic percentage
and, consequently, overcoming the limitation in compositional flexibility and availability.
A large number of studies have reported successfully in-situ alloying of elemental powder
(Dong, 2021; Simonelli, 2018; Vora, 2017; Vora, 2015). Materials produced by SLM from
the mixture of elemental powders must be assessed for homogeneity in chemical
composition and microstructure, mechanical properties, and defects such as porosity
and cracks (Brodie, 2020). Figure 1.4 shows the morphology and chemical composition
of a powder mixture, suggesting the homogeneous distribution of powder particles after
powder mixing.
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Figure 1.4 SEM image of the blended powder including spherical pre-alloyed CoCrFeNi and
irregular-shaped elemental Mn powders, with energy-dispersive X-ray spectroscopy (EDS) mapping
(modified from (Chen, 2020b)).

In-situ alloying by SLM can circumvent the consumption of a large amount of
pre-alloyed materials and resource wastage. Materials with unique printability,
microstructure, phase, and physical and mechanical properties, can be manufactured
using in-situ alloying.

1.4 SLM of metallic alloys

The SLM process has been highlighted for its unique advantages in fabricating complex
components from metallic alloys in comparison with other fabrication processes.
However, the metallic alloys that can be processed by SLM must fulfil certain criteria,
such as adequate weldability. According to I1SO standard 581-1980, weldability is the
capacity of a metal to be welded via a given process for a given purpose, providing
integrity to the product and meeting technical requirements. The alloys should resist
crack formation, which can appear because of a broad solidification temperature range,
low ductility, high surface tension of the grain boundary liquid, coarse columnar grains
structure, and RSs (Gorsse, 2017).

Different classes of materials with available GA powder, such as Al-, Co-, Ni-, Fe-, Cu-,
Cr-, Ti-based alloys, HEAs, and quasicrystalline materials, can be processed by
commercial SLM applications and exhibit desirable properties (Paper |). The SLM process
has the capability of easily adjusting process parameters for new generation alloys that
are difficult to fabricate using other AM techniques. Table 1.3 lists the most popular
alloys for the SLM process. Ongoing research on material development and properties is
of interest to the field of material science, which can be applied to various industries.
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Table 1.3 Common materials available for SLM.

Material class Alloy composition TRL  References

Al-based AlSi10Mg, AlSi7Mg0.6, AlSi9Cu3, 1050A, 4-8 (Gorsse,
alloys 2017A, 2219, 6061, 7020, 7050, 7075, 5083 2017)

Ti-based Ti6Al4V ELI (Grade 23), TA15, Ti (Grade 2) 7-9 (Gorsse,
alloys 2017)

Ni-based HX, IN625, IN718, IN939 7-9 (Gorsse,
alloys 2017)

Co-Cr alloys CoCr28Mo6, MediDent (CoCr) 7-9 (Gorsse,
2017)

Cu-based CuNi2SiCr, CuSn10, CuCri1Zr 4-5 (Gorsse,
alloys 2017)

Fe-based 316L, 15-5PH, 17-4PH, maraging tool steel, 7—9 (Gorsse,
alloys H13, Fe-alloy Invar 36 2017)
High-entropy 1-3 (Hern,
alloys (HEAs) 2021)

Currently, only a small number of metallic alloys (approximately >50alloys (Gorsse,
2017)) can be processed by SLM with different TRLs. The TRL was developed as an
estimate of the maturity or readiness of a new technology based on nine levels, according
to NASA (Peters, 2015). Various industries, including the manufacturing, automotive,
and energy sectors, are using the TRL to evaluate the quality of a new technology.
Numerous studies have investigated the AM of materials to improve the available
materials or expand the variety of compatible materials. In this work, two alloy classes,
namely, Ti-based and HEAs, were selected to address the limitations of SLM and span the
maturity or TRL of materials. As summarised in Table 1.3, these two classes of materials
have different TRLs.

Ti-based alloys have been extensively studied in the context of AM. Results have
indicated that ~35% of scientific publications concern Ti-based alloys, with alloys
fabricated by AM exhibiting lower fabrications costs than their wrought counterparts.
Ti-based alloys have been used in biomedical and aerospace applications, lightweight
structural components, and the research and development sector. Ti-based alloys are
typically classified into a- and B-Ti alloys. Among various Ti-based alloys, Ti6Al4V is the
most widely used, accounting for almost half of the market share of Ti products currently
in use (Paper Ill). Ti6Al4V has excellent specific strength, corrosion resistance, and
adequate thermal stability (~350 °C).

HEAs (material with at least five principal elements) will be investigated. Since the
development of HEAs, research has been accelerated due to their interesting properties
(Paper IV). HEAs have considerably higher entropies than traditional alloys, exhibit good
mechanical strength even at elevated temperatures, and can be used as thermoelectric,
hydrogen storage, radiation-resistant, electromagnetic shielding, and soft magnetic
materials. AM was successively applied to manufacture HEA parts, which offers the
additional advantage of producing parts with intricate shapes and added functionalities.
In the following sections, Ti-based and HEAs and the properties of AM parts using SLM
will be discussed in detail.

In-situ alloying by the SLM process is attracting increasing attention from researchers
and engineers. The cost of the mixed elemental powder particles is almost an order of
magnitude lower than that of commercial atomised powders, suggesting a significant
improvement in the affordability. Figure 1.5 illustrates the price of the commercial GA
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and mixed elemental Ti6Al4V and CoCrFeMnNi HEA powders. The GA powders are
considerably costly, over $430 per kg for Ti6Al4V (Dong, 2021) and $550 per kg for HEAs
(Sarswat, 2020). In contrast, the cost of the mixed elemental powders that were used in
the present work are significantly lower at approximately $35 and $55 per kg for Ti6Al4V
and CoCrFeMnNi HEAs, respectively. Owing to the low alloying concentrations in Ti6Al4V
alloys, the cost of the Ti6Al4V powder mixture is close to that of pure Ti powder.
Dong et al. (2021) reported that the Al (6 wt%) and V (4 wt%) increase the feedstock cost
by ~$3 and ~$11 US per kg, respectively.

Mixed- GA- Mixed- GA-
Ti6Al4V Ti6AldV HEA HEA

Figure 1.5 Price comparison of commercial GA and mixed elemental Ti6Al4V and CoCrFeMnNi HEA
powders.

1.4.1 SLM Ti6Al4V alloys

Ti6Al4V alloys, which were introduced in 1954 in the USA, are an a + B Ti alloy with high
specific strength, low density, desirable tribological properties, high fracture toughness,
excellent corrosion resistance, and remarkable biocompatibility. These alloys have
applications in diverse industries, such as defence, marine, automobile, energy,
chemical, and biomedical. Ti6Al4V refers to pure Ti with 6 wt% Al (a stabiliser) and 4 wt%
V (B stabiliser). Ti6Al4V exhibits both aand B phases, depending on the thermal
processing of the material. At high cooling rates (above 410 K/s), the a’ martensite phase
is formed, whereas at low cooling rates (above the B transus temperature), the globular
a phase is formed (Warren, 2018).

The SLM process, which can produce almost-net-shape structures with complex
geometries via a flexible layer by layer control strategy, has attracted the attention of
researchers and engineers for fabricating Ti6Al4V parts. The SLM processing of Ti6Al4V
parts involves the melting of powder in small volumes on previously solidified layers.
Therefore, it requires a high solidification rate. The as-SLM Ti6Al4V alloys consist of the
acicular o’ martensite phase because of the very high cooling rate associated with the
SLM process, resulting in high tensile strength and hardness. However, the fabricated
parts exhibit poor ductility and reliability (Al-rubaie, 2020; Eyzat, 2019; Kumar, 2020;
Li (Z.) 2018; Vaithilingam, 2016; Vrancken, 2014; Yasa, 2011). Yang et al. (2016)
investigated the patterns of influence of process parameters of the SLM process, such as
scan speed and hatch distance, on the size of the martensitic phase and its formation
mechanisms. They found that the size of the martensitic phase could be controlled
by the SLM process parameters and that the hierarchical microstructure of acicular
a’'martensite is a result of the thermal cycles of SLM. However, the parts fabricated by
SLM exhibit poor performance under cyclic loading, anisotropy and inhomogeneity in
microstructural and mechanical properties, and defects (pores and cracks).
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1.4.2 SLM of HEAs

Since the Bronze Age, the design of alloys has been based on one or two principal
elements, such as Fe in steels or Ni in superalloys, and a minor alloying approach is
applied to adjust the microstructure and properties. Recently, a new class of
multicomponent alloys was introduced, denoted as HEAs by Yeh et al. (2004, 2007). Their
disordered solid-solution structures are stabilised by a high configurational entropy of
mixing (ASconf) because of the addition of multiple elements (five or more) in an
equimolar or near-equimolar composition (with an atomic percentage between 5% and
35% (Yeh, 2004)). For alloy development, scientists focused on a limited number of
principal elements because of the complex multidimensional phase diagram of a
multicomponent alloy system. A large number of metastable/intermetallic phases can
formed, which could decline the mechanical properties. Over the past two decades,
this new class of alloys was developed significantly, and a large volume of work was
carried out to improve their microstructural and mechanical properties. It is possible to
tailor the properties by the proper selection of component elements (Chen, 2020a3;
Melia, 2019; Schneider, 2018; Wang, 2017; Yeh, 2007). These superior properties of HEA
are related to the so-called “core effects” in such multi-principal-element design:
high entropy, sluggish diffusion, severe lattice distortion, and the cocktail effect. A large
number of studies have implied the potential for discovering new materials with valuable
properties in the uncharted phase-space in the middle of multicomponent systems
(Lu, 2020; Huang, 2019; Mu, 2013). The difference in entropy of between HEAs solid
solutions and other alloys is particularly large owing to the multiprincipal-element design
(Tsai, 2014). HEAs, in particular those consisting of refractory elements, have high yield
strength at a high temperature. On the other hand, the yield strength of superalloys,
including Inconel 718 and Haynes 230, which are generally used in gas turbine engines
with operating temperatures around 800 °C, significantly decreases at a temperature just
above 600 °C, as shown in Figure 1.6. Therefore, these properties motivate the wide
investigation of HEAs (Senkov, 2011).
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Figure 1.6 The temperature dependence of the yield strength of HEAs and the superalloys Inconel
718 and Haynes 230 (Senkov, 2011).

The CoCrFeMnNi HEA is one of the most studied HEAs with a single-phase face-centred
cubic (FCC) solid solution. A CoCrFeMnNi HEA with an equiatomic composition exhibits
unique properties, such as adequate high-temperature structural stability, excellent
fracture toughness, corrosion resistance, and high ductility at cryogenic temperatures.
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The CoCrFeMnNi HEA is a potential candidate for structural applications at cryogenic
temperatures. Kilmametov (2019) reported a remarkable hardness value (~6700 MPa)
for the CoCrFeMnNi HEA. Lu et al. (2020) studied the mechanical properties of the
CoCrFeMnNi HEA at 550 °C and reported that these alloys exhibited adequate fatigue
behaviour comparable to that of common austenitic stainless steel. Wang (2020) reported
excellent corrosion resistance values for the CoCrFeMnNi HEA. HEAs have been processed
using traditional manufacturing routes, such as casting (Melia, 2019), exhibiting
complicated microstructure in both as-cast and annealed conditions (Munitz, 2016).
The CoCrFeMnNi HEA has been fabricated by SLM using pre-alloyed powder, and the
as-fabricated parts possess chemical homogenisation and excellent mechanical properties.
Li (R.) et al. (2018) produced the equiatomic CoCrFeMnNi HEA using SLM from GA
powder and reported increased density and surface quality with increasing laser energy
density. In addition, Kim et al. (2020) reported that the CoCrFeMnNi HEA fabricated via
SLM exhibited remarkable mechanical properties in the high-temperature range (up to
600 °C). Chen et al. (2020b) successfully produced an in-situ CoCrFeMnNi HEA using SLM
from a mixture of CoCrFeNi pre-alloyed and pure Mn powders and reported that this HEA
exhibited adequate printability and homogeneous chemical distribution. However, SLM
equiatomic CoCrFeMnNi HEA from atomised commercial powder substrates is relatively
costly, time-consuming, and requires considerable expertise.

1.5 The objectives of the thesis

SLM is one of the most widely used AM techniques that can produce the most complex
objects usually from pre-alloyed powder particles. However, pre-alloyed powders exhibit
significant shortcomings, such as rigid chemical composition, limited number of available
commercial alloys, resource-demanding and time-consuming production process,
production issues, and required expertise. In addition, the SLM parts exhibit poor
performance under cyclic loading, anisotropy and inhomogeneity in microstructural and
mechanical properties, defects (pores and cracks), and high RS. Therefore, the aim of the
present thesis is to investigate the feasibility of producing compositionally homogeneous
parts without resorting to pre-alloyed GA powders, instead of using elemental powder
mixtures corresponding to the Ti6Al4V and CoCrFeMnNi HEAs. In addition, the effect of
a remelting scan strategy on the alloying behaviour was studied, as well as the
mechanical and microstructural properties of SLM parts. The main objectives of this
thesis are as follows.

1. In-situ alloying of CoCrFeMnNi HEA in equiatomic composition by SLM from the
elemental powder mixtures and compare with those fabricated from pre-alloyed
GA powder.

2. In-situ alloying of Ti6Al4V by SLM from the elemental powder mixtures and
compare with those fabricated from pre-alloyed GA powder.

3. To reveal the alloying behaviours, elemental distribution, microstructure, and
mechanical properties of in-situ fabricated Ti6Al4V and CoCrFeMnNi HEAs.

4. To investigate the influence of remelting scan strategy on chemical and
morphological inhomogeneity, and anisotropy in microstructure, and
mechanical properties of in-situ fabricated Ti6Al4V and high-entropy alloys.

5. To improve the mechanical properties, including tensile/compressive strength,
high cycle fatigue strength, hardness, and Charpy impact energy of SLM parts.

6. To reduce the inhomogeneity in microstructural and mechanical properties of
SLM parts from GA powder.
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2 Experimental methodology

The experimental methodology used to fabricate the parts and characterise them in this
thesis is described in this chapter. The AM SLM, microstructure characterisations
(TEM, SEM), mechanical tests (tension, compression, fatigue and hardness), and RS
measurements were explained.

2.1 Gas atomized and elemental powders

Ti alloy GA powder (Ti6Al4V ELI-Grade 23) from SLM Solutions, Germany was used,
containing 90 wt% Ti, 6 wt% Al, and 4 wt% V. Ti, Al, and V elemental powders used were
supplied by READE, USA. Co, Fe, Mn, and Ni elemental powders were supplied by Pacific
Particulate Materials, Canada. The elemental powders were blended for 12 h by a
blending machine. Particle size distribution was measured using a laser particle size
analyser (HORIBA LA-950) in deionised water with a refractive index of 1.3.

2.2 SLM system

The Ti6Al4V and high-entropy alloy bulk samples were manufactured using a Realizer
SLM-50 unit (Germany), which can be used to fabricate objects from metallic powders,
including Fe-, Al-, Co-, and Ti-based alloys. It was equipped with a 120 W Yb-YAG laser
with a spot size of ~39 um. Figure 2.1 shows the overall appearance and building chamber
of the Realizer SLM-50 device. The desktop unit was designed for the production of
components with a diameter and height of up to 70 and 80 mm, respectively.

REALIZERE

Figure 2.1 Realizer SLM 50 device used for the fabrication process.

Table 2.1 lists the process parameters used in the present work. During the
manufacturing of AM parts via SLM, each layer was melted either once (single melting,
SM), twice (double melting, DM), or thrice (triple melting, TM) to study the influence of
the laser re-scanning strategy (Fig. 2.2a). There was at least a 15 s time interval between
the melting steps. In the single melting, the powder bed was melted once with the
process parameters given in Table 2.1. The SLM process parameters for the Ti6Al4V and
CoCrFeMnNi HEAs were optimised to increase printability and reduce pores, cracks, and
lamination. During double/triple melting (or remelting scan strategy), each layer was
melted two/three times, and the process parameters of SLM were kept the same.
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Possible oxygen contamination during the SLM process was avoided using a constant
flow of high-purity argon gas. The gas flow was kept constant for the production of all
samples. The SLM parts were manufactured on a 20-mm-thick Ti6Al4V or stainless-steel
platform.
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Figure 2.2 Schematic representation of the SLM samples: a Increasing the number of melting steps
from one to three. b Cube with a dimension of 10 mm. ¢ Charpy test specimen according to ASTM
Test Method E23. d Tensile bar sample fabricated by SLM according to ASTM E8/ES8M-13a.
(adopted from (Paper IV)).

Table 2.1 The process parameters used to fabricate the Ti6Al4V and CoCrFeMnNi HEA samples using
the SLM process.

Alloys
Parameter Ti6Al4V  CoCrFeMnNi HEA
Laser spot size, (um) 39 39
Hatch distance, (um) 60 60
Hatch rotation angle, (°) 73 73
Laser scan speed, (m/s) 1 1
Layer thickness, (um) 25 25
Laser power(W) 60 96

The tensile/fatigue bars were manufactured using the SLM process and the specimens
were polished or machined to remove the support or eliminate unmelted/partially
melted powder particles (Fig. 2.2d).

2.3 Microstructure characterisation

2.3.1 Metallographic preparation

For the mounting and polishing of the fabricated SLM samples, standard metallographic
practices were used. Kroll’s reagent consisting of 5 mL HNOs, 3 mL HF, and 100 mL
distilled water was used as an etchant for the Ti6Al4V alloys. Aqua Regia (or royal water)
comprised a 3:1 mixture of HCl and HNOs was used as an etchant for the CoCrFeMnNi
HEAs. For TEM characterisation, thin-foil samples were prepared by mechanically
grinding down to 50 um. The microstructures of three different in-situ alloyed samples
that were fabricated during three different fabrication processes were analysed.
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2.3.2 Phase identification and microstructural characterisation

The microstructure was characterised by SEM (Zeiss FEG-Germany, and Hitachi TM 1000,
Tokyo-Japan), TEM (Tecnai G2 F20, FEI, Germany) coupled with energy-dispersive X-ray
spectroscopy (EDS), and optical microscopy (Zeiss Axiovert 25). The structural
characterisation was analysed using XRD (Rigaku SmartLab SE with a D/teX Ultra 250 1D
detector and a Cu-Ka source (A = 1.5406 A)). The measurements were conducted at room
temperature (23 °C) from 20° to 120° (26) with a step size of a 0.04° for CoCrFeMnNi HEA
and 0.01° for Ti6Al4V. The Scherer equation was used to determine the crystallite size,

using the equation:
KA

~ B cosd’

2.1

where D is the crystallite size (nm), A is the wavelength of the X-ray beam (A), K is the

shape factor (-), 8 is the full width at half maximum of the diffraction peak (26), and ¢ is

the Bragg angle (). Lattice parameters were calculated using Bragg’s law along with the
plane spacing equation, as follows:

A =2dsing, 2.2

1 4 (h?+hk+k? 1?

w5 (E)+E

2.3

a?
where d is inter-planar spacing (nm); a and c are the lattice constants (nm); and h, k,

and / are the Miller indices (-). The dislocation density, p, was estimated using the
Williamson—Hall approach, as follows:

52
p=144%, 2.4

where ¢ is lattice strain (-), p is dislocation density (m/m?3), and b is the magnitude of the
Burgers vector. The lattice strain is obtained using the relationship:

cos 6 0.9 sin 0

B 1 D + 2¢ 0 2.5
The average number and width of twins of the TEM images were measured in an area
of ~100 pm? in each sample using an image analyser software. In addition, the distribution
and size of voids were measured using the Imagel software using contrast difference
measurements. The dimensions of the acicular a/a’ martensite platelets were measured.
Around 50 readings for each dimension were measured from several optical/SEM
images, and only the average values are reported. Elemental distribution was tested over
several zones of each sample with different magnification by the EDS. The average size,
overlap zone, and inter-space of the melt pools were determined with 100, 30, and 30

measurements, respectively.

2.4 Residual stress measurement

The RS measurement of the SLM-fabricated parts (Fig. 2.2b) at the TCS and LCS of the
sample surface was carried out using XRD (Asenware AW-XDM300, HAOYUAN) with
CuKa radiation (A = 1.54184 A) with a step size of 0.02° and time per step of 1 s. The sin?y
method was used in seven angles (¢), including 0°, 15°, 30°, 45°, -10°, -20°, and -30°.
Equation 2.6 was used to calculate the stress in the chosen direction from the inter-planar
spacing, as follows:

- E dtp—dn}
T = (1+v)+sin21p{ dn ) 2.6
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where gy is single stress acting in a selected direction (MPa), E is the elastic modulus
(GPa), v is Poisson’s ratio (-), ¢ is the angle between the normal of the sample and that
of the diffracting plane (°), dy is the inter-planar spacing of planes at an angle ¢ to the
surface (A), and dh is the inter-planar spacing of planes normal to the surface (A). Further
details have been provided in the study by Fitzpatrick (2005).

2.5 Characterisation of physical and mechanical properties

2.5.1 Hardness and microhardness testing

The average hardness values were obtained from three samples with at least 12
measurements for each using a Vickers INDENTEC 5030SKV machine with a 5 kgf
load and 10 s dwell time. The microhardness test was carried out over 100 indents in
each sample (for the hardness maps) using a MICROMET 2001 (Buehler) machine.
The homogenisation efficiency of hardness was used to quantitatively study the
inhomogeneity. The hardness ranges of 450-500 and 200-250 HV were considered for
the Ti6Al4V and CoCrFeMnNi HEAs, respectively, and the hardness values in these ranges
are used as indicators of homogenisation efficiency. In addition, the average hardness
value was calculated for each sample using 10 indentations.

2.5.2 Tension and compression testing

Room-temperature tensile tests were carried out on a servo-hydraulic testing machine
(Instron 8516, High Wycombe, UK) with a capacity of 100 kN and a strain rate of
0.001 mm/s. The tensile bars were fabricated according to ASTM E8/E8M-13a.
The dimensions of the tensile bars were modified to suit the length of 52 mm per the
ratio mentioned in the ASTM standard (Fig. 2.2d). At least three samples were tested in
each condition to evaluate the reproducibility of the results and the representative
tensile curves are presented where necessary. The compression test was carried out at
room temperature (and relative humidity of 58%) using a servo-hydraulic machine
(Instron 8516, High Wycombe, UK) with a strain rate of 1 mm/min.

2.5.3 High cycle fatigue testing

High cycle fatigue (HCF) tests were carried out on a universal fatigue tester (Instron 8516,
High Wycombe, UK) with a Track8800D controller at room temperature, a frequency of
5 Hz, a stress ratio of R =-1, and under a sinusoidal loading at different stress ranges from
100 to 700 MPa at intervals of 50 MPa (Fig. 2.2d). The HCF test was stopped when the
failure occurred or when the samples survived after at least 1 million cycles. The runout
specimens (i.e., the HCF test specimens that survived a stress amplitude of 100 MPa up
to 10° cycles) are marked with arrows.

2.5.4 Charpy impact testing

The Charpy test specimens were fabricated with the mentioned SLM process parameters,
as shown in Figure 2.2c. The room-temperature Charpy impact test was conducted with
the Pendulum impact tester RKP 450 (Zwick, Germany) using standard V notch specimens
(10x10x55 mm) in accordance with the ASTM Test Method E23. The average Charpy
absorbed impact energy values were obtained from at least 3 samples for each condition.
Both the vertically-oriented specimens were polished to remove support structure.
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2.5.5 Density

The density of the fabricated SLM samples was measured using an analytical balance
based on Archimedes’ principle. A Mettler Toledo ME204 was employed for the density
measurement with a precision of £ 0.0001 g. In order to measure the density, each
sample was first weighed in air and then immersed in distilled water for an adequate
amount of time before they were weighted again, at a constant temperature. At least 10
readings for each sample were recorded and the average values are reported.

2.6 Tribological characterisation

The tribological properties were investigated using a tribotester (CETR/Bruker UMT-2)
under dry reciprocating sliding conditions, a frequency of 5 Hz, an amplitude of 1 mm,
and a load of 0.3 N (~30.6 g). The test comprised five steps of 1000 s each in air at room
temperature (25 + 2 °C) with a relative humidity of 45 + 5%. The reciprocating sliding
tests were conducted on at least three samples with zirconia balls (ZrO2) of @3 mm
diameter and grade 10 fabricated by RGP BALLS (Cinisello Balsamo, Italy). The volume of
material loss (missing net volume) was determined using a 3D profiler (BRUKER
ContourGT-KO+; Bruker, Billerica, USA). To study the effect of the building direction on the
tribological properties, two surface of the SLM parts were investigated: the transverse and
longitudinal cross section. This information must be considered during the design of SLM
Ti6Al4V parts used in different applications.
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3 Homogenisation of SLM HEAs

3.1 In-situ high-entropy alloying from elemental powders

Figure 3.1a depicts the XRD of the equiatomic mixed elemental powder particles, in which
the diffraction peaks corresponding to Co, Cr, Fe, Ni, and Mn are shown. Figure 3.1b
shows the distribution of the mixed elemental powder particle sizes and the cumulative
volume fraction, where D10 and Dgo were found to be ~8 and 46 um, respectively, and
most of the particles have a diameter less than 20 um (Dso). The SEM micrograph of the
elemental powders is shown in Figure 3.1c and their distribution after powder blending
indicates that the majority of the particles are irregular in shape. The EDS maps of the
mixed elemental powders indicate the homogeneous distribution of powder particles
after powder mixing.
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Figure 3.1 Mixed equiatomic CoCrFeMnNi powder. a XRD analysis, b Histogram showing the size
distribution (volume fraction and cumulative volume fraction vs powder particle diameter), ¢ SEM
micrograph of the powder mixture and the corresponding EDS maps. (The powder diffraction file
(PDF) cards of [PDF: 04-015-9337] for Co, [PDF: 04-016-3228] for Cr, [PDF: 00-006-0969] for Fe,
[PDF: 04-016-6934] for Min, and [PDF: 00-004-0850] for Ni were used).

Figure 3.2a and b show the XRD patterns of the samples fabricated by SLM from the
mixed elemental powders taken from TCS and LCS, respectively. Both diffractograms
show the presence of a single-phase FCC structure, in agreement with Melia et al. (2019).
In addition, the lattice parameters were found to be ~0.3598 nm for the as-built and
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~0.3592 nm for the remelted SLM samples. The value of the calculated lattice parameter
of the as-SLM sample is similar to that reported by Huang et al. (2019). The crystallite
size was found to be 15.3 nm and 15.2 nm for the as-built and remelted SLM samples,
respectively.
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Figure 3.2 XRD diffractograms of the as-built and remelted SLM CoCrFeMnNi HEA samples obtained
from a TCS and b LCS ([PDF: 00-065-0528]).

Figure 3.3a shows the TCS of CoCrFeMnNi HEA, where the laser tracks with overlapped
structure can be recognized by the different angular directions, and their average width
is ~40 + 9 um. Compared to the as-SLM, it may be seen that the laser tracks are less
overlapped in the TCS of the remelted SLM sample, and their average width reduces to
~36 + 9 um (Fig. 3.3c). In addition, the average depth of the melt pool and its deviation
decreased from ~34 + 5 um for as-SLM (Fig. 3.3b) to ~24 + 3 um for remelted sample
(Fig. 3.3d).

Figure 3.3 Optical micrographs of the samples from the mixed CoCrFeMnNi powder showing the
microstructure in: a TCS and b LCS of the as-SLM; ¢ TCS and d LCS of the remelted SLM. Laser tracks
are indicated by yellow dot-dash lines.
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In the parts fabricated by SLM, due to rapid solidification, insufficient hatch overlap
(>20% of its hatch distance), low density of the loose powder (>60% for particles with a
size between 15 and 63 um), and a lack of homogeneous conduction of the input energy,
LOF pores can appear. Furthermore, the oscillation of the melt pool surface may cause
gas entrapment, which can result in MP formation. The morphologies of the pores in the
TCS of the as-built and remelted SLM samples are illustrated in Figure 3.4a and b,
respectively. Although the remelting of the solidified layer eliminated the LOF pores, the
MPs were retained. In addition, the theoretical density of the SLM samples was found to
be ~94.0 £+ 0.1%.

Figure 3.4 Surface porosity in TCS of a as-built and b remelted SLM CoCrFeMnNi HEA. Backscatter
SEM image showing the LCS and the corresponding EDS maps of the c as-built and d remelted SLM
CoCrFeMnNi HEA samples. The yellow dashed line highlights the melt pool boundary.

HEAs show elemental segregation in the interdendritic regions of the welded (Wu,
2018) or cast (Han, 2019b) parts. In a rapid solidification process, such as the SLM,
no differences could be observed in the chemical composition of the inner and
interdendritic regions of samples, as was reported by Kim et al. (2020). However, EDS
mapping of the as-built SLM showed an inhomogeneous distribution of certain elements,
such as Fe, in the melt pool (Fig. 3.4c). In contrast, the remelted SLM sample showed a
homogeneous distribution of all the elements (Fig. 3.4d). Furthermore, the overall
composition of the SLM samples was analyzed as a function of the melting sequence
(Table 3.1). The amount of Mn decreases from 18.8 at% for the as-built SLM to 16 at%
for the double melting, and the amount of Mn was found to be 12.2 at% for the triple
melted SLM sample (Cr 21.9 + 0.2, Fe 20.5 + 0.3, Co 22.5 + 0.7, Ni 22.9 + 0.2).
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The reduction in the amount of Mn is probably because of the lower heat of vaporization
(220 kJ/mol) and boiling point (2061 °C) compared to the other composing elements
(Chen, 2020a).

Table 3.1 Composition (at%) of the CoCrFeMnNi HEA samples fabricated by SLM with remelting.

Concentration of the elements (at%)
Cr Mn Fe Co Ni
As-built SLM 23.2+0.2 188+0.3 169+04 21.1+0.2 20.1t04
Remelted SLM 21.6+0.2 16.0+x0.1 189+0.1 21.3+0.1 22.2+0.2

Hardness mapping is a tool to the quantify heterogeneity of the parts and to
understand the material behaviour. It was used to reveal the variation in hardness across
the TCS and LCS of the fabricated SLM parts (Fig. 3.5), revealing that the CoCrFeMnNi
HEA samples become more uniform and exhibit homogeneous hardness distribution of
both TCS and LCS with the remelting scan strategy. Although the hardness of both SLM
samples is higher than the traditional casting counterparts, the average microhardness
in the TCS and LCS decreased from 269 + 23 and 291 + 12 HV for the as-SLM sample to
235 + 22 and 240 * 12 HV for the remelted SLM sample, respectively. Salishchev et al.
(2014) studied the effect of Mn on the mechanical properties of CoCrFeNi HEA and
reported an increase of ~21% in microhardness with the addition of Mn to the CoCrFeNi
alloy. It is noteworthy that an anisotropy in the average microhardness of the parts can
be observed owing to the directional heat distribution of the SLM process, where
hardness ranges from ~200 to ~300 HV for TCS and ~250 to ~350 HV for LCS. Anisotropy
in the RS may cause anisotropy in the mechanical properties and plastic deformation.
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Figure 3.5 Hardness distribution maps for the CoCrFeMnNi HEA samples: a TCS and b LCS for as-SLM;
¢ TCS and d LCS for remelted SLM.
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The mechanical properties, including the ultimate compressive strength (UCS), yield
compressive strength (YCS), and fracture strain (A) obtained from the room-temperature
compression test of the samples, are presented in Table 3.2. The compressive tests of
the as-built and remelted SLM samples were carried out up to ~50% compressive strain.
Both the samples are flattened without complete fracture due to the excellent ductility
of CoCrFeMnNi HEA fabricated using the SLM process. Several studies have investigated
the compression strength of the CoCrFeMnNi HEA, and reported a ductile behaviour for
this alloy. (Kim, 2020; Joo, 2017; Jeong, 2019; Wang, 2016). Qin et al. (2019a) investigated
the compressive strength of CoCrFeMnNi and found no fracture up to ~50% compressive
strain. In another work, Qin et al. (2019b) reported no fracture when the strain reaches
50%.

Table 3.2 Compressive strength properties of the as-built and remelted SLM samples, obtained at
room temperature. Note that no fracture was observed.

Samples
As-SLM Remelted
c _ UCS, MPa 1654 + 37 1947 + 130
ompression YCS, MPa 322+1 505 + 41
properties
A, (%) >50 >50

3.2 SLM from GA HEA powder

The Morphology of the GA CoCrFeMnNi HEA powder, and its size distribution are shown
in Figure 3.6 a—b. The majority of powders have a spherical shape, and satellite particles
are also observed (Fig. 3.6a). From the frequency vs. particle diameter plot (Fig. 3.6b),
it can be observed that the powder exhibits a narrow distribution with D1o, Dso, and Dao
values of 27, 39, and 57 um, respectively. Figure 3.6c and d show the XRD patterns of the
HEA powder and as-built and remelted SLM samples, respectively, indicating the
presence of a single FCC phase, which confirms the HEA structure. This is in agreement
with the results reported by Li (R.) et al. (2018), who investigated the SLM of an
equiatomic CoCrFeMnNi HEA and reported the presence of an FCC single phase.
The crystallite size and lattice parameter were determined to be ~26 + 8 nm and
~0.3595 nm for the powder, respectively, and ~30 + 10 nm and ~0.3593 nm for the SLM
samples, respectively.
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Figure 3.6 a SEM image of the GA CoCrFeMnNi powder, b Histogram of frequency vs. particle
diameter of the HEA powder. XRD patterns of the HEA ¢ GA powder and d SLM-processed samples
([PDF: 00-065-0528]).

Figure 3.7 a—b shows the TCS surfaces of the CoCrFeMnNi HEA fabricated via SLM from
the GA powder. The laser tracks in the as-built SLM samples have an overlapped
structure, similar to that observed in the HEA fabricated via SLM from mixed elemental
powders (Fig. 3.3a). However, as shown in Figure 3.7 e—f, the laser tracks are less
overlapped in the TCS of the remelted SLM sample (Fig. 3.7 e—f) compared to those
observed for the as-SLM sample. The LCS of the as-built and remelted SLM samples are
shown in Figure 3.7 c—d and g—h, respectively. It is noteworthy that the size and depth of
the melts pool and the laser tracks did not show a significant difference between the
parts fabricated from GA and mixed elemental powders.
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Figure 3.7 Optical micrographs of the samples from the GA CoCrFeMnNi powder showing the
microstructure in: a TCS and its high magnification image in b, and ¢ LCS and its high magnification
image in d for the as-built SLM sample; e TCS and its high magnification image in f, and g LCS and
its high magnification image in h for the remelted SLM sample.

Hardness mappings across the TCS surface of the as-built and remelted SLM samples
from the GA CoCrFeMnNi HEA powder are shown in Figure 3.8, revealing that the as-built
SLM CoCrFeMnNi HEA sample becomes more uniform and exhibits homogeneous
hardness distribution in the TCS surface with the application of a remelting scan strategy.
The average microhardness in the TCS decreased from 229 + 17 HV for the as-built
sample to 216 + 16 HV for the remelted sample. The average Vickers hardness of the
as-fabricated SLM samples in the TCS is similar to the value of 212 HV for SLM
CoCrFeMnNi HEA reported by Piglione (2018). In addition, the theoretical density of the
SLM samples from the GA powder was found to be ~94.0 + 0.2%, which is close to that
of the SLM parts from the mixed elemental powder.
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Figure 3.8 TCS hardness distribution maps for the SLM CoCrFeMnNi HEA samples from GA powder:
a SM and b DM.
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The mechanical properties, including the UCS, YCS, and A obtained from the room-
temperature compression test of the SLM samples from the GA CoCrFeMnNi HEA
powder, are shown in Table 3.3. The tests were performed up to a compressive strain of
~50%. Both the samples flattened without complete fracture owing to their excellent
ductility, in agreement with the results of Rogal et al. (2017), who reported high ductility
for the parts produced using HIP. Therefore, the as-built and remelted SLM samples
fabricated from GA and mixed elemental powders exhibit high ductility.
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Table 3.3 Compressive strength properties of the as-built and remelted SLM samples from the GA
CoCrFeMnNi HEA powder, obtained at room temperature. Note that no fracture was observed.

Samples
As-SLM Remelted
c _ UCS, MPa 2422 +13 2722 +197
ompression YCS, MPa 452+ 10 490 £ 41
properties
A, (%) >50 >50

The CoCrFeMnNi HEA parts were fabricated using SLM from two different powder
feedstocks, namely, GA and mixed elemental powders. The microstructure, mechanical
properties, chemical composition, and hardness of the fabricated parts were studied.
Results suggested that a remelting scan strategy can be successfully applied to the in-situ
fabrication of CoCrFeMnNi HEA using SLM from mixed elemental powder. With the
application of laser remelting, the hardness distribution of the as-SLM samples from both
GA and mixed elemental powders turned homogeneous. Although the remelted samples
exhibited a slight decrease in hardness, and the amount of Mn in the fabricated parts
from mixed elemental powders decreased, the remelting scan strategy eliminated the
inhomogeneous distribution of the mixed elements. Overall, SLM (with the remelting
scan strategy) of elemental powder can be an alternative approach to the SLM of pre-
alloyed powder, significantly reducing the time and cost of production and increasing the
versatility of the chemical composition of the powders.
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4 Homogenisation of SLM Ti6Al4V alloys

4.1 In-situ Ti6Al4V alloying from elemental powders

Figure 4.1a shows the XRD patterns of the Ti6Al4V mixed elemental powder particles and
elemental powders. The XRD analysis of the mixed elemental powders shows the
diffraction peaks corresponding to Ti, Al, and V. Figure 4.1b shows the distribution of the
mixed elemental powder particle sizes and the cumulative volume fraction. The powder
particles show a narrow distribution with Dio and Dso values of ~31 and ~63 um,
respectively, with the diameter of the most of powder particles is less than or equal to
~42 pum (Dso). The SEM micrograph with EDS mapping of the powder mixture is shown
in Figure 4.1c. The mixed elemental powder particles are irregular in shape and small in
size and the EDS maps indicate the homogeneous distribution of Ti, Al, and V powder
particles.
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Figure 4.1 Mixed Ti6Al4V powder. a XRD analysis (using [PDF: 04-004-9158] for Ti, [PDF: 04-006-
6522] for Al, and [PDF: 04-021-7462] for V). b Histogram showing the size distribution (volume
fraction and cumulative volume fraction vs. powder particle diameter). ¢ SEM micrograph of the
powder mixture and the corresponding EDS maps.

During SLM fabrication, each powder layer is melted either one, two, or three times
to investigate the influence of the remelting scan strategy (with the process parameters
listed in Table 2.1). The XRD patterns of the SM, DM, and TM SLM samples from the
elemental powder mixture in the TCS and LCS are shown in Figure 4.2, revealing the
presence of the a/a’ phase. Because both a and a’ phases have the hexagonal close packed
(HCP) structure with similar lattice parameters (@ and ¢ of ~0.295 and ~0.461 nm,
respectively), they exhibit the same diffraction peaks and are not distinguishable in the XRD
patterns, which was also noted by Cho et al. (2019). In this study, the lattice parameters,
a and ¢, were determined to be ~0.2924 and ~0.4767 nm, respectively. Furthermore,
the crystallite size was determined to be ~16 £ 3 nm.

38



Transverse cross-section

~la - -~ b = Longitudinal cross-section
= IS . ' = I B
z ~= ealo | S +:ala

o

~
gl B2 Iz | 12 RN E| =2 s g2 N
7 T e = - = =o| '3 g = = S =g
= S :‘ ~— :’ ~ql = s * h ~ 2 &
J‘é A ) 4 o e bd * * o F
= ™| 8 ™
3 T
S Y SO W -~
= DM| = DM
g g
s 5
z - g 12
35 45 55 65 75 35 45 55 65 75
Diffraction Angle 20 (degree) Diffraction Angle 20 (degree)

Figure 4.2 XRD diffractograms of the SLM Ti6Al4V samples as a function of melting sequence
obtained from a TCS and b LCS ([PDF: 00-044-1294]).

Figure 4.3 shows the SEM images of Ti6Al4V specimens with an increasing number of
melting steps. The microstructure of the SM, DM, and TM samples all comprise the a/a’
phase, in agreement with XRD results. The presence of the a/a’ phase can be attributed
to the rapid solidification in the SLM process (~10° K/s), which could lead to a high
hardness and tensile strength (Warren, 2018), low ductility (Liu, 2019), and poor fatigue
behaviour (Edwards, 2014; Hrabe, 2019). The a/a’ phase shows the plate morphology
and the size of the lath changes with the number of melting steps.

Figure 4.3 SEM images and their magnified views of the SLM Ti6Al4V samples produced from the
elemental powder mixture with a one, b two, and c three melting steps.

Figure 4.4 shows the EDS maps of the SM, DM, and TM samples. The EDS maps of the
SM sample exhibit an inhomogeneous distribution of the elements; such inhomogeneity
in the microstructure could cause inhomogeneity in the mechanical properties and poor
corrosion resistance. In contrast, the DM and TM samples show a homogeneous elemental
distribution. Moreover, the chemical composition of the samples was measured using EDS
point scans and is summarised in Table 4.1, revealing that the chemical composition of
the fabricated SLM samples does not vary with increasing number of melting steps.
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Figure 4.4 Backscatter SEM images showing the LCS and the corresponding EDS maps of the SLM
samples as a function of melting steps: a SM, b DM, and ¢ TM.

Table 4.1 Chemical composition of the SLM Ti6Al4V samples as a function of melting steps measured
using EDS.

Concentration (wt%)
Al \Y Fe Ti
SM 6.1 24 0.7 Balance
DM 51 24 0.1 Balance
™ 73 22 - Balance

Sample

The hardness distribution maps of the SLM parts are shown in Figure 4.5 a—c.
The as-SLM Ti6Al4V samples show an inhomogeneity in the hardness distribution,
which ranges from 250-500 HV (Fig. 4.5a). However, the hardness distribution maps
indicate more homogeneous hardness distribution following remelting. Nevertheless,
the DM and TM samples show some degree of non-uniformity in the hardness
distribution. The average microhardness increased from 423 + 21 HV for SM to 431 + 14 HV
for DM and reached 465 + 11 HV for TM. Changing the number of melting steps
effectively altered the microstructure of the SLM Ti6Al4V samples and affected the
morphology of the a/a’ lath dimensions, as shown in Figure 4.3, which, consequently,
affected the mechanical properties, such as hardness and distribution. Moreover, using
a laser remelting scan strategy can increase the density of twins, which can serve as a
barrier to the progression of dislocations during plastic deformation, effectively
strengthening a material according to the Hall-Petch relationship. Hence, it can result in
an increase in hardness (Paper Ill).
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Figure 4.5 Hardness distribution maps and surface porosity of the SLM Ti6Al4V samples produced
from a mixture of elemental powders: a,d SM; b,e DM, and ¢,f TM.

The morphology of the surface pores in specimens with remelting steps is shown in
Figure 4.5 d—f. Upon increasing the number of melting steps from one to three, LOF
pores, which typically have irregular shapes, could be eliminated. However, the MPs,
which are spherical in shape and small in size, are still observed in the remelted samples.
The theoretical densities of the SLM samples were found to be 97.3%, 98.2%, and 98.5%
for the SM, DM, and TM samples, respectively.

The room-temperature compression tests of the SLM samples produced from mixed
elemental powder were carried out and the mechanical properties, including the UCS
and YCS, are summarised in Table 4.2. Increasing the number of melting steps slightly
improves the UCS and YCS from SM to TM. It is noteworthy that the SLM samples
exhibited higher UCS and YCS compared to those exhibited by their cast counterparts
(Pederson, 2012).

Table 4.2 Compressive properties of the SLM samples from elemental powder mixture.

Melting sequence

Single Double Triple

UCsS, MPa 1139+ 52 1209 +63 1336 + 100
YCS, MPa 943 + 69 1099 * 45 1241 + 36

Compression properties

4.2 SLM from GA Ti6Al4V powder

Figure 4.6a depicts the XRD pattern of the GA Ti6Al4V powder particles, revealing the
presence of single-phase HCP a-Ti. The inset shows the morphology of the powder
particles that are spherical in shape with satellite particles attached to them. Figure 4.6b
shows the distribution and cumulative volume fraction of the GA powder particle sizes.
The powder comprises a narrow range of particle sizes (D10, Dso, and Dso of 31, 63, and
42 um, respectively). Figure 4.6c shows the XRD patterns of the SLM samples with
different numbers of melting steps, indicating the presence of the a/a’ phase, which is
attributed to the rapid solidification of SLM. The lattice parameters, a and c, are 0.2923
and 0.4683 nm, respectively, with an average crystallite size of ~15 + 0.5 nm.
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Figure 4.6 a XRD pattern of the GA Ti6Al4V powder. The inset shows the SEM profile of the GA
powder. b Histogram showing the size distribution (volume fraction and cumulative volume fraction
vs. powder particle diameter). ¢ XRD patterns for the SLM-processed Ti6Al4V samples as a function
of the number of melting steps ([PDF: 00-044-1294]).

Figure 4.7 shows the SEM and TEM images of the samples with a different number of
melting steps. The microstructure of SM, DM, and TM all comprise the acicular a/a’
phase (Fig. 4.7a, d, and g), in agreement with the XRD results. However, the size of the
acicular a/a’ phase changes with remelting, with the width (0.40 *+ 0.05, 0.65 * 0.05,
and 1.31 £ 0.12 um for SM, DM, and TM, respectively) increasing and the length (12 £ 6,
10 + 4, and 8 + 4 um for SM, DM, and TM, respectively) decreasing as the number of
remelting steps increases. In addition, a large proportion of the acicular a/a’ phase is
twined in the SM sample, which can be attributed to the non-uniform heat distribution
in the powder bed and the high internal strain, shown in the magnified view inserted in
Figure 4.7a. The chemical composition of the SLM samples measured using the EDS point
scans is given in Table 4.3, indicating that the chemical composition of the samples does
not vary with an increase in the number of melting steps.
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Figure 4.7 Microstructure and substructure of SLM samples. a SEM image (the red arrows indicate
twined acicular a’ martensite) and b TEM image (showing acicular a’ martensite and twins) and its
high magnification image in c of SM. d SEM and e TEM image (showing uniformly distributed twins)
and its high magnification image in f of DM. g SEM image and h TEM image (showing uniformly
distributed twins) and its high magnification image in i of TM. (modified from (Paper Ili)).

Table 4.3 Chemical composition of the SLM Ti6Al4V samples produced from GA powder measured
using the EDS in TEM.

Sample
SM DM ™
Al 6.9+0.1 5903 6.6+0.1
Chemical V  32:07 35:08 35%07
composition,
(Wt%) Fe 0.2+0.3 0.2+0.1 0.2+0.3
Ti Balance Balance Balance

The TEM images of the samples indicate the presence of uniformly distributed twins
between the acicular o/a’ phases (Fig. 4.7 b—c, e—f, and h—I for SM, DM, and TM,
respectively). In addition, high-density dislocations arraying in tangles are evident inside
the matrix and the acicular a/a’ phase.

Hardness distribution maps of SLM pars are shown in Figure 4.8 a—c, revealing
homogeneous distribution of hardness for the TM sample. However, in the SM and DM
samples, some degree of non-uniformity is observed in the hardness distribution.
In addition, the average Vickers hardness values increased from 334 £ 10 HV for SM to
347 + 7 HV for DM, reaching 368 + 12 HV for TM. Changing the number of melting steps
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effectively altered the microstructure of the SLM Ti6Al4V samples produced from GA
powder in terms of the dimensions of acicular a/a’ phase, which affected the hardness
and its distribution. Furthermore, the Vickers hardness of the LCS surfaces of the SLM
samples (~410 HV for SM and DM and ~440 HV for TM) are higher than that of the TCS

surfaces.
Distance along X-axis (mm)

Figure 4.8 Hardness distribution maps and surface porosities of the SLM Ti6Al4V samples from GA
powder: a,e SM; b,f DM; and c,g TM (modified from (Paper II)).

Distance along Y-axis (mm)

The morphology of surface pores in the specimens with remelting steps is shown in
Figure 4.8 d—f. The LOF pores could be eliminated by applying a remelting scan strategy,
while the MPs are retained. However, the size of these pores is significantly reduced
upon increasing the number of melting steps from one to three. The theoretical densities
of the SLM samples were found to be 98.0 + 0.5%, 98.8 + 0.3%, and 99.5 + 0.2% for the
SM, DM, and TM samples, respectively.

Figure 4.9a shows the tensile stress-strain curves for the SLM Ti6Al4V samples, and
the corresponding mechanical properties are listed in Table 4.4. The ultimate tensile
strength (UTS) and yield strength (YS) values obtained from the room-temperature
tensile test, increased upon increasing the number of melting steps and are higher than
the wrought counterpart (Gil, 2001; Salishchev, 2014). However, the ductility of the TM
sample is inferior compared to that of the SM and DM samples. The fracture surfaces of
the tensile samples are shown in Figure 4.9 b—g. The fracture surface of the SM sample
(Fig. 4.9 b—c) showed the presence of deep dimples, indicating appreciable ductility.
In contrast, the DM and TM samples (Fig. 4.9 d—g) showed shallow and small sized
dimples, suggesting that the samples are more brittle.
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Figure 4.9 a Tensile stress-strain curves for the SLM Ti6Al4V samples. SEM images of the fracture
surface for the SLM samples: b SM and its high magnification image in ¢; d DM and its high
magnification image in e; and f TM and its high magnification image in g (adopted from Paper I1)).

Table 4.4 Room-temperature tensile/compressive properties of the SLM Ti6Al4V samples (tensile
properties adopted from (Paper 11)). E indicates the elastic modulus.

Melting sequence

Single Double Triple

UTS, (MPa) 1055 +3 1104 +12 1135+3

. YS, (MPa) 930+0.2 985+ 8 1027 £ 5

Tension -

Elongation, (%) 43+0.5 3+0.1 2+0.1
E (GPa) 120+1 128 +0.9 134 +5

UCS, MPa 1423 +159 1544 + 23 1613 £ 62

Compression YCS, MPa 1109 £ 96 1149 + 86 1162 +£92
A, (%) 23+3 21+3 15+6

Compressive tests were carried out to evaluate the effect of intrinsic defects (such as
porosity) on the mechanical properties. The mechanical properties obtained from the
room-temperature compression test of the samples, are presented in Table 4.4. It can be
seen that the melting sequence improved the average values of UCS and YCS from SM to
TM, but it causes a significant decrease in ductility. An asymmetry is observed in the
strength behaviour under tensile and compressive stress (strength differential effect).
In addition, the Charpy impact test was carried out to determine the influence of laser
remelting, microstructure, and defects (porosity) on the capacity of SLM-fabricated parts
to absorb energy before failure (Fig. 4.10a). The Charpy absorbed impact energy
increases upon increasing the number of melting steps. However, the impact energy
value of the SLM samples from GA powder is lower than their cast counterparts (Takao,
1992). Furthermore, Figure 4.10b shows that the RS increases as the number of melting
steps increases at both the TCS and LCS surfaces. Due to the directional heat distribution
of the SLM process, anisotropy in the RS distribution of the parts can be created, where
the RS value in the TCS is lower than that in the LCS (Fig. 4.10b). Anisotropy in the RS may
cause anisotropy in the mechanical properties and plastic deformation (Vrancken, 2014).

45



_ |b Bl 1Ccs El1CS

o 6 &
= 2,750

Bi 4.51 o

z &

= -
S 3 Z4504

= =z

2 E

1.5] E
£ 5150-

0 —SM DM ™ SM DM ™

"

: [C EETcSEELcs | _oold EEETCs EELCS
2 g

%

‘ésso- 2
= 0.6

-~ =]

@ =]
5200- _503

S 0.3

g 50,
= 0.0

SM DM ™ SM DM TM

Figure 4.10 a Absorbed energy obtained from the Charpy V-notch test. b RS values of the SLM samples
for both TCS and LCS surfaces. ¢ CoF values for TCS and LCS surfaces of SLM samples. d Average
wear volumes of SLM samples (modified from (Paper IV)).

Tribological sliding wear tests with ball-on plate configurations were conducted to
evaluate the wear resistance and coefficient of friction (CoF) values of the SLM samples
as. As shown in Figure 4.10d, the CoF values of both the TCS and LCS surfaces decrease
with an increase in the number of melting steps. In addition, the average wear volumes
of the SLM parts (Fig. 4.10c) decrease with an increase in the number of melting steps
for both the TCS and LCS surfaces. It can be seen that the as-built and remelted SLM
samples exhibit anisotropy in the average wear volume and CoF.

The room-temperature HCF testing results of the SLM samples are shown in Figure
4.11. Runout, i.e., the HCF test samples that survive under the stress amplitude of
100 MPa for up to 10° cycles, is marked with an arrow. The HCF strength of the fabricated
specimens improved with increasing the number of melting steps. It has been reported
that the HCF endurance limit of parts fabricated by the SLM process is considerably lower
than the wrought counterparts (Fotovvati, 2019), which can be due to the defects and/or
RSs associated with the SLM process.
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Figure 4.11 S-N curves of SLM samples. Arrows indicate runout (modified from (Paper IV)).

Ti6Al4V parts were fabricated using the SLM process with different melting
sequences from two different powder feedstock, viz. mixed elemental and GA powders.
The microstructure, substructure (twining and dislocation propagation), and mechanical
properties, including hardness, strength, impact, and fatigue, were studied.
Inhomogeneities in chemical composition and hardness were discussed. Tribological
properties, obtained from sliding wear tests, were studied. In addition, the effect of
remelting scan strategy on the mechanical and tribological properties, porosity,
and microstructure and substructure were investigated. The present results indicate
that a remelting scan strategy can be successfully applied to the in-situ fabrication of
Ti6Al4V alloys using SLM from mixed elemental powder. Upon the application of
laser remelting, the hardness distribution of the as-SLM samples from both GA and
mixed elemental powders became homogenised. In summary, the present results
suggested that the remelting scan strategy refines the microstructure and improves the
mechanical properties of SLM Ti6Al4V samples; however, it increases the production
time and cost.
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5 Discussion

5.1 In-situ alloyed materials

The SLM process can produce the most complex objects from pre-alloyed powders with
minimal wastage and no need for special tooling. A large portion of such powders
is produced by atomisation processes, particularly the GA process. However, these
pre-alloyed atomised powders have a narrow composition range, time-consuming and
resource-intensive production process, and limited availability. In-situ alloying is an
affordable strategy to fabricate SLM parts from elemental powder mixtures. In-situ
alloying via SLM can be applied to overcome the shortcomings of this process in the
manufacturing of parts from GA powders. This effective strategy offers several
advantages, i.e., producing parts from elemental powder mixtures with a lower cost,
compositional flexibility and improved availability. However, inhomogeneity of in-situ
alloying with a large fraction of elements could result in inhomogeneous distributions or
unalloyed elements and laser remelting reduced the inhomogeneity, where it could span
the TRL of materials. In addition, the procedure can be applied to explore the printability
as well as the microstructure of the desired composition, because the microstructural
and mechanical properties of SLM-fabricated parts may differ from those of their
traditional counterparts (such as casting) owing to rapid solidification and layered-wise
production. Furthermore, in-situ alloying by the SLM process is attracting increasing
attention from researchers and engineers. As discussed in section 1.4, the cost of the
mixed elemental powder particles is almost an order of magnitude lower than that of
commercial atomised powders, suggesting a significant improvement in the affordability.
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Figure 5.1 Homogenisation efficiency and hardness values of the as-built and remelted SLM samples
from elemental powder mixture. (Details related to the homogenisation efficiency were discussed
in Section 2.5.1).

As discussed in Sections 3.1 and 4.1, the SLM-fabricated parts from mixed elemental
powder exhibited comparable mechanical properties to those produced from pre-alloyed
powders (Sections 3.2 and 4.2). However, the SLM parts fabricated from elemental
powder mixtures exhibited inhomogeneity in elemental distribution and, consequently,
in their microstructure, which may lead to local variability in mechanical and tribological
properties. Nevertheless, previous investigations of the inhomogeneity of SLM parts
have been largely constrained to a qualitative level. Here, homogenisation efficiency was
applied to quantitatively compare the inhomogeneity of the SLM samples. Figure 5.1
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shows a comparison of the homogenisation efficiency and hardness of in-situ alloyed
Ti6Al4V and CoCrFeMnNi HEA via the SLM process. The hardness range for the Ti6Al4V
and CoCrFeMnNi HEAs were 450-500 and 200-250 HV, respectively, and the values in
these ranges are shown. The homogenisation efficiency in both alloys classes increased
by increasing the number of melting steps. The microstructures of the Ti6Al4V and
CoCrFeMnNi HEAs are consistent with those that are typically observed for their alloy
classes, namely acicular a/a’ and fine grains, respectively. The morphology of the
microstructure changes with the number of melting steps and, consequently, affects the
mechanical properties. In addition, the homogeneous hardness distribution maps
(hardness uniformity all over the samples) also indirectly confirm that the samples were
homogenised with an increasing number of melting steps. Furthermore, the density of
parts fabricated from the mixed elemental powders was comparable to those obtained
from the GA powders.

The as-built SLM samples produced from elemental powder mixtures showed an
inhomogeneous distribution of the elements, which can affect the mechanical properties
and corrosion and wear resistance. Inhomogeneity of in-situ alloying with a large fraction
of elements (over 5 at% (Chen, 2020a)) can result in inhomogeneous distributions or
unalloyed elements. As discussed in Section 3.1, the in-situ alloying of equiatomic
(i.e., 20 at% for each element) HEA via SLM exhibited inhomogeneity in the elemental
distribution application of a remelting scan strategy led to successive melting and
solidification events at different rates, resulting in the homogenisation of the
microstructure and an uniform distribution of the elements.

In the rapid solidification powder bed fusion processes, such as SLM, due to the
extremely short duration of laser-material interaction and accompanying highly localised
heat input, the melt pool is rapidly quenched by the previously solidified layers (Yasa,
2010). As a result, the microstructural and mechanical properties of the SLM-fabricated
parts can differ from those of their traditional cast or wrought counterparts. In addition,
there is a large number of SLM process parameters that affect the fabrication process
and the mechanical and microstructural properties of the fabricated parts. Yadroitsev
(2009) reported that there are more than 130 process parameters that could influence
the quality and mechanical properties of the fabricated parts using SLM. Among these
process parameters, the melt pool geometry plays a vital role in the properties of the
fabricated parts, because, e.g., a small SLM part consists of ~10° melt pools or hatches
(for a cuboid with the dimensions of 10 x 10 x 15 mm with a hatch distance and layer
thickness of 60 and 25 um, respectively). Numerous studies have investigated the effect
of the melt pool depth on the mechanical and microstructural properties and defect
formation, such as LOF pores and improper bonding in the SLM parts (Ali, 2018; Li, Liu,
2017; Liu, 2019). The SLM HEA parts were chosen to study the melt pool size because the
laser tracks and melt pools were observable in both the TCS and LCS. In order to melt the
powder or bulk and form a melt pool with a temperature higher than the melting point,
the required energy (Erequired) can be calculated as follows (Tan, 2018; Coelho, 2018):

Erequirea = Cpm(Tm —To) + mLg, 5.1

where Gy is the heat capacity (J/kg-K), Ls is the latent heat of fusion (J/kg), Tm and To are
the melting and substrate temperatures (K), respectively, and m is the mass of the
spherical sector of the melt pool (kg). The C, and Ly of equiatomic CoCrFeMnNi HEA was
reported to be 494 J/kg-K and 2.8 x 10° J/kg. The m value can be measured as follows:
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m =p§nr2h, 5.2

where p is the density of the material (kg/m3), and h is the depth of melt pool (m).
The laser (pulse) energy input can be determined from the following expression (Abioye,
2019):

Ein = T]Pt, 5.3

where P is the laser power (W), t is the laser exposure time (s), and n is the absorptivity
of the laser. Accordingly, the depths of the melt pool (h) of the as-built and remelted SLM
HEA samples were determined to be ~39 and ~23 um, respectively. However, there is a
minor discrepancy between the calculated h values and those obtained from optical
observation (~34 = 5 and ~24 * 3 um for as-built and remelted SLM, respectively) and
the average error of the estimated h values was ~10%. Nevertheless, some simplifying
assumptions were used in the calculation. It was assumed that the laser beam melts only
powder particles and partial remelting of previously solidified layers or adjacent laser
tracks was eliminated. The difference in physical properties of the bulk and powder bed
was ignored. The melt pool shapes were considered to be spherical sectors, while the
observations indicated that they were irregular in shape (Fig. 3.3b and 3.7c).

In the SLM process, the molten pool dynamics involve multiple physical phenomena
(zhao, 2020), and the Marangoni effect and vapour recoil pressure have a vital impact on
the compositional uniformity in the melting stage of the powder mixture (Mosallanejad,
2021). Figure 5.2 illustrates the Marangoni effect and the vapour recoil pressure in the
SLM process. The Marangoni effect plays a dominant role in the mass transfer
phenomenon in the melt pool, which constitutes the majority of the fluid flow in the melt
pool during the SLM process due to a gradient of surface tension (He, 2020). During the
interaction of the high-energy laser (with a spot size of ~39 um) and the powder, a small
melt pool (~100 um) is formed. A temperature gradient inside the pool results in a
gradient of surface tension on the top surface, promoting local melt flow. As can be seen
from Figure 5.2, the bottom part of the melt will be lifted upward with the surface
material transferring downward, where the Marangoni force contributes to the complete
melting of the particles by dragging them into the melt pool (Tan, 2021). This can
accelerate the movement of the unmelted or partially melted powder particles to the
bottom of the melt pool. However, an elemental powder mixture, particularly in the
HEAs with high atomic fractions, may exhibit different solidification behaviour.
As discussed in Section 3.1, inhomogeneity was observed in the elemental distribution
(Fig. 3.4c). Application of a remelting scan strategy improved the chemical homogeneity
of in-situ alloyed HEA. The Marangoni effect, which causes fluid flow in the melt pool,
provides the opportunity for homogenising elemental distribution of in-situ alloying
using the SLM process with remelting. In SLM, the melt expulsion by the recoil pressure
is caused by spatial variation of the normal stress exerted by vapour pressure. The gradient
of vapour pressure causes melt flow from the high-pressure zone toward the low-pressure
zone (Volkov, 2017).
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Figure 5.2 Schematic illustration of the mechanisms of the protrusion at the rear of the molten pool
because of the vapour recoil pressure and Marangoni convection (adopted from (Yin, 2020)). Note
that droplet spatter can from due to the vapour recoil pressure.

In-situ alloying of two classes of alloys, viz. Ti6Al4V and equiatomic CoCrFeMnNi HEAs,
via the SLM process was investigated. The as-built SLM samples showed a degree of
inhomogeneity in elemental and hardness distributions. The results indicated that a
remelting scan strategy could successfully decrease inhomogeneity of the in-situ
fabricated Ti6Al4V and CoCrFeMnNi HEAs. Although a remelting sequence will increase
production cost and time, the present results clearly indicate that it reduce
inhomogeneities in microstructural and mechanical properties. However, the remelted
HEA samples showed a slight decrease in the hardness value because of a reduction in
the amount of Mn. Furthermore, a remelting scan strategy can eliminate the
inhomogeneous distribution of the mixed elements and reduce porosities. Overall, SLM
with a remelting scan strategy using elemental powder can be an alternative approach
to the SLM of pre-alloyed powder, which will significantly reduce production time and
cost and increase the flexibility of the chemical composition of the powders.

5.2 SLM from GA powder: Effect of laser remelting

Ti6Al4V and equiatomic CoCrFeMnNi HEA parts were manufactured using the SLM
process, and the occurrence of LOF pores and MPs were investigated in the fabricated
parts. Reducing porosity in SLM parts is a major challenge. Porosity affects the
tribological and mechanical properties, including fatigue and tensile strength. Koutiri
et al. (2018) have reported that porosity (particularly LOF pores) is the reason for crack
formation in SLM parts under cyclic loading. In the rapid solidification of the SLM process,
there is not sufficient time available for conductive homogenisation of the input energy
and heat distribution in the powder bed. Therefore, pore formation occurs in the SLM
samples.LOF pores and MPs can form because of the improper selection of SLM process
parameters and gas entrapment, respectively (Cao, 2017; Glnther, 2017; Masuo, 2018).
As discussed in Chapters 3 and 4, the morphology of surface pores in the SLM samples
changes when a remelting scan strategy is used. Increasing the number of melting steps
can eliminate LOF pores, but MPs are retained. However, the size of these pores is
significantly reduced with an increasing number of melting steps, as shown in Figure 5.3a
and b for the Ti6AI4V and CoCrFeMnNi HEAs, respectively. A reduction in the LOF pores
can lead to improvement of fatigue and impact behaviour, as well as tensile and
compression strength.
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Figure 5.3 Surface porosity of SLM samples as a function of melting sequence from GA powder:
a Ti6Al4V and b high-entropy alloys.

Using a remelting scan strategy improved the mechanical properties, such as hardness
and strength, of the SLM parts. Increasing the number of melting steps improved their
tension and compression strengths of the SLM Ti6Al4V samples produced from GA
powder, and increased the average Vickers hardness values of the LCS and TCS surfaces.
However, ductility decreased with an increasing number of melting steps. Moreover, the
results obtained from Charpy tests of Ti6AlI4V produced from GA powder indicated that
the laser remelting strategy improved the impact energy, which is ascribed to the
reduction in LOF. Hrabe et al. (2019) studied the effect of porosity on Charpy absorbed
energy of TibAl4V parts fabricated by EBM and reported that porosity has a detrimental
influence on the impact energy.

The remelting scan strategy improved the fatigue behaviour of the SLM parts, which
is drawback of AM parts. Increasing the number of melting steps from single melting to
triple melting resulted in an improvement of the HCF strength of the SLM Ti6Al4V
samples produced from GA powder. SLM parts usually exhibit much lower (over 75%
(Fotovvati, 2019)) HCF life compared to their wrought counterparts, mainly due to the
presence of discontinuities such as pores (LOF and MP), which may act as nuclei for crack
formation. LOF pores, which refer to the zones of non-processed powder particles, are
irregular in shape and large in size. LOF pores are the main factor for defects that can
initiate cracks because of induced stress and accumulated plastic strain (Li, 2009), which
may deteriorate the HCF behaviour. A large number of studies have clearly demonstrated
that the number of LOF pores is decreased with the application of laser remelting, and,
consequently, results in higher density (Demir, 2017; Paper Il; Liu, 2019; Pei, 2020). As
mentioned in Section 3.2, the remelted samples (in particular TM) showed an
improvement in the HCF life due to a significant reduction in the number of LOF pores.
It should be noted that the location of discontinuities (LOF and MP) plays a major role in
the fatigue behaviour of AM Ti6Al4V (Glnther, 2017).

RS plays an essential role in the performance and mechanical and tribological
properties of SLM parts (Gu, 2012; Liu, 2019; Yasa, 2010). In a rapid solidification process
such as SLM, the materials are subjected to a large thermal gradient, which can reach
~107 K/m (Vrancken, 2014)). This can be attributed to the short duration of the
laser-material interaction and highly localised heat input (<2600 °C (Liu, 2019)). In addition,
the thermal conductivity of the loose powder bed is much lower compared to that of the
bulk material, where it is around two orders of magnitude lower than in the bulk.
The large thermal gradient, low thermal conductivity, and rapid heating by laser irradiation
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can result in RSs. In the SLM process, a bending moment is generated when the first layer
is scanned, which, in a layered-wise production, becomes more complex (Boruah, 2018).
In the SLM process, the top layer expands and the previous layers limit this expansion,
and a large thermal gradient can exacerbate this process. Hence, a compressive stress
can be formed in the top layer of the SLM sample. During solidification, the upper layers
shrink, and the compressive stresses change to tensile stresses because their thermal
contraction is limited. Moreover, these stresses can rise above the yield stress of the
material. In a layer by layer fabrication, each layer will produce stresses, forming a
complicated superposition of stresses and strains (Yadroitsev, 2015). Hence, the additively
manufactured materials may show plastic deformations whenever the stress rise above
the yield stress. It is also noteworthy that the cooling rate is higher in the remelted
samples than that of the as-SLM samples, which can influence the microstructural and
mechanical properties. As observed, tensile/compressive stresses were higher in the
remelted specimens than those of the as-SLM samples. Shiomi et al. (2004) studied the
influence of remelting scan strategy on RS and found that the measured RS in remelted
samples was higher than that of the as-SLM samples.

The substructure of the AM Ti6Al4V samples via the SLM process with remelting scan
strategy was studied, because the substructure also influences the mechanical
properties. In the SLM Ti6Al4V, a high density of dislocations, stacking faults, and twins
was observed (Fig. 4.7) (Cao, 2020). Twinning and plastic deformation can be formed in
Ti alloys and are considered to be competitive mechanisms. Twinning can appear in a
few microseconds, while slip bands can be formed in several milliseconds. Twins can form
because of the limitations of slip systems. Moreover, high shear stress may lead to the
formation of the twins and twins can be formed with a lower amount of stress than that
required for slip formation. As discussed, compressive and tensile stresses can remain in
the SLM samples that can result in plastic deformation, which can relieve the stress
when it is above yield stress. A large number of studies have reported twinning as a
strain-accommodation and stress-relief mechanism (Luo, 2012; Morawiec, 2009).
Both compressive and tensile twinning types can accommodate strain in a material.
Moreover, increasing the number of remelting steps increases the cooling rate, which
can enhance the probability of twinning because of the changes in the critical resolved
shear stresses for twinning that favour twinning formation (Azarniya, 2019; Cao, 2018;
Poorhaydari, 2006). As described in Section 4.2, the substructure of SLM Ti6Al4V alloys
changed upon increasing the number of remelting steps, resulting in an increased amount
of twinning. This is probably because of the higher amount of RS and higher cooling rate in
the remelted samples. According to the Hall-Petch relationship, the formed twins can act
as a barrier to the propagation of dislocation during plastic deformation, similar to
conventional grain boundaries, and may effectively strengthen the material.

Dislocations can appear in the material during the SLM process because of plastic
deformation and rapid solidification (Gorsse, 2017). As discussed, this phenomenon can
accommodate the internal stresses of AM materials. The substructure of the SLM Ti6Al4V
samples exhibited a high density of tangled dislocations within the acicular phase
(Fig. 4.7), making it challenging to quantify the density of dislocations. Figure 5.4 shows
that the density of dislocations increased upon increasing the number of melting
sequences from one to three. Furthermore, it was observed that from the TEM images
that the density of dislocation increased with remelting. Nevertheless, the XRD results
indicated information from considerably larger volumes of the materials compared to
the TEM measurements.
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Figure 5.4 The dislocation density of SLM Ti6Al4V samples obtained from XRD data.

The SLM parts were fabricated from commercial GA Ti6Al4V and CoCrFeMnNi HEA
powders, and the microstructure, substructure, mechanical and tribological properties,
RS, and surface quality of these parts were investigated. It was observed that a remelting
scan strategy can be applied to improve the surface quality and mechanical properties
under cycling and monotonous loadings. In addition, this strategy homogenised the
hardness distribution. However, SLM in conjunction with a remelting scan strategy
increases the production time, and, consequently, the total cost of the fabrication
process. Overall, the present results suggest that even though the successive remelting
of the same layers increases the production time and cost, the several advantages of this
strategy can compensate for the cost increase. The SLM process with a remelting scan
strategy could improve the behaviour of the final parts, which will be considered as an
economic benefit and a breakthrough in the field of AM.

54



6 Conclusions and future works

6.1 Conclusions

In the present work, the feasibility of producing chemically homogenised parts using the
SLM process from elemental powder mixtures of two classes of alloys with different
atomic fractions, viz. Ti6Al4V and equiatomic CoCrFeMnNi, was studied. The main results
for the in-situ alloying of the two classes of alloys processed via SLM can be summarised
as follows.

1.

Crack-free and dense equiatomic CoCrFeMnNi and Ti6Al4V samples were
fabricated by the SLM process from elemental powder mixtures, and both
classes of alloys exhibited good printability. The microstructural properties of
the remelted sample were similar to those of the sample fabricated from GA
powder.

Both the classes of alloys showed an inhomogeneous distribution of the
elements in the parts fabricated from powder mixtures using the SLM process.
Such inhomogeneity could lead to inhomogeneity in the microstructure and
mechanical and tribological properties. However, with the application of a
remelting scan strategy, the elemental distribution became homogenised.

The effect of a remelting scan strategy on the SLM melt pool geometry, which
plays a vital role in the microstructural and mechanical properties, was
investigated. The prediction matched the observed values, and the melt pool
depth exhibited a lower depth in the remelted than the as-built SLM samples.
Hardness mapping, a tool to quantify heterogeneity and understand the
material behaviour, revealed variation in the hardness across the SLM parts.
According to hardness distribution maps, both classes of alloys became more
uniform and showed homogeneous distribution of hardness with the
application of a remelting scan strategy.

The combined effects of the remelting scan strategy and Marangoni flow within
the melt pool allow the mixing the powders so that the chemical composition,
microstructure, and mechanical properties of both classes of alloys are close to
that of the parts produced from pre-alloyed commercial powders.

In addition, the effects of a remelting scan strategy on the microstructural and
mechanical properties, surface quality, and pore morphology of the SLM parts produced
from commercial GA powders of the two classes of alloys were studied. Additionally, the
effects of laser remelting on the heterogeneity in the microstructural and mechanical
properties were investigated, revealing considerable advances in the understanding of
the effect of this approach.

1.

Increasing the number of melting steps from one to two to three increased the
cooling rate of the SLM parts, which affected the microstructural and
mechanical properties of the fabricated parts.

The application of a melting sequence led to an increase in twinning and
dislocation density, which can influence the mechanical properties, such as
hardness. The as-SLM Ti6Al4V parts contain a high density of dislocations
because of the rapid heating/cooling and the repeated thermal cycles of the
SLM process. The increase in the RS and cooling rate of the remelted samples
may lead to an increase in the twins and dislocations.

The as-SLM samples showed the presence of LOF pores. Upon increasing the
number of melting steps from one to three, the LOF pores were eliminated.
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However, the spherical MPs remained. Both the size and number of pores
decreased upon increasing number of melting steps.

4. Increasing the number of melting steps from one to three resulted in an
improvement of the HCF strength. Discontinuities (LOF and MP) acted as nuclei
for crack formation in the SM samples, while cracks were mainly initiated from
the surface in DM and TM samples. In addition, the Charpy absorbed impact
energy of the fabricated parts increased with an increasing number of melting
steps.

5. The melting sequence decreased the wear volume and CoF in the ball-on-disk
configuration for both the TCS and LCS of SLM parts. However, anisotropy was
found for both the wear volume and CoF between the TCS and LCS surfaces.

The present results elucidated the possibility of in-situ alloying using the SLM process
from elemental powder mixtures with different atomic fractions. A remelting scan
strategy enables homogenisation of the distribution of the elemental powder particles
of the in-situ alloyed materials via the SLM process. The SLM-fabricated parts from the
powder mixtures can reduce the production time and cost and broadening the
compositional flexibility. In addition, a remelting scan strategy can be applied to improve
the microstructural and mechanical properties of SLM parts produced from GA powders.
It was observed that even though the successive remelting of the same layers increases the
production time and cost, the increase in the mechanical strength and homogenisation of
the samples can compensate for the cost increase. Successive melting of the same layer
multiple times may improve the properties of the final parts, which will improve their
economic viability and represent a breakthrough in the field of AM.

6.2 Suggestions for future work

1) Inall AM processes of Ti6Al4V alloys, columnar 8 grain structures are found
to dominate the microstructure. A detailed study is needed to explore the
grain morphology and texture of the SLM parts as a function of melting
sequence, where this information is critical since the grain size plays in
titanium alloys an important role in the mechanical properties.

2) Further research is needed to evaluate mechanical properties under cyclic
and monotonic loading of in-situ alloyed materials. This information are
necessary to complete existing knowledge of in-situ alloyed materials.

3) A detailed investigation of the substructure of HEA manufactured by the
SLM is needed to reveal twin formation. This information is vital to advance
knowledge about the influence of substructure on mechanical properties.

4) Further research is needed to reveal the influence of the location of LOF
and MP in the SLM as a function of melting sequence samples, which this
information is vital to advance knowledge about the HCF behaviour.
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Abstract
Microstructural Homogenisation of Selective Laser Melted
Ti6Al4V and CoCrFeMnNi High-Entropy Alloys

Selective laser melting (SLM) is one of the most widely used additive manufacturing (AM)
processes, which offer the possibility of fabricating parts with a high resolution of
features, high-dimensional control, and almost unlimited complexity from atomised
powders. The microstructural and mechanical properties and surface quality of
SLM-fabricated parts can be tuned by varying the process parameters (such as the
scanning strategy) to produce parts with desired properties. In contrast to those
obtained using traditional manufacturing processes, materials with different
microstructural and mechanical properties can be obtained using SLM owing to the rapid
solidification and complex thermal cycles. However, SLM manufacturing costs from
atomised commercial powders are relatively high due to the limited number of
commercially available alloys, costly and time-consuming powder production, specific
expertise requirements, and other challenges. Metallic alloys that can be processed by
SLM exhibit different technology readiness levels; furthermore, SLM parts exhibit
inhomogeneity in the microstructural and mechanical properties and poor reliability and
surface quality. In this work, two alloy classes with different atomic fractions, namely,
Ti6Al4V and CoCrFeMnNi high-entropy alloys (HEA), were in-situ alloyed via SLM.
This alloying strategy provided high flexibility and circumvented the consumption
of a large amount of pre-alloyed materials, thereby reducing resource wastage.
The microstructural and mechanical properties of the SLM parts fabricated from in-situ
alloyed materials were studied and compared with those fabricated of the SLM parts
from pre-alloyed gas-atomised (GA) powders. The effect of the remelting scan strategy
on the inhomogeneity in the microstructural and mechanical properties of the SLM parts
was investigated. In addition, the effect of the melting sequence on the substructure,
including twinning and dislocation density, was investigated. The influence of laser
remelting on the mechanical properties, including tension, compression, impact,
hardness, and high cycle fatigue, was systematically studied. The influence of the
remelting scan strategy on the anisotropy in wear behaviour and residual stress (RS) of
the parts fabricated by SLM was investigated. The effects of laser remelting on defects
such as porosity were also studied. The results showed that in-situ high-entropy
CoCrFeMnNi and Ti6Al4V alloyed via SLM comprised inhomogeneous distributions of
mixed elements. However, the elemental distributions turned homogeneous with the
application of remelting. The microstructural and mechanical properties of the remelted
sample were similar to those of the sample fabricated from GA powder. With increasing
number of melting steps, the hardness distribution of the as-built SLM sample (from GA
and mixed elemental powders) turned homogeneous; tensile, compressive, impact, and
high cycle fatigue strengths increased; the density of twins and dislocations increased,
which could affect the mechanical properties; and the wear volume decreased, while
anisotropy was observed between the transverse and longitudinal cross-sections.

The SLM process from pre-alloyed powders exhibits significant shortcomings,
such as rigid chemical composition, a limited number of available commercial alloys,
resource-demanding and time-consuming production process, production issues,
required expertise, etc. The SLM parts exhibit relatively high surface roughness, poor
performance under cyclic loading, anisotropy and inhomogeneity in microstructure and
mechanical properties, defects (pores and cracks) and high residual stress. The aims of
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the present thesis are to investigate the feasibility of producing compositionally
homogenous without resorting to gas-atomized alloy powders but using different
powders systems, namely elemental powders mixtures corresponding to the Ti6Al4V
(heavily studied in the context of AM) and equiatomic CoCrFeMnNi HEA (recently
developed class of alloys). This strategy can reduce the production time and cost, and
broadening the compositional flexibility. The printability of in-situ alloyed materials,
Ti-6Al-4V and CoCrFeMnNi HEA, were investigated, which these alloys have attracted
tremendous attention from researchers and engineers due to their interesting properties
such as excellent corrosion resistance and good thermal stability. Chemically
homogenized HEA in equiatomic composition was successfully in-situ alloyed via SLM
from the elemental powders mixtures. The SLM Ti6Al4V was fabricated with tunable
microstructure and mechanical properties. The tribological and mechanical properties,
including wear behavior, tensile and compressive strength, high cycle fatigue strength,
hardness, and Charpy impact energy of SLM parts, were improved. The effect of cooling
rate on the substructure (dislocation density) of selective laser melted parts and its
correlation with the mechanical properties were investigated. The depth of the melt pool
size was predicted, which matched the experimental results. The present results proved
the possibility of in-situ alloying using SLM from elemental powder mixtures with high
atomic fractions. Laser remelting enables homogenization distribution of the elements
of the in-situ alloyed materials. Hence, this technique can reduce the production time
and cost, and broadening the compositional flexibility. Even though the successive laser
remelting increases the time and cost of production, the improvement in reliability,
mechanical properties, and homogenization of the samples can compensate for the cost
increase. Successive melting of the same layer multiple times may improve homogenizing
the powder bed, which will be considered as an economic benefit and a huge relief and
breakthrough in the field of additive manufacturing.
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Liihikokkuvote

Selektiivse lasersulatuse teel valmistatud Ti6Al4V ja
korgentroopse CoCrFeMnNi sulamite mikrostruktuuri
homogeniseerimine

Selektiivne lasersulatus (SLM) on tiks enim kasutatavaid kihtlisandustootmis protsesse,
mis vGimaldab toota atomiseeritud metallipulbritest suure tdpsusega osi, mille kuju voib
olla peaaegu piiramatut keerukas. SLM-i valmistatud komponentide mikrostruktuuri ja
mehaanilisi omadusi ning pinnakvaliteeti saab haalestada ka protsessi parameetrite
(nagu skaneerimisstrateegia) muutmisega, luues voimaluse ka muuta detaili erinevaid
omadusi. SLM-protsessis saab traditsiooniliste tootmisprotsessidega vorreldes kiire
tahkumise ja keeruliste termiliste tsiliklite tottu luua erineva mikrostruktuuri ja
mehaaniliste omadustega materjale. Kaubandusliku gaasatomiseeritud pulbri SLM-i
tootmiskulud on aga suhteliselt kdrged, kuna saadaval on piiratud arv kaubanduslikke
sulameid. Lisaks kulukas ja aegandudev pulbri tootmisprotsess, ndutavad eelteadmised
ja muud véljakutsed. Erinevatel metallisulamitel, mida saab SLM-iga to6delda, on erinev
tehnoloogia kipsusaste voi tehnoloogia valmisoleku tase (TRL). Tihti kaasneb SLM
meetodil toodetud detailidel mikrostruktuuri ja mehaaniliste omaduste ebaihtlus,
samuti madal tédkindlus ja pinnakvaliteet.

Kdesolevas t00s legeeriti in-situ SLM-i meetodil kahte erineva TRL-i ja
aatomfraktsiooniga sulamiklassi — Ti6Al4V ja CoCrFeMnNi kdrgentroopsed sulamid (HEA),
kus printimisel toimuv legeerimine tagab suurema paindlikkuse ning valdib vajadust
eellegeeritud materjalide jarele. Uuriti in-situ legeeritud materjalidest valmistatud
SLM-i katsekehade mikrostruktuuri ja mehaanilisi omadusi ning vorreldi neid
vastavalt eellegeeritud gaaspihustatud pulbritest valmistatud detailidega. Uuriti
Umbersulatusskaneerimise strateegia md&ju SLM-i detailide mikrostruktuuri ja
mehaaniliste omaduste ebahomogeensusele. Uuriti sulatamisjarjestuse  mdju
alamstruktuuridele, sealhulgas kahestumistasandite ja dislokatsioonide kontsentratsioonile.
Sustemaatiliselt uuriti laseri Umbersulatamise mdju mehaanilistele omadustele, sealhulgas
tdmbele ja survele, l66gisitkusele, kdvadusele ja korgtsiklilisele vadsimusele. Uuriti
lmbersulatusskaneerimise  strateegia ms&ju SLM-I teel valmistatud detailide
kulumiskditumise anisotroopiale ja jadkpingele. Uuriti ka laseri Umbersulatamise moju
poorsusele. Tulemused naitasid, et Uhekordse SLM-i kaudu legeeritud in-situ
CoCrFeMnNi HEA ja Ti6Al4V koosnesid segatud elementide ebahomogeensest jaotumisest.
Teisest kiiljest homogeniseeriti elementide jaotus kasutades (imbersulatamist.
Umbersulatatud proovi mikrostruktuur ja mehaanilised omadused on vé&rreldavad
gaasatomiseeritud pulbrist valmistatud proovide mikrostruktuuri ja mehaaniliste
omadustega. SLM-i teel pihustatud ja segatud pulbritest valmistatud detailide
kdvadusjaotus homogeniseeriti suureneva arvu sulamistega. Tombe-, surve- ja
loogitugevus suurenesid sulatamisetappide arvu suurenemisega. Korgtsukliline
vasimustugevus paranes sulamiste arvu suurenemisega. Kahestumistasandite ja
dislokatsioonide tihedus suurenes (mbersulamistega, mis v&is samuti mdjutada
mehaanilisi omadusi. Kulumiskindlus imbersulatamisega kaasnevalt suurenes, samas kui
TCS-i ja LCS-i vahel leiti anisotroopia.

Eellegeeritud pulbritest valmistatud SLM-i protsessil on olulisi puudujdidke, nagu
raskesti muudetav keemiline koostis, piiratud arv saadaolevaid kaubanduslikke
sulameid, ressursindudlik ja aegandudev tootmisprotsess, ndutavad teadmised jne.
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SLM meetodil valmistatud detailidel on suhteliselt kdrge pinnakaredus, madal vastupanu
tsliklilisele koormusele, mikrostruktuuri ja mehaaniliste omaduste anisotroopsus ja
ebahomogeensus, defektid (poorid ja praod) ning korged jadkpinged. Kdesoleva I6put66
eesmargiks on uurida, kas on vGimalik toota koostiselt homogeenseid materjali nii, et ei
peaks kasutama eellegeeritud sulamipulbreid, kuid kasutades elementaarpulbrite
segusid, mis vastavad Ti6Al4V-le (AM kontekstis palju uuritud) ja ekvaatomilisele HEA-le
(hiljuti valja tootatud sulamite klass). See strateegia vGib vdhendada tootmisaega ja
-kulusid ning laiendada kompositsiooni paindlikkust. Ti-6Al-4V ja CoCrFeMnNi HEA valiti
prinditavuse uurimiseks, kuna need sulamid on palvinud teadlaste ja inseneride poolt
tohutut tdhelepanu tanu nende huvitavatele omadustele, nagu suurepdrane
korrosioonikindlus ja hea termiline stabiilsus. Keemiliselt homogeniseeritud HEA vGrdse
aatomilise koostisega legeeriti edukalt in situ SLM-i kaudu elementaarpulbrite segudest.
SLM Ti6Al4V valmistati hadlestatava mikrostruktuuri ja mehaaniliste omadustega.
SLM-osade triboloogilisi ja mehaanilisi omadusi, sealhulgas kulumiskaitumist, tdmbe- ja
survetugevust, korgtsuklilist vasimustugevust, kdvadust ja Charpy purunemissitkust
parandati. Uuriti jahutuskiiruse mdsju selektiivsete laseriga sulatatud detailide
alusstruktuurile (dislokatsioonitihedusele) ja selle seost mehaaniliste omadustega.
Hinnati sulavanni siigavust, mis lihtis katsetulemustega. Kdesolevad tulemused tdestasid
in-situ legeerimise vGimalikkust, kasutades SLM-i. Laser-imbersulatamine vdimaldab
in-situ legeeritud materjalide elementide homogeniseerimist. Seega voib see tehnika
vahendada tootmisaega ja -kulusid ning laiendada kompositsiooni paindlikkust. Kuigi
jarjestikune laseri iimbersulatamine suurendab tootmise aega ja kulusid, v8ib proovide
tookindluse, mehaaniliste omaduste ja homogeniseerimise paranemine kompenseerida
kulude kasvu. Sama kihi mitmekordne sulatamine vdib parandada pulbrikihi
homogeniseerimist, mida peetakse majanduslikuks kasuks ning tohutuks kergenduseks
ja labimurdeks metallide kihtlisandustehnoloogiate valdkonnas.
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XRD patterns show peaks of a single-phase BCC structure typical for a HEA. The process parameters were
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patterns), where their unique properties may be used as filters in extreme environments like corrosion,
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1. Introduction

Recently, additive manufacturing (AM) has attracted the atten-
tion in fabrication of metallic materials [1,2]. Laser-based powder
bed fusion process or Selective laser melting (SLM) is one of the
AM processes that produce complex metallic components by selec-
tively melting micron-sized powder in a layer-by-layer fashion
under a protective atmosphere, using a computer controlled laser
beam [3-5]. SLM can fabricate wide variety of metallic materials
from Al-based [6-8], Ti-based [9-11], Ni-based [12,13], Fe-based
[14-16], Cu-based [17], Co-based [18] alloys and other classes of
materials like metallic glasses [14,19] and high entropy alloys
(HEA) [20]. HEAs are generally manufactured by casting or powder
metallurgy routes. SLM has a great potential for the fabrication of
HEA with complex shapes and added functionalities [21,22].

Traditionally, conventional metallurgical theory suggests that
multiple alloying elements in an alloy could result in the formation
of intermetallic phases with complex microstructure. However,
recently, since the development of HEAs (material with at least five
principle elements), the research in the field of HEA is accelerated
due to the interesting properties of HEAs [23-39]. They have signif-
icantly higher mixing entropies than those in conventional alloys.

* Corresponding authors at: Department of Mechanical and Industrial Engineer-
ing, Tallinn University of Technology, 19086 Tallinn, Estonia (K.G. Prashanth).
E-mail addresses: jkarim@taltech.ee (J. Karimi), kgprashanth@gmail.com (K.G.
Prashanth).

https://doi.org/10.1016/j.mfglet.2020.03.003

Generally, transition metals like Al, Mn, Fe, Cr, Co, Cu. Ti, V and
Ni have been used in the formation of HEAs [23-29]. HEAs have
excellent mechanical strength even at elevated temperatures. In
addition, HEAs exhibit outstanding resistance to oxidation and
wear, fatigue and fracture resistance, and toughness [30-40]. HEAs
can be used as thermoelectric, hydrogen storage, radiation resis-
tant, electromagnetic shielding, and soft magnetic material [30-
40]. Various synthesis routes such as arc melting [41,42], spark
plasma sintering [42,43], direct laser fabrication [44,45], have been
utilized to fabricate HEAs. Recently, additive manufacturing pro-
cesses were employed successively to produce HEA, which offer
the additional advantage of producing HEAs with intricate shapes
and added functionalities [46].

Layered and porous structures provide unique properties that
can be utilized in several applications (for instance filters, energy
absorption/crash resistant applications, etc.) [47]. HEA may be pro-
duced as layered/porous structure using AM, where both the ben-
efits of HEAs and layered structure can be utilized. SLM process can
not only produce HEAs but can also fabricate layered structures in
a precisely controlled fashion. Such materials have potential appli-
cations in the field of biology, metallurgy, chemical, petroleum and
nuclear industries, etc. In the present study, pre-alloyed powders
were used to fabricate HEA using SLM. Layered microstructure
with differing gap sizes were fabricated and the size of the gaps
were controlled precisely using hatch gap and hatch overlaps for
advanced filter based applications.

2213-8463/© 2020 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
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2. Experimental methods

FeCoNiCrAl-based HEA specimens with equimolar composition
were manufactured using a Realizer SLM50 equipped with a
120 W Yb-YAG laser with a spot size of ~30 pm. HEA powders were
manufactured using gas atomization process. A layer thickness of
25 pm and varying hatch distance 50-80 pm was used for the
experiments [48]. A Zeiss FEG scanning electron microscope was
used for the characterization of microstructure. The crystalline
structure was characterized using X-ray diffractometer Brucker-
axes D5005 with a 0.05 step size along the direction of deposition.
The microhardness measurements were performed on a MICRO-
MET 2001 machine with 200 g and 50 g loads for SLM sample
and powders respectively with 10 s dwell time. The powder parti-
cles are embedded with cold mount and the surface was polished
to have a smooth surface, before the hardness of the powders were
measured. The hardness of the bulk samples were measured along
the edges to maintain the integrity of the samples. HORIBA LA-950
used to measure the powder particle size.

3. Results and discussion

Powder morphology and their size distribution are shown in
Fig. 1. The powder is nearly spherical and some satellite particles
are also observed (Fig. 1(a)). From the frequency vs. particle diam-
eter plot (Fig. 1(b)), is can be observed that the powder show a nar-
row distribution with Dyg ~ 27 pm and Dgg ~ 65 pum. Nearly, all of
the particles are spherical and the diameter of most particles are
equivalent to or below 44 pm (Dsp).

Fig. 2 shows the diffraction pattern of the HEA powder and SLM
sample, where both of the patterns show the presence of single bcc
phase, corroborating HEA structure [49,50]. However, the presence
of a weak crystallographic texture is observed between the two
patterns. The crystallite size and lattice strain of the powder and
the SLM samples are observed to be 120 + 10 nm, 16.8 + 12 nm
and 0.21 + 0.10, 0.47 + 0.11%, respectively. Both the reduction of
crystallite size and the increase in the strain of the material led
to the broadening of the XRD peaks in the SLM sample. In addition,
the dislocation density in the SLM sample was found to be in the
order of 3 x 10" m/m?, which is approximately two orders of mag-
nitude higher than in the cast counterparts, which also corrobo-
rates to the high internal strain in the SLM processed material.

Frequency (counts)

HEA - BCC phase

(110)

Normalized Intensity (a.u)
LN
(200)
(211)
(220)
(311)

as-prepared SLM

! WLW\*

Gas Atomized Powder (GAP)
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40 60 80 100
Diffraction Angle - 26 (degree)

120

Fig. 2. X-ray diffraction patterns of the high entropy alloy gas atomized powder and
SLM processed sample.

Fig. 3 shows the presence of a layered/porous microstructure
with defined gap between the melt tracks/hatches. The width of
the melt pool was found to be ~80 + 5 um and a gap of
~66 + 3 um was placed between the two melt tracks. The melt
tracks are connected with their subsequent layers and hence do
not fall apart. The characteristic of such layered/porous structure
is that the gap between the melt pools can be controlled precisely
using the hatch distance and hatch overlaps, which indirectly
related with volumetric energy density (VED) [48]. The VED is
inversely proportional to the hatch distance provided laser power,
laser scan speed and layer thickness are help constant. The average
microhardness for the powder and fabricated samples are found to
be 400 + 40, 541 + 18 Hv, respectively. The hardness of SLM sample
is found to be much higher than their cast and EBM counterparts
[51].

The SEM images of FeCoNiCrAl SLM samples produced as a
function of varying hatch distance (50-80 um) and hatch offset
of 50 um is shown in Fig. 4. In the first three samples (Fig. 4(a-
c)), the hatch distance was kept constant, but the VED was varied.
The sample in Fig. 4(a) was fabricated with the highest VED and the
sample in Fig. 4(c) with the least VED. The samples in Fig. 4(a,b)

b) D, =27+6um
( ) i/é% D =44 +10 um
7% D, = 65+15um
4
)
.
7
o
.
N
Y
.
-
7

50 100
Powder diameter (pm)

Fig. 1. (a) Scanning electron microscopy image of the AlCoCrFeNi powder, (b) High entropy alloy powder histogram showing frequency vs. particle diameter.
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Fig. 3. 3-Dimensional scanning electron microscopy section of the high entropy alloy sample fabricated by SLM. The arrow (upped right) indicated the building direction.
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Fig. 4. Scanning electron microscopy images of the FeCoNiCrAl high entropy alloy SLM samples obtained at: hatch distance of 80 pm for (a), (b), and (c) but varying

volumetric energy density and (d) hatch distance in increased to 100 pm.

show similar laser track width (~80 + 5 um) and the sample in
Fig. 4(c) show slightly thinner laser track width (~70 £ 5 pm). Since
the laser tracks are thinned in sample with lower VED, the gaps are
wider (~80 + 3 pm) and are more uniform. The sample with least
VED (Fig. 4(c)) show more amount of porosity than then other
two samples with higher VED. On the other hand, the samples in
Fig. 4(a,b) show the presence of some minor cracks, which is absent
in sample with least VED (Fig. 4(c)), which may be corroborated to
the fact that increase in the VED increase the cooling rate and
hence prone to cracking. Fig. 4(d) shows the SEM images of FeCo-
NiCrAl SLM sample with increase hatch distance (100 pm). It can be
observed that the width of the laser track increases (~100 + 8 pm)
reducing the size of the gap to ~25 + 5 um. It can be observed from
these samples that the hatch distance has a direct influence on the

width of the laser tracks. The changes in the VED just have a minor
influence on the laser track width. This suggests that the width of
the gap and the laser track can be predominantly manipulated by
changing the width of the hatch and the overlap between two
hatches.

The present results suggest that SLM can not only produce HEA
(with single bcc phase), but also can define the space/gaps between
two melt tracks/laser track in an accurate fashion - linear pattern-
ing. Typical additive manufacturing structures were not used to
create gaps between the laser melt tracks. SLM has a cutting edge
advantage over other manufacturing processes for fabricating such
that HEA filters with defined gaps, where the parameter combina-
tion of hatch distance and hatch overlap, especially hatch overlap
(in a positive or negative way) to either increase the gap between
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the laser melt tacks or to decrease the gaps. Such HEA sample with
added functionalities, fabricated with defined gap widths can be
used for filter application in extreme environments (corrosion,
temperature and nuclear) to reap the benefits of both HEA (in
terms of properties) and additive manufacturing (in terms of gaps).

4. Summary

The present study explores the possibility of fabricating HEA
using an additive manufacturing process like the SLM with linear
patterns. The prepared high-entropy alloy is featured by the char-
acteristics of a layered/porous microstructure, with a defined and
controllable gap size of ~66 pm between two melt tracks. The size
of the gap has a touching relation with the width of the hatch,
which defines the size of the melt pool (laser tracks). Such materi-
als with definable gap between laser tracks can be effectively used
as filters in extreme environments, reaping the benefits of both
additive manufacturing (creating defined gaps between laser
tracks) and HEA (sluggish diffusion and hence resistant to corro-
sion and high temperature). Addition manufacturing can be the
only technology that can produced parts with such defined gaps
between two melt tracks. The present results open the door for
novel next generation filters for extreme environments (oxidation,
temperature, nuclear, etc.) by combining HEA and additive
manufacturing.
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Microstructural inhomogeneity in additively manufactured materials affects the material properties. The present
study aims in minimizing such microstructural inhomogeneity in Ti6Al4V alloy fabricated using selective laser
melting (SLM) from the gas atomized powder. A detailed and systematic study of the effect of remelting on the
microstructure and mechanical properties of Ti6Al4V was undertaken. Acicular o martensite was present in all
the samples (both in the as-built SLM and remelted) and the dimensions of the o phase change with the number

of melting steps. The hardness of the as-built SLM sample increased and the material got homogenized with an
increasing number of meltings. The ultimate tensile strength was higher in the double- and triple-melted samples
while the ductility was lower than the single-melted sample. The present results clearly prove that the number of
remeltings play a significant role in determining the microstructure (homogenization of the microstructure) and
the mechanical properties of the SLM-built materials.

1. Introduction

Recently, Additive Manufacturing (AM) has experienced significant
growth and is becoming the manufacturing technology of the future
[1-3]. AM techniques like the laser-based powder bed fusion process
(LPBF)/selective laser melting (SLM) can fabricate near-net-shaped
components with added functionality and of any shape [4,5]. SLM can
fabricate a wide spectrum of materials such as Al-based [6-8], Co-based
[91, Ni-based [10], Fe-based [11,12], Cu-based [13,14], Cr-based [15],
Ti-based alloys [16], and other classes of materials like high entropy
alloys [17] and quasicrystalline materials [18]. In addition, the SLM
process has the capability of fixing the process parameters easily for the
new generation alloys, which are rather difficult to fabricate using other
AM processes [19].

Ti6Al4V alloys are commonly used in several industries because of
their high specific strength, desirable tribological properties, and
excellent corrosion resistance [20,21]. Further, LPBF/SLM with a flex-
ible layer-by-layer control strategy is attracting the attention of mate-
rials scientists in the manufacturing of Ti-based alloys. The as-built SLM
Ti6Al4V alloy consists of acicular o’ martensite due to the rapid cooling
rates obtained during the SLM process [22-24], resulting in high tensile

strength but poor ductility [25]. Yang et al. [26] reported the effects of
SLM process parameters including laser scan speed and hatch spacing on
the martensitic size, as well as the formation mechanisms. Yang et al.
[26] varied the laser scan speed (between 600 and 1100 mm/sec) and
the hatch spacing (70-120 pm) and kept the laser power constant at 194
W to manufactured the Ti6Al4V samples. They have observed that the
size of the martensitic phase could be controlled by the SLM process
parameters (changing laser scan speed and hatch distance). Moreover,
they have observed the hierarchical microstructure of acicular o
martensite (four different types of o martensite based on their size
scales) due to the peculiar thermal cycles observed during the SLM
process. The results indirectly show that the martensite sizes may be
controlled by controlling the thermal cycles. However, there was very
little information on the effects of martensitic size on the microstructure
and the resultant mechanical properties.

The laser melting sequence is a novel melting strategy that may be
effectively employed during the SLM process to avail further benefits of
the technology. During the laser melting sequence, the same layer may
be melted several times with the same or different process parameters
between two layers. It may also be possible that the first sequence is used
to heat (partially sinter) the powder bed and the second sequence is used
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Fig. 1. Schematics illustrating the three melting sequences used in the present study.

to melt the powder bed and vice-versa. In the present study, three
different melting sequences have been utilized as shown in Fig. 1. In this
manuscript, three different melting sequences were utilized, namely: (1)
Single melting, where the laser scans the powder bed once and it melts
the powder bed selectively. After solidification of the melt pool, the next
layer of powder is deposited and the process iterates until the finish of
the component.

(2) Double melting, where the laser scans the powder bed selectively
to melt the powder, and the solidified surface is scanned again by the
laser with the same process parameters (excepting 72° rotated hatch
style) again to re-melt the solidified part. Up-on re-solidification of the
powder bed, the second layer of the powder will be deposited and the
process iterates until the part is complete. (3) Triple melting, where the
laser scans the powder bed once to melt the powders selectively. The
solidified layer is again scanned by the laser (with the same process
parameters, expecting 72° hatch style rotation), which melts the solid-
ified layer again. Hence, re-solidification takes place. Finally, the re-
solidified laser is scanned by the laser (with the same process parame-
ters, excepting 72° hatch style rotation), which again melts the re-
solidified layer. Hence, the solidification takes place at the designed
parts for the third time without the addition of powder. After the same

position is solidified the third time, the next layer of powder will be
deposited. Since the same layer is melted and solidified three times, the
heat extraction (usually through the substrate plate) will have an in-
fluence along with the energy absorption at the same surface, which may
alter the solidification conditions and in turn the cooling rate.

Several studies [27-29] have reported the application of laser
melting sequence in an SLM process, which was primarily employed to
reduce residual stress, increase density, modify the microstructure, and
surface finish of the SLM produced parts. Vaithilingam et al. [27]
employed surface remelting/skin scanning during SLM to improve the
surface quality of the components. In addition, they have also observed
that surface remelting not only helps in improving the surface quality of
the parts, but it also influences its surface chemistry (which is altered)
along with the surface oxide layer. Shiomi et al. [28] while trying to
reduce the residual stresses within the SLM produced parts, attempted
laser re-scanning on the following powder mixture: Standard
chrome-molybdenum steel + Nickel + Copper Phosphate. The laser
re-scanning was performed with varying energy density and it has been
observed that with an increase in the energy density to 150% for
re-scanning (12.4 J/mm? - energy per unit area), the residual stress is
reduced to about 55% with the re-scanned layer.

Fig. 2. Scanning electron microscopy images of the gas atomized Ti6Al4V powder used for the SLM fabrication process.
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Table 1
The process parameters used to fabricate the Ti6A14V samples using
the selective laser melting process.

Laser 120 W Yb-YAG laser
Laser spot size 39 pm

Hatch distance 60 pm

Hatch rotation angle 73°

Laser scan speed 1m/s

Layer thickness 25 pm

Laser power 60 W

Ali et al. [29] have reported the effect of melting sequence
(re-scanning) by varying the scanning strategy and energy density in the
SLM Ti6Al4V parts. In spite of the variations in the melting sequence, the
SLM Ti6Al4V samples show an acicular o’ martensite due to rapid so-
lidification conditions. Accordingly, the density and hardness vary with
the melting sequence (varying power). It has been demonstrated that the
re-scanning (with 150% energy density) can reduce the residual stresses
up to 33.6%. However, the effect of melting sequence/re-melting on the
cooling rate, thermal penetration depth, and consequently the micro-
structure and properties of SLM Ti6Al4V has not been investigated
systematically. Accordingly, the present contribution deals with the ef-
fect of re-melting on the microstructure and mechanical behavior of the
SLM Ti6A14V samples. The influence of re-melting scan strategy on the
evolution of microstructure (in terms of texture, crystallite size, dislo-
cation density, the lattice parameter of the acicular martensitic phase (a
and c), the morphology of the acicular martensitic phase, and porosity
level in the microstructure), changes in the absorbed energy density,
thermal penetration depth, and in turn the mechanical properties will be
evaluated and discussed in detail.

2. Experimental methods

Ti6Al4V gas atomized powder from Realizer GmbH was used in the
present study. The morphology of the powder particles was furnished in
Fig. 2, which shows that the powder particles are spherical in shape.
However, several satellites are attached to the powder particles. The
average diameter of the powder particles is observed to be 21 + 5 pm.
The original composition of the Ti6Al4V powders was found to be: Al —
6.01 wt%, V — 4.02 wt%, Si < 0.1 wt%, C < 0.08 wt%, N < 0.03 wt%,
other — 0.10 wt%, Ti — rest.

The Ti6A14V bulk samples were manufactured using a ReaLizer SLM-
50. It is equipped with a 120 W Yb-YAG laser (spot size of ~39 pm).
Table 1 lists the experimental parameters. Each layer is melted either
once or twice or thrice to study the influence of laser re-scanning. In the
single melting sequence, the powder bed is melted once with the process
parameters given in Table 1. During double melting, the same layer is
melted twice. After the first melting and solidification sequence, the
second melting and solidification sequence was carried out without the
addition of powder. The process parameter was kept the same excepting

Gauge length
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a hatch style rotation of 72° between the first and second melting cycles
unlike in the published reports [30,31]. Hence, a total of 144° hatch
rotation was observed between single and double melted samples.
During triple melting, the following melting sequence was carried out:
(1) initial melting of the powder bed and solidification. (2) Re-melting of
the solidified layer and re-solidification with the same set of process
parameters excepting a hatch style rotation of 72° and without the
introduction of the powder and (3) re-melting of the re-solidified layer
and again solidification with the same set of process parameters
excepting a hatch style rotation of 72°. Accordingly, a hatch style
rotation of 288° is observed between single and triple melted samples.
The laser re-melting sequence is also illustrated in detail in Fig. 1.

The possible oxygen contamination in the SLM parts was avoided
using a constant flow of high purity argon gas. The specimens were
fabricated on a 20 mm thick Ti6Al4V platform. Tensile samples with the
dimensions shown in Fig. 3 (according to ASTM standard: ASTM E8/
E8M — 13a, where the dimensions are modified to suit the length of 52
mm as per the ratio mentioned in the standard) were prepared for the
experiments. The microstructure and the properties obtained from the
single melted sample, which corresponds to the as-melted condition and
it is taken as a reference to compare with double and triple melted
samples.

Standard metallographic practices were used for the mounting and
polishing of the samples. Kroll's reagent consisting of 5 ml of HNO3, 3 ml
of HF, and 100 ml of distilled water was used as an etchant. The
microstructural characterization was carried out using a Zeiss FEG
scanning electron microscope fitted with an energy dispersive X-ray
(EDX). The structural analysis of the alloys was performed using X-ray
diffractometer Brucker-axs D5005 in reflection mode with a step size of
0.01. The Scherer equation was used to determine the crystallite size
[32], using the equation:

D= KA
P cosO

(€D

where D is the crystallite size, 1 is the wavelength of the X-ray beam (i.e.
Acuke = 1.5406 z&), K is the shape factor, § is the full width at half
maximum of the diffraction peak and 6 is the Bragg angle. Lattice pa-
rameters were calculated using Bragg’s law [33] along with the plane
spacing equation, respectively, as follows:

A =2dsin 0 2)

1 4( h2+hk+k2) 1?
—_—— —_— +TZ

a3 @ ®

C
where d is interplanar spacing, a and c are the lattice constants, and h, k,

and [ are the Miller indices. The dislocation density, p, was estimated by
the Williamson-Hall approach [34], using the equation:

6Z
p=144 o)

d;>1.2xd,

0

L,=5 x d, (17.5 mm)

d;=4 mm

h=13 mm ‘

1 Alomsmm]

L.> L, +d, (21 mm)

! | h =13 mm
1

L,=52 mm

Sample dimensions redesigned according to the standard: ASTM: E8/E8M — 13a

Fig. 3. A schematic sketch of the tensile samples fabricated for testing with the dimensions modified to have a length of 52 mm as per the ratio from the standard

ASTM: E8/E8M — 13a.
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where ¢ is the lattice strain and b is the magnitude of the Burgers vector.
The lattice strain, ¢, is obtained using the relationship [35,36]:
cos@ 0.9 sin@

7 7D+2£l (5)

By plotting ficos0 against sin6, a straight line is obtained, the slope of
which gives the lattice strain, ¢

The density of the samples was measured using the Archimedes
method. In addition, the distribution and size of the voids were

measured using the Image J software using contrast difference mea-
surements. The dimensions of the acicular o/ martensite platelets were
measured using Image J software. Around 50 readings for each dimen-
sion were measured from several optical/scanning electron microscopy
images and only the average values are reported. The hardness test was
carried out over 10 rows with 10 indents in each row using a Vickers
INDENTEC 5030SKV machine with 5 kgf load and 10 s dwell time. Room
temperature tensile tests were performed on a servo-hydraulic Instron
8516 machine with a strain rate of 0.001 mm/s. At least three samples

Fig. 5. Scanning electron microscopy im-
ages of the SLM Ti6Al4V specimens as a
function of the number of melting steps: (a,
b) single melting, (c,d) double melting, and
(e,f) triple melting; (g) length and width of

(®

i

I‘\\
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the acicular o martensite phase for a
different number of melting steps calculated
from the scanning electron microscopy im-
ages, and (h) cooling rate, absorbed effective
energy density (Ed-eff), and thermal pene-
tration depth (8y,) observed during the SLM
process as a function of the melting
sequence.
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Table 2
Chemical composition of the SLM Ti6Al4V samples fabrication samples
measured using the energy dispersive X-ray (EDX).

Melting Sequence Concentration of the elements (wt.%)

Ti Al v Fe
Single Melting 89.72 + 0.41 5.98 + 0.06 3.99 + 0.06 0.31 +0.03
Double Melting 89.62 + 0.33 6.05 £ 0.11 4.05 £+ 0.05 0.11 +£0.10
Triple Melting 89.78 £ 0.36 5.91 £ 0.05 4.02 + 0.07 0.29 + 0.04

were tested in each condition (single, double, and triple melting) to
evaluate the reproducibility of the results and the representative tensile
curves are presented where necessary.

3. Results

Fig. 4(a) presents the XRD patterns of the SLM Ti6Al4V samples with
different numbers of melting steps. The patterns show the presence of
the o/ martensite phase, similar to other earlier reports [26,37]. It may
be observed that the intensity of the (002), (102), and (110) peaks of the
triple-melted sample are stronger compared to the single-melted sample
suggesting texture (preferred orientation) in the material.

The texture in the SLM samples can be modified by changing the
scanning strategy [38], cooling rate [39,40], or by building the samples
with certain angles to the base plate [41]. The extent of texture in the
(100), (002), (101), (102), and (110) planes was quantified (Fig. 4(b))
using the following formula [42]:

1(hkl) /1o (hkd)

T.(hkl) = (1/N) [l (k) /1, ()|

(6)

where T, is the texture coefficient of the (hkl) plane, Iy is the standard
intensity from the reference (JCPDS data [43]), I is the measured in-
tensity, and N is the number of diffraction peaks. If the texture coeffi-
cient is 0 < T.(hkl) < 1, it indicates a lack of texture (preferred
orientation) in the given planes; this is true for the planes including
(110), (100), and (101). The higher value of T, (for example >1 for the
(002) plane) means that the samples show a higher degree of preferred
orientation. With an increasing number of melting steps, the T.(hkl) of
the (110) plane tends to approach unity, while T.(hkl) of the (002) plane
decreases, and the (102) plane shows a strong crystallographic texture.
The effects of the number of melting steps on the structural data
including crystallite size and the dislocation density were evaluated
(Fig. 4(c)).

The number of melting steps influences the crystallite size; the
crystallite size decreases with an increasing number of melting steps,
evaluated from the peak broadening of the (102) and (110) planes, as
shown in the magnified view of Fig. 4(a). A dislocation density in the
order of 6 + 2 x 10'®> m~2 was calculated for the triple-melted sample,
which is higher than in the single-melted sample (3.5 + 1x10'® m~2).
The dislocation densities in these SLM processed samples were signifi-
cantly (two orders of magnitude) higher than the conventional
Ti-6A1-4V alloy, as reported by Babu et al. [44]. Also, Hayes et al. [45]
reported a dislocation density of ~10'® m~2 for Ti-6Al-4V produced by
using directed energy deposition, another AM process, which is similar
to the value in the present samples. Furthermore, the lattice parameters
a and ¢ decrease with an increasing number of melting steps (Fig. 4(d)),
and the values for single-melted samples are similar to the results of
Thijs et al. [23]. Fig. 5(a—f) shows the SEM images of the Ti6Al4V SLM
samples with an increasing number of melting steps from single to
double to triple melting. The microstructure in general consists of the
acicular o martensite phase (observed from XRD patterns). Even though
the acicular o martensite phase shows the plate morphology, the size of
the acicular o martensite changes with the number of melting steps.
Accordingly, the dimensions (length and width) of the o acicular
martensite were measured and summarized in Fig. 5(g). The width of the

Materials Science & Engineering A 805 (2021) 140558

Table 3
Change in the penetration depth as a function of laser power.
Laser power Bed Average penetration depth Reference
condition (pm)
P50 - 50 W Powder 45.0 Bayat et al.
[56]
P80 -80 W Powder 66.2 Bayat et al.
[56]
P110-110 Powder 101.0 Bayat et al.
w [56]
60 W Powder 86.0 Present study
60 W Bulk 64.0 Present study

acicular o martensite increased (0.40 £ 0.05 pm, 0.65 + 0.05 pm, and
1.31 + 0.12 pm) and the length decreased (12 + 6 pm, 10 + 4 pm, and 8
+ 4 pm) with an increasing number of melting steps from single to triple
melting. The chemical composition of the single, double, and triple
melted samples measured using the EDX point scan were tabulated in
Table 2. It can be observed from Table 2 that the chemical composition
of the samples does not vary with an increase in the remelting (see
Table 3).

During the SLM process, when the laser beam is projected onto the
powder bed or the bulk sample, the laser energy will be either absorbed
or reflected. Although the reflectivity of the metal is vital when quan-
tifying the input energy, it drops significantly within microseconds as
the melting begins [46]. On the other hand, absorptivity (the ratio of the
absorbed laser radiation to the incident laser radiation [47]) of Ti6Al4V
powder (at room temperature) at ~ 1 pm laser wavelength is ~77%
[48]. The absorbed effective energy density Eq.q is defined with the
following formulas, given by Ref. [2]:

P
E;= (@) (7)

Eyp=ak, ®)

where Eg is the energy density in J/mm?, P is the power expressed in W, v
is the laser scanning speed in mm/s, h is hatch spacing in mm, t is the
layer thickness in mm, Eq . is absorbed effective energy density in J/
mm?, and « is the energy absorption coefficient.

The thermal conductivity, which depends on the coordination
number (of powder particles), density, and temperature [49], affects the
cooling rate of the considered medium [50]. In comparison with the bulk
sample, the powder bed shows decreased thermal conductivity due to
the presence of voids between the powder particles [49]. The thermal
conductivity at room temperature of Ti6Al4V powder (particle size of
20-63 pm) and the bulk sample is 0.13 W/K.m [51] and 7.1 W/K.m
[52], respectively. Rosenthal [53] used some assumptions (a point heat
source is used with constant thermal properties, no heat losses, and no
convection in the pool) to derive analytical equations for the heat flow,
which is as follows:

0 o ©)]

20 (T = To)kR _ e [—V(R - x)]
where T (°C) is the temperature of the melt pool, Ty (°C) is the tem-
perature before laser exposure, k is the thermal conductivity in W/K.m,
Q is the heat transferred from the heat source and is expressed in W, V is
the scan speed expressed in m/s, A is the thermal diffusivity in m?%/s, and
R is the radial distance in m: R = SQRT(x> + y2 +z%), where x, y,and z
are the coordinates along the X, Y, and Z-axes respectively. Due to the
increase in the thermal conductivity of the bulk samples as compared to
the powder bed, the cooling rate in the bulk counterpart is higher and
increases with an increasing number of melting steps (Fig. 5(h)). This
increasing trend in the cooling rate with an increasing number of
melting steps is in agreement with the results reported earlier [29],
where they reported the cooling rate of the SLM Ti6Al4V sample
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Fig. 6. Hardness distribution maps for the SLM Ti6Al4V samples fabricated as a function of the number of melting steps: (a) single, (b) double, and (c) triple melting;
(d) Vickers hardness plot for the SLM Ti6A14V sample produced with single, double and triple melting; Surface porosity of samples as a function of the melting
sequence: (e) single, (f) double, and (g) triple melting; (h) plot showing the average size of surface pores as a function of the number of melting steps.

produced with single melting and double melting as 7.8x10° and
13.8x10° °C/s, respectively. A maximum melt pool temperature of
~2300 °C was observed with 1 m/s laser scan speed, and as the laser
beam moved away, the temperature of the melt pool decreased to room
temperature in milliseconds [1]. Irrespective of the number of the
melting steps, Ti6Al4V alloys show a fully acicular o martensite phase,
since the cooling rate is higher than 410 °C/s [54].

The thermal penetration depth which is an approximation for the
heat distribution in a considered medium depends on thermal diffusivity
and conductivity, exposure time, etc. and (in a semi-infinite material) is
defined as [55]:

S = 2VAAL (10)

where At is the laser exposure time in s and A is the thermal diffusivity in
m?/s of the considered medium. The thermal penetration depth (Fig. 5
(h)) for the powder and bulk samples were observed to be ~86 pm and
~64 pm, respectively, where the powders with particle size ranging
between 20 and 63 pm exhibited an apparent density of ~57%. Bayat
et al. [56] reported similar penetration depths for Ti6A14V SLM samples
when fabricated with similar laser power.

Hardness mapping, which is a tool to quantify heterogeneity of the
fabricated parts and to understand the material behavior [57], was used
to reveal the variation in hardness across the sample surface (Fig. 6
(a—c)). It may be observed from the hardness distribution maps (Fig. 6
(a—c)) that the SLM Ti6Al4V samples became more uniform and showed
homogeneous distribution of hardness with an increasing number of
melting steps. In fact, the sample was completely homogeneous when
the sample was melted thrice. On the other hand, in single- and
double-melted samples, some degree of non-uniformity was still
observed in terms of hardness distribution. In addition, the average
Vickers hardness values increased from 334 + 10 H, for the as-built
single melted SLM sample to 347 + 7 Hy for the sample with double
melting, and it finally reached 368 + 12 Hy for the triple-melted sample
(Fig. 6(d)). The change in the number of melting steps effectively altered
the microstructure of the SLM Ti6Al4V samples in terms of the acicular
o martensite dimensions (Fig. 5), which subsequently led to the dif-
ferences in the hardness and their distribution (Fig. 6(a—c)).

The theoretical density of these samples is found to be 98.0 + 0.5%,
98.8 + 0.3%, and 99.5 + 0.2% for single, double, triple melted samples
respectively. In a rapid solidification process like what happens in the
SLM process, where sufficient time is not available for conductive
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Fig. 7. Room-temperature tensile stress-strain curves for the SLM Ti6Al4V
samples as a function of laser remelting sequence.

homogenization of the input energy and subsequently the heat distri-
bution in the powder bed, pore formation occurs due to lack of fusion.
The pores that form during the SLM process may be categorized into
two: (1) lack of fusion pores (irregularly shaped) that form due to
improper SLM process parameters and (2) metallurgical pores (spherical
in shape), which form due to the presence of adsorbed/entrapped gases.
Moreover, metallurgical pores appear in parts fabricated by SLM [58].
The morphology of surface pores in SLM Ti6Al4V samples with an

Table 4
Room temperature tensile properties of the Ti6Al4V SLM samples as a function
of the number of melting steps.

Melting number

Single Double Triple
60.20 (MPa) 930 + 0.2 985 + 8 1027 £ 5
6, (MPa) 1055+ 3 1104 =12 1135+ 3
Elongation (%) 4.3 + 0.5 3+0.1 2+0.1
E (GPa) 120+ 1 128 + 0.9 134 £5
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Fig. 8. Scanning electron microscopy images showing the fracture surface for the SLM samples as a function of the number of melting steps: Single melting: (a) low
magnification and (b) high magnification images, double melting (c) low magnification and (d) high magnification images, and triple melting (e) low magnification

and (f) high magnification images.

Powder bed

O Melting sequence . Acicular ¢’ martensite

1 Dislocation

Fig. 9. Schematic illustration of the powder bed and the effect of the number of
melting steps on the microstructure of the Ti6Al4V alloy.

increasing number of melting steps is illustrated in Fig. 6(e-g). With an
increasing number of melting steps, fusion pores may be eliminated, but
metallurgical (spherical) pores are still observed (Fig. 6(g)). However,
the size of these pores is reduced significantly with an increasing number
of melting steps from single to triple melting (Fig. 6(h)).

The room-temperature tensile stress-strain curves for the SLM
Ti6Al4V samples as a function of the number of melting steps are shown
in Fig. 7 and the mechanical properties are listed in Table 4. The ulti-
mate tensile strength of the samples increased from single to triple
melting, mainly due to the presence of the acicular o martensite
microstructure. These values are higher than the tensile values observed
for the wrought Ti6Al4V counterpart [59,60]. However, this improve-
ment in the ultimate tensile strength is at the expense of ductility, which
decreased with an increasing number of melting steps. Accordingly, the
triple-melted sample exhibited the maximum yield (60 29,) and ultimate
tensile strengths () compared to the double- and single-melted sam-
ples. But, the ductility was significantly lower in the triple-melted
sample, which is inferior to the single- and double-melted samples.
Fig. 8(a—f) show the fracture surfaces of the tensile samples. The fracture
surface of the single-melted sample (Fig. 8(a)), and its high magnifica-
tion image (Fig. 8(b)), exhibit the presence of deep dimples, indicating
appreciable ductility in the sample. On the other hand, the fracture
surface of the double- and triple-melted samples (Fig. 8(c-f)), exhibit
shallow and small size dimples, suggesting that the samples are more

brittle than the sample produced by single melting. In addition, the
sample fabricated with triple melting shows less porosity (in both
number and size) than the single-melted sample.

4. Discussion

The schematic representation showing the effect of single, double,
and triple melting on the acicular o’ martensite size is shown in Fig. 9. As
illustrated in Fig. 5(d), the width of acicular ' martensite increased
more than three-fold, but its length decreased by ~30% with increasing
the number of melting steps. In addition, the dislocation density
increased from 3.5 + 1x10*® m~2 for single melting to 5 + 1x10'® m~2
and 6 + 2x10'° m~2, respectively, for double- and triple-melted samples,
which is a direct consequence of the metastable rapid solidification
processing and the anisotropic solidification conditions [61-63]. In the
SLM process, the heat is extracted from the melt pool at different rates in
different directions. Generally, the melt pool is surrounded by powder
on one side, solidified metal on the other side, inert gas on the top, and
solid material at the bottom. Hence, heat extraction is maximum from
the bottom since it is solid and has a bigger contact area with the melt
pool.

Let us neglect the marginal heat extraction during solidification from
the two sides and the top of the melt pool and assume that heat
extraction is only from the bottom, where the melt pool is in contact
with the solid material. We can then propose the following arguments as
a function of the number of melting steps. During the single melting
process, the temperature of the melt pool decreases by heat extraction
through the bottom, and hence, the material underneath the melt pool
gets heated up [64]. During the second melting sequence, the area un-
derneath the melt pool, which is already at slightly above the ambient
temperature needs to conduct the heat (transfer) from the melt pool and
therefore the cooling rate is significantly reduced. This is because the
material at a higher temperature than the ambient temperature cannot
transfer the heat at the same rate as in ambient conditions and hence is
expected to decrease the cooling rate of the process. Hence, as per the
discussion, the cooling rate is expected to decrease with increasing
melting sequence from single to triple melting.

On the other hand, the XRD and microstructural features show the
opposite trend, which is corroborated by mechanical properties. With
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Power bed i
Single Double Triple
melting — melting — melting —
melting of melting of P
powders bulk sample bulk sample
Description Single Melting Double Melting Triple Melting
Energy absoption from laser Lowest High Highest
Energy loss (attenuation) High Low Lowest
Cooling rate High Higher Highest
Thermal conductivity of layer/powder Minimal High Higher
Thermal depth of penetration High Higher Highest
Type of voids Irregular shaped Spherical/Metallurgical | Spherical/Metallurgical
Size of voids Highest High Low
Distribution of voids Concentrated Distributed Homogeneous
Density of external defects Highest Higher High
Density of internal defects High Higher Highest
Tensile strength High Higher Highest

Fig. 10. Schematics illustrating the different effects that takes place during laser re-melting.

increasing the number of melting steps from single to double to triple,
the effective energy absorbed in the exposed area increases. For
instance, the powder during single melting has maximum voids and
hence minimum energy is absorbed from the laser since the voids
dissipate the heat (do not absorb the heat). During double melting, the
solid area exposed to the laser has minimum voids, compared to the
powder bed and hence the energy absorbed will be much higher without
much attenuation. Continuing with triple melting, the voids are further
reduced after double melting and the solid surface exposed by the laser
will have the least voids in it and hence absorbs the maximum energy.
With an increase in the absorbed energy, the temperature of the melt
pool increases, which finally leads to an increase in the cooling rate of
the process. Thus, the effective cooling rate at different stages of melting
will be the sum of these two effects (heat dissipation through the bottom
and energy absorption rate at the exposed area) discussed above.
Effectively, as observed, the cooling rate increased with an increasing
number of melting steps.

Similarly, the thermal conductivity of the bulk material (7.1 W/K.m)
is more than an order of magnitude higher than the powder particles
(0.13 W/K.m), which helps in increasing the thermal penetration depth
of the melt pool. The increased thermal penetration depth with an in-
crease in the number of melting events also plays a role in the homog-
enization of the microstructure. Even though the solidification of the
melt pool in an SLM process is considered as the solidification of thin
films (neglecting the effect of gravity) [64], the increase in the melt pool
size (because of an increase in the thermal penetration depth) will help
in the homogenization of the microstructure due to Bernard-Marangoni
convection. The deeper the melt pool, the vortex in the melt pool will be
severe, which helps in liquid movement causing the homogenization
along with the Bernard-Marangoni convection. In addition, the repeated
melting of the same layer will lead to successive melting and solidifi-
cation events at different rates and lead to complete homogenization and
uniform distribution of the elements within the melt volume, similar to
the arc melting methods, where the material is melted and remelted
multiple times to have a homogeneous microstructure. This opens a new
direction, where elemental powder mixtures can be employed as raw

materials instead of pre-alloyed powders, which can drastically reduce
the material costs involved.

Scanning over a solid (double and triple melted sample), the
conductive dissipation of thermal energy away from the melt pool will
be faster. Fourier number (Fy) is used to obtain a relative measure of
heat dissipation rate to heat storage rate during SLM, which can be
determined as [65]:

Fo— <§> an

where A, t, and L refer to thermal diffusivity (m?/s), the characteristic
time (s), and the length through which conduction occurs (m), respec-
tively. Higher F, signifies a rapid heat dissipation, which helps in faster
cooling of the sample since the thermal diffusivity of bulk (~3 x 107®
m?/s [66,67]) is higher than powder (~0.5 x 10° m?/s [66]). With an
increase in the thermal conductivity and conductive dissipation of
thermal energy, the cooling rate of the process increases leading to a
refined microstructure corroborating with the SEM results (refined
martensitic platelets). In this respect, the refinement of the microstruc-
ture during SLM is somewhat similar to the microstructural refinement
observed during traditional rapid solidification processing of metallic
melts. Since the melt cools rapidly, the time allowed for the redistri-
bution of solute atoms in the alloy will be very short and hence the
homogeneity of the liquid will be carried down to the solidified material.

The homogeneous hardness maps (hardness uniformity all over the
samples) also indirectly confirm that the samples were homogenized
with an increasing number of melting steps (Fig. 10). Hence, the present
results prove that increasing the melting sequence from single to double
to triple melting, refines the microstructure and subsequently improves
the mechanical strength. This process will be associated with an
increased number of internal defects (like dislocations), essentially due
to the residual stresses introduced during solidification, which also
contribute to the strength, albeit small in magnitude. On the other hand,
the number of external defects (voids/pores) decreases both in size and
number with an increasing number of melting steps. With single
melting, the large pores are mainly irregular in shape (fusion pores) and
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Fig. 11. (a) Scanning electron microscopy and (b-d) optical microscopy images of the single melted Ti6Al4V samples. (e) Scanning electron microscope and (f-h)

optical microscopy images of the triple melted Ti6Al4V samples.

with an increasing number of melting steps, spherical shaped pores
(metallurgical pores) with significantly reduced size were observed that
were characteristic of gas entrapment (Fig. 11). Even though increasing
the melting sequence will cost time and money, the present results
clearly suggest that it will homogenize the material (in terms of
porosity), reduce the number of external defects like porosity, and refine
the microstructure thereby improving the mechanical strength of the
SLM processed materials.

5. Conclusion
In this study, the microstructure and mechanical properties of

Ti6Al4V SLM alloys were studied as a function of an increasing number
of melting steps. The important observations are as follows:

Increasing the number of melting steps from single to triple melting
resulted in an increase in the cooling rate, which refined the
microstructure. The length of the acicular o/ martensite decreased,
whereas its width increased marginally resulting in improved me-
chanical strength at the expense of ductility.

The number of internal defects in the samples (dislocations)
increased with an increasing melting sequence from single to triple
melting.

The single-melted sample showed the presence of fusion pores,
whereas by increasing the number of melting steps, they disappeared
and only spherical pores existed. Both the size and number of pores
decreased with increasing number of melting steps.

Finally, the sample surface shows a homogeneous distribution of
hardness with reduced porosity as the melting sequence is increased
from single to triple melting.

The present results suggest that even though the successive re-
melting of the same layers increases the time of production and subse-
quently the cost of processing the parts, the increase in the mechanical
strength and homogenization of the samples can compensate for the cost
increase. In addition, this opens a new pathway, where elemental
powder may be directly used as a raw material instead of pre-alloyed
powder. Successive melting of the same layer multiple times may
improve homogenizing the powder bed, which will be considered as an
economic benefit and a huge relief and breakthrough in the field of
additive manufacturing.
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This study investigates the effects of melting sequence on the microstructure, substructure, and mechanical
properties of SLM Ti6Al4V alloys. Acicular o martensite was observed in all the SLM samples, and the di-
mensions of the « phase were changed with the melting sequence. Twins appear between acicular o’ martensite,
and a large number of dislocations were observed in the material and within o/ martensite. The density of twins
and dislocations increased with increasing melting sequence from single melting to triple melting. Tensile
strength properties including ultimate tensile strength and yield stress, and hardness increased with increasing

melting sequence from single melting to triple melting. The present results clearly prove that the melting
sequence plays a significant role in determining the microstructure, substructure, and mechanical properties of

the SLM as-built materials.

1. Introduction

Ti6Al4V has been widely used in many industries due to the superior
properties like corrosion resistance, high strength, and low density
[1,2]. Laser powder bed fusion (L-PBF) process/selective laser melting
(SLM) can be used to manufacture Ti6Al4V components with complex
shapes [3,4]. However, due to the complexity of the SLM process, the
mechanical property of the Ti6Al4V can vary depending on the micro-
structure (phase constitution, morphology, distribution, etc.) [5], and
substructure (i.e., dislocation, twinning, etc.) [6]. Therefore, a consid-
erable volume of research has been carried out on the effect of the
microstructure on the mechanical properties of SLM Ti6Al4V alloys.
Although further understanding of the substructure of SLM Ti6Al4V
alloys and studying its effect on the mechanical properties is vital, it has
not been studied systematically and in-depth yet.

It is well known that the grain boundaries act as barriers to the
dislocations motion, where it may effectively increase the hardness and
tensile strength of the material, according to the Hall-Petch relation
[7,8]. Twin boundary similar to grain boundary may also act as barriers
to dislocation motion [9]. Shen et al. [10] investigated the effect of
nano-scale twins on the tensile strength and reported that increasing the
twinning density led to an increase in the tensile strength. In another

* Corresponding authors.

work, Cao et al. [11] studied the effect of quenching rate to understand
twin formation mechanism in Ti6Al4V alloys, and concluded that the
density of twins increased with increasing the quenching rate. They used
their result of the quenching effect on the substructure to explain the
tension and compression twin in the SLM process, where the process
nature such as the thermal effects of the melt pool on the solidified layer
(s) was ignored. The thermal effects of the melt pool and the cooling rate
on microstructure and substructure have not been investigated in depth.

Many studies have reported the application of a melting sequence to
increase the density and improve the surface finish of the components
fabricated by the SLM. In our previous work [12], we have studied the
effect of melting sequence on the inhomogeneity in the microstructure
and the mechanical properties, including hardness of SLM Ti6Al4V al-
loys. In addition, the mechanical properties obtained from the tensile
test of the SLM samples with remelting were discussed in detail, which
exhibited a reduction in ductility with increasing the melting sequence
from single melting to triple melting. We concluded that the melting
sequence improved the mechanical properties, and reduced the in-
homogeneity in the microstructure and mechanical properties of the
SLM parts. However, the effects of melting sequence on the substructure
have not been studied. In this work, we manufactured Ti6Al4V samples
by the SLM with melting sequence, where increasing melting sequence
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https://doi.org/10.1016/j.jmapro.2021.06.059

Received 17 August 2020; Received in revised form 1 June 2021; Accepted 19 June 2021

Available online 2 July 2021

1526-6125/© 2021 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.



J. Karimi et al.

from single melting to double and triple melting increased the cooling
rate of the melt pool [13]. The main purpose of this study is to under-
stand clearly the effects of melting sequence on phase morphologies as
well as substructure (dislocation and twin), and the effects on me-
chanical properties, particularly hardness and tensile properties.

2. Experimental methods
2.1. Materials and SLM process

Bulk specimens were fabricated by SLM from spherical gas-atomized
powder with an average size of 21 + 5 pm. The SLM process was carried
out by a ReaLizer SLM-50 equipped with a 120 W fiber laser, and a spot
size of ~39 pm. The SLM processing parameters used for fabricating the
samples are as follows: hatch distance 60 pm, scanning speed 1000 mm/
s, layer thickness 25 pm, and hatch rotation 73°. However, variation was
carried out in such a way that each layer of powder was melted either
once, twice, or thrice with the energy density of 40 J/mm?®. The volu-
metric energy density (VED) was used to measure input energy, which is
defined as follows:

P

VED =
veehed

®

where VED is the energy input (J/mm?®), P is the laser power (W), v is
the scanning speed (mm/s), h is the hatch space (mm) and d is the layer
thickness of the powder bed (mm) [14]. All the SLM samples were
fabricated on a 20 mm thick Ti platform in a high purity argon gas.

2.2. Material characterization

The crystalline structure of the Ti6Al4V alloys was characterized
using X-ray diffractometer (Brucker-axs D5005, Germany) with Cu-Ka
radiation (A = 0.154056 nm). A step size of 0.01° was used with an
exposure time of 5 s per step along the direction of deposition. The
Scherer equation was used to determine the crystallite size, as follows:

K2
" pcosd

2)

where D is the crystallite size, § is the breath of the X-ray diffraction
peak, 6 is the Bragg angle for the peak, K is the shape factor, and 1 is the
wavelength of the X-ray (i.e., Adcy-k« 1.5406 /?\). The dislocation density of
the XRD data was estimated using the Williamson-Hall approach, using
the equation:

cos 0.9 sind
i D ®
62
=144—
’ 7 @

where ¢ is lattice strain, p is dislocation density, and b is the magnitude
of the Burgers vector. Lattice parameters calculated based on the Bragg's
law and plane spacing equation are as follows:

1 4/ R+hk+i>\ 17
ﬁi(T)*:z ®
) = 2dsinf (6)

where h, k, and [ are miller indices, a and c are the lattice constants, and
d is inter-planar spacing. The microstructure was characterized by
scanning electron microscopy (SEM, Zeiss FEG, Germany) and trans-
mission electron microscopy (TEM, Tecnai G2 F20, FEI, Germany)
coupled with energy-dispersive X-ray spectroscopy (EDS). Standard
metallographic practices were used for the mounting and polishing of
the samples. The samples were etched with Kroll reagent (91 ml distilled
water, 6 ml nitric acid, and 3 ml hydrofluoric acid). The average
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dislocation density of the TEM data was determined using the equations,
as follow [15]:

4

1=, @)
1

p=1L ®)

where [, is the projected length of dislocation lines, [ is the length of
dislocation lines, A is the area, and t is the sample thickness, approxi-
mated by application of the approach suggested by Allen [16]. The
average number and width of twins and dislocation density of the TEM
images were measured in an area of ~100 pm? in each sample using an
image analyzer software. The hardness tests were conducted on a
Vickers INDENTEC 5030SKV machine with a load of 5 kgf and a dwell
time of 10 s. The uniaxial tensile tests were carried out according to
ASTM standard: ASTM E8/E8M-13a (where the dimensions are modi-
fied to suit the length of 52 mm as per the ratio mentioned in the
standard) using a servo-hydraulic Instron 8516 machine at room tem-
perature with a strain rate of 0.001 mm/s. At least three specimens for
each condition were tested to evaluate the reproducibility of the results.

3. Results
3.1. Phase analysis

Fig. 1 exhibits the X-ray diffraction (XRD) of the SLM Ti6Al4V
samples with melting sequence, where the patterns show the presence of
o martensite phase. Similar positions and intensities of XRD peaks can
be observed among the diffraction patterns of single, double, and triple
melted samples. Table 1 shows the crystallite size and lattice strain of
single, double, and triple melted samples. Moreover, the lattice
parameter («) of the SLM samples is 0.2925 + 0.0008 nm, 0.2926 +
0.0009 nm, and 0.2927 + 0.0009 nm for single, double, and triple
melting, respectively (Table 1).

3.2. SEM and TEM observations

Fig. 2a shows the SEM micrograph of the Ti6Al4V sample prepared
by the SLM, where the microstructure consists of acicular o martensite
(hcp), in agreement with Vrancken et al. [17]. The average width and
the average length of the acicular o martensite are 0.41 + 0.12 pm and
14 + 6 pm, respectively. In the as-built SLM sample, a large number of

4 : o’ martensite

Triple melting

Single melting

Normalized intensity (a.u.)

45 60
Diffraction angle-26 (degree)

Fig. 1. X-ray diffraction patterns for the SLM processed Ti6Al4V sample as a
function of melting sequence.
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Table 1

Crystallite size, lattice strain, lattice parameter, the twins' dimension, and the
average inter-planar spacing of the Ti6Al4V SLM samples as a function of the
number of melting steps.

Melting number

Single Double Triple
Crystallite size (nm) 13+1 12+ 0.6 14+ 0.9
Lattice strain (%) 0.7 £ 0.1 0.7 £ 0.2 0.6 £ 0.1
Lattice parameter (o) (nm) 0.2925 + 0.2926 + 0.2927 +
0.0008 0.0009 0.0009
Twin length (pm) 0.8 +£0.2 0.9+ 0.9 1+0.6
Distance between twins (pm)  0.15 =+ 0.06 0.07 + 0.03 0.15+ 0.1
Inter-planar spacing (twin/ 0.285 0.233 0.248
o) (nm)
Inter-planar spacing (matrix) ~ 0.259 0.233 0.285
(nm)

the acicular o martensite are twined, shown in the magnified view
inserted in Fig. 2a. The average thickness of the twined acicular o
martensite, which exhibits parallel lens-shaped acicular, is 0.31 + 0.1
pm. Lu et al. [9] also reported the twined acicular o martensite in the as-
built SLM Ti6Al4V.

The microstructural features of the fabricated sample by the SLM are
also characterized by the TEM. Acicular o martensite is observed in the
TEM image of the as-built SLM (Fig. 2b), where the distance between o’
martensite is ~0.8 pm (Fig. 2b). As shown in Fig. 2b (and its higher
magnification image of the rectangle in 2c¢), the twins existed almost
uniformly between acicular o martensite with an angle, where the
average length and distance between them are 0.8 + 0.2 and 0.15 +
0.06 pm, respectively. Moreover, high-density dislocations arraying in
tangles were observed inside the acicular o martensite (Fig. 2c).
Dislocation lines are observed on the edge of the acicular o/ martensite
(Fig. 2e), where the average length and average width are 13 + 2 and 2
=+ 0.6 nm, respectively. Fig. 2d shows the high-resolution HR-TEM image

‘0’ martensite
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from the rectangle in Fig. 2e, where the average inter-planar spacing of
the o martensite and matrix is 0.285 nm and 0.259 nm, respectively
(Table 1). The difference in the inter-planar spacing in the region be-
tween the acicular o/ martensite and matrix is may probably a Moiré
pattern, similar to the report by Li et al. [18]. Besides, the corresponding
selected area electron diffractions (SAEDs) in Fig. 2f exhibit hcp crystal
structure.

Fig. 3a shows the SEM micrograph of the Ti6Al4V sample prepared
by the SLM with double melting, where the average width and the
average length of acicular o/ martensite are 0.56 + 0.1 and 6 + 1 pm,
respectively. TEM images of the double melted sample show a large
number of uniformly distributed twins, where the average length and
average distance between twins are 0.9 + 0.9 and 0.07 + 0.03 pm,
respectively (Table 1). High-density dislocations arraying in tangles
were observed in the double melted sample, as shown in Fig. 3b.
Furthermore, dislocation lines were also observed in the double melted
sample (Fig. 3e), in which the average length and the average width are
50 + 10 and 4 + 1 nm, respectively. A close observation of the sub-
structure in the surface layer was carried out by using HR-TEM, as
depicted in Fig. 3d, where the average inter-planar spacing of the twin
and matrix is 0.233 nm (Table 1). The misorientation angle between the
twin and matrix is determined to be ~36° (Fig. 3d), and Shockley partial
dislocations appear on the twin boundary. The corresponding SAEDs in
Fig. 3f identifies the twinning mode as 1011 type twin. Manero, Gil, and
Planell [19] studied the Ti6A14V alloys with o' martensitic structure and
noted 1011 type twin as compression and the easiest twin type to
produce.

Fig. 4a shows the SEM micrograph of the Ti6Al4V sample prepared
by the SLM with triple melting, where the average width and the average
length of acicular o' martensite are 0.6 + 0.14 and 5 + 2 pm, respec-
tively. Similar to the single melted sample, the twins appear between
acicular o martensite with an angle (Fig. 4b). A large number of twins
were observed in the TEM images of the triple melted sample, of which
the average length and distance between them are 1 + 0.6 and 0.15 +

L(0112)

(1101>.<>_(m11)_
* (0000) .

¥

N\
" el

Fig. 2. Microstructure and substructure of SLM with single melting. a SEM image showing the acicular o/ martensite microstructure. The red arrows indicate twined
acicular o martensite. b TEM image showing acicular o’ martensite and twins. ¢ TEM image showing a high magnification image of the rectangle in b. d HR-TEM
image showing the matrix and acicular of the rectangle in e. e TEM image showing acicular o’ martensite and dislocation lines. f SAED pattern of the rectangle in e,
which exhibits hep crystal structure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Dislocation
tangle

~ Twins

(0112)

O-mon

Fig. 3. Microstructure and substructure of SLM with double melting. a SEM image showing the acicular o’ martensite microstructure. b TEM image showing uni-
formly distributed twins. ¢ TEM image showing a high magnification image of the rectangle in b. d HR-TEM image showing the matrix and twin of the rectangle in e.
e TEM image showing twin and dislocation lines. f SAED pattern of the rectangle in e, which indicates the compression twin type.

Dislocation
tangle -l»

Fig. 4. Microstructure and substructure of SLM with triple melting a SEM image showing the acicular o’ martensite microstructure. b TEM image showing uniformly
distributed twins. ¢ TEM image showing a high magnification image of the rectangle in b. d HR-TEM image showing the matrix and twin of the rectangle in e. e TEM
image showing twin and dislocation lines. f SAED pattern of the rectangle in e, which indicates the tensile twin type.

0.1 pm, respectively (Table 1). High-density dislocations arraying in carried out by using HR-TEM, as depicted in Fig. 4d, where the average

tangles were also observed inside the matrix and acicular o’ martensite inter-planar spacing of the twin and matrix is 0.248 and 0.285 nm,
(Fig. 4b). A close observation of the substructure in the surface layer was respectively. The misorientation angle between twin and matrix is
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determined to be 22° on the twin boundary, and a large number of
Shockley partial dislocations appear on the twin boundaries, and in the
matrix and twin zone. The corresponding SAEDs in Fig. 4f identifies the
1121 as tensile twin mode, which is frequently observed in high strain
conditions, as noted by Lainé et al. [20].

3.3. Tensile properties and hardness measurement

Fig. 5 shows the surface hardness and its deviation of SLM specimens
with melting sequence, where it increased from 330 + 10 HV for the
single melted sample to 370 + 12 HV for the triple melted sample. In
addition, the ultimate tensile strength (UTS) and the yield stress (YS) of
the specimens increased from single to triple melting. However, the
elongation decreased by ~50% from single to triple melting (Fig. 5).

SEM images illustrated that the distance between acicular o
martensite decreases from single melting to triple melting, and the
surface in the double and triple melted sample consists of thicker acic-
ular o martensite. In addition, TEM images show as the melting
sequence increases from single to triple melting, the substructure (twin
size and dislocation density) changes. It is difficult to determine the
effect of process parameters or melting sequence on the material prop-
erties in the SLM since there are several factors that influence the
microstructure as well as the substructure of the fabricated samples.
However, it would be logical to say that the cooling rate is one of the
most important factors that may cause the change in the density and size
of twins and dislocation in the SLM process with melting sequence.

4. Discussion
4.1. Microstructure features

Fig. 6a shows the schematic representation showing the micro-
structural evolution of SLM Ti6Al4V alloys as a function of the melting
sequence. Based on the SEM observation (Figs. 2a, 3a, and 4a), the
microstructure of all the fabricated samples by the SLM with melting
sequence consists of acicular o/ martensite, which is a result of rapid
cooling rate (~10° C/s [13]) of molten metal during the SLM. The
already solidified layer is re-melted during double, and triple melting
sequence, where the thermal conductivity of the double, and the triple
melted (bulk) samples is higher than the single melted sample (loose
powder) [21]. Consequently, the cooling rate of the melt pool in double,
and triple melted samples is higher than in single melted samples [22].
Hence, the average width of acicular o’ martensite increased from 0.405
+ 0.12 pm for the single melted sample to 0.6 + 0.137 for the triple
melted sample. However, the length of the acicular « martensite
decreased by ~65% with increasing the re-melting step. In addition, a
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Fig. 5. Comparison of surface hardness, ultimate tensile strength (UTS), yield
stress (YS), and elongation of the SLM Ti6Al4V alloys as a function of the
melting sequence.
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large number of long and thin acicular o’ martensite were twined with
the same angle, which is probably due to the ununiformed heat distri-
bution in the powder bed, and the high internal strain of the produced
sample by the SLM.

4.2. Change in the substructure during melting sequence

4.2.1. Twinning in acicular o' martensite

In the SLM process, the material is subjected to the large thermal
gradient (107 K/m [23]) because of an extremely short duration of laser-
material interaction (rapid heating by the laser beam), accompanying
highly localized heat input (<2600 °C [24]), and low thermal conduc-
tivity of powder bed (two orders of magnitude smaller than thermal
conductivity in solid). During depositing the first layer, a bending
moment is generated with equal forces, and this process becomes more
complex as more layers build up [25]. When the laser beam melts the
material, the top layer expands (with the thermal expansion coefficient
of ~8.5 x 107°/K for Ti6A14V) due to the large thermal gradient, while
the preceding (solidified) layer restricts it. This induces elastic
compressive stress in the top layer of the component that can rise above
the yield stress of the material. When the upper layers cool off, plasti-
cally compressed upper layers start shrinking, since their thermal
contraction is restrained; consequently, the compressive stresses change
to tensile stresses. Each successive SLM layer will generate stresses near
the molten pool, generating a complicated superposition of stresses and
strains [26]. Therefore, plastic deformations may occur in the material
and the solidifying layer. Boruah et al. [25] proposed a model with as-
sumptions to measure residual stresses of layer by layer building up of
SLM, take into consideration the force and moment equilibrium and they
concluded that the residual stresses increase with increasing the number
of deposited layer (or melting sequence), using:

2h+(2n+1)Ah
{h+(n—1)Ah}?

} +kARY

(C)]
where As(y) is the stress increase in the mth layer because of depositing
the nth layer, m is an individual deposited layer, n is the number of
deposited layers, y is space from the substrate surface, and k is residual
stress of the deposited layer. Due to the higher cooling rate in the double
and triple melted samples than the as-built sample, tensile/compressive
stresses are higher in the double and triple melted samples compared to
the as-built sample. Shiomi et al. [27] investigated the effect of re-
melting on residual stress and reported that the average residual stress
in the re-melted sample is higher than the as-built SLM sample.

Plastic deformation by slip and twinning are considered as compet-
itive mechanisms, where twinning can form in a few microseconds,
whereas for the formation of a slip band there is a delay time of several
milliseconds [28]. In addition, twinning may occur due to the limitation
of the slip systems or increasing of the critical resolved shear stress.
Hence, the stress needed for the twinning is lower than the stress needed
for the slip. The compressive and tensile stresses cause plastic defor-
mation in the material to relieve the stress when the applied stress is
above the yield stress of the material. Several studies have addressed
strain accommodation and stress relief by twinning. Both the compres-
sive and tensile twinning types accommodate strains inside the matrix,
where the stress concentration can be relaxed either by a slip or by
twinning. In addition, increasing cooling rate, from single melting to
double and triple melting, has been suggested to be one of the most
important factors that can enhance twinning probably because of the
changes in the critical resolved shear stresses for twinning that favour
twinning formation [29]. Based upon the TEM observation, the sub-
structure of acicular o/ martensite changes with melting sequence from
single melting to triple melting, schematically described in Fig. 6a.
Accordingly, the number and width of twins were measured and sum-
marized in Fig. 6b. The number of twins increases with increasing

h+nAh
{h+(n—1)Ah}®

n

m+1

Ao(y)=k—6kyAhY " {
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Fig. 6. Effect of melting sequence on microstructure and substructure. a Schematic illustration showing the development of the microstructure and substructure.
Note that the blue, purple, and red oval indicate the single, double and triple melting. b The average number and the average width of twins, measured in the area of
~100 pm?. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

melting sequence from single to triple melting, which is probably due to
the higher residual stress and cooling rate in the double and triple
melted samples. Cao et al. [30] investigated the effect of heat treatment
of samples produced with SLM and concluded that annealing (6 h at
800 °C) led to removing the twins. In comparison with SLM, in laser
metal deposition with the cooling rate in the range of ~10° K/s twinning
is rarely reported [31]. In addition, the width of twins increased with
increasing melting sequence from single to triple melting, where the size
of martensite may influence twin morphology, whereby a thicker acic-
ular o martensite promotes the formation of thicker twins. However, the

average length and distance of twins fluctuate with the melting
sequence.

4.2.2. Dislocation density in acicular o' martensite

Dislocations are formed due to the plastic deformation and rapid
solidification in the SLM process, similar to deformation substructures
that occurred after plastic deformation [32], which help to accommo-
date high internal stresses of the melted material. The substructure of
acicular o/ martensite consists of a high density of tangled dislocations
within the acicular, which is difficult and time-consuming to quantify.

- =)
1 f

Dislocation density (><1014 m/m3)
~

=-XRD
-8-TEM

Single melting

IDouble lmeltingl | Triple melting |

Fig. 7. The dislocation density of SLM Ti6Al4V samples obtained from TEM images and XRD data. a Comparison of dislocation densities of TEM and XRD data. The
dislocation density in the SLM Ti6Al4V samples as a function of melting sequence: b single, ¢ double, and d triple.
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Dislocation lines are also observed in the sample, mostly near the
boundary of acicular o martensite and twins (Figs. 2e and 3e), where the
average length is ~30 nm. As illustrated in the TEM micrograph (in
Figs. 2-4), the dislocation density in the SLM Ti6Al4V is quite high and
may change with the melting sequence. Accordingly, the dislocation
density in SLM samples was measured and illustrated in Fig. 7a, where
the dislocation density increases from single melting to triple melting. In
addition, the dislocation density of the XRD data is also measured and
illustrated in Fig. 7a, to compare with the amount obtained from the
TEM images, where a similar pattern may be observed between the
average dislocation densities and their deviations. However, XRD
analysis provides information from significantly larger material volumes
than TEM measurements. Fig. 7b-d also shows the increase of disloca-
tion density as a function of melting sequence from single melting to
triple melting.

4.3. Mechanical properties

As illustrated, the density of dislocation and twins in the acicular o
martensite phase increases with increasing melting sequence from single
melting to triple melting. In addition, a high-density dislocation was
observed within the twins and acicular o martensite, where the melting
sequence led to an increase in the width of acicular martensite and
twins. Twinning can serve as a barrier to the motion of dislocation
during plastic deformation, and may effectively strengthen a material,
according to Hall-Petch relation. Fig. 5 illustrated an increase in the
surface hardness, the ultimate tensile strength, and the yield stress of
SLM specimens with melting sequence from single melting to triple
melting. However, the elongation decreased from single melting to triple
melting.

The present work investigated the microstructure and substructure
of SLM samples with melting sequence. The melting sequence strategy of
the SLM specimen has contributed to the improvement in tensile prop-
erties (UTS and YS) and hardness. However, further research is needed
to quantify the dislocation density inside twins and acicular o
martensite. This information is vital to advance knowledge about the
influence of substructure on mechanical properties, which is ignored in
much research.

5. Conclusion

This paper has described a detailed investigation of the microstruc-
ture and substructure of acicular o/ martensite of SLM Ti6Al4V alloys
with the melting sequence. The following conclusions can be drawn.

(1) The microstructure of the all SLM Ti6Al4V samples consists of
acicular of martensite, where the average width of acicular o
martensite increases with increasing the melting sequence from
single melting to triple melting. However, the average length of
acicular o martensite decreases as a function of the melting
sequence.

The o martensite phase contains a high density of dislocations
due to the rapid heating/cooling and the repeated thermal cycle
of the SLM process. A great number of dislocations is identified
within the acicular o martensite. The melting sequence led to an
increase in the dislocation density from single melting to triple
melting.

(3) Twins have been identified uniformly between the acicular o
martensite, and in the material frequently. Due to the increase of
the residual stress and the cooling rate, the average number and
width of twins also increased from single melting to triple
melting.

The tensile properties, including UTS and YS, as well as the
hardness of the samples, increased with increasing the melting
sequence from single melting to triple melting. The increase in
the mechanical properties is due to an increase in the density of
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dislocation and twins, where twins can block the dislocation
motion. The present results suggest that increasing the cooling
rate during the melting sequence may be responsible for the
change in substructure in the acicular o martensite, and conse-
quently increasing the tensile strength and hardness.
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ABSTRACT

The reliability and quality of additively manufactured parts are questionable. The present study aimed to
improve the surface quality and mechanical and tribological properties of a Ti6Al4V alloy manufactured
using selective laser melting (SLM). The effects of the laser remelting on its surface topology, mechanical
properties, and sliding wear in a ball-on-plate configuration with a ball either above or below the plate were
investigated systematically. The influence of the laser remelting approach on the anisotropy of the me-
chanical and tribological properties was compared with that of the heat treatment approach. The surface
quality and high cycle fatigue strength improved with an increase in the number of melting steps. The
compressive and impact strengths also increased with an increase in the number of melting steps. The wear
resistance in both configurations was higher in the remelted samples than in the samples after SLM. The
results confirmed that laser remelting, as an affordable approach, could significantly improve the reliability

Sliding wear
Ti6AI4V

of parts fabricated by the SLM process.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Additive manufacturing (AM) technologies have a wide range of
applications in various industries, including the automotive, aero-
space, transportation, energy, and medical fields. The selective laser
melting (SLM) process is one of the most commonly used AM pro-
cesses, with the potential to fabricate complex shapes that are im-
possible to fabricate using traditional manufacturing processes, such
as lattice structures [1,2], cellular porous structures (bone scaffolds)
[3-5] and metamaterials [6-8], in a layer-wise manner from metallic
powders. A wide range of materials can be fabricated using the SLM
process, including Ti-, Al-, Ni-, Fe-, Cu-, and Co-based alloys, and
high-entropy alloys [9-11].

Ti6Al4V alloys are some of the most widely investigated alloys
produced using the SLM process, and have been commonly used in
various industries because of their high corrosion resistance, high
strength and elastic modulus, and biocompatibility [12]. Despite the
progress in the SLM of Ti6Al4V, several challenges remain. The
surface roughness of a three-dimensional (3D) fabricated net-shaped

* Corresponding author at: Department of Mechanical and Industrial Engineering,
Tallinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia.
E-mail address: jkarim@taltech.ee (J. Karimi).

https://doi.org/10.1016/j.jallcom.2021.163207
0925-8388/© 2021 Elsevier B.V. All rights reserved.

part, which is one of the major challenges in SLM, is relatively high.
It was reported to be close to ~12 pm, which is considerably higher
than that of machined parts [13]. A significant number of studies
have investigated the effects of the scanning strategy, post-proces-
sing, building direction, powder particle size, and laser power on the
surface topography. Eyzat et al. [14] reported that the application of
post-treatment (heat treatment, polishing, sandblasting, and che-
mical etching) could reduce the roughness. However, post-surface
treatments are time-consuming and resource-intensive. Chen et al.
[15] reported that the surface topology of parts fabricated using SLM
exhibited an orientation dependence, which influenced the me-
chanical contact properties and mechanical properties. Furthermore,
Han et al. [16] stated that the surface roughness improved with the
application of laser remelting. However, a comprehensive study of
the effects of the melting sequence on the surface topology and
roughness in both the transverse cross-section (TCS) and long-
itudinal cross-section (LCS) of a component fabricated using SLM has
yet to be presented in the literature.

Parts fabricated using the SLM process accumulate considerable
residual stress as a result of their large thermal gradient and rapid
solidification, and layer-by-layer fabrication generates a complicated
superposition of stresses and strains. Many studies have reported the
effects of SLM process parameters, including the scanning strategy,
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Nomenclature

LOF Lack of fusion

MP Metallurgical pore

TCS Transverse cross-section

LCS Longitudinal cross-section

NY Single melting (vertically fabricated)
DV Double melting (vertically fabricated)
TV Triple melting (vertically fabricated)

HT Heat-treated single melting (vertically fabricated)
MV Machined single melting (vertically fabricated)

SH Single melting (horizontally fabricated)

DH Double melting (horizontally fabricated)

TH Triple melting (horizontally fabricated)

HH Heat-treated single melting (horizontally fabricated)
R Load ratio

R, Average surface roughness

BD Building direction

scanning speed, hatch distance, layer thickness, preheating of the
platform, support structures, and laser power on the residual stress
[11,13-15]. Post-heat treatment can be applied to parts manu-
factured using SLM to reduce the residual stresses, but it increases
the production time and cost. Ali et al. [ 17] studied the effects of the
scanning strategy and remelting (re-scanning) on the residual stress
and reported that remelting with a 150% energy density resulted in a
33.6% reduction in residual stress. However, the effects of the
melting sequence and post-heat treatment on the residual stresses
in both the TCS and LCS must be investigated in detail to comple-
ment the existing research on the subject.

The anisotropy of mechanical properties is a major issue facing
additive manufacturing technologies such as SLM, with the potential
for parts to be influenced by anisotropy in the microstructure,
crystallographic texture, and spatial distribution of defects in the
build direction. A significant number of studies have investigated the
effects of the building orientation on the mechanical properties,
including the tensile, compressive, and fatigue strengths. These have
reported that parts fabricated in the horizontal orientation exhibited
lower strength than those fabricated vertically. However, the effects
of the melting sequence on the mechanical properties of parts fab-
ricated horizontally have not yet been studied, although this can
improve the mechanical properties and increase the density [18].
Furthermore, the effect of the melting sequence on the compressive
behavior of parts has not been studied in detail, but the mechanical
properties of parts additively manufactured using SLM show ten-
sion-compression asymmetry as a result of discontinuities such as
pores [19].

A few studies have investigated the impact strength of a Ti6A14V
part fabricated using SLM, and have reported that it is relatively
lower than that of a wrought counterpart because of the presence of
a large quantity of pores and oxygen pick-up [20]. Grell et al. [21]
studied the effects of the building orientation, hot isostatic pressing
(HIP), defects (pores), and powder oxidation on the Charpy impact
energy of Ti6AI4V parts fabricated by electron beam melting. How-
ever, to the best of our knowledge, no study has systematically and

thoroughly investigated the effects of the melting sequence and
building orientation of Ti6Al4V parts fabricated using the SLM
process.

The fatigue behavior of Ti6Al4V parts additively manufactured
using SLM has been extensively investigated [22-27]. Because of the
presence of defects and residual stresses, the SLM parts exhibited
poor performance under cyclic loading [28] compared to their
wrought counterparts, which limits the application of SLM parts. It
has been reported that cracks are mainly initiated as a result of the
presence of defects such as lack of fusion (LOF) pores and/or me-
tallurgical pores (MP) [23,24,26]. Thus, post-processing strategies
such as heat treatment and hot isostatic pressing (HIP) [23] and laser
remelting can be applied to reduce the LOF pores and MP, and
consequently improve the fatigue life. Despite the obvious im-
portance of the remelting scan strategy on the mechanical proper-
ties of Ti6AI4V alloys [18], the effect of this strategy on the fatigue
behavior has not yet been studied in-depth and systematically.

Therefore, the present study considered the effects of laser re-
melting and heat treatment on the mechanical properties, residual
stresses, and surface morphology of SLM Ti6Al4V alloys. The influ-
ences of the remelting scan strategy and heat treatment on the
surface topology and roughness, high cycle fatigue behavior, tensile/
compressive strength, Charpy impact energy, and wear behavior
were evaluated and are discussed in detail. In addition, the aniso-
tropy of the surface topography, mechanical properties, residual
stress, and mechanical contact properties (wear and coefficient of
friction) were investigated in detail, and the results are compared
with those for the heat treatment procedure.

2. Experimental details
2.1. Materials
Fig. 1 depicts scanning electron microscopy (SEM) images of the

morphology of gas-atomized Ti6Al4V powder particles, which are
spherical in shape, with some satellite particles attached to them.

Fig. 1. SEM images of gas atomized Ti6Al4V powder, showing representative view of powder particles in (a), and close-up view of single particle in (b).
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Table 1
SLM process parameters used to fabricate Ti6Al4V parts.

Process parameter

Laser power (W) 60
Laser spot size (mm) 0.039
Laser scan speed (mm/s) 1000
Layer thickness (mm) 0.025
Hatch distance (mm) 0.060
Hatch rotation angle (°) 67
Hatch overlap (mm) 0
Shielding gas Argon
Shielding gas consumption (1/min) 2-3

The particle size distribution was measured using a laser particle
size analyzer (HORIBA LA-950) in deionized water with a diffractive
index of 1.72. The powder showed a Do ~30 pm and Dgg ~62 pm, and
the diameter of most particles were equivalent to or below
~40 pm (Dso).

2.2. Sample preparation

The SLM samples were fabricated using a Realizer SLM 50 ma-
chine (Realizer GmbH, Germany) equipped with a 120 W Yb-fiber
laser with a wavelength of 1.07 um. Table 1 lists the SLM optimized
process parameters used to fabricate the parts. The SLM samples
were fabricated with vertical (V) and horizontal (H) building or-
ientations to compare the mechanical properties such as the tensile
strength and energy impact. The longest dimensions of the vertically
and horizontally fabricated parts were parallel and perpendicular to
the building direction (BD), respectively. Each layer of Ti6Al4V
powder particles was melted once, twice, or three times using the
same process parameters (Fig. 2a). Double and triple melting
(scanning) were not performed in a consecutive order, and there was
at least a 15 s time interval between the melting steps. The vertically
fabricated samples included single melting or as-built SLM (SV),
double melting (DV), triple melting (TV), heat-treated single melting
(HV), and machined single melting (MV) specimens. The horizon-
tally fabricated samples included single melting (SH), double
melting (DH), triple melting (TH), and heat-treated single melting
(HH) specimens. The second letter in each label (V or H) represents
the vertical or horizontal building orientation, respectively. All of the
horizontally fabricated samples were machined to remove the sup-
port structures using a turning machine, which was designed to
prevent deformation during fabrication. The parts were fabricated
under a protective argon atmosphere with a constant flow to avoid
contamination.

{2 mm

b

H Vs o

21 mm
52 mm

Fig. 2. Schematic representation of SLM samples: (a) increasing number of melting
steps from one to three (note that SV, DV, and TV stand for single melting, double
melting, and triple melting, with time interval of at least 15 s between melting steps),
(b) cube with 10 mm dimensions, (c) Charpy test specimen according to ASTM test
method E23, (d) tensile bar sample fabricated by SLM according to ASTM standard
(E8/E8M-13a).
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2.3. Post-processing of selective laser melted parts

The as-built SLM samples were heat-treated to study its effects
on their mechanical and tribological properties. Based on previous
studies on Ti6Al4V alloys [29], the heat treatment of the as-built SLM
samples was conducted in a vacuum furnace (R. D. WEBB Co, USA) at
750 °C for 3 h, with a heating rate of 10 C/min and furnace cooling.
The absolute vacuum was less than ~1x 107! mbar. In addition, the
parts fabricated using the SLM process were machined to reduce the
surface roughness, with the thread sections of tensile and fatigue
test specimens machined using a lathe machine. The horizontally
fabricated tensile specimens were machined to remove the support
structures.

2.4. Surface roughness measurement

The 3D characteristics were analyzed using a 3D optical profiler
(BRUKER ContourGT-KO +; Bruker, Billerica, USA), which included the
Vision64 operation and analysis software. The 3D profiler could be
moved in the X, Y, and Z planes for sample adjustment. The tabletop
3D profiler was capable of high-resolution (1 um) measurements of
the features. The 3D surface profile and roughness (R,) of each
sample were analyzed using a vertical scanning interferometry
technique. Examinations were made of at least five images of each
surface of 10 mm cubes (three cubes for each condition) that were
acquired from the SLM samples (Fig. 2b). Subsequently, the surface
roughness of each sample was characterized using a diamond stylus
instrument (Perthometer Mahr PKG 120, Goéttingen, Germany) with
an MFW-250 90°/2um probe and a Gaussian filter according to
ASME B46.1 (DIN 4288). At least three samples were tested with
three readings for each dimension. For the longitudinal cross-section
(sides) in both measurement methods, the experimental test was
carried out parallel and perpendicular to the building direction (BD).

2.5. Residual stress measurement

The residual stress measurements of the SLM fabricated parts
(Fig. 2b) at the transverse and longitudinal cross-sections of the
sample surface were carried out using X-ray diffraction (XRD,
Asenware AW-XDM300, HAOYUAN) with a Cu target, Ko radiation
(wavelength of 1.54184 A), a step size of 0.02, and a time per step of
1 5. The sin?y method was used at seven angles (¢), including 0°, 15°,
30°, 45° -10° -20°, and -30°. Eq. (2.1) was used to calculate the
stress in the chosen direction from the inter-planar spacing, as
follows:

o = E dw - dn
7 (1 +v)+sin2y d, (2.1)

where ¢, is the single stress acting in a chosen direction (MPa), E
is the elastic modulus (GPa), v is Poisson’s ratio (-), w is the angle
between the normal of the sample and the normal of the diffracting
plane (0)-, d, is the interplanar spacing of planes at an angle y to the
surface (A), and d,, is the interplanar spacing of planes normal to the
surface (A) (for further details, please read [30]).

2.6. Microstructural characterization

The structural characteristics of the fabricated parts were ana-
lyzed using an X-ray diffractometer (Rigaku SmartLab SE) with a D/
teX Ultra 250 1D detector equipped with Cu-Ko radiation with a
wavelength of 0.1542 nm. The measurements were performed at
room temperature (25 + 2°C) from 20° to 120° (20) using 0.04°
steps, with 5s per step. The fabricated parts were cross-sectioned,
mounted, and polished. Then, the samples were etched using Kroll's
reagent, which consisted of 5ml of HNOs (nitric acid), 3 ml of HF
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(hydrofluoric acid), and 100 ml of distilled water. A microstructural
characterization and fracture surface analysis were conducted using
a tabletop scanning electron microscope (Hitachi TM1000, Tokyo,
Japan). The wear zones of the samples were observed using SEM
with high (cleaned samples) and low (with wear debris) vacuum
modes. X-ray fluorescence (XRF) spectrometry (Rigaku Primus II)
was used to determine the chemical composition of the elements.

2.7. Mechanical characterization and density measurements

Room-temperature tensile tests were carried out on a servo-hy-
draulic testing machine (Instron 8516, High Wycombe, UK) with a
capacity of 100 kN. The strain rate of the tensile tests was set to
0.001 mm/s. The tensile bars were fabricated according to ASTM E8/
E8M-13a. The dimensions of the tensile bars were modified to suit a
length of 52 mm, as per the ratio mentioned in the ASTM standard
(Fig. 2d). At least three samples were tested under each condition to
evaluate the reproducibility of the results, and representative tensile
curves are presented where necessary. The post-processing proce-
dures (heat treatment and machining) of the tensile bars were de-
scribed in Section 2.3. The compression test was carried out at room
temperature (and a relative humidity of 58%) using a servo-hydraulic
machine (Instron 8516, High Wycombe, UK) with a strain rate of
1 mm/min. Vickers microhardness tests were conducted using a
Micromet 2001 (Buehler) machine with a 200 g load and 10's dwell
time. The average microhardness values were obtained from three
samples, with at least 12 measurements for each sample. The Charpy
test specimens were fabricated using the SLM process parameters
described in Section 2.2, as shown in Fig. 2c. The room-temperature
Charpy impact tests were conducted with a Pendulum impact tester
(RKP 450, Zwick, Germany) using standard V-notch specimens (10 x
10 x 55 mm) in accordance with ASTM test method E23. The average
Charpy absorbed impact energy values were obtained from at least
three samples for each condition. Both the horizontally and verti-
cally oriented specimens were polished to remove the support
structure. The density of the fabricated SLM samples was measured
using an analytical balance (Mettler Toledo ME204) with a precision
of +0.0001 g, based on Archimedes' principle. The fatigue specimens
(Fig. 2d) were fabricated using the optimized SLM process para-
meters described in Section 2.2. High-cycle fatigue tests were carried
out on a universal fatigue tester (Instron 8516, High Wycombe, UK)
with a Track8800D controller at room temperature, a frequency of
5Hz, a stress ratio of R=-1, and under a sinusoidal loading at dif-
ferent stress ranges from 100 to 700 MPa at narrower intervals of
50 MPa. The fatigue test was stopped when failure occurred or when
the sample survived at least one million cycles. Fractography in-
vestigations of the samples were conducted to determine the fatigue
crack initiation source on at least three samples.

2.8. Tribological characterization

The tribological properties were investigated using a tribotester
(CETR/Bruker UMT-2) under a dry reciprocating sliding condition, a
frequency of 5Hz, an amplitude of 1mm, and a load of 0.3N
(~30.6 g). The test consisted of five steps of 1000 s each in air at room
temperature (25 + 2 °C), with a relative humidity (RH) of 45 + 5%.
The reciprocating sliding tests were carried out on at least three
samples with grade 10 zirconia balls (zirconium oxide, ZrO,) with a
diameter of @3 mm, which were fabricated by RGP BALLS (Cinisello
Balsamo, Italy). The volume of the material loss (missing net vo-
lume) was determined using a 3D profiler (Bruker ContourGT-KO +;
Bruker, Billerica, USA). To study the effect of the ball position on the
tribological properties, two ball positions were investigated: the
ball-above and ball-below positions. In the ball-above position, the
ball was located above the sample, which is a typical position used in
reciprocating sliding (standard configuration). In the ball-below
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position, the ball was located below the sample, and the generated
wear debris could easily escape from the wear zone as a result of
gravity and could consequently affect the tribological properties.
This information must be considered during the design of SLM
Ti6Al4V parts used in different applications.

3. Results
3.1. Surface characteristics

The surface topography and average surface roughness (R,) va-
lues of the SV, DV, TV, and HV samples in the TCS and LCS obtained
using the 3D optical (non-contact surface profile) and stylus (contact
roughness meter) profilers are shown in Fig. 3a-i. The 3D topo-
graphies of the SV in both the TCS and LCS showed a rough surface
associated with a relatively large number of balling defects (in-
dividual melt beads) and the adhesion of partially molten particles.
While the DV and TV samples exhibited fewer balling defects and
less adhesion of partially molten particles in the LCS, the TCS sur-
faces showed peaks at the center of the laser tracks with an average
distance of ~60pum (approximately equal to the hatch distance).
However, the heat-treated sample showed lower balling defects and
less adhesion of partially molten particles on both the TCS and LCS. It
can be seen that the surface topographies of the samples depended
on the number of melting steps and the heat treatment. Accordingly,
the R, values of the SLM samples, as a function of the melting se-
quence and heat treatment, were measured for both the TCS and LCS
and compared, as shown in Fig. 3i. It can be seen that the R, values
for both the TCS and LCS decreased slightly with an increase in the
number of melting steps from SV to TV. However, the surface
roughness values of all the SLM samples were orders of magnitude
higher than those of their cast Ti6Al4V counterparts [31], which
could affect their tribological and mechanical properties. In addition,
the heat-treated sample (HV) exhibited a reduction in R, for both the
TCS and LCS surfaces in comparison with the SV, in agreement with
the findings of Majeed et al. [32]. It is worth mentioning that the R,
value obtained from the stylus was higher than the value obtained
from the 3D profiler in both the TCS and LCS because of the different
measurement techniques. Nevertheless, the stylus profiler provided
information for a significantly larger zone than the 3D profiler.

3.2. Mechanical properties and residual stresses

Fig. 4a shows the tensile stress-strain curves for the vertically
oriented specimens, including the SV, MV, and HV samples. The
mechanical properties obtained from room-temperature tensile
tests are summarized in Table 2. The tensile strength properties of
DV and TV specimens have been discussed in detail elsewhere [18].
There was no significant difference in the tensile strength properties
of the SV and MV specimens, with both samples exhibiting similar
values for the ultimate tensile strength (UTS) and yield stress (YS).
On the other hand, the HV sample showed a decrease of ~11% in the
UTS and YS, but a 3-fold increase in the ductility compared to the SV
and MV samples. In addition, the stress-strain curves for the hor-
izontally oriented specimens, including the SH, DH, TH, and HH
samples, are illustrated in Fig. 4e. The experimental results obtained
from the room-temperature tensile tests for the horizontally or-
iented specimens are summarized in Table 2. It can be seen that the
UTS, YS, and ductility decreased with an increase in the melting
sequence from SH to TH. Moreover, the HH sample fabricated with a
horizontal building orientation exhibited the lowest UTS among the
samples, while it exhibited a significant increase in elongation (from
~2.7% for SH to ~5% for HH). The heat treatment procedure trans-
formed the metastable acicular « martensite microstructure into a
biphasic a+ matrix, which significantly improved the ductility, as
reported by Facchini et al. [33].
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Fig. 3. Surface morphologies of TCS and LCS surfaces of fabricated parts: (a) and (d) SV; (b) and (e) DV; (c) and (f) TV; and (g) and (h) HV (note that arrow shows building direction
(BD)); (i) R, (roughness) values for LCS and TCS of samples obtained from 3D optical and stylus profilers (note that solid and dotted lines show roughness values for TCS and LSC

surfaces, respectively).

The selected tensile fracture surfaces of the specimens fabricated
using vertical and horizontal building orientations are shown in
Fig. 4b-d and Fig. 4f-i, respectively. The SV and MV samples showed
a layered fracture, dimples, and voids, indicating a quasi-cleavage
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fracture. However, the fracture surface of the HV sample exhibited
shallow and small dimples and voids, suggesting a ductile fracture.
In addition, the fracture surface of the horizontally oriented SLM
parts, including the SH, DH, and TH samples, presented cleavage and
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Fig. 4. (a) Experimental results of room-temperature tensile stress-strain tests of vertically fabricated specimens, including SV, MV, and HV specimens. SEM images of tensile
fracture: (b) SV, (c) MV, and (d) HV specimens. (e) Stress-strain curves of horizontally fabricated specimens, including SH, DH, TH, and HH samples. SEM images of tensile fracture:

(f) SH, (g) DH, (h) TH, and (i) HH samples.
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Table 2
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Mechanical properties of tested specimens in tension (YS = yield strength, UTS = ultimate tensile strength, A = elongation, and E = Young's modulus).

Vertically oriented specimens

Horizontally oriented specimens

N MV HV SH DH TH HH
UTS, MPa 1208 + 66 1198 + 80 1043 + 13 1155 + 112 1133 £ 42 1063 + 45 1047 £ 10
YS, MPa 1103 £ 32 1108 + 43 1012 £ 4 1051 + 40 1143 + 41 997 + 118 1008 + 20
A% 3300 281 +04 1317 27+10 128 £+ 04 0.8 +0.0 49+ 14
E, GPa 123+ 6 145 + 25 147+ 11 128 + 26 127 £ 13 136 £+ 6 147 £ 9
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Fig. 5. (a) Compressive stress-strain curves of SLM and heat-treated samples obtained at room-temperature. (b) Average Archimedes densities of SLM and heat-treated samples.
(c) Vickers hardness values of TCS and LCS of SLM and heat-treated samples. (d) Residual stress values of SLM and heat-treated samples.

layered fractures, indicating brittle fractures. Similar to the HV
specimen, the HH specimen exhibited shallow and small dimples,
suggesting a ductile fracture.

Compressive tests were carried out on the SV, DV, TV, and HV
specimens to evaluate the effects of intrinsic defects (such as por-
osity and cracks) on the mechanical properties because these ex-
hibited brittle fracture under tensile testing. The experimental
compressive response curves of the SV, DV, TV, and HV specimens
are presented in Fig. 5a. The mechanical properties, including the
UCS, YCS, and fracture strain (e), obtained from the room-tempera-
ture compression tests of the samples are presented in Table 3. It can
be seen that the melting sequence improved the UCS and YCS from
SV to TV, but it caused a significant decrease in ductility. In addition,
the heat treatment process had a very pronounced effect on the

Table 3
Compression property, hardness, and residual stress (RS) values of SLM and heat-
treated samples.

Sample
Compressive property SV DV TV HV
UCS, MPa 1423 + 159 1544 £23 1613 £ 62 1383 = 39
YCS, MPa 1109 + 96 1149 £ 86 1162 £ 92 805 + 38
e, (%) 23+3 213 15+6 26 £ 0.5
Hardness-TCS (H,) 335+ 10 347 £ 7 368 + 13 362 + 14
Hardness-LCS (H,) 408 + 5 4199 429 + 10 363 £ 17
RS-TCS (MPa) 348 400 465 81
RS-LCS (MPa) 722 790 843 333

compressive behavior of the sample, with this post-treatment pro-
cess causing a substantial improvement in the ductility of the as-
built SLM specimen, as shown in the results presented in Fig. 5a and
Table 3. However, the HV sample exhibited a decrease in compres-
sive strength compared to that of the SV sample.

The average Vickers hardness values of the LCS and TCS of the
SLM and heat-treated samples are shown in Fig. 5c¢, where the
hardness increases with an increase in the number of melting steps
from the SV to the TV (Table 3). The hardness of the HV samples
showed a significant reduction in the anisotropy of the hardness
observed in the SLM samples. Fig. 5d shows the RS values of the
SLM and heat-treated samples at the TCS and LCS surfaces. The RS
values at both the TCS and LSC surfaces increased with an increase
in the number of melting steps from the SV to the TV (Table 3).
However, the HV sample showed reductions in RS for both the TCS
and LCS. Because of the directional heat distribution in the SLM
process, an anisotropy in the residual stress distribution of the
parts could be created, with the residual stress value in the TCS
lower than that in the LCS (Fig. 5d). Anisotropy in the residual
stress could cause anisotropy in the mechanical properties and
plastic deformation [34]. In addition, the average Archimedes
density was observed to be ~98.6% for the as-built SLM and re-
melted samples, and 99.4% for the heat-treated sample (Fig. 5b). In
a rapid solidification process such as SLM, there is not sufficient
time available for the conductive homogenization of the input
energy, and subsequently the heat distribution in the powder bed,
which may lead to pore formation.
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Fig. 6. (a) Absorbed energy values obtained from Charpy V-notch tests, and SEM fractographs of Charpy impact test results: (b) SV, (c) DV, (d) TV, (e) SH, and (f) HV (note that
Charpy impact energy values for DH and TH are not presented because of deformations in test specimens during fabrication process).
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Fig. 7. S-N curves of SLM samples as function of melting sequence and heat treatment
process. The arrows indicate the runout of the specimens. Note that the HCF behavior
of horizontally oriented specimens is not presented because of deformations in the
fabricated parts and failure at a very low number of cycles (Ny).

The Charpy impact test was carried out to determine the influ-
ences of the laser remelting, heat treatment, microstructure, defects
(porosity), and building orientation on the capacity of the parts
fabricated using SLM to absorb energy before failure. Fig. 6a shows

the average Charpy absorbed impact energy and its deviation in the
vertically oriented specimens, including the SV, DV, TV, and HV
specimens, along with the horizontally oriented specimens (SH). It
can be observed that as the number of melting steps increased from
single melting to triple melting, the Charpy absorbed impact energy
increased. The SH sample showed a higher impact energy than the
SV sample, indicating the anisotropy of the Charpy absorbed impact
energy. Moreover, the heat-treated sample exhibited a significant
increase in the Charpy absorbed impact energy (11]) compared to
the SV sample. However, the impact energy values in both building
directions were lower than those of the cast counterpart [35]. In
addition, the fractographic analysis results for the Charpy impact
test of the samples is displayed in Fig. 6b-f. The fracture surfaces of
the SV and SH samples (Fig. 6b and e, respectively) showed quasi-
cleavage and micro-voids. Compared to the SV sample, the DV and
TV samples exhibited smooth fracture surfaces, indicating less
ductile fracture. Nevertheless, the heat-treated sample (Fig. 6f) ex-
hibited the presence of shallow and small dimples on the surface,
suggesting that the fracture was ductile.

Fig. 7 depicts the room-temperature high-cycle fatigue (HCF)
testing results for the SLM specimens as a function of the melting
sequence and heat-treatment. The runout specimens (i.e., the HCF
test specimens that survived a stress amplitude of 100 MPa up to 10°
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Fig. 8. SEM images of HCF fracture surfaces under stress amplitude of 150 MPa: (a) SV, (b) DV, (¢) TV, and (d) HV. The magnified SEM images show the HCF crack initiation sources,
which are marked with rectangles in the overall view of fracture surfaces.The yellow arrows indicate the CIS. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

cycles) are marked with arrows. The MV (machined SLM) samples
exhibited HCF behaviors similar to the SV samples, with statistically
negligible differences. This is probably why in the HCF tests, cracks
typically initiated at the subsurface discontinuities (such as LOF
pores, MP, and cracks) of the SLM specimens, in agreement with
[36]. Hence, the HCF results of the MV samples are not included. The
HCF strength of the fabricated specimens improved with an increase
in the number of melting steps, with the TV samples exhibiting the
best HCF performances, indicating an endurance limit of ~100 MPa at
106 cycles. On the other hand, the HCF failure of the SV samples
occurred at a lower number of cycles (compared to the endurance
limit of the TV sample). It has been reported that the HCF endurance
limit of parts fabricated using SLM is considerably lower than that of
their wrought counterparts [25], which could be due to the defects
and/or residual stresses associated with the SLM process. However,
the HCF strengths of the heat-treated samples were significantly
better than those of the SV samples (Fig. 7). This was in agreement
with the results of Gunther et al. [23] and Fotovvati et al. [25], who
reported that post-processing treatment significantly improved the
HCF behavior of SLM Ti6Al4V under cyclic loading. Appendix pre-
sents the number of cycles to failure/runout in a tabular format for
each sample.

Fig. 8 illustrates the selected fracture surfaces of the HCF speci-
mens of the remelted and heat-treated samples, indicating multiple
HCF crack initiation sites. The fracture surfaces of the specimens
contained three regions, including the crack initiation site (CIS, I),
crack propagation area (II), and final fracture (III), with the crack
growth area found in the HCF tests shown. It can be seen from Fig. 8a
that the LOF pores and MP exist in region I of the SV sample. The
existence of LOF pores and MP resulted in a stress concentration, in

which they acted as the main part of the HCF crack initiation site. It
has been proven that the HCF life is notably influenced by the sur-
face roughness in wrought and cast counterparts [24], while dis-
continuities play the dominant role in determining the HCF behavior
in as-built SLM parts, because a large number of studies have shown
that discontinuities can decrease the HCF strength [22]. On the other
hand, the cracks in the remelted and heat-treated samples were
initiated from the surface, as highlighted in Fig. 8b-c and their
magnified images.

3.3. Phase identification and chemical composition

The XRD patterns of both the TCS and LCS surfaces are illustrated
in Fig. 9, which show the presence of the a/a’ phase in the as-built
and remelted SLM samples. It is worth mentioning that the o and o’
phases had hexagonal closed-packed (HCP) structures and similar
lattice parameters (a and ¢ were ~0.295 and ~0.461 nm, respec-
tively), in agreement with Xie et al. [37]. The HV specimen had a
biphasic o+ p microstructure in both the TCS and LCS as a result of
the heat treatment, which was also noted by Li et al. [29]. In addi-
tion, the chemical compositions of the SLM specimens as a function
of the melting sequence and heat treatment process for both the TCS
and LCS surfaces are given in Table 4. It can be seen that these did
not change with the remelting and heat treatment.

3.4. Tribological properties
Tribological tests with different configurations (ball above and

ball below) were conducted to evaluate the wear resistance and
coefficient of friction (CoF) values of the SLM specimens as a
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Fig. 9. XRD results for TCS and LCS of SLM processed samples with melting sequence

and heat treatment. Note that the heat-treated sample exhibits a biphasic («+p)
microstructure.

Table 4
Chemical composition (wt%) of SLM Ti6Al4V samples.

Concentration, wt%

Al \ Fe Ti
SV-TCS 6.2 33 0.2 Balance
SV-LCS 6.1 33 0.2 Balance
DV-TCS 6.2 32 0.1 Balance
DV-LCS 5.7 3.2 0.2 Balance
TV-TCS 5.7 33 0.1 Balance
TV-LCS 5.8 31 0.2 Balance
HV-TCS 6.6 33 0.2 Balance
HV-LCS 6.2 33 0.2 Balance

function of the melting sequence and heat treatment at different
contact positions. The effects of the melting sequence and heat
treatment process on the CoF under the ball-below and ball-above
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conditions are summarized in Fig. 10a and b, respectively. It can be
seen that the CoF values for both the TCS and LCS decreased with an
increase in the number of melting steps, from SV to TV, under both
conditions. In addition, the average wear volumes under the ball-
below and ball-above conditions are shown in Fig. 10c and d, re-
spectively. The average wear volume (under the ball-below and ball-
above conditions) decreased with an increase in the number of
melting steps from SV to TV for both the TCS and LCS surfaces. It can
be seen that the as-built and remelted SLM samples exhibited ani-
sotropy in the average wear volume and CoF. On the other hand, the
heat-treated samples exhibited isotropic wear and friction beha-
viors. Moreover, depending on the ball position, the samples showed
a significant difference in the average wear volume and CoF values,
with the values obtained under the ball-below condition being
greater than those under the ball-above condition for both the TCS
and LCS surfaces.

4. Discussion
4.1. Surface topology

Fig. 3 depicts the surface topographies of the SLM and heat-
treated samples, where the surface topographical features, including
the balling, adhesion of partially molten particles, porosities, and
overlap of adjacent laser tracks are observed. In SLM, balling occurs
mainly because the high surface tension of the molten material
prevents it from wetting the substrate, and its formation can be
affected by the building orientation, powder particle size, and SLM
process parameters (laser parameters, layer thickness, scan speed,
oxygen content, etc.) [38,39]. During the remelting, the laser melts
the already solidified layer, but the width of the melt pool is smaller
than that during the original SLM [18]. The remelted samples (DV
and TV) showed better surface finishes because of the melting of the
(metal) balls and adhered powder particles, which consequently
reduced the surface roughness, in agreement with Li et al. [39]. This
clearly demonstrated that one of the ways to control the surface
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Fig. 10. CoF values for both TCS and LCS surfaces of SLM and heat-treated samples at different contact positions: (a) ball below, and (b) ball above. Average wear volumes for both
TCS and LCS surfaces of SLM and heat-treated samples at different contact positions: (c) ball below, and (d) ball above.
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Fig. 11. Schematic illustration of effect of number of melting steps on horizontally
oriented specimens. Note that the deformations in the schematics of the DH and TH
samples are exaggerated to make them more visible.

finish of parts fabricated by the SLM process is remelting, which can
save money and time. Although the application of heat treatment
reduced the roughness, it increased the total production time and
cost. In addition, an anisotropic surface roughness in the samples
fabricated by SLM was observed, where the surface roughness values
obtained from both methods (optical and stylus) for the TCS surface
were greater than those for the LCS surface. The anisotropic surface
roughness of the SLM samples could affect their contact mechanical
properties (wear and friction), mechanical properties (fatigue and
strength), and the dimensions of fabricated parts.

4.2. Mechanical properties

A schematic representation of the effect of remelting on the re-
sidual stress is shown in Fig. 11. As indicated in Fig. 4e, the UTS and
ductility of the horizontally fabricated samples decreased with an
increase in the number of melting steps from single melting to triple
melting, which was probably due to the increases in the residual
stresses (Fig. 5d) and deformation. In the SLM process with a small
melt pool size (~100um), large thermal gradient, and very short
(microsecond) laser-material interaction duration, when the laser
beam melts the material, the melted and partially melted material
expands, and this zone is restrained by the solidified material. After
the laser beam moves away from the molten material, the small melt
pool rapidly solidifies (which causes tensile stress), and conse-
quently, residual stresses are produced in the solidified and adjacent
metals. During layer-by-layer manufacturing using the SLM process,
this mechanism occurs at each step (layer). Therefore, large residual
stresses are generated in the fabricated parts, which influence the
mechanical properties (strength, fatigue, hardness, etc.) and cause
microcracks and plastic deformation [12]. On the other hand, in the
remelted samples, because of the higher thermal conductivity of the
bulk material and smaller melt pool size compared to the loose
powder, and consequently the higher cooling rate (compared to the
as-fabricated SLM specimens), the residual stresses in both the TCS
and LCS increase (Fig. 5d), which can cause plastic deformation and
reduce the tensile strength (Fig. 4e).

The Ti6Al4V samples fabricated using SLM exhibited a significant
anisotropy in their mechanical properties, where the SH samples ex-
hibited lower UTS, YS, and ductility values than the SV samples, which
was ascribed to the intrinsic anisotropy in the properties of the parts
fabricated by the SLM process due to columnar grain growth along the
building direction. Furthermore, the horizontally oriented specimens
that were laser remelted exhibited lower UTS, YS, and ductility values
than those fabricated vertically [18], probably because of plastic de-
formation. Moreover, it is worth mentioning that no significant
asymmetry in the strength behavior under tensile and compressive
stresses (strength differential (SD) effect) was observed.

The results obtained from the Charpy tests suggested that the
laser remelting improved the impact energy. Hrabe et al. [40]
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studied the effect of porosity on the Charpy absorbed energy values
of additively manufactured Ti6Al4V parts using electron beam
melting (EBM). They reported that porosity had a deleterious influ-
ence on the impact energy. In our previous work [18], we in-
vestigated the effect of laser remelting on the quantity of LOF pores.
We concluded that by increasing the number of melting steps from
single melting to triple melting, the LOF pores were reduced. Fur-
thermore, fractography showed pores on the fracture surfaces of the
SLM samples. Moreover, the Charpy absorbed energy of the HV
samples was found to be higher than that of SV samples because of
the presence of a biphasic («+p) microstructure and consequently
higher ductility. In addition, the porosities (mainly the LOF pores)
were reduced by the application of the heat treatment process be-
cause of the strong bonding between the powder particles [41].
Subsequently, the Charpy absorbed energy increased significantly
with the post-heat treatment procedure.

SLM parts usually exhibit a much lower (over 75% [25]) HCF life
compared to their wrought counterparts, mainly as a result of the
presence of discontinuities such as pores (LOF pores and MP), which
may act as nuclei for cracks. LOF pores, which refer to zones of non-
processed powder particles, are irregular in shape and large in size
because of the insufficient consolidation of the powder particles. LOF
pores are the main factor in the irregularity of the HCF, and can
initiate cracks as a result of the induced stress and accumulated
plastic strain [42], which may deteriorate the HCF behavior. A large
number of studies have clearly proven that with the application of
laser remelting, the number of LOF pores decreases, which leads to a
higher density [18,43-45]. The effect of remelting on the surface
porosity is also shown in Appendix. As mentioned in Section 3.2, the
remelted samples, particularly the TV samples, showed an im-
provement in the HCF life as a result of a significant reduction in the
number of LOF pores. It should be noted that the location of the
discontinuities (LOF pores and MP) plays a major role in the fatigue
behavior of AM Ti6Al4V [23]. However, further research is needed to
reveal the influence of the locations of LOF pores and MP in SLM
specimens as a function of the melting sequence and heat-treat-
ment, which will be vital to advance an understating of the HCF
behavior.

4.3. Tribological properties

As discussed in Section 3.4, lower wear volumes were observed
in the remelted samples compared to the as-built SLM samples (SV),
with decreases of ~12% under the ball-below condition and ~70%
under the ball-above condition with an increase in the number of
melting steps from SV to TV. The higher wear volume of the SV
samples compared to the DV and TV samples could be explained
according to Archard's linear law, in which it is inversely propor-
tional to the hardness value of the material, as shown in Eq.
(4.1) [46]:

kFS

V=—-"=

3H (41)

where V is the total volume loss (m?), H is the hardness of the softest
contacting surfaces (Pa), F is the total applied load (N), S is the sliding
distance (m), and k is the abrasive coefficient (dimensionless con-
stant). Although hardness plays a crucial role in the volumetric loss
of the worn material, there are several other important factors that
also influence the wear behavior of materials, such as the micro-
structure, mechanical properties (ductility and UTS), and physical
properties (density and thermal properties). As observed in Section
3.3, the SV, DV, and TV samples showed the presence of the oo’
phase. On the other hand, the HV samples showed the presence of a
biphasic (a+B) microstructure. The microstructures of the SV, DV,
TV, and HV samples for both the TCS and LCS are shown in the ap-
pendix, which corroborate the XRD results. The wear volume was
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Fig. 12. Schematic representation showing behaviors of debris under ball-above and
ball-below conditions. SEM images show wear tracks under ball-above and ball-below
conditions. Note that the SEM images depict the worn material of the SV sample in
the LCS.

reduced by ~23% under the ball-above condition and ~35% under the
ball-below condition with heat treatment, which was due to the
microstructure evolution of the as-built SLM specimen. In addition,
it should be noted that residual stresses could have also influenced
the wear volume, with the wear volume decreasing with the residual
stress, in agreement with Wang [47]. Moreover, the density of the
parts fabricated by SLM affected the hardness of the material. Sub-
sequently, it influenced the wear behavior, where an increase in the
density of the parts (Fig. 5b) could have improved the wear perfor-
mance. Gu et al. [48] reported that fully densified SLM samples ex-
hibited improved wear behaviors.

A schematic representation of the effects of the ball-below and
ball-above positions on the wear behaviors of the SLM samples is
shown in Fig. 12. The wear volume and CoF values of the parts
fabricated by SLM under the ball-below condition were significantly
higher than those under the ball-above condition. During the rub-
bing of the surfaces, wear particles or debris formed as a result of the
friction forces between the surfaces, which played an important role
in the wear behavior, depending on the mechanical and chemical
properties of the moving surfaces. Under the ball-above condition,
the wear particles or debris agglomerated around the worn surfaces.
On the other hand, the debris produced under the ball-below con-
dition could easily fall off of the worn surfaces as a result of the force
of gravity. However, some wear debris remained in the friction area
under both ball configurations, and could influence the wear beha-
vior because it acted as load-bearing areas. The SEM micrographs in
Fig. 12 depict the ball-below and ball-above conditions in order to
compare the effects of the ball position, where a large amount of
wear particles are observed around the wear zone. The higher wear
rate and CoF under the ball-above condition compared to the ball-
below condition were probably due to the formation of a protective
tribolayer consisting of compacted wear debris. Hence, the effect and
behavior of wear debris should be considered in the design and
application of additively manufactured Ti6Al4V parts because they
significantly influence the mechanical contact properties.

5. Conclusion

In this study, the effects of laser remelting and heat treatment on
the mechanical and tribological properties of SLM Ti6Al4V alloy
specimens were investigated. Additionally, the effects of remelting
and heat treatment on the anisotropy of the surface quality, residual
stress, and mechanical and tribological properties were investigated.
The following conclusions were drawn.
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1. The wear volume and CoF values in the ball-above configuration
were significantly lower than those in the ball-below configura-
tion because of the formation of a protective tribolayer consisting
of compacted wear debris. The wear debris significantly influ-
enced the mechanical contact properties, and their impact on the
design and application of SLM Ti6Al4V parts should be con-
sidered. Moreover, the melting sequence decreased the wear
volume and CoF values for both the TCS and LCS. However, ani-
sotropy was found for the wear volume and CoF between the TCS
and LCS surfaces. Nevertheless, the heat treatment procedure
reduced this anisotropy in the wear volume and CoF.

2. Increasing the number of melting steps from single melting to
triple melting resulted in an improvement in the HCF strength.
Discontinuities (LOF pores and MP) acted as nuclei for crack
formation in the SV samples, whereas cracks were mainly in-
itiated from the surface in the DV, TV, and HV samples. The HV
value indicated that the HCF strength improved significantly
compared to the SV sample, which could have been due to the
reduction in the residual stress. In addition, the Charpy absorbed
impact energy of the fabricated parts increased with an increase
in the number of melting steps from single melting to triple
melting. The HV sample exhibited a significant increase in the
Charpy absorbed impact energy compared to the SV sample be-
cause of the presence of a biphasic («+p) microstructure and
consequently higher ductility.

3. The parts fabricated using SLM exhibited significant anisotropy in
their tensile and compressive strength, hardness, and residual
stress values as a function of the melting sequence. The melting
sequence reduced the UTS and ductility of the horizontally fab-
ricated samples, which was attributed to the increase in residual
stresses. However, post heat treatment not only reduced the
anisotropy and residual stress, but also considerably improved
the ductility. Furthermore, no significant asymmetry was ob-
served in the strength behavior under tensile and compressive
stresses.

4. Anisotropy was observed in the surface topology and high surface
roughness (obtained from the 3D profiler and stylus). Laser re-
melting decreased the surface roughness and anisotropy in the
surface topology for both the TCS and LCS as a result of the
melting of the metal balls and adhered powder particles. Heat
treatment procedures also reduced the anisotropy of the surface
topology and surface roughness.
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[bookmark: _Toc110932120]Introduction

Additive manufacturing (AM) is an advanced technique used to manufacture objects, 
and numerous AM processes have been developed over the last two decades. Laser powder-bed fusion, commercially known as selective laser melting (SLM), is a widely used AM process that enables fabrication parts with a high resolution of features and 
high-dimensional control. This process can manufacture parts from different materials, such as Fe-, Al-, Ti-, Ni-, Co- and Cu-based alloys; and high entropy alloys (HEAs).

To be processed by SLM, metallic alloys must fulfil certain criteria, such as possessing adequate weldability and crack formation resistance, and exhibit different technology readiness levels (TRLs). Among these metallic alloys, Ti6Al4V alloys have been extensively studied in the context of AM and have shown excellent specific strength, corrosion resistance, high thermal stability (~350 °C), and promise for diverse industrial applications. In addition, HEAs, a recently developed class of alloys, have attracted considerable research interest owing to their unique properties, such as excellent mechanical strength even at elevated temperatures (up to 600 °C); and excellent resistance to oxidation, wear, and fatigue. HEAs can be used as thermoelectric, 
radiation-resistant, and soft magnetic materials and are potential candidates for various industrial applications, including hydrogen storage and electromagnetic shielding.

SLM manufacturing from atomised commercial powder substrates is relatively costly, time-consuming, resource-demanding, and requires considerable expertise, among other challenges. The in-situ alloying of powders using SLM can address the issues associated with the requirement of pre-alloyed commercial powders, providing high flexibility and reducing energy wastage. However, in-situ alloying with a large fraction of elements could result in inhomogeneous distributions or unalloyed elements. Laser remelting strategy could reduce the inhomogeneity in SLM.

[bookmark: _Hlk107677314]The use of SLM is advantageous in the fabrication of objects with a high resolution of features, high-dimensional control. However, SLM is a complex process with a large number of non-transferable process parameters (>130), all of which significantly influence the quality of the final part. The parts fabricated by SLM exhibit poor performance under cyclic loading, anisotropy and inhomogeneity in microstructural and mechanical properties, defects (pores and cracks), and high residual stress (RS). Although post-heat treatment can improve the reliability and quality of the SLM parts, it increases the final production cost/time and reduces their strength. In contrast, laser remelting is an affordable non-additive technique that utilises a laser beam to impart energy and remelt the material. It can be applied to homogenise the microstructural and mechanical properties and improve the reliability and quality of SLM parts.

Therefore, in this study, Ti-based and HEAs were in-situ alloyed via SLM. The aim of the present thesis is to investigate the feasibility of producing compositionally homogenous from elemental powders mixtures corresponding to the Ti6Al4V and equiatomic CoCrFeMnNi HEA using SLM with remelting scanning strategy. In situ equiatomic CoCrFeMnNi HEA from elemental powder using SLM is carried out for the first time. In addition, laser remelting was used as a tool for increasing the homogeneity of microstructure and mechanical properties of SLM parts from pre-alloyed and mixed elemental. Furthermore, the influence of laser remelting on the substructure; mechanical properties (tension/compression, impact, hardness, and fatigue); RS; and tribological properties of the SLM parts was investigated.

[bookmark: _Toc110932121]List of abbreviations

		A

		Fracture strain



		AM

		Additive Manufacturing
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		American Society for Testing and Materials
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		CAD

		Computer aided design
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		Powder bed fusion



		PDF

		Powder diffraction file



		RS

		Residual stress



		SEM
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		SLM

		Selective Laser Melting



		SM
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		TEM

		Transmission electron microscope
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		UCS
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		YAG
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		Yield strength
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		Three dimensional
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[bookmark: _Toc91513728]This chapter provides the theoretical background necessary for understanding the work that has been carried out in this dissertation. This chapter first describes the principle and classification of AM processes. The SLM process will be discussed in detail, followed by describing the process parameters and its shortcomings. Then, the main powder preparation techniques for SLM and their advantages and disadvantages will be explained. Finally, the general background of the Ti6Al4V alloy and CoCrFeMnNi HEAs fabricated by SLM, including their microstructural and mechanical properties, will be discussed.

[bookmark: _Toc110932123]Additive manufacturing classification

Additive manufacturing, developed in the 1980s, is one of the most compelling emerging manufacturing technologies that can potentially revolutionise the manufacturing sector. The American Society for Testing and Materials (ASTM) has defined AM as “the process of joining materials to make objects from 3D model data, usually layer upon layer, 
as opposed to subtractive manufacturing methodologies” (ASTM, 2012). AM, also referred to as three-dimensional (3D) printing, is a manufacturing technique that uses computer-aided design (CAD) to build objects. Over the last four decades, AM has attracted considerable interest from both industry and academia owing to its ability to produce almost net-shaped components with complex shapes in a cost-efficient and flexible manner. According to ASTM F2792 – 12a (ASTM, 2012), AM processes are classified into seven categories based on the material properties (such as heat resistivity), strength, shape complexity, dimensional accuracy, cost, and surface quality, among other features, as summarised in Table 1.1.

Table 1.1 Summary of additive manufacturing processes (ASTM, 2012).

		AM categories

		Technology

		Material

		Power source



		Binder jetting

		Indirect inkjet printing

		Polymer, ceramic, and metal powder

		Thermal energy



		Directed energy deposition

		Laser engineered net shaping

		Molten metal

		Laser, electron beam



		Material extrusion

		Fused deposition modelling, contour crafting

		Thermoplastics, ceramic slurries

		Thermal energy



		Material jetting

		Polyjet, inject printing

		Photopolymer, wax

		Thermal energy, photocuring



		Powder bed fusion

		Selective laser sintering

		Polyamides, polymer

		Laser beam



		

		Direct metal laser sintering

		Metal, ceramic

		Laser beam



		

		Selective laser melting

		Metal and ceramic

		Laser beam



		

		Electron beam melting

		Metal and ceramic

		Electron beam



		Sheet lamination

		Laminated object manufacturing

		Plastic film, metallic sheet

		Laser beam



		Vat photopolymerisation

		Stereolithography

		Photopolymer materials

		Ultraviolet laser





[bookmark: _Toc91513729]The application of AM processes depends on the material feedstock, mechanical properties, precision, technology availability, cost, application, post-processing, and expertise. In the binder jetting process, a liquid bonding agent is selectively deposited to join the powder, and this process is used in various applications, such as prototypes, large sand-casting molds, and low-cost metal parts. The directed energy deposition (DED) method involves the use of a metal wire or powder particles as feedstock to manufacture components, and the energy source can be a plasma arc or a high-energy beam. DED fabricates parts by depositing molten material onto a component through a nozzle, 
and the heat source melts the material. Material extrusion involves using filaments of thermoplastic or composite material to fabricate components from compatible raw materials, including Nylon or ABS plastic. This process can be applied to produce 
non-functional and cost-effective rapid prototypes, with a dimensional accuracy higher than those of other AM processes. In material jetting, photopolymers or wax can be used as feedstock to manufacture components from multi-materials with high dimensional accuracy and a very smooth surface finish. Powder bed fusion (PBF) is an advanced AM technique wherein a high-energy beam (laser or electron beam) consolidates material in powder form to fabricate objects in a layered-wise manner. In PBF, powder particles are first spread over a platform and then selectively melted by a high-energy beam. Sheet lamination, which offers high speed, low cost, and ease of material handling, involves fabricating parts from metallic sheets using ultrasonic waves and mechanical pressure for bonding. However, this process may require post-processing to improve the quality of the parts, and the materials that can be used in this process are limited. In vat photopolymerisation, a liquid photopolymer in a vat (or tank) is selectively cured by an ultraviolet heat source layer by layer to form a 3D object. This process has high accuracy, high speed, and the possibility to fabricate large objects with high quality.

[bookmark: _Toc110932124]Selective laser melting process

The SLM process is one of the most used AM techniques and uses a laser beam to selectively melt the powder particles in a layered-wise manner, which can produce 
net-shape metal objects with complex geometries. In the SLM process, particles are melted completely along the laser tracks to bond them with the adjacent tracks and the precedent layer. Therefore, this process can fabricate nearly fully dense parts with high design freedom for various industries, including automotive, aerospace, medical, tooling, and energy.

Figure 1.1 illustrates the SLM process. First, a 3D model of the object is created using CAD software. Then, the model is sliced into thin layers. The designed object is fabricated on a metallic substrate plate, which can move up and down. The powder bed in the SLM process is formed by pre-spreading powder particles homogeneously over the platform or a previously solidified layer from the container stores according to the dosage level set on the machine. The laser beam scans the powder particles according to the SLM process parameters and selectively melts the powder particles into the desired shape under a protective gas (argon, nitrogen, or helium). After scanning the layer, the platform is lowered as dictated by the programmed layer thickness. Powder particles are again spread over the platform and melted on top of the former layer. This process is repeated for each layer of the CAD model until the object is fabricated. Finally, the remained powder particles will be collected and may be used again.

[image: ]

Figure 1.1 Schematic diagram of SLM process (adopted from (Doubenskaia, 2016)). Note that the designed object is fabricated layer by layer.

[bookmark: _Hlk107676837]The SLM process is arguably one of the most successful AM processes. Different classes of material can be processed, including Al-, Ti-, Ni-, Fe-, Cu-, and Co-based alloys, and other classes of materials such as metallic glasses and HEAs (Wu, 2018). In addition, due to a very high cooling rate of the SLM process, the fabrication of amorphous materials is also possible. Moreover, the mechanical properties of the alloys can be controlled by adjusting the SLM process parameters, such as hatch style and preheating of the platform. These process parameters can influence the microstructure of the fabricated parts. However, the total manufacturing costs of the SLM process is relatively high, and the size of the build chamber of the SLM process is a manufacturing restriction. Currently, there is a rigorous quest to improve the quality and performance of SLM components.

SLM process parameters: SLM process parameters play a significant role in the physical and mechanical properties of fabricated parts and improper selection of these parameters can result in poor mechanical properties or defects, such as high surface roughness, deformation, and pores. Numerous studies have investigated the effect of process parameters on the quality of the final parts. Different strategies have been used to optimise the process parameters and, consequently, to improve microstructural and mechanical properties, dimensional accuracy, and surface quality. The main process parameters are, as follows.

1. Laser wavelength: The laser wavelength affects material absorptivity and, consequently, the total amount of energy required to melt the powders. Boley et al. (2016) reported significant variation in the absorptivity of different metals. SLM machines with a fibre laser typically have a laser wavelength of 1.06 µm, where the absorptivity of the laser at room temperature (~25 °C) is very low.

2. Spot size: The spot size or laser beam diameter defines the size of the melt pool and affects the properties (such as density) of the fabricated parts. One way to increase the build rate of SLM is to increase the laser power that allows for a larger laser spot size, resulting in a larger melt pool size, higher layer thickness, and larger hatch spacing.

3. Laser power: The power of the laser is a key SLM process parameter that controls the amount of energy absorbed by the powder material. Laser power determines productivity, density, and the microstructural and mechanical properties.

4. Scan speed: The scan speed plays a vital role in the final product and by increasing the scan speed, the time of laser energy transfer is decreased, resulting in cracks and porosity. The scan speed affects the maximum melt pool temperature, cooling rate, density, and mechanical properties (Chen, 2019).

5. Scanning strategy: The scanning strategy is the geometrical pattern followed by the laser beam, which has an influence on the mechanical properties, RS, and surface quality (Ali, 2018). In addition, the scan strategy can improve the surface roughness, mechanical properties, and lower the porosity (Carter, 2014; Larimian, 2020; Rashid, 2017).

6. Layer thickness: Layer thickness is a measure of the height of each successive powder layer. Increasing the layer thickness decreases the total build time and production cost. Layer thickness affects productivity, surface quality, mechanical properties, and density (Alfaify, 2019).

7. Hatch distance: Hatch distance or scan spacing is the distance between two consecutive laser beam tracks. It determines the productivity of the SLM process and the extent of defect formation. In addition, the hatch distance influences the mechanical properties, surface quality, density, and RS.

Challenges associated with SLM process: The SLM process offers a great advantage in fabricating objects with complex geometry. However, it exhibits a large number of challenges due to its complex nature, which requires a comprehensive understanding of the process to fabricate parts with desirable properties. Some of these challenges are discussed in this section.

1. Scores of process parameters

SLM is a complex process with a large number of process parameters that have a large influence on the quality of the final part. Yadroitsev (2009) reported that there are more than 130 parameters that could affect the quality of the fabricated part. To examine the effect of these parameters or compare the input energy of the processes, energy density Ed (J/m3) has been used, which is defined as follows:

1.1

where Peff is the effective laser power (W), h is the hatch distance (m), vs is the scan speed of laser (m/s), and d is the layer thickness of the powder bed (m). However, Ed in SLM process parameter optimisation is a contentious definition, because it may also require considering the melt pool size, properties of the precursor powder (particle size, thermal conductivity, heat capacity, latent heat of fusion, etc.), laser parameters (laser type and mode, spot radius, etc.), scanning strategy, oxygen concentration during the processing, etc. Therefore, it is essential to optimise the SLM process parameters in order to fabricate components with the required properties and different methods can be used to design the experimental setup, including response surface methodology, Taguchi robust design methods, direct optimisation, optimal design of experiments, and energy density (Ed) (Khorasani, 2019; Nguyen, 2020).





2. Transferring process parameters

In a complex AM process such as SLM, transferring the optimised process parameters for a particular material among different machine manufacturers may not be possible. 
In SLM, scores of process parameters influence the properties of the finished part. 
The machine type and manufacturer, maintenance condition, protective gas flow, and other consumables can be different. The laser beam may degrade and depolarise during that time, which can affect the final quality. The geometry of the SLM component and powder material are not constant, which affect the process. Despite all the developments and improvements, the SLM process is still a trial-and-error experience-based activity. 
It is vital to improve the reliability and repeatability of this process.

3. Surface roughness

The surface roughness of the 3D net-shape parts fabricated by SLM is relatively high and might be attributable to the turbulence of the melt pool that caused the uneven solidification and partial melting of powder particles. It has been reported that surface roughness can reach ~12 µm, which is considerably higher than that of machined parts (Jamshidi, 2020). Numerous studies have reported the effects of scanning strategy, 
post-processing, powder particle size, building direction, and laser power on the 
surface topography. Eyzat et al. (2019) reported that the application of post-treatment (e.g., heat treatment, polishing, sandblasting, and chemical etching) could reduce the surface roughness. However, post-surface treatments are time-consuming and 
resource-demanding. Furthermore, Han et al. (2019a) stated that surface roughness improved with the application of laser remelting. Chen et al. (2018) reported that the fabricated SLM parts exhibited orientational dependence on surface topology, which influences the contact and mechanical properties. High surface roughness affects the functional properties of the material, frictional behaviour (especially for biological applications), and optical properties. In addition, the high surface roughness of the parts leads to a considerable reduction in fatigue strength.

4. Porosity

[bookmark: _Hlk105305055]During SLM, there is not sufficient time for conductive homogenisation of the laser input energy, and the heat is not distributed evenly in the loose powder bed. Therefore, pores can be formed that can be categorised into two types: lack of fusion (LOF) and metallurgical pore (MP). LOF pores have an irregular shape, which can form because of improper SLM process parameters. MPs are spherical in shape and can form owing to the presence of adsorbed/entrapped gases. Pores have distinct influences on monotonic and cyclic mechanical properties, which may cause SLM parts to fail prematurely.

5. Cracking

Cracking is a highly complex phenomenon that may occur above the solidus temperature as a result of thermal stresses/strains, which are generated because of solidification shrinkage and thermal contraction. If the liquid phase (in the form of films) separating the grain boundaries and sufficient thermal strains are present, cracking occurs at the grain boundaries. In the rapid heating/solidification of the SLM process, the reason for cracking can be categorised into two types: (1) metallurgical factors, including solidification temperature range, amount and distribution of liquid during solidification, ductility of solidifying metal, the surface tension of grain boundary liquid, grain structure and solidification phase, and (2) mechanical factors, such as contraction stresses, degree of restraint, and geometry.



6. Laser absorptivity

Laser absorption is one of the most important phenomena with a complex nature in the SLM process that influences efficiency and reliability. Laser light irradiates the loose powder and melts the material, which then rapidly solidifies. Laser absorption is the main physical phenomenon in SLM, where the reflectivity of most metals is high. The laser absorption of the loose powder is influenced by many parameters, including the wavelength and power of the laser, powder particle size (cooperation number), powder bed morphology, temperature of the melt pool, angle of incidence, surface roughness, and powder-surface chemistry. Yang et al. (2010) have developed a model to measure the laser absorptivity on the top surface of the Ti6Al4V components.

7. Impact strength

The impact strength of AM parts is poor. Many studies have reported that the impact strength of parts fabricated by SLM is relatively lower than that of their wrought counterparts due to high porosities and large amounts of absorbed oxygen (Yasa, 2010). Grell et al. (2017) studied the effect of building orientation, hot isostatic pressing (HIP), defects (pores), and powder oxidation on the Charpy impact energy of Ti6Al4V parts fabricated by electron beam melting (EBM) and reported that the impact toughness increases with HIP and with a decrease in oxidation.

8. Anisotropy

Anisotropy, i.e., the property of a material exhibiting directionally dependent features in mechanical properties, is one of the major issues facing AM technologies. Anisotropy in the mechanical properties of SLM parts can be influenced by anisotropy in microstructure, crystallographic texture, and spatial distribution of defects concerning the build direction. A large number of studies have reported that the effect of building orientation influences mechanical properties, including tensile, compressive, and fatigue strength (Tridello, 2020; Simonelli, 2014). In addition, it has been reported that the parts fabricated in a horizontal orientation exhibit lower strength than those fabricated vertically.

9. Inhomogeneity

Inhomogeneity is defined as non-uniformity in the features of fabricated parts. In the SLM process, each volume of the material within a deposition layer experiences a different thermal history. The microstructure variation in a SLM part may lead to local variability in mechanical properties. Yang et al. (2010) studied inhomogeneity in the microstructure of as-built SLM (as-SLM) Ti6Al4V alloys using X-ray diffraction (XRD) and scanning electron microscopy (SEM) and observed distinct changes in constituent phases under specific SLM conditions. In addition, numerous studies have reported the effect of heat treatment on the homogenisation of the SLM parts and found a decrease in inhomogeneity (Cao, 2021; Zhang, 2019).

10. Residual stress

In the SLM process, very high-temperature gradients, rapid phase transformation, and rapid solidification lead to the cyclic thermal expansion and contraction of the material, and, consequently, RSs form in the parts. These stresses could lead to crack formation, delamination, or accelerated in-service fatigue failure. The formation of RSs in the SLM parts depends on process parameters (e.g., powder bed temperature and scanning strategy), materials properties (e.g., thermal expansion and Young’s modulus), geometry, 

support structures, etc. A large amount of studies have reported that the RSs of SLM parts can be removed through the application of a heat treatment process (Shiomi, 2004; Jiang, 2019).

11. Cost

The manufacturing costs of the SLM process are relatively high compared to other processes due to a low build rate. The cost of the SLM machine is quite high, which constitutes a major fraction of the total cost. SLM parts exhibit poor surface quality, which necessitates post-treatment, increasing the final production cost. Furthermore, the production cost of metallic powder particles is quite high, requiring high-quality spherical powders with good flowability, appropriate particle size distribution, and low oxygen content. The total cost of equipment, labour, energy consumption, protective gas, and the pre- and post-processes are high. Liu (2017) developed cost models for the SLM process and investigated the influence of factors such as production volume and raw material price. Powder production cost greatly influences the total cost of SLM and will be discussed in detail in Section 1.4.

12. Reliability

[bookmark: _Toc91513732]AM parts are considered unreliable, and their fatigue behaviour has been extensively investigated using SLM (Kumar, 2020; Günther, 2017; Cao, 2017; Fotovvati, 2019; Masuo, 2018; Sangid, 2018). Due to the presence of defects and high RSs, SLM parts exhibit inferior performance under cyclic loading compared to that of their wrought counterparts (Sangid, 2018), limiting their application. It has been reported that cracking is mainly initiated by the presence of defects, such as LOF pores and/or MPs (Cao, 2017; Günther, 2017; Masuo, 2018). However, post-processing strategies such as heat treatment and HIP can be applied to reduce the number of LOF pores and MPs and, consequently, improve the fatigue life (Yasa 2010).

[bookmark: _Toc110932125]Production of metal powders

In powder-based fusion processes such as SLM, metal powder particles are used to fabricate components. There are various technologies for metal powder production, as shown in Figure 1.2. The produced metal powder particles can be characterised by particle morphology, i.e., shape (irregular or spherical), surface roughness, and size (Sutton, 2016). Table 1.2 lists the diameters of the powder particle produced through various techniques. Furthermore, the production methods influence the physical properties of the powder particles, such as chemical properties (reactivity and impurities), flowability, porosity, density (apparent and tapped), compressibility, and cost.

[image: ]Figure 1.2 Methods of powder production (adopted from (Singh, 2017)).

Table 1.2 Powder particles diameter produced by the techniques given in Figure 1.2 (adopted from (Antony, 2003)).

		Process

		Powder particle diameter (µm)

		Powder



		Gas atomisation (GA)

		60–125

		Ni, Ti, Zr, Ti-Al, Fe-Gd, Zn, Pb



		Water atomisation (WA)

		12–16

		Fe and Cu



		Centrifugal atomisation

		7–8

		Al-20Si



		Plasma atomisation (PA)

		40–90

		Ti, Mo, Cu, IN 718 (Nickel superalloy)



		Plasma rotating electrode process

		75–200

		1018 steel



		Stamp mill, ball mill

		25–500

		Al, Cu



		Oxide reduction

		1–10

		Fe, Co, Cu, Mo, Al, Mg



		Carbonyl reactions

		10

		Fe, Ni



		Hydrometallurgical techniques

		1–10

		Ni





Powder atomisation: The vast majority metal powders used in AM are produced by atomisation processes, which generally show reliable and repeatable results. In SLM, powder characteristics have significant influences on the properties of the final AM part. To produce powder particles using atomisation processes, molten metals are broken into either small liquid drops by high-speed fluids (including gas and water) or fluids with centrifugal force. The molten drops are then solidified into powder particles. Gas (GA) and plasma (PA) are two main atomisation processes.

The GA process is the main process to produce high-purity powders of a wide range of materials for SLM and it uses high-purity inert gases (e.g., nitrogen, argon, or helium). In the GA process, the metal is usually melted using gas and the molten metal is atomised using gas jets. Figure 1.3a shows a schematic of the GA process. A stream of molten metal is hit by an inert gas jet and nebulised into droplets that are cooled down (with a cooling rate of ~105 K/s) during their fall in the atomisation tower. The process takes place inside an atomisation tank, which is filled with inert gas. The particles obtained by GA are usually spherical (Fig. 1.3b). However, satellite particles can be formed due to considerable interactions between droplets while they cool in-flight in the cooling chamber. In addition, the inert gas can be entrapped in the powder particles, resulting in porosity. A higher gas flow rate for a certain metal flow rate results in finer powder particles.
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Figure 1.3 a Schematic of the GA process (adopted from (Matsagopane, 2019)). b Typical morphology of metal powder particles produced by atomisation processes (adopted from (Wallner, 2019)).

PA can be used to fabricate metal powders with premium-quality spherical powders, flatter surface textures, and minimal satellite content. The flowability and packing properties of powders fabricated using PA are better than those of powders fabricated using other atomisation methods. In PA, metal wire is melted in a plasma torch, 
and a plasma flow breaks up the liquid into droplets. The cooling rate is in the range of 
100–1000 K/s, and powder particles are formed. PA can produce powder particles of reactive and high-melting-point materials such as Ti-, Ni-, Tl-, Zr-, Mo-, and W-based alloys. The cost of powder production via PA is significantly higher than that of powder production via GA and water atomisation (WA). It should be noted that WA has limitations in producing particles of reactive metals and alloys, and that the resultant powders typically exhibit poor quality due to irregular shape, poor flowability, and very high oxygen content.

Powder modification for SLM: The atomised powders, particularly GA and PA powders, exhibit important advantages, including extremely narrow chemical tolerances and spherically shaped powders with a wide particle size distribution range. In processes involving rapid solidification and the fabrication of complex objects, there are certain limitations related to materials that can be used for the SLM process. A few of the major disadvantages are the following.

1. Limited number of available commercial alloys: In the SLM process with the possibility of the fabrication the most complex objects, the compositional flexibility of the material is restricted. Moreover, certain alloy powders can be challenging to produce via the atomisation processes due to quality or chemical composition issues.

2. High cost of production: The number of metallic powder manufacturers on the market is limited, and the large size of the minimum batch sizes available causes an inflated total price. Furthermore, the powder particle size and morphology requirements for SLM cause an increase in cost (Dong, 2021).

3. Time-consuming processes: The production of pre-alloyed powders using atomisation processes is a time-consuming and resource-intensive procedure. Powders are usually produced from alloy ingots that are melted and then atomised. However, a new atomisation processes that uses a mixture of sponge and master alloy has been described by Arimoto et al. (2006). 

4. Required expertise: Producing powder particles via atomisation processes, particularly PA, requires specific expertise to meet the commercial requirements of customers. The manufacturer should have the ability to control the chemical composition and particle size, as well as consistency within production batches, and only experienced manufacturers are able to fabricate high-purity spherical metal powders with narrow particle distributions.

5. Other issues: In brief, powders of some alloy compositions can be challenging to produce via atomisation because of the issues associated with quality or chemical composition. Similarly, powder of alloys that contain elements with large differences in physical properties, such as the melting point or weldability, are difficult to produce via atomisation.

Therefore, developing material for SLM through the (gas) atomisation process is difficult, and there is a need for a flexible alloying procedure. In processes with rapid solidification, such as SLM, materials with different microstructures, phases, and, therefore, physical and mechanical properties can be obtained. Tailoring the chemical composition of alloys in SLM will result in a material with new microstructural and mechanical properties. A plausible solution to the aforementioned problems is to use mixed elemental powders as feedstock to fabricate SLM parts, which is commonly known as in-situ alloying. This technique has made a significant contribution to the development of different alloy systems and offers low production costs and, in addition, can be used instead of purchasing large batches of metal powders of fixed composition. In-situ alloying allows mixing the elemental powders in desired weight or atomic percentage and, consequently, overcoming the limitation in compositional flexibility and availability. A large number of studies have reported successfully in-situ alloying of elemental powder (Dong, 2021; Simonelli, 2018; Vora, 2017; Vora, 2015). Materials produced by SLM from the mixture of elemental powders must be assessed for homogeneity in chemical composition and microstructure, mechanical properties, and defects such as porosity and cracks (Brodie, 2020). Figure 1.4 shows the morphology and chemical composition of a powder mixture, suggesting the homogeneous distribution of powder particles after powder mixing.

[image: ]

Figure 1.4 SEM image of the blended powder including spherical pre-alloyed CoCrFeNi and irregular-shaped elemental Mn powders, with energy-dispersive X-ray spectroscopy (EDS) mapping (modified from (Chen, 2020b)).

In-situ alloying by SLM can circumvent the consumption of a large amount of 
pre-alloyed materials and resource wastage. Materials with unique printability, microstructure, phase, and physical and mechanical properties, can be manufactured using in-situ alloying.

[bookmark: _Toc91513735][bookmark: _Toc110932126]SLM of metallic alloys

The SLM process has been highlighted for its unique advantages in fabricating complex components from metallic alloys in comparison with other fabrication processes. However, the metallic alloys that can be processed by SLM must fulfil certain criteria, such as adequate weldability. According to ISO standard 581-1980, weldability is the capacity of a metal to be welded via a given process for a given purpose, providing integrity to the product and meeting technical requirements. The alloys should resist crack formation, which can appear because of a broad solidification temperature range, low ductility, high surface tension of the grain boundary liquid, coarse columnar grains structure, and RSs (Gorsse, 2017).

Different classes of materials with available GA powder, such as Al-, Co-, Ni-, Fe-, Cu-, Cr-, Ti-based alloys, HEAs, and quasicrystalline materials, can be processed by commercial SLM applications and exhibit desirable properties (Paper I). The SLM process has the capability of easily adjusting process parameters for new generation alloys that are difficult to fabricate using other AM techniques. Table 1.3 lists the most popular alloys for the SLM process. Ongoing research on material development and properties is of interest to the field of material science, which can be applied to various industries.

















Table 1.3 Common materials available for SLM.

		Material class

		Alloy composition

		TRL

		References



		Al-based alloys

		AlSi10Mg, AlSi7Mg0.6, AlSi9Cu3, 1050A, 2017A, 2219, 6061, 7020, 7050, 7075, 5083

		4–8

		[bookmark: _Hlk107676661](Gorsse, 2017) 



		Ti-based alloys

		Ti6Al4V ELI (Grade 23), TA15, Ti (Grade 2)

		7–9

		(Gorsse, 2017) 



		Ni-based alloys

		HX, IN625, IN718, IN939

		7–9

		(Gorsse, 2017) 



		Co-Cr alloys

		CoCr28Mo6, MediDent (CoCr)

		7–9

		(Gorsse, 2017) 



		Cu-based alloys

		CuNi2SiCr, CuSn10, CuCr1Zr

		4–5

		(Gorsse, 2017) 



		Fe-based alloys

		 316L, 15-5PH, 17-4PH, maraging tool steel, H13, Fe-alloy Invar 36

		7–9

		(Gorsse, 2017) 



		High-entropy alloys (HEAs)

		

		1–3

		(Hern, 2021) 





Currently, only a small number of metallic alloys (approximately >50alloys (Gorsse, 2017)) can be processed by SLM with different TRLs. The TRL was developed as an estimate of the maturity or readiness of a new technology based on nine levels, according to NASA (Peters, 2015). Various industries, including the manufacturing, automotive, 
and energy sectors, are using the TRL to evaluate the quality of a new technology. Numerous studies have investigated the AM of materials to improve the available materials or expand the variety of compatible materials. In this work, two alloy classes, namely, Ti-based and HEAs, were selected to address the limitations of SLM and span the maturity or TRL of materials. As summarised in Table 1.3, these two classes of materials have different TRLs.

Ti-based alloys have been extensively studied in the context of AM. Results have indicated that ~35% of scientific publications concern Ti-based alloys, with alloys fabricated by AM exhibiting lower fabrications costs than their wrought counterparts. 
Ti-based alloys have been used in biomedical and aerospace applications, lightweight structural components, and the research and development sector. Ti-based alloys are typically classified into α- and β-Ti alloys. Among various Ti-based alloys, Ti6Al4V is the most widely used, accounting for almost half of the market share of Ti products currently in use (Paper III). Ti6Al4V has excellent specific strength, corrosion resistance, and adequate thermal stability (~350 °C).

[bookmark: _Toc91513736]HEAs (material with at least five principal elements) will be investigated. Since the development of HEAs, research has been accelerated due to their interesting properties (Paper IV). HEAs have considerably higher entropies than traditional alloys, exhibit good mechanical strength even at elevated temperatures, and can be used as thermoelectric, hydrogen storage, radiation-resistant, electromagnetic shielding, and soft magnetic materials. AM was successively applied to manufacture HEA parts, which offers the additional advantage of producing parts with intricate shapes and added functionalities. In the following sections, Ti-based and HEAs and the properties of AM parts using SLM will be discussed in detail.

In-situ alloying by the SLM process is attracting increasing attention from researchers and engineers. The cost of the mixed elemental powder particles is almost an order of magnitude lower than that of commercial atomised powders, suggesting a significant improvement in the affordability. Figure 1.5 illustrates the price of the commercial GA and mixed elemental Ti6Al4V and CoCrFeMnNi HEA powders. The GA powders are considerably costly, over $430 per kg for Ti6Al4V (Dong, 2021) and $550 per kg for HEAs (Sarswat, 2020). In contrast, the cost of the mixed elemental powders that were used in the present work are significantly lower at approximately $35 and $55 per kg for Ti6Al4V and CoCrFeMnNi HEAs, respectively. Owing to the low alloying concentrations in Ti6Al4V alloys, the cost of the Ti6Al4V powder mixture is close to that of pure Ti powder. 
Dong et al. (2021) reported that the Al (6 wt%) and V (4 wt%) increase the feedstock cost by ~$3 and ~$11 US per kg, respectively.
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Figure 1.5 Price comparison of commercial GA and mixed elemental Ti6Al4V and CoCrFeMnNi HEA powders.

[bookmark: _Toc110932127]SLM Ti6Al4V alloys

Ti6Al4V alloys, which were introduced in 1954 in the USA, are an α + β Ti alloy with high specific strength, low density, desirable tribological properties, high fracture toughness, excellent corrosion resistance, and remarkable biocompatibility. These alloys have applications in diverse industries, such as defence, marine, automobile, energy, chemical, and biomedical. Ti6Al4V refers to pure Ti with 6 wt% Al (α stabiliser) and 4 wt% V (β stabiliser). Ti6Al4V exhibits both α and β phases, depending on the thermal processing of the material. At high cooling rates (above 410 K/s), the α′ martensite phase is formed, whereas at low cooling rates (above the β transus temperature), the globular α phase is formed (Warren, 2018).

[bookmark: _Toc91513737]The SLM process, which can produce almost-net-shape structures with complex geometries via a flexible layer by layer control strategy, has attracted the attention of researchers and engineers for fabricating Ti6Al4V parts. The SLM processing of Ti6Al4V parts involves the melting of powder in small volumes on previously solidified layers. Therefore, it requires a high solidification rate. The as-SLM Ti6Al4V alloys consist of the acicular α′ martensite phase because of the very high cooling rate associated with the SLM process, resulting in high tensile strength and hardness. However, the fabricated parts exhibit poor ductility and reliability (Al-rubaie, 2020; Eyzat, 2019; Kumar, 2020; 
Li (Z.) 2018; Vaithilingam, 2016; Vrancken, 2014; Yasa, 2011). Yang et al. (2016) investigated the patterns of influence of process parameters of the SLM process, such as scan speed and hatch distance, on the size of the martensitic phase and its formation mechanisms. They found that the size of the martensitic phase could be controlled 
by the SLM process parameters and that the hierarchical microstructure of acicular α′martensite is a result of the thermal cycles of SLM. However, the parts fabricated by SLM exhibit poor performance under cyclic loading, anisotropy and inhomogeneity in microstructural and mechanical properties, and defects (pores and cracks).

[bookmark: _Toc110932128]SLM of HEAs

Since the Bronze Age, the design of alloys has been based on one or two principal elements, such as Fe in steels or Ni in superalloys, and a minor alloying approach is applied to adjust the microstructure and properties. Recently, a new class of multicomponent alloys was introduced, denoted as HEAs by Yeh et al. (2004, 2007). Their disordered solid-solution structures are stabilised by a high configurational entropy of mixing (∆Sconf) because of the addition of multiple elements (five or more) in an equimolar or near-equimolar composition (with an atomic percentage between 5% and 35% (Yeh, 2004)). For alloy development, scientists focused on a limited number of principal elements because of the complex multidimensional phase diagram of a multicomponent alloy system. A large number of metastable/intermetallic phases can formed, which could decline the mechanical properties. Over the past two decades, 
this new class of alloys was developed significantly, and a large volume of work was carried out to improve their microstructural and mechanical properties. It is possible to tailor the properties by the proper selection of component elements (Chen, 2020a; Melia, 2019; Schneider, 2018; Wang, 2017; Yeh, 2007). These superior properties of HEA are related to the so-called “core effects” in such multi-principal-element design: 
high entropy, sluggish diffusion, severe lattice distortion, and the cocktail effect. A large number of studies have implied the potential for discovering new materials with valuable properties in the uncharted phase-space in the middle of multicomponent systems 
(Lu, 2020; Huang, 2019; Mu, 2013). The difference in entropy of between HEAs solid solutions and other alloys is particularly large owing to the multiprincipal-element design (Tsai, 2014). HEAs, in particular those consisting of refractory elements, have high yield strength at a high temperature. On the other hand, the yield strength of superalloys, including Inconel 718 and Haynes 230, which are generally used in gas turbine engines with operating temperatures around 800 °C, significantly decreases at a temperature just above 600 °C, as shown in Figure 1.6. Therefore, these properties motivate the wide investigation of HEAs (Senkov, 2011).
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Figure 1.6 The temperature dependence of the yield strength of HEAs and the superalloys Inconel 718 and Haynes 230 (Senkov, 2011).

[bookmark: _Toc91513738][bookmark: _Hlk107677717]The CoCrFeMnNi HEA is one of the most studied HEAs with a single-phase face-centred cubic (FCC) solid solution. A CoCrFeMnNi HEA with an equiatomic composition exhibits unique properties, such as adequate high-temperature structural stability, excellent fracture toughness, corrosion resistance, and high ductility at cryogenic temperatures. The CoCrFeMnNi HEA is a potential candidate for structural applications at cryogenic temperatures. Kilmametov (2019) reported a remarkable hardness value (~6700 MPa) for the CoCrFeMnNi HEA. Lu et al. (2020) studied the mechanical properties of the CoCrFeMnNi HEA at 550 °C and reported that these alloys exhibited adequate fatigue behaviour comparable to that of common austenitic stainless steel. Wang (2020) reported excellent corrosion resistance values for the CoCrFeMnNi HEA. HEAs have been processed using traditional manufacturing routes, such as casting (Melia, 2019), exhibiting complicated microstructure in both as-cast and annealed conditions (Munitz, 2016). 
The CoCrFeMnNi HEA has been fabricated by SLM using pre-alloyed powder, and the 
as-fabricated parts possess chemical homogenisation and excellent mechanical properties. Li (R.) et al. (2018) produced the equiatomic CoCrFeMnNi HEA using SLM from GA powder and reported increased density and surface quality with increasing laser energy density. In addition, Kim et al. (2020) reported that the CoCrFeMnNi HEA fabricated via SLM exhibited remarkable mechanical properties in the high-temperature range (up to 600 °C). Chen et al. (2020b) successfully produced an in-situ CoCrFeMnNi HEA using SLM from a mixture of CoCrFeNi pre-alloyed and pure Mn powders and reported that this HEA exhibited adequate printability and homogeneous chemical distribution. However, SLM equiatomic CoCrFeMnNi HEA from atomised commercial powder substrates is relatively costly, time-consuming, and requires considerable expertise.

[bookmark: _Toc110932129]The objectives of the thesis

SLM is one of the most widely used AM techniques that can produce the most complex objects usually from pre-alloyed powder particles. However, pre-alloyed powders exhibit significant shortcomings, such as rigid chemical composition, limited number of available commercial alloys, resource-demanding and time-consuming production process, production issues, and required expertise. In addition, the SLM parts exhibit poor performance under cyclic loading, anisotropy and inhomogeneity in microstructural and mechanical properties, defects (pores and cracks), and high RS. Therefore, the aim of the present thesis is to investigate the feasibility of producing compositionally homogeneous parts without resorting to pre-alloyed GA powders, instead of using elemental powder mixtures corresponding to the Ti6Al4V and CoCrFeMnNi HEAs. In addition, the effect of a remelting scan strategy on the alloying behaviour was studied, as well as the mechanical and microstructural properties of SLM parts. The main objectives of this thesis are as follows.

1. In-situ alloying of CoCrFeMnNi HEA in equiatomic composition by SLM from the elemental powder mixtures and compare with those fabricated from pre-alloyed GA powder.

2. In-situ alloying of Ti6Al4V by SLM from the elemental powder mixtures and compare with those fabricated from pre-alloyed GA powder.

3. To reveal the alloying behaviours, elemental distribution, microstructure, and mechanical properties of in-situ fabricated Ti6Al4V and CoCrFeMnNi HEAs.

4. To investigate the influence of remelting scan strategy on chemical and morphological inhomogeneity, and anisotropy in microstructure, and mechanical properties of in-situ fabricated Ti6Al4V and high-entropy alloys.

5. To improve the mechanical properties, including tensile/compressive strength, high cycle fatigue strength, hardness, and Charpy impact energy of SLM parts.

6. To reduce the inhomogeneity in microstructural and mechanical properties of SLM parts from GA powder.

[bookmark: _Toc110932130][bookmark: _Hlk107683811]Experimental methodology

[bookmark: _Toc91513739]The experimental methodology used to fabricate the parts and characterise them in this thesis is described in this chapter. The AM SLM, microstructure characterisations 
(TEM, SEM), mechanical tests (tension, compression, fatigue and hardness), and RS measurements were explained.

[bookmark: _Toc110932131]Gas atomized and elemental powders

[bookmark: _Toc91513740][bookmark: _Hlk107688479]Ti alloy GA powder (Ti6Al4V ELI-Grade 23) from SLM Solutions, Germany was used, containing 90 wt% Ti, 6 wt% Al, and 4 wt% V. Ti, Al, and V elemental powders used were supplied by READE, USA. Co, Fe, Mn, and Ni elemental powders were supplied by Pacific Particulate Materials, Canada. The elemental powders were blended for 12 h by a blending machine. Particle size distribution was measured using a laser particle size analyser (HORIBA LA-950) in deionised water with a refractive index of 1.3.

[bookmark: _Toc110932132]SLM system

The Ti6Al4V and high-entropy alloy bulk samples were manufactured using a ReaLizer SLM-50 unit (Germany), which can be used to fabricate objects from metallic powders, including Fe-, Al-, Co-, and Ti-based alloys. It was equipped with a 120 W Yb-YAG laser with a spot size of ~39 µm. Figure 2.1 shows the overall appearance and building chamber of the ReaLizer SLM-50 device. The desktop unit was designed for the production of components with a diameter and height of up to 70 and 80 mm, respectively.
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Figure 2.1 ReaLizer SLM 50 device used for the fabrication process.

Table 2.1 lists the process parameters used in the present work. During the manufacturing of AM parts via SLM, each layer was melted either once (single melting, SM), twice (double melting, DM), or thrice (triple melting, TM) to study the influence of the laser re-scanning strategy (Fig. 2.2a). There was at least a 15 s time interval between the melting steps. In the single melting, the powder bed was melted once with the process parameters given in Table 2.1. The SLM process parameters for the Ti6Al4V and CoCrFeMnNi HEAs were optimised to increase printability and reduce pores, cracks, and lamination. During double/triple melting (or remelting scan strategy), each layer was melted two/three times, and the process parameters of SLM were kept the same. Possible oxygen contamination during the SLM process was avoided using a constant flow of high-purity argon gas. The gas flow was kept constant for the production of all samples. The SLM parts were manufactured on a 20-mm-thick Ti6Al4V or stainless-steel platform.

[image: ]

Figure 2.2 Schematic representation of the SLM samples: a Increasing the number of melting steps from one to three. b Cube with a dimension of 10 mm. c Charpy test specimen according to ASTM Test Method E23. d Tensile bar sample fabricated by SLM according to ASTM E8/E8M-13a. (adopted from (Paper IV)).

Table 2.1 The process parameters used to fabricate the Ti6Al4V and CoCrFeMnNi HEA samples using the SLM process.

		

		Alloys



		Parameter

		Ti6Al4V

		CoCrFeMnNi HEA



		Laser spot size, (μm)

		39

		39



		Hatch distance, (μm)

		60

		60



		Hatch rotation angle, (°)

		73

		73



		Laser scan speed, (m/s)

		1

		1



		Layer thickness, (μm)

		25

		25



		Laser power(W)

		60

		96





[bookmark: _Toc91513741]The tensile/fatigue bars were manufactured using the SLM process and the specimens were polished or machined to remove the support or eliminate unmelted/partially melted powder particles (Fig. 2.2d).

[bookmark: _Toc110932133]Microstructure characterisation

[bookmark: _Toc91513742][bookmark: _Toc110932134]Metallographic preparation

[bookmark: _Toc91513743]For the mounting and polishing of the fabricated SLM samples, standard metallographic practices were used. Kroll’s reagent consisting of 5 mL HNO3, 3 mL HF, and 100 mL distilled water was used as an etchant for the Ti6Al4V alloys. Aqua Regia (or royal water) comprised a 3:1 mixture of HCl and HNO3 was used as an etchant for the CoCrFeMnNi HEAs. For TEM characterisation, thin-foil samples were prepared by mechanically grinding down to 50 μm. The microstructures of three different in-situ alloyed samples that were fabricated during three different fabrication processes were analysed.

[bookmark: _Toc110932135]Phase identification and microstructural characterisation

The microstructure was characterised by SEM (Zeiss FEG-Germany, and Hitachi TM1000, Tokyo-Japan), TEM (Tecnai G2 F20, FEI, Germany) coupled with energy-dispersive X-ray spectroscopy (EDS), and optical microscopy (Zeiss Axiovert 25). The structural characterisation was analysed using XRD (Rigaku SmartLab SE with a D/teX Ultra 250 1D detector and a Cu-Kα source (λ = 1.5406 Å)). The measurements were conducted at room temperature (23 °C) from 20° to 120° (2θ) with a step size of a 0.04° for CoCrFeMnNi HEA and 0.01° for Ti6Al4V. The Scherer equation was used to determine the crystallite size, using the equation:

 2.1

where D is the crystallite size (nm), λ is the wavelength of the X-ray beam (Å), K is the shape factor (-), β is the full width at half maximum of the diffraction peak (2θ), and θ is the Bragg angle ( ). Lattice parameters were calculated using Bragg’s law along with the plane spacing equation, as follows:

 2.2

 2.3

[bookmark: _Hlk107685650]where d is inter-planar spacing (nm); a and c are the lattice constants (nm); and h, k, 
and l are the Miller indices (-). The dislocation density, ρ, was estimated using the Williamson–Hall approach, as follows:

,                                                       2.4

where ε is lattice strain (-), ρ is dislocation density (m/m3), and b is the magnitude of the Burgers vector. The lattice strain is obtained using the relationship:

 2.5

[bookmark: _Toc91513744]The average number and width of twins of the TEM images were measured in an area of ~100 µm2 in each sample using an image analyser software. In addition, the distribution and size of voids were measured using the ImageJ software using contrast difference measurements. The dimensions of the acicular α/α′ martensite platelets were measured. Around 50 readings for each dimension were measured from several optical/SEM images, and only the average values are reported. Elemental distribution was tested over several zones of each sample with different magnification by the EDS. The average size, overlap zone, and inter-space of the melt pools were determined with 100, 30, and 30 measurements, respectively.

[bookmark: _Toc110932136]Residual stress measurement

The RS measurement of the SLM-fabricated parts (Fig. 2.2b) at the TCS and LCS of the sample surface was carried out using XRD (Asenware AW-XDM300, HAOYUAN) with CuKα radiation (λ = 1.54184 Å) with a step size of 0.02° and time per step of 1 s. The sin2ψ method was used in seven angles (ϕ), including 0°, 15°, 30°, 45°, -10°, -20°, and -30°. Equation 2.6 was used to calculate the stress in the chosen direction from the inter-planar spacing, as follows:

                                                   2.6

[bookmark: _Toc91513745]where σφ is single stress acting in a selected direction (MPa), E is the elastic modulus (GPa), v is Poisson’s ratio (-), ψ is the angle between the normal of the sample and that of the diffracting plane (°), dψ is the inter-planar spacing of planes at an angle ψ to the surface (Å), and dn is the inter-planar spacing of planes normal to the surface (Å). Further details have been provided in the study by Fitzpatrick (2005).

[bookmark: _Toc110932137]Characterisation of physical and mechanical properties

[bookmark: _Toc91513746][bookmark: _Toc110932138]Hardness and microhardness testing

[bookmark: _Toc91513747]The average hardness values were obtained from three samples with at least 12 measurements for each using a Vickers INDENTEC 5030SKV machine with a 5 kgf 
load and 10 s dwell time. The microhardness test was carried out over 100 indents in each sample (for the hardness maps) using a MICROMET 2001 (Buehler) machine. 
The homogenisation efficiency of hardness was used to quantitatively study the inhomogeneity. The hardness ranges of 450–500 and 200–250 HV were considered for the Ti6Al4V and CoCrFeMnNi HEAs, respectively, and the hardness values in these ranges are used as indicators of homogenisation efficiency. In addition, the average hardness value was calculated for each sample using 10 indentations.

[bookmark: _Toc110932139]Tension and compression testing

[bookmark: _Toc91513748]Room-temperature tensile tests were carried out on a servo-hydraulic testing machine (Instron 8516, High Wycombe, UK) with a capacity of 100 kN and a strain rate of 0.001 mm/s. The tensile bars were fabricated according to ASTM E8/E8M-13a. 
The dimensions of the tensile bars were modified to suit the length of 52 mm per the ratio mentioned in the ASTM standard (Fig. 2.2d). At least three samples were tested in each condition to evaluate the reproducibility of the results and the representative tensile curves are presented where necessary. The compression test was carried out at room temperature (and relative humidity of 58%) using a servo-hydraulic machine (Instron 8516, High Wycombe, UK) with a strain rate of 1 mm/min.

[bookmark: _Toc110932140]High cycle fatigue testing

[bookmark: _Toc91513749]High cycle fatigue (HCF) tests were carried out on a universal fatigue tester (Instron 8516, High Wycombe, UK) with a Track8800D controller at room temperature, a frequency of 5 Hz, a stress ratio of R = -1, and under a sinusoidal loading at different stress ranges from 100 to 700 MPa at intervals of 50 MPa (Fig. 2.2d). The HCF test was stopped when the failure occurred or when the samples survived after at least 1 million cycles. The runout specimens (i.e., the HCF test specimens that survived a stress amplitude of 100 MPa up to 106 cycles) are marked with arrows.

[bookmark: _Toc110932141]Charpy impact testing

The Charpy test specimens were fabricated with the mentioned SLM process parameters, as shown in Figure 2.2c. The room-temperature Charpy impact test was conducted with the Pendulum impact tester RKP 450 (Zwick, Germany) using standard V notch specimens (10×10×55 mm) in accordance with the ASTM Test Method E23. The average Charpy absorbed impact energy values were obtained from at least 3 samples for each condition. Both the vertically-oriented specimens were polished to remove support structure.

[bookmark: _Toc91513750][bookmark: _Toc110932142]Density

[bookmark: _Toc91513751]The density of the fabricated SLM samples was measured using an analytical balance based on Archimedes’ principle. A Mettler Toledo ME204 was employed for the density measurement with a precision of ± 0.0001 g. In order to measure the density, each sample was first weighed in air and then immersed in distilled water for an adequate amount of time before they were weighted again, at a constant temperature. At least 10 readings for each sample were recorded and the average values are reported.

[bookmark: _Toc110932143]Tribological characterisation

The tribological properties were investigated using a tribotester (CETR/Bruker UMT-2) under dry reciprocating sliding conditions, a frequency of 5 Hz, an amplitude of 1 mm, and a load of 0.3 N (~30.6 g). The test comprised five steps of 1000 s each in air at room temperature (25 ± 2 °C) with a relative humidity of 45 ± 5%. The reciprocating sliding tests were conducted on at least three samples with zirconia balls (ZrO2) of Ø3 mm diameter and grade 10 fabricated by RGP BALLS (Cinisello Balsamo, Italy). The volume of material loss (missing net volume) was determined using a 3D profiler (BRUKER ContourGT-K0+; Bruker, Billerica, USA). To study the effect of the building direction on the tribological properties, two surface of the SLM parts were investigated: the transverse and longitudinal cross section. This information must be considered during the design of SLM Ti6Al4V parts used in different applications.

[bookmark: _Toc110932144]Homogenisation of SLM HEAs

[bookmark: _Toc91513753][bookmark: _Toc110932145]In-situ high-entropy alloying from elemental powders

[image: ]Figure 3.1a depicts the XRD of the equiatomic mixed elemental powder particles, in which the diffraction peaks corresponding to Co, Cr, Fe, Ni, and Mn are shown. Figure 3.1b shows the distribution of the mixed elemental powder particle sizes and the cumulative volume fraction, where D10 and D90 were found to be ~8 and 46 µm, respectively, and most of the particles have a diameter less than 20 µm (D50). The SEM micrograph of the elemental powders is shown in Figure 3.1c and their distribution after powder blending indicates that the majority of the particles are irregular in shape. The EDS maps of the mixed elemental powders indicate the homogeneous distribution of powder particles after powder mixing.



Figure 3.1 Mixed equiatomic CoCrFeMnNi powder. a XRD analysis, b Histogram showing the size distribution (volume fraction and cumulative volume fraction vs powder particle diameter), c SEM micrograph of the powder mixture and the corresponding EDS maps. (The powder diffraction file (PDF) cards of [PDF: 04-015-9337] for Co, [PDF: 04-016-3228] for Cr, [PDF: 00-006-0969] for Fe, [PDF: 04-016-6934] for Mn, and [PDF: 00-004-0850] for Ni were used).

Figure 3.2a and b show the XRD patterns of the samples fabricated by SLM from the mixed elemental powders taken from TCS and LCS, respectively. Both diffractograms show the presence of a single-phase FCC structure, in agreement with Melia et al. (2019). In addition, the lattice parameters were found to be ~0.3598 nm for the as-built and ~0.3592 nm for the remelted SLM samples. The value of the calculated lattice parameter of the as-SLM sample is similar to that reported by Huang et al. (2019). The crystallite size was found to be 15.3 nm and 15.2 nm for the as-built and remelted SLM samples, [image: ]respectively.

Figure 3.2 XRD diffractograms of the as-built and remelted SLM CoCrFeMnNi HEA samples obtained from a TCS and b LCS ([PDF: 00-065-0528]).

Figure 3.3a shows the TCS of CoCrFeMnNi HEA, where the laser tracks with overlapped structure can be recognized by the different angular directions, and their average width is ~40 ± 9 µm. Compared to the as-SLM, it may be seen that the laser tracks are less overlapped in the TCS of the remelted SLM sample, and their average width reduces to ~36 ± 9 µm (Fig. 3.3c). In addition, the average depth of the melt pool and its deviation decreased from ~34 ± 5 µm for as-SLM (Fig. 3.3b) to ~24 ± 3 µm for remelted sample (Fig. 3.3d).

[image: ]

Figure 3.3 Optical micrographs of the samples from the mixed CoCrFeMnNi powder showing the microstructure in: a TCS and b LCS of the as-SLM; c TCS and d LCS of the remelted SLM. Laser tracks are indicated by yellow dot-dash lines.

In the parts fabricated by SLM, due to rapid solidification, insufficient hatch overlap (>20% of its hatch distance), low density of the loose powder (>60% for particles with a size between 15 and 63 µm), and a lack of homogeneous conduction of the input energy, LOF pores can appear. Furthermore, the oscillation of the melt pool surface may cause gas entrapment, which can result in MP formation. The morphologies of the pores in the TCS of the as-built and remelted SLM samples are illustrated in Figure 3.4a and b, respectively. Although the remelting of the solidified layer eliminated the LOF pores, the MPs were retained. In addition, the theoretical density of the SLM samples was found to be ~94.0 ± 0.1%.

[image: ]

Figure 3.4 Surface porosity in TCS of a as-built and b remelted SLM CoCrFeMnNi HEA. Backscatter SEM image showing the LCS and the corresponding EDS maps of the c as-built and d remelted SLM CoCrFeMnNi HEA samples. The yellow dashed line highlights the melt pool boundary.

HEAs show elemental segregation in the interdendritic regions of the welded (Wu, 2018) or cast (Han, 2019b) parts. In a rapid solidification process, such as the SLM, 
no differences could be observed in the chemical composition of the inner and interdendritic regions of samples, as was reported by Kim et al. (2020). However, EDS mapping of the as-built SLM showed an inhomogeneous distribution of certain elements, such as Fe, in the melt pool (Fig. 3.4c). In contrast, the remelted SLM sample showed a homogeneous distribution of all the elements (Fig. 3.4d). Furthermore, the overall composition of the SLM samples was analyzed as a function of the melting sequence (Table 3.1). The amount of Mn decreases from 18.8 at% for the as-built SLM to 16 at% for the double melting, and the amount of Mn was found to be 12.2 at% for the triple melted SLM sample (Cr 21.9 ± 0.2, Fe 20.5 ± 0.3, Co 22.5 ± 0.7, Ni 22.9 ± 0.2). 
The reduction in the amount of Mn is probably because of the lower heat of vaporization (220 kJ/mol) and boiling point (2061 °C) compared to the other composing elements (Chen, 2020a).

Table 3.1 Composition (at%) of the CoCrFeMnNi HEA samples fabricated by SLM with remelting.

		

		Concentration of the elements (at%)



		

		Cr

		Mn

		Fe

		Co

		Ni



		As-built SLM

		23.2 ± 0.2

		18.8 ± 0.3

		16.9 ± 0.4

		21.1 ± 0.2

		20.1 ± 0.4



		Remelted SLM

		21.6 ± 0.2

		16.0 ± 0.1

		18.9 ± 0.1

		21.3 ± 0.1

		22.2 ± 0.2





Hardness mapping is a tool to the quantify heterogeneity of the parts and to understand the material behaviour. It was used to reveal the variation in hardness across the TCS and LCS of the fabricated SLM parts (Fig. 3.5), revealing that the CoCrFeMnNi HEA samples become more uniform and exhibit homogeneous hardness distribution of both TCS and LCS with the remelting scan strategy. Although the hardness of both SLM samples is higher than the traditional casting counterparts, the average microhardness in the TCS and LCS decreased from 269 ± 23 and 291 ± 12 HV for the as-SLM sample to 235 ± 22 and 240 ± 12 HV for the remelted SLM sample, respectively. Salishchev et al. (2014) studied the effect of Mn on the mechanical properties of CoCrFeNi HEA and reported an increase of ~21% in microhardness with the addition of Mn to the CoCrFeNi alloy. It is noteworthy that an anisotropy in the average microhardness of the parts can be observed owing to the directional heat distribution of the SLM process, where hardness ranges from ~200 to ~300 HV for TCS and ~250 to ~350 HV for LCS. Anisotropy in the RS may cause anisotropy in the mechanical properties and plastic deformation.

[image: ]

Figure 3.5 Hardness distribution maps for the CoCrFeMnNi HEA samples: a TCS and b LCS for as-SLM; c TCS and d LCS for remelted SLM.

The mechanical properties, including the ultimate compressive strength (UCS), yield compressive strength (YCS), and fracture strain (A) obtained from the room-temperature compression test of the samples, are presented in Table 3.2. The compressive tests of the as-built and remelted SLM samples were carried out up to ~50% compressive strain. Both the samples are flattened without complete fracture due to the excellent ductility of CoCrFeMnNi HEA fabricated using the SLM process. Several studies have investigated the compression strength of the CoCrFeMnNi HEA, and reported a ductile behaviour for this alloy. (Kim, 2020; Joo, 2017; Jeong, 2019; Wang, 2016). Qin et al. (2019a) investigated the compressive strength of CoCrFeMnNi and found no fracture up to ~50% compressive strain. In another work, Qin et al. (2019b) reported no fracture when the strain reaches 50%.

Table 3.2 Compressive strength properties of the as-built and remelted SLM samples, obtained at room temperature. Note that no fracture was observed.

		

		Samples



		

		

		As-SLM 

		Remelted



		Compression properties

		UCS, MPa

		1654 ± 37

		1947 ± 130



		

		YCS, MPa

		322 ± 1

		505 ± 41



		

		A, (%)

		> 50

		> 50





[bookmark: _Toc91513754][bookmark: _Toc110932146]SLM from GA HEA powder 

The Morphology of the GA CoCrFeMnNi HEA powder, and its size distribution are shown in Figure 3.6 a–b. The majority of powders have a spherical shape, and satellite particles are also observed (Fig. 3.6a). From the frequency vs. particle diameter plot (Fig. 3.6b), 
it can be observed that the powder exhibits a narrow distribution with D10, D50, and D90 values of 27, 39, and 57 µm, respectively. Figure 3.6c and d show the XRD patterns of the HEA powder and as-built and remelted SLM samples, respectively, indicating the presence of a single FCC phase, which confirms the HEA structure. This is in agreement with the results reported by Li (R.) et al. (2018), who investigated the SLM of an equiatomic CoCrFeMnNi HEA and reported the presence of an FCC single phase. 
The crystallite size and lattice parameter were determined to be ~26 ± 8 nm and ~0.3595 nm for the powder, respectively, and ~30 ± 10 nm and ~0.3593 nm for the SLM samples, respectively.

[image: ]

Figure 3.6 a SEM image of the GA CoCrFeMnNi powder, b Histogram of frequency vs. particle diameter of the HEA powder. XRD patterns of the HEA c GA powder and d SLM-processed samples ([PDF: 00-065-0528]).

Figure 3.7 a–b shows the TCS surfaces of the CoCrFeMnNi HEA fabricated via SLM from the GA powder. The laser tracks in the as-built SLM samples have an overlapped structure, similar to that observed in the HEA fabricated via SLM from mixed elemental powders (Fig. 3.3a). However, as shown in Figure 3.7 e–f, the laser tracks are less overlapped in the TCS of the remelted SLM sample (Fig. 3.7 e–f) compared to those observed for the as-SLM sample. The LCS of the as-built and remelted SLM samples are shown in Figure 3.7 c–d and g–h, respectively. It is noteworthy that the size and depth of the melts pool and the laser tracks did not show a significant difference between the parts fabricated from GA and mixed elemental powders.





[image: ]

Figure 3.7 Optical micrographs of the samples from the GA CoCrFeMnNi powder showing the microstructure in: a TCS and its high magnification image in b, and c LCS and its high magnification image in d for the as-built SLM sample; e TCS and its high magnification image in f, and g LCS and its high magnification image in h for the remelted SLM sample.

Hardness mappings across the TCS surface of the as-built and remelted SLM samples from the GA CoCrFeMnNi HEA powder are shown in Figure 3.8, revealing that the as-built SLM CoCrFeMnNi HEA sample becomes more uniform and exhibits homogeneous hardness distribution in the TCS surface with the application of a remelting scan strategy. The average microhardness in the TCS decreased from 229 ± 17 HV for the as-built sample to 216 ± 16 HV for the remelted sample. The average Vickers hardness of the 
as-fabricated SLM samples in the TCS is similar to the value of 212 HV for SLM CoCrFeMnNi HEA reported by Piglione (2018). In addition, the theoretical density of the SLM samples from the GA powder was found to be ~94.0 ± 0.2%, which is close to that of the SLM parts from the mixed elemental powder.

[image: ]

Figure 3.8 TCS hardness distribution maps for the SLM CoCrFeMnNi HEA samples from GA powder: a SM and b DM.

The mechanical properties, including the UCS, YCS, and A obtained from the room-temperature compression test of the SLM samples from the GA CoCrFeMnNi HEA powder, are shown in Table 3.3. The tests were performed up to a compressive strain of ~50%. Both the samples flattened without complete fracture owing to their excellent ductility, in agreement with the results of Rogal et al. (2017), who reported high ductility for the parts produced using HIP. Therefore, the as-built and remelted SLM samples fabricated from GA and mixed elemental powders exhibit high ductility.

Table 3.3 Compressive strength properties of the as-built and remelted SLM samples from the GA CoCrFeMnNi HEA powder, obtained at room temperature. Note that no fracture was observed.

		

		Samples



		

		

		As-SLM 

		Remelted



		Compression properties

		UCS, MPa

		2422 ± 13

		2722 ± 197



		

		YCS, MPa

		452 ± 10

		490 ± 41



		

		A, (%)

		> 50

		> 50





The CoCrFeMnNi HEA parts were fabricated using SLM from two different powder feedstocks, namely, GA and mixed elemental powders. The microstructure, mechanical properties, chemical composition, and hardness of the fabricated parts were studied. Results suggested that a remelting scan strategy can be successfully applied to the in-situ fabrication of CoCrFeMnNi HEA using SLM from mixed elemental powder. With the application of laser remelting, the hardness distribution of the as-SLM samples from both GA and mixed elemental powders turned homogeneous. Although the remelted samples exhibited a slight decrease in hardness, and the amount of Mn in the fabricated parts from mixed elemental powders decreased, the remelting scan strategy eliminated the inhomogeneous distribution of the mixed elements. Overall, SLM (with the remelting scan strategy) of elemental powder can be an alternative approach to the SLM of pre-alloyed powder, significantly reducing the time and cost of production and increasing the versatility of the chemical composition of the powders.

[bookmark: _Toc110932147]Homogenisation of SLM Ti6Al4V alloys

[bookmark: _Toc91513755][bookmark: _Toc110932148]In-situ Ti6Al4V alloying from elemental powders

Figure 4.1a shows the XRD patterns of the Ti6Al4V mixed elemental powder particles and elemental powders. The XRD analysis of the mixed elemental powders shows the diffraction peaks corresponding to Ti, Al, and V. Figure 4.1b shows the distribution of the mixed elemental powder particle sizes and the cumulative volume fraction. The powder particles show a narrow distribution with D10 and D90 values of ~31 and ~63 µm, respectively, with the diameter of the most of powder particles is less than or equal to ~42 µm (D50). The SEM micrograph with EDS mapping of the powder mixture is shown in Figure 4.1c. The mixed elemental powder particles are irregular in shape and small in size and the EDS maps indicate the homogeneous distribution of Ti, Al, and V powder particles.

[image: ]

Figure 4.1 Mixed Ti6Al4V powder. a XRD analysis (using [PDF: 04-004-9158] for Ti, [PDF: 04-006-6522] for Al, and [PDF: 04-021-7462] for V). b Histogram showing the size distribution (volume fraction and cumulative volume fraction vs. powder particle diameter). c SEM micrograph of the powder mixture and the corresponding EDS maps.

During SLM fabrication, each powder layer is melted either one, two, or three times to investigate the influence of the remelting scan strategy (with the process parameters listed in Table 2.1). The XRD patterns of the SM, DM, and TM SLM samples from the elemental powder mixture in the TCS and LCS are shown in Figure 4.2, revealing the presence of the α/α′ phase. Because both α and α′ phases have the hexagonal close packed (HCP) structure with similar lattice parameters (a and c of ~0.295 and ~0.461 nm, respectively), they exhibit the same diffraction peaks and are not distinguishable in the XRD patterns, which was also noted by Cho et al. (2019). In this study, the lattice parameters, a and c, were determined to be ~0.2924 and ~0.4767 nm, respectively. Furthermore, the crystallite size was determined to be ~16 ± 3 nm.

[image: ]

Figure 4.2 XRD diffractograms of the SLM Ti6Al4V samples as a function of melting sequence obtained from a TCS and b LCS ([PDF: 00-044-1294]).

Figure 4.3 shows the SEM images of Ti6Al4V specimens with an increasing number of melting steps. The microstructure of the SM, DM, and TM samples all comprise the α/α′ phase, in agreement with XRD results. The presence of the α/α′ phase can be attributed to the rapid solidification in the SLM process (~105 K/s), which could lead to a high hardness and tensile strength (Warren, 2018), low ductility (Liu, 2019), and poor fatigue behaviour (Edwards, 2014; Hrabe, 2019). The α/α′ phase shows the plate morphology and the size of the lath changes with the number of melting steps.

[image: ]

Figure 4.3 SEM images and their magnified views of the SLM Ti6Al4V samples produced from the elemental powder mixture with a one, b two, and c three melting steps.

Figure 4.4 shows the EDS maps of the SM, DM, and TM samples. The EDS maps of the SM sample exhibit an inhomogeneous distribution of the elements; such inhomogeneity in the microstructure could cause inhomogeneity in the mechanical properties and poor corrosion resistance. In contrast, the DM and TM samples show a homogeneous elemental distribution. Moreover, the chemical composition of the samples was measured using EDS point scans and is summarised in Table 4.1, revealing that the chemical composition of the fabricated SLM samples does not vary with increasing number of melting steps.

[image: ]

Figure 4.4 Backscatter SEM images showing the LCS and the corresponding EDS maps of the SLM samples as a function of melting steps: a SM, b DM, and c TM.

Table 4.1 Chemical composition of the SLM Ti6Al4V samples as a function of melting steps measured using EDS.

		Sample

		

		Concentration (wt%)



		

		Al

		V

		Fe

		Ti



		SM

		6.1

		2.4

		0.7

		Balance



		DM

		5.1

		2.4

		0.1

		Balance



		TM

		7.3

		2.2

		-

		Balance





The hardness distribution maps of the SLM parts are shown in Figure 4.5 a–c. 
The as-SLM Ti6Al4V samples show an inhomogeneity in the hardness distribution, 
which ranges from 250–500 HV (Fig. 4.5a). However, the hardness distribution maps indicate more homogeneous hardness distribution following remelting. Nevertheless, the DM and TM samples show some degree of non-uniformity in the hardness distribution. The average microhardness increased from 423 ± 21 HV for SM to 431 ± 14 HV for DM and reached 465 ± 11 HV for TM. Changing the number of melting steps effectively altered the microstructure of the SLM Ti6Al4V samples and affected the morphology of the α/α′ lath dimensions, as shown in Figure 4.3, which, consequently, affected the mechanical properties, such as hardness and distribution. Moreover, using a laser remelting scan strategy can increase the density of twins, which can serve as a barrier to the progression of dislocations during plastic deformation, effectively strengthening a material according to the Hall–Petch relationship. Hence, it can result in an increase in hardness (Paper III).

[image: ]

Figure 4.5 Hardness distribution maps and surface porosity of the SLM Ti6Al4V samples produced from a mixture of elemental powders: a,d SM; b,e DM; and c,f TM.

The morphology of the surface pores in specimens with remelting steps is shown in Figure 4.5 d–f. Upon increasing the number of melting steps from one to three, LOF pores, which typically have irregular shapes, could be eliminated. However, the MPs, which are spherical in shape and small in size, are still observed in the remelted samples. The theoretical densities of the SLM samples were found to be 97.3%, 98.2%, and 98.5% for the SM, DM, and TM samples, respectively.

The room-temperature compression tests of the SLM samples produced from mixed elemental powder were carried out and the mechanical properties, including the UCS and YCS, are summarised in Table 4.2. Increasing the number of melting steps slightly improves the UCS and YCS from SM to TM. It is noteworthy that the SLM samples exhibited higher UCS and YCS compared to those exhibited by their cast counterparts (Pederson, 2012).

Table 4.2 Compressive properties of the SLM samples from elemental powder mixture.

		

		Melting sequence



		

		

		Single 

		Double 

		Triple 



		Compression properties

		UCS, MPa

		1139 ± 52

		1209 ± 63

		1336 ± 100



		

		YCS, MPa

		943 ± 69

		1099 ± 45

		1241 ± 36





[bookmark: _Toc91513756][bookmark: _Toc110932149]SLM from GA Ti6Al4V powder

Figure 4.6a depicts the XRD pattern of the GA Ti6Al4V powder particles, revealing the presence of single-phase HCP α-Ti. The inset shows the morphology of the powder particles that are spherical in shape with satellite particles attached to them. Figure 4.6b shows the distribution and cumulative volume fraction of the GA powder particle sizes. The powder comprises a narrow range of particle sizes (D10, D90, and D50 of 31, 63, and 42 µm, respectively). Figure 4.6c shows the XRD patterns of the SLM samples with different numbers of melting steps, indicating the presence of the α/α′ phase, which is attributed to the rapid solidification of SLM. The lattice parameters, a and c, are 0.2923 and 0.4683 nm, respectively, with an average crystallite size of ~15 ± 0.5 nm.
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Figure 4.6 a XRD pattern of the GA Ti6Al4V powder. The inset shows the SEM profile of the GA powder. b Histogram showing the size distribution (volume fraction and cumulative volume fraction vs. powder particle diameter). c XRD patterns for the SLM-processed Ti6Al4V samples as a function of the number of melting steps ([PDF: 00-044-1294]).

Figure 4.7 shows the SEM and TEM images of the samples with a different number of melting steps. The microstructure of SM, DM, and TM all comprise the acicular α/α′ phase (Fig. 4.7a, d, and g), in agreement with the XRD results. However, the size of the acicular α/α′ phase changes with remelting, with the width (0.40 ± 0.05, 0.65 ± 0.05, 
and 1.31 ± 0.12 μm for SM, DM, and TM, respectively) increasing and the length (12 ± 6, 
10 ± 4, and 8 ± 4 μm for SM, DM, and TM, respectively) decreasing as the number of remelting steps increases. In addition, a large proportion of the acicular α/α′ phase is twined in the SM sample, which can be attributed to the non-uniform heat distribution in the powder bed and the high internal strain, shown in the magnified view inserted in Figure 4.7a. The chemical composition of the SLM samples measured using the EDS point scans is given in Table 4.3, indicating that the chemical composition of the samples does not vary with an increase in the number of melting steps.
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Figure 4.7 Microstructure and substructure of SLM samples. a SEM image (the red arrows indicate twined acicular α′ martensite) and b TEM image (showing acicular α′ martensite and twins) and its high magnification image in c of SM. d SEM and e TEM image (showing uniformly distributed twins) and its high magnification image in f of DM. g SEM image and h TEM image (showing uniformly distributed twins) and its high magnification image in i of TM. (modified from (Paper III)).

Table 4.3 Chemical composition of the SLM Ti6Al4V samples produced from GA powder measured using the EDS in TEM.

		

		Sample



		

		SM

		DM

		TM



		Chemical composition, (wt%)

		Al

		6.9 ± 0.1

		5.9 ± 0.3

		6.6 ± 0.1



		

		V

		3.2 ± 0.7

		3.5 ± 0.8

		3.5 ± 0.7



		

		Fe

		0.2 ± 0.3

		0.2 ± 0.1

		0.2 ± 0.3



		

		Ti

		Balance

		Balance

		Balance





The TEM images of the samples indicate the presence of uniformly distributed twins between the acicular α/α′ phases (Fig. 4.7 b–c, e–f, and h–I for SM, DM, and TM, respectively). In addition, high-density dislocations arraying in tangles are evident inside the matrix and the acicular α/α′ phase

Hardness distribution maps of SLM pars are shown in Figure 4.8 a–c, revealing homogeneous distribution of hardness for the TM sample. However, in the SM and DM samples, some degree of non-uniformity is observed in the hardness distribution. 
In addition, the average Vickers hardness values increased from 334 ± 10 HV for SM to 347 ± 7 HV for DM, reaching 368 ± 12 HV for TM. Changing the number of melting steps effectively altered the microstructure of the SLM Ti6Al4V samples produced from GA powder in terms of the dimensions of acicular α/α′ phase, which affected the hardness and its distribution. Furthermore, the Vickers hardness of the LCS surfaces of the SLM samples (~410 HV for SM and DM and ~440 HV for TM) are higher than that of the TCS surfaces.
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Figure 4.8 Hardness distribution maps and surface porosities of the SLM Ti6Al4V samples from GA powder: a,e SM; b,f DM; and c,g TM (modified from (Paper II)).

The morphology of surface pores in the specimens with remelting steps is shown in Figure 4.8 d–f. The LOF pores could be eliminated by applying a remelting scan strategy, while the MPs are retained. However, the size of these pores is significantly reduced upon increasing the number of melting steps from one to three. The theoretical densities of the SLM samples were found to be 98.0 ± 0.5%, 98.8 ± 0.3%, and 99.5 ± 0.2% for the SM, DM, and TM samples, respectively.

Figure 4.9a shows the tensile stress-strain curves for the SLM Ti6Al4V samples, and the corresponding mechanical properties are listed in Table 4.4. The ultimate tensile strength (UTS) and yield strength (YS) values obtained from the room-temperature tensile test, increased upon increasing the number of melting steps and are higher than the wrought counterpart (Gil, 2001; Salishchev, 2014). However, the ductility of the TM sample is inferior compared to that of the SM and DM samples. The fracture surfaces of the tensile samples are shown in Figure 4.9 b–g. The fracture surface of the SM sample (Fig. 4.9 b–c) showed the presence of deep dimples, indicating appreciable ductility. 
In contrast, the DM and TM samples (Fig. 4.9 d–g) showed shallow and small sized dimples, suggesting that the samples are more brittle.
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Figure 4.9 a Tensile stress-strain curves for the SLM Ti6Al4V samples. SEM images of the fracture surface for the SLM samples: b SM and its high magnification image in c; d DM and its high magnification image in e; and f TM and its high magnification image in g (adopted from Paper II)).

Table 4.4 Room-temperature tensile/compressive properties of the SLM Ti6Al4V samples (tensile properties adopted from (Paper II)). E indicates the elastic modulus.

		

		Melting sequence



		

		

		Single 

		Double 

		Triple 



		Tension

		UTS, (MPa) 

		1055 ± 3

		1104 ± 12

		1135 ± 3



		

		YS, (MPa)

		930 ± 0.2

		985 ± 8

		1027 ± 5



		

		Elongation, (%)

		4.3 ± 0.5

		3 ± 0.1

		2 ± 0.1



		

		E (GPa)

		120 ± 1

		128 ± 0.9

		134 ± 5



		Compression

		UCS, MPa

		1423 ± 159

		1544 ± 23

		1613 ± 62



		

		YCS, MPa

		1109 ± 96

		1149 ± 86

		1162 ± 92



		

		A, (%)

		23 ± 3

		21 ± 3

		15 ± 6





Compressive tests were carried out to evaluate the effect of intrinsic defects (such as porosity) on the mechanical properties. The mechanical properties obtained from the room-temperature compression test of the samples, are presented in Table 4.4. It can be seen that the melting sequence improved the average values of UCS and YCS from SM to TM, but it causes a significant decrease in ductility. An asymmetry is observed in the strength behaviour under tensile and compressive stress (strength differential effect). 
In addition, the Charpy impact test was carried out to determine the influence of laser remelting, microstructure, and defects (porosity) on the capacity of SLM-fabricated parts to absorb energy before failure (Fig. 4.10a). The Charpy absorbed impact energy increases upon increasing the number of melting steps. However, the impact energy value of the SLM samples from GA powder is lower than their cast counterparts (Takao, 1992). Furthermore, Figure 4.10b shows that the RS increases as the number of melting steps increases at both the TCS and LCS surfaces. Due to the directional heat distribution of the SLM process, anisotropy in the RS distribution of the parts can be created, where the RS value in the TCS is lower than that in the LCS (Fig. 4.10b). Anisotropy in the RS may cause anisotropy in the mechanical properties and plastic deformation (Vrancken, 2014).
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Figure 4.10 a Absorbed energy obtained from the Charpy V-notch test. b RS values of the SLM samples for both TCS and LCS surfaces. c CoF values for TCS and LCS surfaces of SLM samples. d Average wear volumes of SLM samples (modified from (Paper IV)).

Tribological sliding wear tests with ball-on plate configurations were conducted to evaluate the wear resistance and coefficient of friction (CoF) values of the SLM samples as. As shown in Figure 4.10d, the CoF values of both the TCS and LCS surfaces decrease with an increase in the number of melting steps. In addition, the average wear volumes of the SLM parts (Fig. 4.10c) decrease with an increase in the number of melting steps for both the TCS and LCS surfaces. It can be seen that the as-built and remelted SLM samples exhibit anisotropy in the average wear volume and CoF.

The room-temperature HCF testing results of the SLM samples are shown in Figure 4.11. Runout, i.e., the HCF test samples that survive under the stress amplitude of 
100 MPa for up to 106 cycles, is marked with an arrow. The HCF strength of the fabricated specimens improved with increasing the number of melting steps. It has been reported that the HCF endurance limit of parts fabricated by the SLM process is considerably lower than the wrought counterparts (Fotovvati, 2019), which can be due to the defects and/or RSs associated with the SLM process.
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Figure 4.11 S-N curves of SLM samples. Arrows indicate runout (modified from (Paper IV)).

Ti6Al4V parts were fabricated using the SLM process with different melting 
sequences from two different powder feedstock, viz. mixed elemental and GA powders. The microstructure, substructure (twining and dislocation propagation), and mechanical properties, including hardness, strength, impact, and fatigue, were studied. Inhomogeneities in chemical composition and hardness were discussed. Tribological properties, obtained from sliding wear tests, were studied. In addition, the effect of remelting scan strategy on the mechanical and tribological properties, porosity, 
and microstructure and substructure were investigated. The present results indicate 
that a remelting scan strategy can be successfully applied to the in-situ fabrication of Ti6Al4V alloys using SLM from mixed elemental powder. Upon the application of 
laser remelting, the hardness distribution of the as-SLM samples from both GA and 
mixed elemental powders became homogenised. In summary, the present results suggested that the remelting scan strategy refines the microstructure and improves the mechanical properties of SLM Ti6Al4V samples; however, it increases the production time and cost.

[bookmark: _Toc110932150]Discussion

[bookmark: _Toc91513757][bookmark: _Toc110932151]In-situ alloyed materials

The SLM process can produce the most complex objects from pre-alloyed powders with minimal wastage and no need for special tooling. A large portion of such powders 
is produced by atomisation processes, particularly the GA process. However, these 
pre-alloyed atomised powders have a narrow composition range, time-consuming and resource-intensive production process, and limited availability. In-situ alloying is an affordable strategy to fabricate SLM parts from elemental powder mixtures. In-situ alloying via SLM can be applied to overcome the shortcomings of this process in the manufacturing of parts from GA powders. This effective strategy offers several advantages, i.e., producing parts from elemental powder mixtures with a lower cost, compositional flexibility and improved availability. However, inhomogeneity of in-situ alloying with a large fraction of elements could result in inhomogeneous distributions or unalloyed elements and laser remelting reduced the inhomogeneity, where it could span the TRL of materials. In addition, the procedure can be applied to explore the printability as well as the microstructure of the desired composition, because the microstructural and mechanical properties of SLM-fabricated parts may differ from those of their traditional counterparts (such as casting) owing to rapid solidification and layered-wise production. Furthermore, in-situ alloying by the SLM process is attracting increasing attention from researchers and engineers. As discussed in section 1.4, the cost of the mixed elemental powder particles is almost an order of magnitude lower than that of commercial atomised powders, suggesting a significant improvement in the affordability.
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Figure 5.1 Homogenisation efficiency and hardness values of the as-built and remelted SLM samples from elemental powder mixture. (Details related to the homogenisation efficiency were discussed in Section 2.5.1).

As discussed in Sections 3.1 and 4.1, the SLM-fabricated parts from mixed elemental powder exhibited comparable mechanical properties to those produced from pre-alloyed powders (Sections 3.2 and 4.2). However, the SLM parts fabricated from elemental powder mixtures exhibited inhomogeneity in elemental distribution and, consequently, in their microstructure, which may lead to local variability in mechanical and tribological properties. Nevertheless, previous investigations of the inhomogeneity of SLM parts have been largely constrained to a qualitative level. Here, homogenisation efficiency was applied to quantitatively compare the inhomogeneity of the SLM samples. Figure 5.1b shows a comparison of the homogenisation efficiency and hardness of in-situ alloyed Ti6Al4V and CoCrFeMnNi HEA via the SLM process. The hardness range for the Ti6Al4V and CoCrFeMnNi HEAs were 450–500 and 200–250 HV, respectively, and the values in these ranges are shown. The homogenisation efficiency in both alloys classes increased by increasing the number of melting steps. The microstructures of the Ti6Al4V and CoCrFeMnNi HEAs are consistent with those that are typically observed for their alloy classes, namely acicular α/α′ and fine grains, respectively. The morphology of the microstructure changes with the number of melting steps and, consequently, affects the mechanical properties. In addition, the homogeneous hardness distribution maps (hardness uniformity all over the samples) also indirectly confirm that the samples were homogenised with an increasing number of melting steps. Furthermore, the density of parts fabricated from the mixed elemental powders was comparable to those obtained from the GA powders.

The as-built SLM samples produced from elemental powder mixtures showed an inhomogeneous distribution of the elements, which can affect the mechanical properties and corrosion and wear resistance. Inhomogeneity of in-situ alloying with a large fraction of elements (over 5 at% (Chen, 2020a)) can result in inhomogeneous distributions or unalloyed elements. As discussed in Section 3.1, the in-situ alloying of equiatomic 
(i.e., 20 at% for each element) HEA via SLM exhibited inhomogeneity in the elemental distribution application of a remelting scan strategy led to successive melting and solidification events at different rates, resulting in the homogenisation of the microstructure and an uniform distribution of the elements.

In the rapid solidification powder bed fusion processes, such as SLM, due to the extremely short duration of laser-material interaction and accompanying highly localised heat input, the melt pool is rapidly quenched by the previously solidified layers (Yasa, 2010). As a result, the microstructural and mechanical properties of the SLM-fabricated parts can differ from those of their traditional cast or wrought counterparts. In addition, there is a large number of SLM process parameters that affect the fabrication process and the mechanical and microstructural properties of the fabricated parts. Yadroitsev (2009) reported that there are more than 130 process parameters that could influence the quality and mechanical properties of the fabricated parts using SLM. Among these process parameters, the melt pool geometry plays a vital role in the properties of the fabricated parts, because, e.g., a small SLM part consists of ~105 melt pools or hatches (for a cuboid with the dimensions of 10 × 10 × 15 mm with a hatch distance and layer thickness of 60 and 25 µm, respectively). Numerous studies have investigated the effect of the melt pool depth on the mechanical and microstructural properties and defect formation, such as LOF pores and improper bonding in the SLM parts (Ali, 2018; Li, Liu, 2017; Liu, 2019). The SLM HEA parts were chosen to study the melt pool size because the laser tracks and melt pools were observable in both the TCS and LCS. In order to melt the powder or bulk and form a melt pool with a temperature higher than the melting point, the required energy (Erequired) can be calculated as follows (Tan, 2018; Coelho, 2018):

 5.1

where Cp is the heat capacity (J/kg·K), Lf is the latent heat of fusion (J/kg), Tm and T0 are the melting and substrate temperatures (K), respectively, and m is the mass of the spherical sector of the melt pool (kg). The Cp and Lf of equiatomic CoCrFeMnNi HEA was reported to be 494 J/kg·K and 2.8 × 105 J/kg. The m value can be measured as follows:

,                                                                                5.2

where ρ is the density of the material (kg/m3), and h is the depth of melt pool (m). 
The laser (pulse) energy input can be determined from the following expression (Abioye, 2019):

,                                                                   5.3

where P is the laser power (W), t is the laser exposure time (s), and η is the absorptivity of the laser. Accordingly, the depths of the melt pool (h) of the as-built and remelted SLM HEA samples were determined to be ~39 and ~23 μm, respectively. However, there is a minor discrepancy between the calculated h values and those obtained from optical observation (~34 ± 5 and ~24 ± 3 µm for as-built and remelted SLM, respectively) and the average error of the estimated h values was ~10%. Nevertheless, some simplifying assumptions were used in the calculation. It was assumed that the laser beam melts only powder particles and partial remelting of previously solidified layers or adjacent laser tracks was eliminated. The difference in physical properties of the bulk and powder bed was ignored. The melt pool shapes were considered to be spherical sectors, while the observations indicated that they were irregular in shape (Fig. 3.3b and 3.7c).

In the SLM process, the molten pool dynamics involve multiple physical phenomena (Zhao, 2020), and the Marangoni effect and vapour recoil pressure have a vital impact on the compositional uniformity in the melting stage of the powder mixture (Mosallanejad, 2021). Figure 5.2 illustrates the Marangoni effect and the vapour recoil pressure in the SLM process. The Marangoni effect plays a dominant role in the mass transfer phenomenon in the melt pool, which constitutes the majority of the fluid flow in the melt pool during the SLM process due to a gradient of surface tension (He, 2020). During the interaction of the high-energy laser (with a spot size of ~39 µm) and the powder, a small melt pool (~100 µm) is formed. A temperature gradient inside the pool results in a gradient of surface tension on the top surface, promoting local melt flow. As can be seen from Figure 5.2, the bottom part of the melt will be lifted upward with the surface material transferring downward, where the Marangoni force contributes to the complete melting of the particles by dragging them into the melt pool (Tan, 2021). This can accelerate the movement of the unmelted or partially melted powder particles to the bottom of the melt pool. However, an elemental powder mixture, particularly in the HEAs with high atomic fractions, may exhibit different solidification behaviour. 
As discussed in Section 3.1, inhomogeneity was observed in the elemental distribution (Fig. 3.4c). Application of a remelting scan strategy improved the chemical homogeneity of in-situ alloyed HEA. The Marangoni effect, which causes fluid flow in the melt pool, provides the opportunity for homogenising elemental distribution of in-situ alloying using the SLM process with remelting. In SLM, the melt expulsion by the recoil pressure is caused by spatial variation of the normal stress exerted by vapour pressure. The gradient of vapour pressure causes melt flow from the high-pressure zone toward the low-pressure zone (Volkov, 2017).
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Figure 5.2 Schematic illustration of the mechanisms of the protrusion at the rear of the molten pool because of the vapour recoil pressure and Marangoni convection (adopted from (Yin, 2020)). Note that droplet spatter can from due to the vapour recoil pressure.

[bookmark: _Toc91513758]In-situ alloying of two classes of alloys, viz. Ti6Al4V and equiatomic CoCrFeMnNi HEAs, via the SLM process was investigated. The as-built SLM samples showed a degree of inhomogeneity in elemental and hardness distributions. The results indicated that a remelting scan strategy could successfully decrease inhomogeneity of the in-situ fabricated Ti6Al4V and CoCrFeMnNi HEAs. Although a remelting sequence will increase production cost and time, the present results clearly indicate that it reduce inhomogeneities in microstructural and mechanical properties. However, the remelted HEA samples showed a slight decrease in the hardness value because of a reduction in the amount of Mn. Furthermore, a remelting scan strategy can eliminate the inhomogeneous distribution of the mixed elements and reduce porosities. Overall, SLM with a remelting scan strategy using elemental powder can be an alternative approach to the SLM of pre-alloyed powder, which will significantly reduce production time and cost and increase the flexibility of the chemical composition of the powders.

[bookmark: _Toc110932152]SLM from GA powder: Effect of laser remelting

Ti6Al4V and equiatomic CoCrFeMnNi HEA parts were manufactured using the SLM process, and the occurrence of LOF pores and MPs were investigated in the fabricated parts. Reducing porosity in SLM parts is a major challenge. Porosity affects the tribological and mechanical properties, including fatigue and tensile strength. Koutiri 
et al. (2018) have reported that porosity (particularly LOF pores) is the reason for crack formation in SLM parts under cyclic loading. In the rapid solidification of the SLM process, there is not sufficient time available for conductive homogenisation of the input energy and heat distribution in the powder bed. Therefore, pore formation occurs in the SLM samples.LOF pores and MPs can form because of the improper selection of SLM process parameters and gas entrapment, respectively (Cao, 2017; Günther, 2017; Masuo, 2018). As discussed in Chapters 3 and 4, the morphology of surface pores in the SLM samples changes when a remelting scan strategy is used. Increasing the number of melting steps can eliminate LOF pores, but MPs are retained. However, the size of these pores is significantly reduced with an increasing number of melting steps, as shown in Figure 5.3a and b for the Ti6Al4V and CoCrFeMnNi HEAs, respectively. A reduction in the LOF pores can lead to improvement of fatigue and impact behaviour, as well as tensile and compression strength.

[image: ]Figure 5.3 Surface porosity of SLM samples as a function of melting sequence from GA powder: 
a Ti6Al4V and b high-entropy alloys.

Using a remelting scan strategy improved the mechanical properties, such as hardness and strength, of the SLM parts. Increasing the number of melting steps improved their tension and compression strengths of the SLM Ti6Al4V samples produced from GA powder, and increased the average Vickers hardness values of the LCS and TCS surfaces. However, ductility decreased with an increasing number of melting steps. Moreover, the results obtained from Charpy tests of Ti6Al4V produced from GA powder indicated that the laser remelting strategy improved the impact energy, which is ascribed to the reduction in LOF. Hrabe et al. (2019) studied the effect of porosity on Charpy absorbed energy of Ti6Al4V parts fabricated by EBM and reported that porosity has a detrimental influence on the impact energy.

The remelting scan strategy improved the fatigue behaviour of the SLM parts, which is drawback of AM parts. Increasing the number of melting steps from single melting to triple melting resulted in an improvement of the HCF strength of the SLM Ti6Al4V samples produced from GA powder. SLM parts usually exhibit much lower (over 75% (Fotovvati, 2019)) HCF life compared to their wrought counterparts, mainly due to the presence of discontinuities such as pores (LOF and MP), which may act as nuclei for crack formation. LOF pores, which refer to the zones of non-processed powder particles, are irregular in shape and large in size. LOF pores are the main factor for defects that can initiate cracks because of induced stress and accumulated plastic strain (Li, 2009), which may deteriorate the HCF behaviour. A large number of studies have clearly demonstrated that the number of LOF pores is decreased with the application of laser remelting, and, consequently, results in higher density (Demir, 2017; Paper II; Liu, 2019; Pei, 2020). As mentioned in Section 3.2, the remelted samples (in particular TM) showed an improvement in the HCF life due to a significant reduction in the number of LOF pores. 
It should be noted that the location of discontinuities (LOF and MP) plays a major role in the fatigue behaviour of AM Ti6Al4V (Günther, 2017).

RS plays an essential role in the performance and mechanical and tribological properties of SLM parts (Gu, 2012; Liu, 2019; Yasa, 2010). In a rapid solidification process such as SLM, the materials are subjected to a large thermal gradient, which can reach ~107 K/m (Vrancken, 2014)). This can be attributed to the short duration of the 
laser-material interaction and highly localised heat input (<2600 °C (Liu, 2019)). In addition, the thermal conductivity of the loose powder bed is much lower compared to that of the bulk material, where it is around two orders of magnitude lower than in the bulk. 
The large thermal gradient, low thermal conductivity, and rapid heating by laser irradiation can result in RSs. In the SLM process, a bending moment is generated when the first layer is scanned, which, in a layered-wise production, becomes more complex (Boruah, 2018). In the SLM process, the top layer expands and the previous layers limit this expansion, and a large thermal gradient can exacerbate this process. Hence, a compressive stress can be formed in the top layer of the SLM sample. During solidification, the upper layers shrink, and the compressive stresses change to tensile stresses because their thermal contraction is limited. Moreover, these stresses can rise above the yield stress of the material. In a layer by layer fabrication, each layer will produce stresses, forming a complicated superposition of stresses and strains (Yadroitsev, 2015). Hence, the additively manufactured materials may show plastic deformations whenever the stress rise above the yield stress. It is also noteworthy that the cooling rate is higher in the remelted samples than that of the as-SLM samples, which can influence the microstructural and mechanical properties. As observed, tensile/compressive stresses were higher in the remelted specimens than those of the as-SLM samples. Shiomi et al. (2004) studied the influence of remelting scan strategy on RS and found that the measured RS in remelted samples was higher than that of the as-SLM samples.

The substructure of the AM Ti6Al4V samples via the SLM process with remelting scan strategy was studied, because the substructure also influences the mechanical properties. In the SLM Ti6Al4V, a high density of dislocations, stacking faults, and twins was observed (Fig. 4.7) (Cao, 2020). Twinning and plastic deformation can be formed in Ti alloys and are considered to be competitive mechanisms. Twinning can appear in a few microseconds, while slip bands can be formed in several milliseconds. Twins can form because of the limitations of slip systems. Moreover, high shear stress may lead to the formation of the twins and twins can be formed with a lower amount of stress than that required for slip formation. As discussed, compressive and tensile stresses can remain in the SLM samples that can result in plastic deformation, which can relieve the stress 
when it is above yield stress. A large number of studies have reported twinning as a strain-accommodation and stress-relief mechanism (Luo, 2012; Morawiec, 2009). 
Both compressive and tensile twinning types can accommodate strain in a material. Moreover, increasing the number of remelting steps increases the cooling rate, which can enhance the probability of twinning because of the changes in the critical resolved shear stresses for twinning that favour twinning formation (Azarniya, 2019; Cao, 2018; Poorhaydari, 2006). As described in Section 4.2, the substructure of SLM Ti6Al4V alloys changed upon increasing the number of remelting steps, resulting in an increased amount of twinning. This is probably because of the higher amount of RS and higher cooling rate in the remelted samples. According to the Hall–Petch relationship, the formed twins can act as a barrier to the propagation of dislocation during plastic deformation, similar to conventional grain boundaries, and may effectively strengthen the material.

Dislocations can appear in the material during the SLM process because of plastic deformation and rapid solidification (Gorsse, 2017). As discussed, this phenomenon can accommodate the internal stresses of AM materials. The substructure of the SLM Ti6Al4V samples exhibited a high density of tangled dislocations within the acicular phase 
(Fig. 4.7), making it challenging to quantify the density of dislocations. Figure 5.4 shows that the density of dislocations increased upon increasing the number of melting sequences from one to three. Furthermore, it was observed that from the TEM images that the density of dislocation increased with remelting. Nevertheless, the XRD results indicated information from considerably larger volumes of the materials compared to the TEM measurements.
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Figure 5.4 The dislocation density of SLM Ti6Al4V samples obtained from XRD data.

The SLM parts were fabricated from commercial GA Ti6Al4V and CoCrFeMnNi HEA powders, and the microstructure, substructure, mechanical and tribological properties, RS, and surface quality of these parts were investigated. It was observed that a remelting scan strategy can be applied to improve the surface quality and mechanical properties under cycling and monotonous loadings. In addition, this strategy homogenised the hardness distribution. However, SLM in conjunction with a remelting scan strategy increases the production time, and, consequently, the total cost of the fabrication process. Overall, the present results suggest that even though the successive remelting of the same layers increases the production time and cost, the several advantages of this strategy can compensate for the cost increase. The SLM process with a remelting scan strategy could improve the behaviour of the final parts, which will be considered as an economic benefit and a breakthrough in the field of AM.

[bookmark: _Toc110932153]Conclusions and future works
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[bookmark: _Toc91513760]In the present work, the feasibility of producing chemically homogenised parts using the SLM process from elemental powder mixtures of two classes of alloys with different atomic fractions, viz. Ti6Al4V and equiatomic CoCrFeMnNi, was studied. The main results for the in-situ alloying of the two classes of alloys processed via SLM can be summarised as follows.

1. Crack-free and dense equiatomic CoCrFeMnNi and Ti6Al4V samples were fabricated by the SLM process from elemental powder mixtures, and both classes of alloys exhibited good printability. The microstructural properties of the remelted sample were similar to those of the sample fabricated from GA powder.

2. Both the classes of alloys showed an inhomogeneous distribution of the elements in the parts fabricated from powder mixtures using the SLM process. Such inhomogeneity could lead to inhomogeneity in the microstructure and mechanical and tribological properties. However, with the application of a remelting scan strategy, the elemental distribution became homogenised.

3. The effect of a remelting scan strategy on the SLM melt pool geometry, which plays a vital role in the microstructural and mechanical properties, was investigated. The prediction matched the observed values, and the melt pool depth exhibited a lower depth in the remelted than the as-built SLM samples.

4. Hardness mapping, a tool to quantify heterogeneity and understand the material behaviour, revealed variation in the hardness across the SLM parts. According to hardness distribution maps, both classes of alloys became more uniform and showed homogeneous distribution of hardness with the application of a remelting scan strategy.

5. The combined effects of the remelting scan strategy and Marangoni flow within the melt pool allow the mixing the powders so that the chemical composition, microstructure, and mechanical properties of both classes of alloys are close to that of the parts produced from pre-alloyed commercial powders.

In addition, the effects of a remelting scan strategy on the microstructural and mechanical properties, surface quality, and pore morphology of the SLM parts produced from commercial GA powders of the two classes of alloys were studied. Additionally, the effects of laser remelting on the heterogeneity in the microstructural and mechanical properties were investigated, revealing considerable advances in the understanding of the effect of this approach.

1. Increasing the number of melting steps from one to two to three increased the cooling rate of the SLM parts, which affected the microstructural and mechanical properties of the fabricated parts.

2. The application of a melting sequence led to an increase in twinning and dislocation density, which can influence the mechanical properties, such as hardness. The as-SLM Ti6Al4V parts contain a high density of dislocations because of the rapid heating/cooling and the repeated thermal cycles of the SLM process. The increase in the RS and cooling rate of the remelted samples may lead to an increase in the twins and dislocations.

3. The as-SLM samples showed the presence of LOF pores. Upon increasing the number of melting steps from one to three, the LOF pores were eliminated. However, the spherical MPs remained. Both the size and number of pores decreased upon increasing number of melting steps.

4. Increasing the number of melting steps from one to three resulted in an improvement of the HCF strength. Discontinuities (LOF and MP) acted as nuclei for crack formation in the SM samples, while cracks were mainly initiated from the surface in DM and TM samples. In addition, the Charpy absorbed impact energy of the fabricated parts increased with an increasing number of melting steps.

5. The melting sequence decreased the wear volume and CoF in the ball-on-disk configuration for both the TCS and LCS of SLM parts. However, anisotropy was found for both the wear volume and CoF between the TCS and LCS surfaces.

The present results elucidated the possibility of in-situ alloying using the SLM process from elemental powder mixtures with different atomic fractions. A remelting scan strategy enables homogenisation of the distribution of the elemental powder particles of the in-situ alloyed materials via the SLM process. The SLM-fabricated parts from the powder mixtures can reduce the production time and cost and broadening the compositional flexibility. In addition, a remelting scan strategy can be applied to improve the microstructural and mechanical properties of SLM parts produced from GA powders. It was observed that even though the successive remelting of the same layers increases the production time and cost, the increase in the mechanical strength and homogenisation of the samples can compensate for the cost increase. Successive melting of the same layer multiple times may improve the properties of the final parts, which will improve their economic viability and represent a breakthrough in the field of AM.

[bookmark: _Toc110932155]Suggestions for future work

1) In all AM processes of Ti6Al4V alloys, columnar β grain structures are found to dominate the microstructure. A detailed study is needed to explore the grain morphology and texture of the SLM parts as a function of melting sequence, where this information is critical since the grain size plays in titanium alloys an important role in the mechanical properties.

2) Further research is needed to evaluate mechanical properties under cyclic and monotonic loading of in-situ alloyed materials. This information are necessary to complete existing knowledge of in-situ alloyed materials.

3) A detailed investigation of the substructure of HEA manufactured by the SLM is needed to reveal twin formation. This information is vital to advance knowledge about the influence of substructure on mechanical properties.

4) Further research is needed to reveal the influence of the location of LOF and MP in the SLM as a function of melting sequence samples, which this information is vital to advance knowledge about the HCF behaviour.
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[bookmark: _Toc110932158]Abstract 
Microstructural Homogenisation of Selective Laser Melted Ti6Al4V and CoCrFeMnNi High-Entropy Alloys

Selective laser melting (SLM) is one of the most widely used additive manufacturing (AM) processes, which offer the possibility of fabricating parts with a high resolution of features, high-dimensional control, and almost unlimited complexity from atomised powders. The microstructural and mechanical properties and surface quality of 
SLM-fabricated parts can be tuned by varying the process parameters (such as the scanning strategy) to produce parts with desired properties. In contrast to those obtained using traditional manufacturing processes, materials with different microstructural and mechanical properties can be obtained using SLM owing to the rapid solidification and complex thermal cycles. However, SLM manufacturing costs from atomised commercial powders are relatively high due to the limited number of commercially available alloys, costly and time-consuming powder production, specific expertise requirements, and other challenges. Metallic alloys that can be processed by SLM exhibit different technology readiness levels; furthermore, SLM parts exhibit inhomogeneity in the microstructural and mechanical properties and poor reliability and surface quality. In this work, two alloy classes with different atomic fractions, namely, Ti6Al4V and CoCrFeMnNi high-entropy alloys (HEA), were in-situ alloyed via SLM. 
This alloying strategy provided high flexibility and circumvented the consumption 
of a large amount of pre-alloyed materials, thereby reducing resource wastage. 
The microstructural and mechanical properties of the SLM parts fabricated from in-situ alloyed materials were studied and compared with those fabricated of the SLM parts from pre-alloyed gas-atomised (GA) powders. The effect of the remelting scan strategy on the inhomogeneity in the microstructural and mechanical properties of the SLM parts was investigated. In addition, the effect of the melting sequence on the substructure, including twinning and dislocation density, was investigated. The influence of laser remelting on the mechanical properties, including tension, compression, impact, hardness, and high cycle fatigue, was systematically studied. The influence of the remelting scan strategy on the anisotropy in wear behaviour and residual stress (RS) of the parts fabricated by SLM was investigated. The effects of laser remelting on defects such as porosity were also studied. The results showed that in-situ high-entropy CoCrFeMnNi and Ti6Al4V alloyed via SLM comprised inhomogeneous distributions of mixed elements. However, the elemental distributions turned homogeneous with the application of remelting. The microstructural and mechanical properties of the remelted sample were similar to those of the sample fabricated from GA powder. With increasing number of melting steps, the hardness distribution of the as-built SLM sample (from GA and mixed elemental powders) turned homogeneous; tensile, compressive, impact, and high cycle fatigue strengths increased; the density of twins and dislocations increased, which could affect the mechanical properties; and the wear volume decreased, while anisotropy was observed between the transverse and longitudinal cross-sections.

The SLM process from pre-alloyed powders exhibits significant shortcomings, 
such as rigid chemical composition, a limited number of available commercial alloys, 
resource-demanding and time-consuming production process, production issues, required expertise, etc. The SLM parts exhibit relatively high surface roughness, poor performance under cyclic loading, anisotropy and inhomogeneity in microstructure and mechanical properties, defects (pores and cracks) and high residual stress. The aims of the present thesis are to investigate the feasibility of producing compositionally homogenous without resorting to gas-atomized alloy powders but using different powders systems, namely elemental powders mixtures corresponding to the Ti6Al4V (heavily studied in the context of AM) and equiatomic CoCrFeMnNi HEA (recently developed class of alloys). This strategy can reduce the production time and cost, and broadening the compositional flexibility. The printability of in-situ alloyed materials, 
Ti-6Al-4V and CoCrFeMnNi HEA, were investigated, which these alloys have attracted tremendous attention from researchers and engineers due to their interesting properties such as excellent corrosion resistance and good thermal stability. Chemically homogenized HEA in equiatomic composition was successfully in-situ alloyed via SLM from the elemental powders mixtures. The SLM Ti6Al4V was fabricated with tunable microstructure and mechanical properties. The tribological and mechanical properties, including wear behavior, tensile and compressive strength, high cycle fatigue strength, hardness, and Charpy impact energy of SLM parts, were improved. The effect of cooling rate on the substructure (dislocation density) of selective laser melted parts and its correlation with the mechanical properties were investigated. The depth of the melt pool size was predicted, which matched the experimental results. The present results proved the possibility of in-situ alloying using SLM from elemental powder mixtures with high atomic fractions. Laser remelting enables homogenization distribution of the elements of the in-situ alloyed materials. Hence, this technique can reduce the production time and cost, and broadening the compositional flexibility. Even though the successive laser remelting increases the time and cost of production, the improvement in reliability, mechanical properties, and homogenization of the samples can compensate for the cost increase. Successive melting of the same layer multiple times may improve homogenizing the powder bed, which will be considered as an economic benefit and a huge relief and breakthrough in the field of additive manufacturing.

[bookmark: _Toc110932159]Lühikokkuvõte
Selektiivse lasersulatuse teel valmistatud Ti6Al4V ja kõrgentroopse CoCrFeMnNi sulamite mikrostruktuuri homogeniseerimine

Selektiivne lasersulatus (SLM) on üks enim kasutatavaid kihtlisandustootmis protsesse, mis võimaldab toota atomiseeritud metallipulbritest suure täpsusega osi, mille kuju võib olla peaaegu piiramatut keerukas. SLM-i valmistatud komponentide mikrostruktuuri ja mehaanilisi omadusi ning pinnakvaliteeti saab häälestada ka protsessi parameetrite (nagu skaneerimisstrateegia) muutmisega, luues võimaluse ka muuta detaili erinevaid omadusi. SLM-protsessis saab traditsiooniliste tootmisprotsessidega võrreldes kiire tahkumise ja keeruliste termiliste tsüklite tõttu luua erineva mikrostruktuuri ja mehaaniliste omadustega materjale. Kaubandusliku gaasatomiseeritud pulbri SLM-i tootmiskulud on aga suhteliselt kõrged, kuna saadaval on piiratud arv kaubanduslikke sulameid. Lisaks kulukas ja aeganõudev pulbri tootmisprotsess, nõutavad eelteadmised ja muud väljakutsed. Erinevatel metallisulamitel, mida saab SLM-iga töödelda, on erinev tehnoloogia küpsusaste või tehnoloogia valmisoleku tase (TRL). Tihti kaasneb SLM meetodil toodetud detailidel mikrostruktuuri ja mehaaniliste omaduste ebaühtlus, samuti madal töökindlus ja pinnakvaliteet. 

Käesolevas töös legeeriti in-situ SLM-i meetodil kahte erineva TRL-i ja aatomfraktsiooniga sulamiklassi – Ti6Al4V ja CoCrFeMnNi kõrgentroopsed sulamid (HEA), kus printimisel toimuv legeerimine tagab suurema paindlikkuse ning väldib vajadust eellegeeritud materjalide järele. Uuriti in-situ legeeritud materjalidest valmistatud 
SLM-i katsekehade mikrostruktuuri ja mehaanilisi omadusi ning võrreldi neid 
vastavalt eellegeeritud gaaspihustatud pulbritest valmistatud detailidega. Uuriti ümbersulatusskaneerimise strateegia mõju SLM-i detailide mikrostruktuuri ja mehaaniliste omaduste ebahomogeensusele. Uuriti sulatamisjärjestuse mõju alamstruktuuridele, sealhulgas kahestumistasandite ja dislokatsioonide kontsentratsioonile. Süstemaatiliselt uuriti laseri ümbersulatamise mõju mehaanilistele omadustele, sealhulgas tõmbele ja survele, löögisitkusele, kõvadusele ja kõrgtsüklilisele väsimusele. Uuriti ümbersulatusskaneerimise strateegia mõju SLM-I teel valmistatud detailide kulumiskäitumise anisotroopiale ja jääkpingele. Uuriti ka laseri ümbersulatamise mõju poorsusele. Tulemused näitasid, et ühekordse SLM-i kaudu legeeritud in-situ CoCrFeMnNi HEA ja Ti6Al4V koosnesid segatud elementide ebahomogeensest jaotumisest. Teisest küljest homogeniseeriti elementide jaotus kasutades ümbersulatamist. Ümbersulatatud proovi mikrostruktuur ja mehaanilised omadused on võrreldavad gaasatomiseeritud pulbrist valmistatud proovide mikrostruktuuri ja mehaaniliste omadustega. SLM-i teel pihustatud ja segatud pulbritest valmistatud detailide kõvadusjaotus homogeniseeriti suureneva arvu sulamistega. Tõmbe-, surve- ja löögitugevus suurenesid sulatamisetappide arvu suurenemisega. Kõrgtsükliline väsimustugevus paranes sulamiste arvu suurenemisega. Kahestumistasandite ja dislokatsioonide tihedus suurenes ümbersulamistega, mis võis samuti mõjutada mehaanilisi omadusi. Kulumiskindlus ümbersulatamisega kaasnevalt suurenes, samas kui TCS-i ja LCS-i vahel leiti anisotroopia.

Eellegeeritud pulbritest valmistatud SLM-i protsessil on olulisi puudujääke, nagu raskesti muudetav keemiline koostis, piiratud arv saadaolevaid kaubanduslikke 
sulameid, ressursinõudlik ja aeganõudev tootmisprotsess, nõutavad teadmised jne. 
SLM meetodil valmistatud detailidel on suhteliselt kõrge pinnakaredus, madal vastupanu tsüklilisele koormusele, mikrostruktuuri ja mehaaniliste omaduste anisotroopsus ja ebahomogeensus, defektid (poorid ja praod) ning kõrged jääkpinged. Käesoleva lõputöö eesmärgiks on uurida, kas on võimalik toota koostiselt homogeenseid materjali nii, et ei peaks kasutama eellegeeritud sulamipulbreid, kuid kasutades elementaarpulbrite segusid, mis vastavad Ti6Al4V-le (AM kontekstis palju uuritud) ja ekvaatomilisele HEA-le (hiljuti välja töötatud sulamite klass). See strateegia võib vähendada tootmisaega ja 
-kulusid ning laiendada kompositsiooni paindlikkust. Ti-6Al-4V ja CoCrFeMnNi HEA valiti prinditavuse uurimiseks, kuna need sulamid on pälvinud teadlaste ja inseneride poolt tohutut tähelepanu tänu nende huvitavatele omadustele, nagu suurepärane korrosioonikindlus ja hea termiline stabiilsus. Keemiliselt homogeniseeritud HEA võrdse aatomilise koostisega legeeriti edukalt in situ SLM-i kaudu elementaarpulbrite segudest. SLM Ti6Al4V valmistati häälestatava mikrostruktuuri ja mehaaniliste omadustega. 
SLM-osade triboloogilisi ja mehaanilisi omadusi, sealhulgas kulumiskäitumist, tõmbe- ja survetugevust, kõrgtsüklilist väsimustugevust, kõvadust ja Charpy purunemissitkust parandati. Uuriti jahutuskiiruse mõju selektiivsete laseriga sulatatud detailide alusstruktuurile (dislokatsioonitihedusele) ja selle seost mehaaniliste omadustega. Hinnati sulavanni sügavust, mis ühtis katsetulemustega. Käesolevad tulemused tõestasid in-situ legeerimise võimalikkust, kasutades SLM-i. Laser-ümbersulatamine võimaldab 
in-situ legeeritud materjalide elementide homogeniseerimist. Seega võib see tehnika vähendada tootmisaega ja -kulusid ning laiendada kompositsiooni paindlikkust. Kuigi järjestikune laseri ümbersulatamine suurendab tootmise aega ja kulusid, võib proovide töökindluse, mehaaniliste omaduste ja homogeniseerimise paranemine kompenseerida kulude kasvu. Sama kihi mitmekordne sulatamine võib parandada pulbrikihi homogeniseerimist, mida peetakse majanduslikuks kasuks ning tohutuks kergenduseks ja läbimurdeks metallide kihtlisandustehnoloogiate valdkonnas.
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determined to be 22° on the twin boundary, and a large number of
Shockley partial dislocations appear on the twin boundaries, and in the
matrix and twin zone. The corresponding SAEDs in Fig. 4f identifies the
1121 as tensile twin mode, which is frequently observed in high strain
conditions, as noted by Lainé et al. [20].

3.3. Tensile properties and hardness measurement

Fig. 5 shows the surface hardness and its deviation of SLM specimens
with melting sequence, where it increased from 330 + 10 HV for the
single melted sample to 370 + 12 HV for the triple melted sample. In
addition, the ultimate tensile strength (UTS) and the yield stress (YS) of
the specimens increased from single to triple melting. However, the
elongation decreased by ~50% from single to triple melting (Fig. 5).

SEM images illustrated that the distance between acicular o
martensite decreases from single melting to triple melting, and the
surface in the double and triple melted sample consists of thicker acic-
ular o martensite. In addition, TEM images show as the melting
sequence increases from single to triple melting, the substructure (twin
size and dislocation density) changes. It is difficult to determine the
effect of process parameters or melting sequence on the material prop-
erties in the SLM since there are several factors that influence the
microstructure as well as the substructure of the fabricated samples.
However, it would be logical to say that the cooling rate is one of the
most important factors that may cause the change in the density and size
of twins and dislocation in the SLM process with melting sequence.

4. Discussion
4.1. Microstructure features

Fig. 6a shows the schematic representation showing the micro-
structural evolution of SLM Ti6Al4V alloys as a function of the melting
sequence. Based on the SEM observation (Figs. 2a, 3a, and 4a), the
microstructure of all the fabricated samples by the SLM with melting
sequence consists of acicular o/ martensite, which is a result of rapid
cooling rate (~10° C/s [13]) of molten metal during the SLM. The
already solidified layer is re-melted during double, and triple melting
sequence, where the thermal conductivity of the double, and the triple
melted (bulk) samples is higher than the single melted sample (loose
powder) [21]. Consequently, the cooling rate of the melt pool in double,
and triple melted samples is higher than in single melted samples [22].
Hence, the average width of acicular o’ martensite increased from 0.405
+ 0.12 pm for the single melted sample to 0.6 + 0.137 for the triple
melted sample. However, the length of the acicular o martensite
decreased by ~65% with increasing the re-melting step. In addition, a
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Fig. 5. Comparison of surface hardness, ultimate tensile strength (UTS), yield
stress (YS), and elongation of the SLM Ti6Al4V alloys as a function of the
melting sequence.
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large number of long and thin acicular o martensite were twined with
the same angle, which is probably due to the ununiformed heat distri-
bution in the powder bed, and the high internal strain of the produced
sample by the SLM.

4.2. Change in the substructure during melting sequence

4.2.1. Twinning in acicular o’ martensite

In the SLM process, the material is subjected to the large thermal
gradient (1 07 K/m [23]) because of an extremely short duration of laser-
material interaction (rapid heating by the laser beam), accompanying
highly localized heat input (<2600 °C [24]), and low thermal conduc-
tivity of powder bed (two orders of magnitude smaller than thermal
conductivity in solid). During depositing the first layer, a bending
moment is generated with equal forces, and this process becomes more
complex as more layers build up [25]. When the laser beam melts the
material, the top layer expands (with the thermal expansion coefficient
of ~8.5 x 1075/K for Ti6Al4V) due to the large thermal gradient, while
the preceding (solidified) layer restricts it. This induces elastic
compressive stress in the top layer of the component that can rise above
the yield stress of the material. When the upper layers cool off, plasti-
cally compressed upper layers start shrinking, since their thermal
contraction is restrained; consequently, the compressive stresses change
to tensile stresses. Each successive SLM layer will generate stresses near
the molten pool, generating a complicated superposition of stresses and
strains [26]. Therefore, plastic deformations may occur in the material
and the solidifying layer. Boruah et al. [25] proposed a model with as-
sumptions to measure residual stresses of layer by layer building up of
SLM, take into consideration the force and moment equilibrium and they
concluded that the residual stresses increase with increasing the number
of deposited layer (or melting sequence), using:

2h-+(2n+1)Ah
{h+(n—1)Ah}’

n n

Aa(y)=k—6kyAhY " ‘{ }+kAth ‘

©9)
where Ac(y) is the stress increase in the mth layer because of depositing
the nth layer, m is an individual deposited layer, n is the number of
deposited layers, y is space from the substrate surface, and k is residual
stress of the deposited layer. Due to the higher cooling rate in the double
and triple melted samples than the as-built sample, tensile/compressive
stresses are higher in the double and triple melted samples compared to
the as-built sample. Shiomi et al. [27] investigated the effect of re-
melting on residual stress and reported that the average residual stress
in the re-melted sample is higher than the as-built SLM sample.

Plastic deformation by slip and twinning are considered as compet-
itive mechanisms, where twinning can form in a few microseconds,
whereas for the formation of a slip band there is a delay time of several
milliseconds [28]. In addition, twinning may occur due to the limitation
of the slip systems or increasing of the critical resolved shear stress.
Hence, the stress needed for the twinning is lower than the stress needed
for the slip. The compressive and tensile stresses cause plastic defor-
mation in the material to relieve the stress when the applied stress is
above the yield stress of the material. Several studies have addressed
strain accommodation and stress relief by twinning. Both the compres-
sive and tensile twinning types accommodate strains inside the matrix,
where the stress concentration can be relaxed either by a slip or by
twinning. In addition, increasing cooling rate, from single melting to
double and triple melting, has been suggested to be one of the most
important factors that can enhance twinning probably because of the
changes in the critical resolved shear stresses for twinning that favour
twinning formation [29]. Based upon the TEM observation, the sub-
structure of acicular ' martensite changes with melting sequence from
single melting to triple melting, schematically described in Fig. 6a.
Accordingly, the number and width of twins were measured and sum-
marized in Fig. 6b. The number of twins increases with increasing

h+nAh
{h+(n—1)An}’
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Appendix A. Supporting information

the

Supplementary data associated with this article can be found in

online version at doi:10.1016/j.jallcom.2021.163207.
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