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Abstract

Metal Additive Manufacturing (AM) is an impressive approach revolutionizing industrial production.
Originating with a virtual model, this method employs a layer-by-layer process in three-dimensional
space, using metallic materials to create intricate components. Its key advantages include unparalleled
design freedom, catering to the demands of high-precision sectors like biomedical, automotive, etc.
Moreover, metal AM significantly contributes to sustainability by minimizing material waste, a stark
departure from traditional manufacturing processes. Despite these advantages, challenges persist,
notably in surface quality and mechanical performance in the as-built condition, requiring careful
consideration of manufacturing parameters and strategic post-processing. In conclusion, while metal
AM presents transformative possibilities, addressing challenges through strategic post-processing is
crucial. This thesis constitutes a focused exploration into a specific aspect of post-processing: the
impact of Tumble Finishing on the physical, microstructural, and mechanical properties of Titanium-
6Aluminium-4Vanadium alloy fabricated through Laser Powder Bed Fusion (L-PBF). The ensuing
experimental findings reveal the remarkable efficiency of Tumble Finishing in enhancing the surface
quality, and therefore improving fatigue performance of specimens.
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Chapter 1 : Introduction

This study delves into the field of Additive Manufacturing (AM), specifically emphasizing the use of
metallic materials (metal AM). This domain, marked by innovation, unfolds with vast dimensions,
offering numerous opportunities for in-depth exploration, process refinement, and optimization.
Positioned as one of the primary emerging technologies in manufacturing, the interest in AM grows
steadily each year. AM technology, recognized as an additive technique, facilitates design freedom
unattainable by traditional subtractive manufacturing methods, simultaneously addressing concerns
about material waste. AM lies in its capacity to materialize complex shapes, utilizing various
technologies and materials that attract industries. However, metal AM is not without its challenges.
Surface quality and the mechanical performance of as-built parts often fall short of expectations for
their final use. Consequently, manufacturing parameters and post-processing techniques become
pivotal aspects, as evidenced by the multitude of studies focused on them. The extensive list of
parameters influencing the outcome of metal AM, coupled with the post-processing possibilities, poses
a challenge to achieving an understanding of the correlations within the field. While the landscape is
vibrant with scientific research, experimental activities, and publications, a comprehensive
comprehension of all factors and a definitive "best route" for producers remain elusive.

Guiding this exploration are esteemed experts, Professor Abdollah Saboori from PoliTo and Professor
Sara Bagherifard from PoliMi, whose research concentrates on metal AM manufacturing and post-
processing. On the industrial aspect, collaboration with companies such as PrimaAdditive, InTrauma,
and IRIS adds practical insights. While not directly involved in the activities, these institutions play a
crucial role in identifying industrial requirements and emphasizing the relevance of the research.
PrimaAdditive, a manufacturer of metal AM machinery, offers valuable customer service and
collaborates with universities and research entities. InTrauma, a biomedical company specializing in
bone internal fixators, emerges as a potential end-user of AM technologies. IRIS, a small-medium
enterprise focusing on innovation, particularly with laser and plasma technologies. These industrial
actors represent different aspects of the metal AM field. Innovative manufacturing companies, like
IRIS, focus on the technology's applications, catering to specific product requests, even on a small or
custom-made scale. The biomedical field, often associated with AM, benefits significantly from the
design freedom provided by such technologies, especially in the production of custom-made medical
devices. InTrauma stands out as a potential final user of this technology, with the chance to tailor the
surface quality of AM parts for improved cell-material interaction and osteointegration of prostheses.
However, the appeal of AM extends beyond the biomedical field, reaching into the automotive, design,
and jewelry sectors. Surface quality remains a significant challenge in metal AM, and these sectors
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find themselves among the customers of PrimaAdditive, which not only produces and sells AM
machines but also supports clients in design, software use, and knowledge transfer. PrimaAdditive
specializes in Laser-Powder Bed Fusion (L-PBF) and Direct Energy Deposition (DED) machinery.
The decision to focus on L-PBF, one of the most relevant technologies for metal AM, underscores its
practical application. All specimens were printed directly using an L-PBF machine produced by
PrimaAdditive.

The analysis of industrial requirements emphasizes that metal AM is a multidisciplinary field where
every step of the process, including the selection of the starting raw material (metallic powder), plays
a crucial role. Anticipating the printing outcome necessitates a keen understanding of the quality and
properties of the raw material, which are as relevant as subsequent printing parameters and post-
processing. The goal of this work is to contribute to research on metal AM from an experimental
standpoint, conducting a comprehensive study from raw material characterization to post-processing.
Given the vast range of possibilities within the field, a specific context was needed to design the
experimental study. L-PBF and Electron Beam-Powder Bed Fusion (EB-PBF) emerged as the two
most relevant metal AM technologies. Based on the availability of PrimaAdditive machinery, L-PBF
was chosen as the technology of interest for the project. The chosen material for scrutiny is the
Titanium — 6 Aluminum - 4 Vanadium (Ti6Al4V) alloy, renowned for its high-quality attributes and
widespread applications in biomedical, automotive, etc. The design of experiments was collaboratively
discussed and developed throughout the thesis between the student and the supervisors. The research
journey began with the characterization of raw powder to ensure a comprehensive study. Highlighting
the crucial role of post-processing in metal AM, the research delves into the investigation of a specific
post-treatment: The Tumble Finishing based on mechanical treatment. The impact of this treatment on
multiple properties is investigated through a series of characterizations on the printed specimens, with
a specific focus on fatigue performance—a parameter particularly relevant in complex and long-term
applications. Following the abstract and the introduction, the State of the Art chapter introduces the
AM field, and also providing a detailed description of available post-treatments. The Solution chapter
intricately describes the experimental study, covering specifications, motivated design of specimens,
design of experiments, and the equipment and methodologies employed for manufacturing, post-
processing, and characterizations. The results of the tests are presented with pictures and graphs,
followed by critical discussions that provide insights into the findings. Future perspectives for further
research in this field follow, providing a roadmap for future endeavors. Finally, the Conclusion chapter
sums up the storyline of the thesis, focusing on the goals and the main findings, highlighting their
relevance for the field and suggesting possible future developments. In conclusion, this detailed
exploration seeks to illuminate the intricate world of metal AM, from industrial applications to
experimental intricacies, contributing valuable insights to the ongoing discourse.
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Chapter 2 : State of the Art

The analysis of the State of the Art is an important part within the thesis, serving two primary
purposes. Firstly, it provided me with a strong foundational knowledge of the wide and
multidisciplinary topic of metal AM. Secondly, it was of paramount importance for a research project
to have a profound understanding of current existing solutions. Prior to starting on any experimental
research, a thorough comprehension of cutting-edge knowledge is vital. Familiarity with existing
research, previous experimental results and the current challenges of the field is essential for
designing a study that is both feasible and capable of producing relevant results. The aim of the thesis
was to enrich and expand the current State of the Art in the metal AM sector. This objective was
approached through undertaking of an experimental study. The experimental research focused on the
effects of post-treatment in metal AM, an area that emerged as a key aspect in the literature. Multiple
post-treatments are available, and there are vast opportunities to study their effects on the performance
of printed parts. The present chapter will provide a necessary introduction to the AM field, followed
by knowledge on the relevant properties of metal AM parts and post-treatments.

2.1 Additive Manufacturing Process

AM technologies represent an innovative approach to manufacturing that involves starting from a
virtual model of a desired part (CAD model). This model is then converted to Stl. File and transformed
into a physical object through a layer-by-layer process that takes place in three-dimensional space (Fig.
1 [1,2]. The benefits of this technique are numerous, including unparalleled design flexibility that was
once impossible with traditional manufacturing methods. Unsurprisingly, it has become an
increasingly popular method in industries such as biomedical, automotive engineering, etc. [3].
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1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Fig. 1: overall route of AM process starting from CAD model to the final part [1].

There have been many methods to classify the AM process, and each of them has its own advantages
and disadvantages. One of those ways is ASTM standards in which AM are classified accurate way.
Below the classification made be ASTM is elaborated [4]:

Material Extrusion:

e Fused Deposition Modelling (FDM)
e Contour Crafting

Power Bed Fusion:

Selective Laser Sintering (SLS)
Direct Metal Laser Sintering (DMLS)
Selective Laser Melting (SLM)
Electron Beam Melting (EBM)

Vat Photopolymerization:
e Stereolithography (SLA)
Material Jetting:

e Polyjet/Inkjet Printing
Binder Jetting:

e Indirect Inkjet Printing (Binder 3DP)
Sheet Lamination:

e [Laminated Object Manufacturing (LOM)
DED:

e Laser Engineered Net Shaping (LENS)
e Electron Beam Welding (EBW)
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The above mentioned technologies suggest a specific way of production strategies and material
properties, which therefore, affects the time of the production, quality of the parts, and the costs
involved.

2.1.1 AM Pros and Cons

Pros

The main advantages of AM method according to [5, 6, 7, 8] can be grouped below:

Design Flexibility: since in AM there is a reduction in manufacturing constraints, we have
flexibility on the component design with respect to shape and geometries.

Material Customization: if a material property that is suitable for our needs is not available, we
can customize the material in many ways. For instance, mixing powders, using fibers in
filaments, and utilizing bio-compatible materials.

Reduced Internal Process Logistic: because AM involves less operations, there are a reduced
internal process logistics, which leads to a reduction of the time needed for the design to
manufacturing. Moreover, in many companies, 3D printing can be used to produce prototypes
before the production, which results in saving time and money.

Topology optimization: It is a numerical based process that changes the shape of part
automatically (Fig. 2). This procedure is impossible to be performed via traditional
manufacturing. The use of AM combined with topology optimization can lead to reduction in
weight, time and waste materials.

Fig. 2: Topology optimized of a cantilever beam [5].

Assembly Connection Minimization: we can produce complex geometries in one operation
rather than creating different parts and then make an assembly of them. Therefore, the time
needed for bolting connection or welding is reduced. Additionally, one-piece parts are much
safer with respect to an assembly one. Specifically, assembly connections are critical in a
vibrational environment that impose fatigue stress on the components, and thereby the
maintenance expenses are high.

Manufacturing decentralization: by using AM, we can do the manufacturing process and deliver
the components remotely.

Reduction of repairing times: it is possible to repair damaged parts by adding new layers.
Therefore, it is not necessary to replace the part with a new one, which reduces the time and the
costs.

Multi-Material Capability: by using AM, we can use numerous materials in a single part (Fig.
3). This capability of AM makes it more advantageous over the traditional manufacturing
process.
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Cons
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0.120" IN625—Haynes 230

~1.430" Inconel 625

Fig. 3: Utilizing different alloys in an airfoil [8].

According to the studies done by Attaran [7] and Bacciaglia et al. [5] the disadvantages of AM can be
grouped below:

Surface roughness: a typical negative aspect of AM process is the rough surface, which makes
it essential to do post-processing.

Limited material portfolio and limited building size: compared to the traditional manufacturing
methods, AM involves a limited amount of materials. Additionally, there is a limited size for
producing parts. The largest machine is able to manufacture only at a volume of 1 m?, and this
is a great limiting parameter for the applications that involve larger dimensions.

Anisotropic material: the process of AM includes a high anisotropic behavior which makes it
problematic in various applications.

Hight cost: generally, AM machines are much more expensive than traditional milling and
turning machines. For example, for a SLM AM machine, the cost is 800 k€. However, for a
traditional CNC is 200 k€. Moreover, the material used in AM, inserting atmosphere, or keeping
a vacuum regime inside the chamber are quite expensive.

Slow certification process: Since AM is a new technology, there is less information in order to
understand the material behavior during the operation, specially to see the fatigue behavior.
Inspection and Maintenance: as mentioned earlier, producing a complex assembly in a single
part is advantageous. However, in some cases, it creates problems regarding maintenance and
repair. Specifically, sometimes the whole component is replaced with a new one.

2.2 Metal AM categories

Due to the combination of the freedom in manufacturing and thermo-physical features, Metal AM is
the most favorable among all the AM classifications. Having these properties, Metal AM with complex
shapes is able to withstand in sever conditions of stress while securing their functionalities. Moreover,
Metal AM is capable of producing parts with various complex features which eliminate the need for
producing multiple parts to be assembled later on. Therefore, the cost related to the production of
different parts will be decreased, and the component will be lighter [9]. As a result of these advantages,
Metal AM is widely used in many sections such as automotive, biomedical, etc.

In general, the manufacturing of the part first starts from a feedstock material in powder or wire form.
Secondly, it is melted by a laser or an electron beam melting source, and finally it is solidified into
overlapped layers.
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The two comment Metal AM technologies are DED and PBF, which their sub-technology is elaborated
below.

Laser Metal Deposition (LMD)
Laser Engineering Net-Shaping (LENS)
DED Process ——* Electron Beam Welding (EBW)
Electron Beam Free-Form Fabrication (EBF)
Wire Arc AM (WAAM)

DMLS

PBF Process ——» SLM
EBM

Binding Jet (BJ)
Cold Spraying (CS)
Fiction Stir Welding (FSW)
Sheet Lamination (SL)

Other Process ——

2.2.1 DED Technology

In this process, the material is fed and melted on a platform at the same time. Generally, the feedstock
is a powder or a wire, and by using an energy resource is melted [10]. This technology can be performed
in a multiaxial machine in which a 3D positioning implemented; as a result, it is feasible to build
intricate parts without the need for using support structures [11]. This technology is ideal for producing
component repair of Turbine blades, engine combustion chambers, and compressors. Additionally, the
material that is usually used in this technology is Ni-based alloys. In Fig. 4: A schematic of DED
system with (a) powder feedstock (b) wire feedstock [10]. is shown.
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Fig. 4: A schematic of DED system with (a) powder feedstock (b) wire feedstock [10].

As it was mentioned earlier, the DED technology can be divided into two processes according to their
feedstock, which are wire DED system and blown powder DED system. These two techniques are
elaborated in the next sections.

DED-Wire Feeding

This process can be done both in open air utilizing a shielding gas or in an enclosed chamber using a
regulated atmosphere. In the both cases, owing to the robotic arm, there is a high freedom in the sense
of building. Additionally, there are sophisticated sensors and transductors that manage and control the
performance of the process [12]. A schematic of this process is shown in Fig. 5.

Robot Wire +~—

Welding _ Additivelv mamifactured
Source part

Fig. 5: General process of Wire Arc Additive Manufacturing (WAAM) [185].
The deposition initiates when a laser or an electron beam melts the wire onto the substrate, creating the

initial layer. This technology uses almost 100% of the material with no porosity inside. On the other
side, the dimensional accuracy and surface roughness is quite high, and a post-process work is essential
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before the actual use of the component, as a result, this technique is used for structural and functional
parts [13] .

DED-Powder Feeding

In this method, a nozzle is fixed onto a two or three axis mechanical system arm, housing the main
energy resource that typically is Nd-YAG or CO2 laser, or an electron beam. Moreover, the building
plate is connected to a distinct mechanical system with two or three degrees of freedom. In total, the
combination of the main mechanical arm and building plate give us a nine degree of freedom [14]. The
deposition head contains a feeding mechanism embedding of one or several channels, which blend
metal powder and carrier gas along with shielding gas. The shielding gas is a crucial element that
prevents impurities and material oxidation. As the substrate melts, it generates a melt pool because of
the interaction between the laser source and the plate and the fluxing particles get trapped within it [13].
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Fig. 6: General schematic for Laser Beam Metal Deposition (LBMD) process [186].

Process parameters in this technique highly affect the mechanical properties and microstructure of the
produced part [6, 15] which are listed below:

e Transverse Speed (1-20 mm/s): this parameter influences the shape, width, and the rate of the
cooling of the tracks. The higher the transverse speed the faster the cooling rate, which results
in finer and columnar grains. On the other side, lower transverse speed values induce slower
cooling rates leading to a coarser microstructure.

e Laser Power (100-5000 W): has a direct impact on both cooling rates and microstructure. Unlike
the pervious parameter, higher laser power level fosters coarse microstructure, whereas lower
laser power results in the formation of fine, columnar microstructure. Nonetheless, for a more
accurate analysis, it is essential to consider the actual energy absorbed by the material, not
considering the reflected radiation.

e Powder Flow Rate: affects the uniformity and adherence of the deposit. Evaluating this
parameter is difficult because of the complexity of prediction. Usually, this parameter is
considered as a constant variable.
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e Laser Beam and Powder Stream: have a direct influence on the heights of the layers and their
boundaries. It considers the dynamic interaction between the powder stream and the laser beam

(Fig. 7).
Laser Head Direction
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Fig. 7: Laser and power beam dynamic internation [42].

e Hatching Strategy: it examines the path followed by the deposition head within a two-
dimensional space (Fig. 8). This variable significantly affects the residual stress, any potential
deformation of the part and the thermal distortion.

& &
V7 - 4
ﬁ

Fig. 8: Scaning strategies [6].

2.2.2 Powder Bed Fusion (PBF) Processes

PBF technologies, by adopting a focused energy source, melt the powder. Specifically, A leveling roller
distributes a thin layer of powder over the platform, and a moving energy source melts the powder into
successive cross-sections as specified by the CAD file. The initial layer adheres to the build plate,
which may be pre-heated and is usually made of the same material as the part being constructed. After
completing each layer, the platform lowers by a distance equal to the layer's thickness. A leveling roller
then spreads a new layer of powder over the solidified one, and the building process is repeated. This
cycle continues iteratively until the final part is completed [16].

These technologies dominate the metal AM market due to their extensive use in various fields. The
primary difference among PBF technologies lies in the energy source used to melt the powder. Based
on this distinction, they are categorized into L-PBF or SLM and EB-PBF or EBM processes [20,21].
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EBM Process

EBM developed and patented by the Swedish company Arcam AB [19], uses electron beam energy to
melt a metal powder bed. The hardware system (Fig. 9) includes an electron beam generated by a 60
kV electron gun located at the top of the machine, which is focused on the powder bed using an
electromagnetic lens system. Initially, the electron beam preheats the powder bed to 80% of its melting
temperature using high scan rates (~10* mm/s) and a high beam current (~30 mA). Following this, the
scan rate and current are reduced to 10> mm/s and 5-10 mA, respectively, to fully melt the metal
powders based on the CAD model of the component. After each scan, the build platform lowers by one
layer thickness, which typically ranges from 50 to 200 um, depending on the material. Two hoppers
supply the metal powder, which is spread onto the building platform by a rake. Once the deposition is
complete, the process restarts. The powder typically consists of spherical particles, averaging 45 to 105
um in size, produced through gas atomization. This process operates under vacuum conditions (around
1 x 10° mbar). Additionally, during the electron scanning of the powder bed, a partial pressure of
helium (2 x 107 mbar) is maintained in the process chamber to prevent chemical contamination of the
material. These conditions make this technology suitable for processing materials with a high affinity
for oxygen, such as titanium alloys.

Electron beam
column
Filament

Astigmatism lens

Focus lens
Deflection lens
— Heat shield

| _Electron
beam

Fig. 9: Diagram illustrating the EB-PBF process [70]

Unlike other metal AM processes, EBM preheats the powder bed to high temperatures (e.g. ~750 °C
for titanium alloys [20] or 400 °C for pure copper [21]) to partially sinter the metal powders and
enhance the electrical conductivity of the powder bed, thereby preventing process instabilities [22].
This preheating reduces residual stresses in the manufactured parts and alters their microstructures. In
EBM parts, the amount of residual stress is significantly lower, and the final microstructures are coarser
compared to L-PBF or DED parts. This difference results from the lower thermal gradients and cooling
rates characteristic of the EBM process. These factors help minimize part distortions and eliminate the
need for post-processing annealing treatments [23].

The process parameters in EBM, such as beam power, scanning velocity, line spacing, scanning
strategy, and focus offset, determine the energy delivered and the melting approach used for the powder
bed. In this technology, melting occurs through the absorption of the electron beam by the powder bed,
where the kinetic energy of the electrons is transferred to the powder particles, which converts into
heat and forms a melt pool [24]. When powders absorb the kinetic energy of electrons, they also acquire
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a negative charge, which can lead to issues such as 'smoke' and beam diffusion [25]. To prevent a high
concentration of negative charges in the powder bed, scan strategies need to be properly adjusted.
Additionally, only conductive powders, such as metals, can be used with EBM. This limitation is a
significant drawback of electron beam melting compared to laser-based technologies [25].

EBM is characterized by high scanning speeds (up to 8000 m/s [26]) and thick layers, which result in
higher productivity rates compared to L-PBF processes. Additionally, operating in a vacuum reduces
chemical contamination, unlike the low oxygen content atmosphere used in L-PBF. Combined with
lower residual stresses, these benefits make EBM highly competitive in the AM market. However, the
surface quality of EBM parts is inferior to that of L-PBF parts. This is due to the thicker layers and
larger particle sizes used in EBM, resulting in a final roughness of 25 to 35 um, nearly three times that
of L-PBF (~11 um) [22]. Higher roughness values can decrease the fatigue resistance of components,
limiting their industrial applications and potentially necessitating post-processing surface
modifications. However, studies on the interactions between the human body and prostheses made by
EBM have shown that cell adhesion on these rough surfaces is greatly enhanced [28, 29, 30]. As a
result, EBM has been widely adopted in the biomedical field, particularly in the orthopedic market
[30]. Components such as acetabular cups, knee and maxillofacial plates, and hip and jaw replacements
produced by EBM have been certified since 2007 and approved for in-body applications by the United
States Food and Drug Administration since 2010 [31]. Since 2014, over 40,000 acetabular cups have
been produced and implanted in patients [32], thanks to EBM ability to create cellular structures with
precise control over pore size, strut diameter, and cell geometry, as illustrated in Fig. 10.

(a)

Fig. 10: Examples of acetabular cups produced using the EBM process include: (a) a Ti-6Al-4V implant produced via EBM
method [187]. In orthopedic applications of Trabecular Titanium™: (b) an external trabecular structure with optimized
surface cell structures, and (c) a radiological outcome of the acetabular cup post-implantation [27].

In addition to biomedical applications, EBM parts have been particularly valuable in the aerospace
field due to their reduced costs related to the 'buy-to-fly' ratio (the amount of material purchased to
produce 1 kg of the final part) [33] and the ability to fabricate parts in gamma-TiAl alloys [37, 38, 39,
40,41]. In a case study, Dehoff et al. [33] demonstrated that using the EBM process reduced the
processing cost of a Ti-6Al1-4V BALD bracket by about 50% compared to traditional manufacturing.
The EBM process achieved this by lowering the buy-to-fly ratio from 33:1 to 1:1, thanks to its nearly
100% material efficiency.
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L-PBF Process

L-PBF, also known as Melting SLM or DMLS, uses a focused laser beam to selectively melt layers of
metal powder, creating three-dimensional parts. Typically, the laser system is an Yb fiber laser with
power levels up to 1 kW. The L-PBF process starts with a powder spreading system, commonly
referred to as a recoater blade, depositing a layer of powder on the building platform. This system can
control layer thickness, ranging from 20 to 60 pum. Once the powder is spread, the laser directs its
focused beam onto the powder bed, selectively melting the material according to the CAD model of
the part [39].

After processing each layer, the building platform lowers by the thickness of one layer, and the
deposition step begins again. This layer-by-layer fabrication continues until the part is complete and
ready for post-processing operations, which typically include removing support structures and heat
treating the parts [39]. A schematic representation of the L-PBF process is shown in Fig. 11 [39].
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Fig. 11: Diagram illustrating the L-PBF process [40].

L-PBF involves numerous factors and variables that can affect the properties of the final parts. These
factors can be categorized into two main groups: powder properties and process parameters, as shown
below [40].

Powder Properties

Generally, PBF processes are classified as powder metallurgy processes similar to sintering, Hot
Isostatic Pressing (HIP), or Metal Injection Molding. Therefore, the final properties of the fabricated
parts—such as density, surface roughness, and chemical composition—are highly dependent on the
quality of the powder used [39]. Assessing the properties of the feedstock is essential, as improved
confidence in powder selection enables the production of reproducible components with known and
predictable properties, as outlined in the ASTM standard F3049-14 [41].
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Particle shape
Particle size and distribution
Powder Properties [40] Chemical composition
Thermal conductivity
Melting temperature

Absorptivity/reflectivity

Process Parameters

In simple terms, the L-PBF process involves the absorption of laser beam energy by metal powder,
resulting in the melting of the material. L-PBF machines have several parameters related to the laser

source and the building chamber, which individually and collectively influence the melting behavior
and the final quality of the fabricated part [39].

Laser power
Layer thickness
Scanning speed

Scanning strategy

Hatching distance

Process Parameters [40] ——» Building orientation

Protective atmosphere
Gas flow

Laser beam diameter

Bed temperature

Laser type

2.3 DED and PBF comparison

The following comparison outlines the primary categories of metal AM, highlighting the general
differences in process parameters and equipment capabilities [42].

Table 1: Comparison of LMD, SLM, and EBM [42].

LMD SLM EBM
Nd-YAG or CO2 laser One or more fibre laser (200- High power electron beam source
(100 — 5000W) 1000W) (up to 3000W)
Ar/He shielding gas Ar/N2 atmosphere Vacuum/He atmosphere
Powder preheating not Powder preheating at 100-200°C Powder pre-sintering at 700-900°C
necessary
Base plate preheating Base plate preheating Base plate preheating
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No build size limitations

Build size limited by the

Build size limited by the chamber

chamber volume (ex. volume
500x350x300 mm3
Melt Pool size width Melt Pool size width Melt Pool size width 0,21,2
0,25-1mm 0,10,5

Layer thickness 100-
200pm

Layer thickness 20-100pm

Layer thickness 50200pum

Surface finish > 25um

Surface finish 4-11 pm

Surface finish 25-35 pm

Geometric tolerance + 25
mm

Geometric tolerance + 005-0,1 mm

Geometric tolerance + 0,2 mm

Building rate ~ 0,5Kg/h

Building rate ~ 0,5Kg/h

Building rate ~ 80 cm3/h

Repairing

No repairing

No repairing

Generally lower - -
mechanical properties
than SLM and EBM
(coarser microstructure)

2.4 Applications of Metal AM

As discussed in previous sections, metal AM is ideal for sectors that require small production runs,
high customization, and low-cost prototypes. Therefore, it is particularly well-suited for the
automotive, aerospace, and biomedical industries [43].

2.4.1 Automotive applications

One of the earliest adopters of 3D printing was the automotive industry. General Motors has utilized
AM for over 20 years to create prototypes, speeding up time to market and reducing product
development costs [7]. Beyond prototyping, AM has other applications in the automotive sector. In
2013, Kor Ecologic introduced the Urbee, the first electric car with fully 3D-printed interior and
exterior parts [43]. This approach eliminates excess components that increase drag and weight.
Although the Urbee is currently a prototype, the company is developing the Urbee 2 for consumer
use [43].

Here are some examples of AM applications [43]:

e Volkswagen: The German automaker redesigned a front window support, reducing its weight
by 74% compared to the original part.

e Audi: In 2017, Audi opened a 3D printing center in Ingolstadt, Germany, collaborating with
SLM Solutions Group AG, a specialist in metal AM, to produce prototypes and spare parts.

e Rolls Royce: The British automaker uses 3D printing to manufacture components for their
flagship model, the Phantom, having printed over 10,000 parts.
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e Porsche: Porsche utilizes 3D printing to create spare parts for its vehicles, using SLM
technology for metal parts and SLS for plastic parts and equipment.

e Formula 1: In the racing industry, AM technologies are widely used. The ability to rapidly
produce innovative geometries is essential for research and testing in wind tunnels. Both 3D
SLA and SLS printing systems are used to create wings/ailerons, brake system components,
suspension and engine covers, internal pipelines, and deflectors. In the figure below, the front
brake duct inlet for wind tunnel testing, produced by the Alfa Romeo Sauber F1 Team using
3D Systems SLS 3D printers [44].

_

Fig. 12: Brake air inlet designed by SLS method [44].

2.4.2 Aerospace applications

In the aerospace industry, metal AM processes have been employed to produce structural
components, turbine blades, and fuel injection nozzles [48, 49, 50, 51], representing 12.3% of all
global AM applications [49]. The use of AM in aircraft leads to significant energy cost reductions
due to the decreased need for costly materials and the fuel savings from lighter components.
Additionally, AM enables the production of high-performance materials, such as Ti-6Al-4V and
nickel superalloys, while overcoming challenges associated with machining or tooling these alloys
[52, 53]. For instance, in Fig. 13, the bionic partition made for Airbus A320 aircraft using DMLS
technology is illustrated. This cutting-edge structure is not only more robust but also 25 kg lighter
compared to earlier versions [46]. Another highly publicized aerospace component created through
AM is the LEAP engine fuel nozzle by GE Aviation (see Fig. 14). This part features a complex new
design with internal cooling channels and has achieved a weight reduction of over 25% [39]. In this
instance, rather than manufacturing and then assembling 18 separate components as done in
traditional methods, the AM part was produced in a single operation [49, 51].
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Fig. 13: Bionic partition for the Airbus A320 manufactured using DMLS technology [46].

Fig. 14: LEAP engine fuel nozzle manufactured by GE Aviation [39].

2.4.3 Medical applications

The medical field is undoubtedly a significantly advanced and lucrative market for AM applications.
The freedom of design, new lattice structures enhancing mechanical properties [55 — 67], improved
prosthesis biocompatibility [68 — 71], and especially the customization of prostheses for individual
patients have all driven the swift and substantial growth of AM technologies in the biomedical sector
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[72, 73]. The ability of AM to create highly precise, patient-specific implants, including tissues,
organs, and bones, is revolutionizing various medical fields such as dentistry and surgery (Fig. 15)
[39]. AM can accurately replicate the internal structures of bones, muscles, nerves, and blood vessels
using compatible materials. This approach accelerates body healing, makes surgical procedures less
invasive and risky, and significantly lowers the chances of implant rejection [39].

Fig. 15: example of biomedical devices produced via AM. (a): Cranial Implement [188]. (b): Skull implant [189]. (c):
Orthopaedic implant [190].

Similar to the aerospace industry, the reduction in tooling operations and material waste are two
significant advantages that have greatly contributed to the adoption of AM in the medical device
industry, leading to cheaper and faster production [71]. For instance, fabricating a hip stem prosthesis
using EBM was 35% less expensive than traditional manufacturing methods [72]. By 2015, over
100,000 acetabular implants had been produced using AM processes, with more than half of them
successfully implanted in patients [69].

In addition to the aerospace, automotive, and medical sectors, several other industries have begun
adopting AM processes, including armaments, furniture, jewelry, sports, toys, textiles, and the food
industry [73]. Tool and mold manufacturers are also integrating AM technologies into their
production methods. Looking ahead, the future of AM is increasingly seen as complementary to
traditional manufacturing, combining the benefits of both approaches. The AM industry saw revenue
growth of 17.4% in 2016, and an even higher 25.9% in 2015, reaching a total market value of $6.063
billion [74].
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2.5 Build Orientation in AM

A metal AM part's characteristics depend on a multitude of factors, ranging from powder properties
and slicing technique to process parameters and post-treatment methods. The part orientation is a
crucial aspect of the build preparation process; it involves aligning the part with the build direction,
which is perpendicular to the build plate and determines the direction in which the object is built up
layer by layer. The diagram in Fig. 16 provides a visual explanation of the concept of build
orientation. Eleven distinct inclinations relative to the build plate have been utilized in the production
of titanium alloy specimens [75].

Build direction

Fig. 16: Visual explanation of build orientation concepts: Ti6Al4V specimens manufactured through EB-PBF in 11
different orientations. Adapted from [75].

This attribute primarily impacts the manufacturability of metal AM components [76]. As a general
rule, it's advisable to optimize the orientation of the part to reduce overhanging features within it. This
is important because, especially in L-PBF, we often need extra structures to support parts that are at
a steep angle. Unfortunately, these extra supports can slow down the manufacturing process, create
more waste, and, after printing, they need to be removed, which could affect the smoothness of the
surface. Furthermore, we need to recognize that metal AM is a process that uses heat with both powder
and melted material, and these have different heat properties. The way we position the part affects
how much of the current layer is supported by the powder or melted material. This can affect the
quality of the part in many ways and has recently become a focus of attention for researchers. By
studying how the orientation of the build affects the properties of metallic AM parts, we can gain
better control over the process and make it more reproducible.

Reviewing existing studies in the literature, I find that researchers have used experimental (and
sometimes numerical) methods, mostly looking at L-PBF and EB-PBF techniques. They usually use
standard specimens, like either tensile or fatigue, or single struts considered as basic components of
lattice structures [77]. Regarding the materials, Titanium alloys (mainly Ti6Al4V) are among the
most studied, together with Aluminum alloys, Nickel alloys and Stainless Steel. The literature
overview indicates that the build orientation has an impact on many features such as surface
roughness, porosity, and microstructure, as well as on mechanical properties like fatigue.
Furthermore, researchers have studied how the build orientation interacts with post-treatment
processes. However, it is noteworthy that these studies include diverse technologies, materials,
geometries, and process parameters. The interplay between build orientation and other contributing
factors cannot be overlooked. This complexity causes the current absence of comprehensive design
and evaluation guidelines related to build orientation within the topic of Design for Additive
Manufacturing (DfAM). The absence of such guidelines poses a challenge, as it restricts the ability
to make well-informed decisions in optimizing metal AM. Building these guidelines would offer a
framework for making better choices during the metal AM optimization process. A systematic review
of experimental results available stands out as an essential initial step toward the formulation and
development of these guidelines. This systematic review would enable a thorough examination of the
existing knowledge base, paving the way for a more cohesive and standardized approach to
understanding the relationship between build orientation and the various factors influencing the final
product's properties. To sum up, the creation of design and evaluation guidelines holds the potential
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to enhance the effectiveness and efficiency of metal AM processes, fostering a more streamlined and
informed approach to AM.

2.5.1 Effect of Build Orientation on Surface Roughness and Morphology

One another important feature to be considered is Surface Roughness. Roughness affects how
products look and how strong they are against fatigue. That's why a lot of effort has gone into studying
how the way we consider build orientation during the building process connects to the roughness of
the final product. Roughness matters because it's linked to how ultimate outcome looks. Smoother
surfaces usually look better and nicer. But it's not just about visual characteristics — it also affects how
strong the material is against getting worn out over time. Scientists and researchers have been paying
attention to the relation between build orientation and roughness. This is because understanding this
connection is crucial for manufacturing that not only look good but also last longer and work better.
It's trying to figure out the best way to construct objects, so they turn out well and stay strong against
fatigue.

Weilmann et al. [78] compared the surface roughness of L-PBF and E-PBF which were built in
different orientations. They used Ti6Al4V specimen with a costume shape composed of two
cylindrical and parallel plates which were connected through four perpendicular struts. Considering
L-PBF technology, the vertical struts had lower roughness when compared to 45° ones. On the other
side, there was an opposite trend in EB-PBF. In L-PBF method, because of the energy flow, the
powder sticked to the underside causing deviations from the designed geometry. This leads to having
higher roughness in 45°. While, in EB-PBF, the same situation leads to have a lower roughness
because it helped to fill of some surface defects. Nguyen H. and others [79] found that titanium alloy
parts made with L-PBF had smoother surfaces than those made with EB-PBF. They explained this
by saying that the electron beam in EB-PBF creates more heat, which makes the powder stick more
to the surface. In a study by Hoving [80], the surface quality of parts made using different 3D printing
conditions was investigated. They examined various build orientations ranging from 0° to 135° for
L-PBF maraging steel grade 300. In Fig. 17a, the effects of these orientations on surface texture are
shown. Fig. 17b illustrates that surface roughness remains relatively constant between 0° and 90° but
increases significantly beyond 90°. This could be because surfaces shift from being upward-facing
(up-skin) to downward-facing (down-skin) at angles greater than 90°. Notably, parts built at 60° and
75° angles exhibited the lowest surface roughness.

For build orientations between 0° and 90°, surface roughness values of approximately 10-15 pm (Ra)
were observed. However, higher roughness values of about 20 pm, 28 um, and 73 um were recorded
for orientations of 105°, 120°, and 135°, respectively. This trend was also observed for Rz values.
Additionally, Fig. 17c and d depict the influence of build orientation on surface morphology, with
parts fabricated at angles over 90° showing poor surface quality.

Moreover, previous studies [81, 82, 83] consistently reported that up-skin surfaces tend to have lower
surface roughness compared to down-skin surfaces.
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Fig. 17: (a) Specimen orientations ranging from 0° to 135° and the dimensions of L-PBF 18Ni300 specimens, with BD
indicating the build direction. (b) Surface roughness (Ra and Rz) plotted against build orientation for L-PBF 18Ni300.
Surface morphology of parts fabricated at different build orientations in (c) cross-sectional and (d) top view, highlighting
the subpar surface quality of parts produced with a build orientation exceeding 90° [80].

Zhang and colleagues [82] studied L-PBF AlSi10Mg parts. They discovered that the surface roughness
on the up skin area was similar for all parts tilted between 10° and 45°. However, as the tilt angle
increased (closer to vertical), the roughness on the down skin area decreased. This happened because
fewer powder particles clumped together and stuck to the surface as the tilt angle increased. Murchio
et. al.[84] thoroughly examined the differences in roughness between the upper and lower surfaces of
a material at various inclinations: 90°, 45°, 15°, and 0°. They focused on Ti6Al14V printed with L-PBF,
as shown in Fig. 18a. In Fig. 18b, they presented the roughness values across different orientations of
the built struts. The struts built vertically (at 90°) exhibited the smoothest surface with approximately
17 um Ra (roughness average), followed by those at 45°, 15°, and 0° with Ra values of roughly 23, 34,
and 73 pum, respectively. The orientation of the build significantly influenced the surface appearance,
showing a non-linear trend from steeper to shallower angles. Fig. 18c illustrates how increasing the
inclination heightened surface roughness, consistently showing the upper surface smoother than the
lower one. Fig. 18d and 6e depict the surface characteristics of the upper and lower faces, respectively,
at different build orientations. More surface irregularities were observed on the lower face compared
to the upper face of the specimen.

Suard et al.[85] investigated how the roughness varied around the circumference of cylindrical
Ti6Al4V specimens produced via EB-PBF at different orientations. They found that in vertically
positioned single struts, there were no significant variations in surface roughness around the
circumference. However, on inclined or horizontal struts, the roughness on the down-skin was higher.
This was attributed to over-melting and a higher density of partially melted particles adhering to the
surface. This difference in roughness, especially noticeable at lower angles, is important to consider as
it affects the mechanical strength of the specimens, as explained in the following sections.
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Fig. 18: (a) Build orientations of 90°, 45°, 15° and 0° for L-PBF Ti6Al4V specimens. (b) Surface roughness in terms of R,
and R, over the considered strut build orientations demonstrating that fabricated strut with build orientation of 90° had the
lowest surface roughness, followed by those produced at 45°, 15°, and 0°, respectively. (c¢) Surface texture variations at
different inclinations for up and down-skin were obtained with L-PBF for Ti6Al4V struts. Surface morphology of the (d)
up-skin and (e) down-skin faces at different build orientations showing more surface anomalies on the down-skin faces
[84].

Another intriguing yet less explored aspect involves examining the contrast in surface roughness
between inner and outer surfaces. In their study, Maculotti and colleagues [86] investigated EB-PBF
Ti6Al4V shapes consisting of plates set at various inclinations. They compared the results across
different orientations (30°-50°-70°-90°) and specifically analyzed the inner and outer surfaces at each
inclination. The findings underscored that the outer surfaces exhibited lower surface quality compared
to the inner surfaces across all build orientations.

2.5.2 Effect of Build Orientation on Porosity

Many studies have shown that build orientation can really affect how much empty space, or "porosity,"
it has [75, 82, 87, 88]. If there's too much of this empty space, the part won't be as dense, meaning it
won't be as strong [89]. This is especially important for structures made of cellular structures (they are
characterized by their porous microstructure that is comprised of solid and void networks) because any
unwanted empty spaces within the supports can make the whole structure less dense [90]. The holes
inside parts made with AM can come from different things, like how the machine is set up, the way
the part is positioned, and even the properties of the powder being used [91, 92].

When working with metal AM, the first thing we need to do is figure out the best settings for the
process. This helps make sure the parts we make are completely solid [93]. Research has found that by
process parameter optimization for PBF technology, we can create components with hardly any flaws
inside them, less than 1% [75, 94, 95]. Fritsch et al., [88] looked into how built orientation affects the
number of tiny holes and the quality of the surface in Inconel 625 parts made with L-PBF. They tested
different angles for building the parts, from 30° to 90° in 10° increments. According to Fig. 19a, they
found that while the number of holes on the up skin didn't follow a clear pattern, there was a decrease
in the number of holes on the down skin as the angle changed from 30° to 90° compared to the build
plate. This suggested that parts built vertically had fewer overall holes. The decrease seemed to be
because there were a smaller number of tiny holes, while larger holes didn't change much (Fig. 19b).
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Also, they noticed that there were more holes near the down skin compared to the up skin, regardless
of the angle. For instance, Fig. 19¢ represents the locations of pores along the height of the strut with
a build orientation of 30°, where the pores are color-coded based on their size: small (<30 um, green)
and large (>30 um, red) pores.
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Fig. 19: The porosity analysis results for L-PBF Inconel 625 specimens with build orientations ranging between 30° and
90° with a 10° step in terms of (a) variation in the number of pores on the up-skin (US)/down-skin (DS) of the strut with
respect to the build orientation. (b) Distribution of small (green) and large (red) pores on the strut cross-section as a function
of build orientation. (c) Locations of pores along the height of the strut having a build orientation of 30° with the solid
material being presented with a transparency of 90% (black, in the centre) and the pores color-coded based on the size of
small (<30 pum, green) and large (>30 pum, red) pores [88].

Research has shown that inclined parts tend to have more holes in the down skin area [82, 88, 90, 95].
For example, in Fig. 20a, they show the results for parts made of L-PBF Ti6Al4V at angles of 35.5°,
45°, 60°, and 90°. It shows that there are more holes in the down skin area for all those angles, but
when the parts are built vertically, the holes are evenly spread across the whole surface. They provide
close-up pictures of the holes in the up skin and down skin surfaces in Fig. 20b [90]. These findings
are approved by a study carried out by Delroisse and colleagues [87] on L-PBF AlSi10Mg parts. They
found that the number of holes in vertical struts was similar to that of the up skin of inclined parts
(0.4%-0.1%), but significantly higher in the down skin (4%). This difference is usually explained by
how the part is heated during the building process. When the part is built at low angles, more of it is
supported by powder, which has a lower thermal conductivity [82]. As a result, the lower surface of
inclined parts stays hotter for longer, causing excessive heating and leading to larger [96] and more
pores [82], characterized by instabilities and the formation of gas pores [87]. Delroisse et al. [87]
suggest that most of these holes are filled with hydrogen, as the solubility and movement of hydrogen
in the cavities increase with temperature.
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Fig. 20: (a) Distribution of pores between up-skin and down-skin zones in L-PBF Ti6Al4V struts made different inclinations

of 35.5°, 45°, 60° and 90°. (b) Detailed micrographs of porosities in the considered scan areas on up-skin and down-skin
in the strut built with orientations of 35.5°-90° [90].

Beyond the overall porosity, some researchers examined the relationship between build orientation and
other porosity characteristics in more detail. However, the literature results are not always consistent.
Suard et al. [94] reported that build orientation in L-PBF Inconel 718 specimens did not affect the mean
diameter and the sphericity of pores. Moreover, as shown in Fig. 21a and Fig. 21b (for fabricated
specimens with 90° and 35.3° build orientations), pore distribution along the width and length of the
part was not affected by build orientation and was described as uniform. The authors considered two

single struts of 1 mm diameter with different build orientations to estimate the porosity distributions in
BCCZ lattice structures.

Porosity= 0 33/)

Fig. 21: Uniform distribution of pores along the strut length and width for L-PBF Inconel 718 specimens fabricated with
build orientations of (a) 90° and (b) 35.3° [94].

Although the link between build orientation, thermal history, and porosity is highly relevant, its
interplay with other process parameters should be further investigated. One example of such analysis
is reported by Zhang et al. [82] who studied the relative density of L-PBF AlSil0Mg specimens
changing both the scanning speed and the build orientation. As shown in Fig. 22a, lower scanning
speed induced more pores (lower relative density (%)) for highly inclined (<20°) parts. On the contrary,
at lower inclinations (>20°), the influence of scanning speed was negligible due to the wider inter layer
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offset region. Fig. 22b reveals the obtained results of porosity analyses considering same scanning
speed of 2200 mm/s with different build orientations of 10°, 15°, 20°, 25°, 30° and 40° demonstrating
similar sphericity of pores as well. In contrast to these results, other studies found that pores can be
more irregular (sphericity<0.5) and elongated at low angles [75], [81] reporting different distributions
for superficial pores [81] with small pores increasing at lower angles [88].
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Fig. 22: (a) The influence of scanning speed on the density of the L-PBF AlSi10Mg strut for different build orientations of
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Considering porosity, however, some studies show a different pattern. They find that there's actually
fewer holes when the parts are built at low angles [81, 89, 94, 96, 97]. For example, in Fig. 23a Murchio
and colleagues [81] studied L-PBF Ti6Al14V parts and found that the number of holes decreased as the
angle of building decreased. They found that the average number of holes was 0.19%, 0.09%, 0.08%,
and 0.05% for parts built vertically, at a 45° angle, at a 15° angle, and horizontally, respectively. This
was also seen in research by Sombatmai et al. [96] on the same technology and material. Similar trends
were found in L-PBF AlSi10Mg parts built at different angles ranging from 0° to 90°, as shown in Fig.
23b [98]. The average hole sizes were 0.01%, 0.06%, and 0.08% for solid cubic pieces built at 0°,45°,
and 90°, respectively. Additionally, in Fig. 23c, there's a representation of the normalized density and
size of holes. It was noticed that there were more holes in the pieces built at 45° and 90°, with a peak
at 1.2 mm—3 (45°) and 1.6 mm—3 (90°) for holes with diameters ranging from 60 um to less than 70
pum.

This trend is also seen in L-PBF for 316L stainless steel [89]. These findings indicate that parts made
with a 45° angle had a higher density compared to vertically built ones. Specifically, relative densities
of approximately 99.71%, 99.83%, 99.91%, and 99.96% were reported for parts built vertically, at 75°,
60°, and 45° angles, respectively. Interestingly, researchers explained this trend by thermal history of
the parts during production. They suggested that in inclined parts, where there are larger pools of
melted material and more heat accumulates on the lower surface, there's less chance of inadequate
overlap between the melted sections, which could lead to higher porosity. Thus, different studies point
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to the same phenomenon as the reason for opposite trends. However, there are also studies, like the
one by Hossain et al. [99] on L-PBF Ti6Al4V and 316L stainless steel parts, that didn't find a clear
link between hole formation and build angle. These inconsistencies underscore the need for more
thorough and systematic research to understand the extent and nature of this influence.
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Fig. 23: (a) CT images of porosity distribution within the L-PBF Ti6Al4V struts built at different orientations (90°, 45°,
15°, 0°) in a volumetric scale [81]. (b) Analysis of porosity in L-PBF AlSi10Mg produced with various build orientations
ranging from 0° to 90°. (¢) Comparison of defect density across different build orientations: 0°, 45°, and 90° [98].

2.5.3 Effect of Build Orientation on Microstructural Properties

The microstructure of metallic AM parts, which is a fundamental characteristic, is influenced by
various factors. Specifically, the thermal history plays a crucial role in shaping the microstructure of
these parts. In PBF technologies, parameters such as the energy source, scanning speed, distance
between hatch lines, layer thickness, and build orientation are known to impact the microstructure of
the final part [100, 101, 102, 103]. Due to the rapid scanning process, PBF often leads to the formation
of extremely small melted areas, characterized by rapid solidification and cooling rates, resulting in
high thermal gradients. As a result, these materials typically exhibit highly refined cellular-like

microstructures. This means that the grains or crystal structures within the material are very small and
uniform [104].

Because of the rapid cooling rates involved in the manufacturing process of certain alloys like steel or
titanium, there's a tendency for metastable phases, particularly martensite, to form. These phases are
typically hard and brittle [105], which may not be ideal for the intended use of the parts. Therefore,
additional heat treatments are often necessary after the initial manufacturing process to achieve a more
suitable microstructure that can withstand real-world conditions [106]. In general, the high thermal
gradients during the manufacturing process promote the growth of columnar grains in a directional
manner, a phenomenon known as epitaxial growth. This results in the formation of a crystallographic
texture with preferred orientations or directions. This texture contributes to the anisotropic behavior of
AM parts [107, 108], meaning their properties and performance can vary depending on the direction
in which they're tested or used. The thermal variations in PBF technologies, which play a significant
role in determining the microstructure, are greatly affected by the build orientation [109]. Essentially,
the build orientation dictates the extent of the overlapping area, where a part of the new layer is
supported by previously melted material, while the remainder is supported by powder with lower
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thermal conductivity compared to the melted material [110]. Additionally, orientations of parts
different from vertical result in the formation of up-skin and down-skin regions within the part, which
undergo distinct thermal histories during the manufacturing process, as discussed earlier. Therefore, it
is essential to examine how the build orientation influences the microstructure of metal parts as they
are manufactured.

Dong and colleagues [111] conducted a study where they used L-PBF to create specimens of
AlISi10Mg. Their aim was to analyze how the orientation during the build process affected the
microstructure of the parts. They examined the microstructure of specimens built at angles of 35.5°,
45°, 60°, and 90° and found a cellular-dendritic microstructure. This microstructure appeared finer on
the upper surface and coarser on the lower surface, which was highlighted in areas A and B for the
35.5° orientation in Fig. 24. This difference was more noticeable in struts with greater inclinations, as
observed through Scanning Electron Microscope (SEM), particularly in area B for all four orientations
in the lower surface zone shown in Fig. 24. The largest grains were observed in the specimen built at
an angle of 35.5°. Additionally, specimens at 35.5° and 45° displayed larger and elongated grains
(known as columnar grains) compared to those at 60° and in the vertical position, which had smaller,
evenly shaped grains (referred to as equiaxed grains). Furthermore, the average grain size decreased as
the orientation approached the vertical direction: from 3 um in the 35.5° specimens to 2 pm at 45°,
then to 1.5 pm at 60°, and finally to 1 pm in the vertical specimens.

The authors also studied the heating and cooling patterns of the inclined specimens using Finite
Element Method simulation. They discovered a consistent cooling rate on the up-skin, but this rate
increased by 51.5% on the down-skin between the 35.5° and vertical specimens. The findings
supported the idea that inclined specimens develop larger grain sizes, especially on the lower surface,
due to the slower cooling rate, which allows for grain growth. These findings were further confirmed
through an examination of microstructural differences in lattice specimens of L-PBF AISi10Mg. These
specimens featured struts with a body-centred cubic unit cell, including both vertical and inclined struts
at a 35.5° angle [87]. The analysis revealed that the microstructure on the up-skin of the 35.5° struts
was 2.5 to 3 times finer compared to the down-skin. This difference was attributed to the thermal
conditions experienced during the manufacturing process. The down-skin of the strut, partially
supported by insulating powder, retains heat for a longer duration, resulting in the growth of coarser
grains. Conversely, the up-skin, supported by melted material, experiences conditions similar to those
of vertically built struts, leading to a higher cooling rate and the formation of finer grains.
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Fig. 24: (a) Microstructural analysis in L-PBF AISi10Mg specimens with different orientations of 35.5°, 45°, 60°, 90°
exhibiting cellular-dendritic microstructure on the up-skin and coarser on the down-skin shown in area A and B [111].

Nezhadfar et al. [112] noted that the typical grain arrangement formed in AM process consisted of
columnar grains, surrounded by equiaxed grains, especially near the molten pool. They investigated
how the microstructure varied based on the orientation of the build, either horizontal or vertical, for
five different aluminum alloys. All specimens were produced using L-PBF with build orientations set
vertically and horizontally. Fig. 25a-d display the Inverse Pole Figure maps generated through Electron
Back Scatter Diffraction (EBSD) for specimens built at 90° and 0° angles using various aluminum
alloys, including AlSi110Mg, Scalmalloy, QuesTek Al, and AIF357, respectively. Isaac et al. [113] also
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investigated how different build orientations, specifically 0°, 45°, and 90°, impact the microstructure
of L-PBF AlSi10Mg. They found that the mean grain sizes were 8.9 um for 0°, 8.1 um for 45°, and 9
um for 90° build orientations, with minimal differences observed between them. Their findings
revealed that the microstructure predominantly comprised elongated columnar grains with finer grains
surrounding the boundaries of the melt pool for all build orientations. These columnar grains, elongated
along the direction of build, were enveloped by smaller grains. This microstructural arrangement is a
result of the rapid melting and subsequent rapid cooling inherent in the L-PBF process. Several studies
in the literature also support the notion that build orientation influences the growth of columnar grains,
as these grains tend to align with the build direction [52, 114]. This alignment is attributed to the heat
flow being oriented along the build direction due to higher thermal gradients, which induces a preferred
grain orientation [115].
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Fig. 25: Inverse Pole Figure maps of different Al alloys including (a) AlSil0Mg, (b) Scalmalloy, (c) QuesTek Al and (d)
AIF357 all manufactured by L-PBF with vertical and horizontal build orientations [112].

Ghorbanpour et al. [116] verified the elongation of grains in the direction of build in L-PBF Inconel
71 specimens produced both horizontally and vertically, as illustrated in Fig. 26a. Moreover, the Grain
Orientation Spread (GOS) maps obtained (refer to Fig. 26b) revealed higher values for the horizontally
built specimens, with a mean GOS of 0.88°, compared to the vertically built specimen, which had a
mean GOS of 0.72°. The GOS plots indicate internal grain distortions and residual stress within the
material, where higher GOS values indicate greater misorientations and residual stress [117]. Leicht
and colleagues [118] explored how different printing angles (90°, 45°, and 30°) affect the
microstructure of metal ribs made using L-PBF 316L. Their findings suggest that while ribs printed at
inclined angles (45° and 30°) display random texture orientations, the main orientation along the
printing direction is still noticeable, though less intense compared to straight ones (90°). Ribs printed
at 45° and 30° angles exhibit large, elongated grains along the printing direction. Additionally, small
grains are present on the surfaces of inclined ribs, similar to those in vertical ribs. These smaller grains
likely form due to varying amounts of unmelted and partially melted powder adhering to both sides of
the ribs. Furthermore, these smaller grains don't appear to grow towards the center of the manufactured
rib, which is also observed in the straight ribs. Instead, they seem to be slightly stretched along the
surface of the part. This change in grain direction suggests differences in temperature gradients. These
gradients are influenced by the thermal conductivity of both the powder bed and the part itself.
Consequently, heat dissipation varies with changes in build orientation, affecting the direction of grain
growth. Additionally, it's worth noting that the rib produced with a 30° build angle was thinner
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compared to those with a 45° build angle, highlighting once more the limitations in geometric accuracy
when manufacturing parts with inclined features.

Addressing the issue of columnar grain growth along the build direction, there exist divergent findings
in the literature. For instance, Wauthle et al., [90] investigated the microstructure of L-PBF Ti6Al4V
lattice structures with various build orientations and noted that grains could elongate either in the
direction of build or along the strut orientation. Similarly, Murchio et al. [81] examined the
microstructure of L-PBF Ti6Al14V dog-bone specimens oriented at 0, 15, 45, and 90 degrees (vertical).
They observed no significant disparities in the microstructure among the four groups of specimens.
These contrasting results underscore the complexity of the relationship between build orientation and
microstructural characteristics in AM processes. Moving forward, further research is needed to
discover the underlying mechanisms driving grain growth and its implications for the performance and
properties of fabricated components.
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Fig. 26: (a) The stretching of grains in the direction of build observed in L-PBF Inconel 718 specimens manufactured with
90° and 0° (b) the associated GOS maps, which reveal residual stresses and distortions within the grains [116].

2.5.4 Effect of Build Orientation on Hardness

Hardness stands as one of the most extensively examined mechanical attributes in AM, serving as a
reliable metric for assessing mechanical performance. Regarding struts, there have been no reported
dependencies of microhardness on build orientation [33, 96, 116]. However, an observed correlation
exists between height (i.e., distance from the build plate) and microhardness, revealing lower
microhardness in the upper layer compared to the lower layers. This phenomenon arises due to the
rapid cooling rates nearer to the substrate, leading to a finer microstructure. For instance, the average
microhardness (measured in HRC) values for the bottom and top layers of L-PBF Ti6Al4V specimens
fabricated in three perpendicular orientations were 33.55-31.65, 32.77-24.01, and 37.67-30.10,
respectively [119]. Additionally, Palanisamy et al. [120] noted marginally lower Vickers hardness in
45° Ti6Al4V struts compared to vertical ones in both EB-PBF and L-PBF specimens.

2.5.5 Effect of Build Orientation on Fatigue strength

Comprehending the fatigue behavior of components manufactured through AM is essential for
ensuring the reliability of load-bearing parts in applications subjected to cyclic loading, such as
aerospace, railway, and automotive industries. It is widely acknowledged that the fatigue strength of
AM components, whether bulk or lattice structures, is significantly affected by their build orientation
[81, 97, 112, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131]. This influence stems from
variations arising during the manufacturing process, including geometric inaccuracies, defects like
porosity and staircase effects, microstructural non-uniformity, surface roughness, and residual stresses.
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It is crucial to underscore the profound impact of surface defects on the propensity for fatigue crack
initiation in as-built specimens. Surfaces exhibiting greater irregularities elevate the likelihood of
premature crack initiation due to localized stress concentration, consequently diminishing fatigue
resistance [132, 133, 134]. A similar trend is observed regarding porosity, where pores situated at or
near the surface can serve as potential stress concentrators, thus becoming favorable sites for crack
initiation under cyclic loading. This phenomenon was effectively demonstrated in the study conducted
by Chern et al. [131] regarding the fatigue performance of rectangular EB-PBF Ti6Al4V specimens.
They noted an anisotropic fatigue behavior during four-point cyclic bending tests on horizontally and
vertically built specimens. Vertically built specimens displayed a shorter fatigue life, characterized by
lower initiation time and a faster crack propagation rate, attributed to inter-layer melt defects serving
as crack initiation sites when subjected to crack opening mode I loading. This observed trend was
further supported by another study focusing on L-PBF Ti6Al4V specimens, which examined three
different building orientations (0°, 50°, and 90°) in dog-bone specimens [130]. During axial fatigue
tests, vertically fabricated specimens (90° orientation) performed better than series fabricated
specimens due to a smoother surface profile. On the contrary, the samples made in 0 and 50° directions
significantly show roughness of the surface, especially at the down-skin, due to the necessity of using
supporting structures. Morettini et al. [129] observed that surface roughness is not the sole factor
influencing the fatigue strength of additive AM specimens. They conducted tests on DMLS Ti6Al4V
dog-bone specimens subjected to axial fatigue. DMLS, similar to Laser L-PBF, consolidates powders
through sintering rather than melting, resulting in lower temperatures and laser power. Their study
revealed that vertically built specimens exhibited a fatigue strength 30 MPa lower than their
horizontally built counterparts, despite the latter having higher surface roughness. This difference was
attributed to the presence of larger compressive residual stresses in the central region of the specimens,
generated during the cooling process. These findings contradicted those of Meneghetti et al. [123]
regarding DMLS maraging steel specimens, where horizontal specimens displayed the lowest axial
fatigue strength even after undergoing an age hardening heat treatment.

The factors influencing how well lattice structures handle fatigue is more complicated because of their
intricate design. Research shows that different build orientations can lead to significant surface flaws
and holes, which can make them weaker over time [81, 97, 121, 122]. Additionally, the nodes where
the struts connect might impact how well the lattice can withstand fatigue [121, 122]. Since lattice
structures have small struts, even tiny flaws can have a big impact, making them more likely to break
compared to bulk specimens [81]. Persenot et al. [97] conducted a detailed study on thin (2 mm) EB-
PBF Ti6Al4V specimens printed at three different angles (90°, 45°, 0°). They found that the specimens
printed vertically had the shortest fatigue life. Fig. 27a illustrates radial Micro Computed Tomography
(LCT) slices of the specimens printed at various angles. The researchers identified two main types of
surface flaws: unmelted powders and irregularities in layer stacking, also known as the staircase effect.
Notches were primarily observed in the 90° and 45° specimens, which were perpendicular to the
printing direction, as depicted in Fig. 27b. Conversely, they were nearly absent in the horizontal struts.
By comparing radial slices of the specimens before and after fatigue failure, and examining the fracture
surfaces, researchers discovered that cracks primarily started from the superficial notch-like defects.
Interestingly, despite having higher roughness, the 0° specimens exhibited the longest fatigue life. This
underscores that surface roughness alone cannot fully determine the fatigue strength of as-built AM
specimens.
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Fig. 27: (a) Influence of build orientation on the surface characteristics of thin EB-PBF Ti6Al4V specimens as they are
built, with a close-up view focusing on the defects. (b) Diagram showing various types of defects present on or near the
surface of EB-PBF as-built specimens, including the shape of notch-like defects [97].

Using a similar method, Murchio et al.[81] carried out a series of experiments on L-PBF Ti6Al4V
struts produced at four different angles. The outcomes emphasized a significant impact of build
orientation; however, in contrast to previous research, lower angles of construction resulted in reduced
fatigue strength, as depicted by the S-N curves shown in Fig. 28a and b. In this instance, specimens at
0° displayed the weakest fatigue resistance, whereas those at 45° exhibited the strongest. The failure
of the struts was attributed to the miniaturization effect, which increased their susceptibility to surface
imperfections. Struts at low angles were found to possess greater geometric inaccuracies and surface
roughness, making them more vulnerable to crack initiation from surface micro-notches.
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Fig. 28: (a) Semi-logarithmic S-N plots depicting the fatigue performance of strut-shaped L-PBF Ti6Al4V specimens
constructed at various angles. (b) Dandlogarithmic S-N plots normalized by the yield strength for each orientation [81].
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In another study by the same researchers [121], they investigated the impact of adding nodes along the
struts on fatigue resistance. Consistent with their previous findings [81], struts oriented at 45° exhibited
the highest fatigue strength. However, horizontal struts were less affected in terms of their fatigue life
due to the presence of the node, which reduced the length of unsupported sections. Analysis of fracture
surfaces revealed that in vertical and 45° specimens, where geometrical accuracy was better, failure
primarily occurred at the node junction, where the fillet radius was smaller, leading to increased stress
concentration. Conversely, in 15° and 0° struts, fractures initiated along the gauge length, largely
influenced by geometrical inaccuracies and higher surface roughness, particularly in the down-skin
region. These findings were similar to those presented by Dallago et al. [122], who investigated the
fatigue response of L-PBF Ti6Al4V cubic lattice samples. In vertically constructed struts, the onset of
crack formation was observed at the sharper and more irregular node fillet radius situated on the down-
skin. However, in horizontally printed load-bearing struts, the critical site was the strut itself, especially
at its center, owing to its inherent geometric imperfections. Consequently, this led to a diminished
fatigue performance compared to vertically oriented struts, irrespective of the fillet radius.
Additionally, it was noted that in specimens where the primary load-bearing struts were vertically
printed, cracks initiated near the nodes and then spread to adjacent struts. Conversely, in lattices where
the primary load-bearing struts were those printed parallel to the printing plane (horizontally), cracks
originated in several struts simultaneously and away from the nodes, resulting in diffuse damage
throughout the structure. Solberg et al. [128] extensively explored the impact of build orientation
(ranging from 0° to 135°) on fatigue strength. They investigated the uni-axial fatigue behavior of L-
PBF maraging steel grade 300 specimens across a broad spectrum of orientations. After reviewing
similar studies, they concluded that although the fatigue performance obtained was lower compared to
conventional manufacturing methods. Their findings revealed that specimens constructed near the 90°
orientation exhibited longer fatigue life compared to those built closer to the 0° orientation (refer to
Fig. 29a). Furthermore, as depicted in Fig. 29b, the fracture surfaces of the 0° and 135° specimens
indicated that failure originated from the as-built surface, but from different zones: the center for 0°
and from the corner for 135°.
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Fig. 29: (a) Uni-axial fatigue life (represented as the number of cycles to fallure Nf, at a 500 MPa load) of L-PBF maraging
steel grade 300le-mens based on the building orientation. (b) SEM fracture surfaces of specimens built at 0° and 135°;
white arrows indicate the initiation and propagation of fatigue cracks originating from the as-built surface [128]. (c) SEM
fracture surfaces of some of the specimens tested [112].

41



The role of post surface finishing on the surface quality and fatigue behavior of Ti-6Al-4V alloy produced via Laser Powder
Bed Fusion Additive Manufacturing process.

Nezhadfar et al. [112] assessed the impact of build orientation on the fatigue strength of five different
Al alloys produced via L-PBF. The authors' findings suggest that volumetric defects significantly
influence fatigue crack initiation and, consequently, fatigue performance. Among the specimens tested,
Scalmalloy and AD1 exhibited superior performance compared to AISi10Mg, QuesTek Al, and
AlF357, regardless of build orientation, mainly due to their lower defect density. A comparison of
fracture surfaces between AISi10Mg and AD1 specimens (Fig. 29¢) illustrates that cracks in the former
initiated from volumetric defects near or on the surface, while in the latter, they primarily originated
from the surface itself. However, the fatigue behavior of specimens is not solely determined by defect
density; the type (such as pores or lack-of-fusion (LoF)) and size of defects also play a crucial role.
This distinction was evident in AIF357 and QuesTek Al alloy, which exhibited anisotropic behavior.
Vertical AIF357 specimens outperformed horizontal ones because cracks initiated from small pores
rather than large LoF defects (refer to Fig. 29¢). A separate examination of the L-PBF AlSi10Mg alloy
[127] delved into how the initial condition of construction affects its behavior under 3-point bending
fatigue. To explore the impact of build orientation and consider the influence of surface characteristics,
five distinct sets of specimens were fabricated at varying angles and subsequently tested (refer to Fig.
30a). These specimens were specifically engineered to experience maximum stress at the notched face
(refer to Fig. 30b). Analysis of the S-N plots in Fig. 30c revealed that horizontal specimens (series B)
exhibited superior fatigue resistance compared to vertical (series C) and diagonal counterparts. Among
the inclined specimens, those featuring an up-skin notch (series E) outperformed those with a down-
skin notch (series D). Fig. 30d showcases the fracture surfaces of series B and C; in series B,
characterized by smoother surfaces and smaller features, cracks initiated from the specimen's corner.
In contrast, cracks in series C initiated at the center of the notched face and then propagated between
adjacent layers. Additionally, it was noted that residual stresses played a significant role, accounting
for the lower fatigue thresholds observed in series C and D compared to the others.

AlSilOMg

Fig. 30: (a) Various sets of L-PBF AlSi10Mg specimens subjected to 3-point bending fatigue; the blue areas represent the
placement of supports utilized for the diagonal series. (b) FE model illustrating stress distribution along the fatigue
specimens; highest stresses occur near the notched face. (¢) Comparative analysis of S-N plots obtained for each specimen
series. (d) SEM images displaying fracture surfaces of series B and C specimens [127].

Ponticelli et al. [126] investigated the fatigue strength of L-PBF 316L specimens under reverse bending
loading conditions. They examined the influence of building orientation and volumetric energy density
input by producing specimens at three different inclinations using two distinct combinations of process
parameters, resulting in two different energy density inputs. The study concluded that building
orientation and porosity significantly impacted the performance of L-PBF specimens. Specimens built
horizontally exhibited the highest fatigue resistance, whereas vertically built ones showed the lowest.
These findings align with those of other studies on this material utilizing uniaxial strain-controlled
fatigue tests [124]. Researchers attributed this behavior to the orientation of deposited layers relative
to the loading direction; in horizontally built specimens, the layers were preferentially oriented
perpendicular to the bending-induced stress, creating a more convoluted path for crack propagation.
Moreover, employing higher volumetric energy densities resulted in lower fatigue limits. This was
rationalized by the fact that higher energy densities are associated with greater layer thickness, leading
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to less efficient consolidation and consequently, a higher density of volumetric defects from which
cracks can originate [126]. Shrestha et al. [124] identified three categories of defects found in these
specimens: 1) voids arising from lack of fusion between consecutive layers, i1) inclusions formed from
partially melted powder particles, and iii) unmelted powder particles clustered around a void; among
these, the first category posed greater harm when aligned preferentially with the loading direction.

Fracture toughness

Toughness is without a doubt regarded as one of the most vital and necessary material properties to
attain the best possible structural performance. The widely accepted method used today to assess
fracture toughness in ductile materials—Ilike metals—is predicated on the theory of Elasto-Plastic
Fracture Mechanics (EPFM). Finding out how defect size and type, in addition to bulk material
parameters, affect toughness is crucial when it comes to AM materials. Within the scientific world of
AM, the characterization of PBF parts' fracture toughness has gained significant importance. This is
because different kinds of flaws and anisotropy might occur in these kinds of parts. Specifically,
research is being done on how building orientation affects defects like porosity, second phases, LoF,
and—perhaps most intriguingly—the existence of intrinsic melt pool borders, which may function as
crack initiators or have an impact on the formation and spread of cracks.

According to ASTM E1820-18 standard, L-PBF A357 alloy compact tension C(T) specimens were
obtained in three distinct orientations. Oliveira de Menezes et al. [ 135] examined the fracture toughness
of these specimens. The three differentially oriented groups of specimens studied are schematically
depicted in Fig. 31a, where H, L, and T stand for height, longitude, and thickness directions,
respectively. This study demonstrated that the direction of loading and the build orientation had a
substantial impact on the material fracture toughness as determined by the JIC integral. When
specimens were loaded in the building direction (H) and the notch was positioned along the building
plane and orientated in relation to the L direction, the as-built condition of the specimens showed the
lowest value of fracture toughness (H-L specimens). The crack in the H-L specimens expanded along
the melt pool boundaries, which were neatly aligned with the crack plane, according to an analysis of
micrographs taken perpendicular to the crack planes. However, T-L and H-T specimens had a more
complex and less focused crack propagation route, which led to a higher fracture toughness (see Fig.
31b). Similarly, in a subsequent study [136], using AlISi7Mg compact tension C(T) specimens produced
by L-PBF134, which evaluated the impact of various heat treatments. In this instance, an artificial
aging cycle (T6) caused microstructural coarsening, which eliminated the anisotropy, albeit at the
expense of lowering the T-L and H-T specimens' total fracture toughness. This behavior was ascribed
to a modification in the process of fracture propagation, where porosity and the presence of small,
uniformly dispersed Si particles were thought to be the primary reasons for the poor resistance to crack
propagation. The fracture toughness of 3-point bending L-PBF AlISi10Mg specimens in three distinct
building orientations was examined by Aratjo et al. [137]. The values of fracture toughness were
highest for horizontal as-built specimens (0°) and lowest for vertically-built specimens (90°).
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Fig. 31: (a) Diagram of the L-PBF A357 alloy C(T) specimens, showing the building plane (T-L) and building direction
(H). (b) A schematic depiction of the three examined directions along the fracture propagation path. The direction of crack
propagation is indicated by the arrows [135].

It was also examined how building orientation affected the fracture toughness of specimens made using
PBF procedures in different materials, including stainless steels [138], low-alloy steels [139], and
Ti6Al4V [136]. These examples offer more proof that loading the material in its as-built state in the
building direction results in the lowest fracture toughness. Defects that are aligned at the construction
plane are the reason for this. In some circumstances, toughness values may even be 30—40% lower than
when the same material is produced in the wrought condition—that is, using a technique other than
AM [138]. These investigations also indicated that applying the appropriate thermal treatments can
partially eliminate this anisotropic behavior [139, 140].

Wear resistance

Identifying wear mechanisms and wear resistance are of major interest for a wide range of applications.
However, comparatively, few studies have been carried out to investigate the effect of build orientation
on the wear resistance of AM products [120, 141, 142, 143]. Wear properties are known to be
intrinsically dependent substantially on hardness, microstructure, and porosity; in AM materials, these
aspects are directly correlated with the fabrication process parameters like the cooling rate experienced
by different layers, according to the selected build orientation. As a result, numerous studies have
consistently reported findings that align with the main results presented in previous sections. These
indicate that the build orientations that promote smoother, more geometrically accurate, and harder
surfaces that these characteristics are expected to lead to superior wear resistance. The evidence of this
relationship was clearly observed in a study that compared the wear resistance of DMLS Ti6Al4V
specimens built in two different orientations [120]. Vertically built specimens showed the highest wear
resistance and the highest microhardness. As it was highlighted in previous section, the microstructure
found in these specimens played an important role; while the horizontally built specimens exhibited a
mixture of a and B phases, in the vertical specimens, harder o’ martensite was also identified.
Additionally, these results were also confirmed by Bahshwan et al. [141] who investigated the role of
microstructure on wear mechanisms in L-PBF 316L SS disc-shaped specimens built in 3 different
orientations. In this research, the vertically oriented disc exhibited the highest abrasive-oxidative wear.
Podgornic et al. [142] who studied the influence of the build direction on the wear resistance of L-PBF
maraging steel specimens. Among the 3 build orientations of 0°, 45°, and 90°, the best combination of
abrasive and adhesive wear resistance was reported for the specimens built horizontally (0°). On the
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other hand, the worst wear resistance was found in the vertical specimens (90°) when the sliding took
place across the layers. Yang et al. [143] investigated the effect of 3 scanning strategies to promote the
rotation of grains and consequently enhance the wear resistance of L-PBF 316L SS specimens. It was
demonstrated that the best strategy was to follow a zigzag scanning with a rotation of 90° between
subsequent layers. This contributed to the remelting and change in the orientation of the grains, from
columnar, epitaxial grains grown along the build direction to grains aligned in the horizontal direction.
This configuration showed a higher resistance to slip and, therefore a higher resistance to wear
mechanisms. It was suggested that wear resistance can be enhanced by controlling the heat flow during
L-PBF to rotate grains away from the “soft” orientation, where the grains have low resistance to slip.

Corrosion resistance

Certain metallic materials used in AM tend to form a passive layer under typical environmental
conditions. Titanium alloys, aluminum alloys, and stainless steels, for example, develop surface layers
of Ti02, AI203, and Cr203, respectively. However, numerous studies indicate that the corrosion
resistance of AM-produced components is generally lower compared to those made from the same
materials using traditional manufacturing methods [144, 145, 146, 147, 148]. Several studies have
highlighted that differences in microstructure due to varying build orientations within the same
component can impact corrosion resistance [146, 147, 148]. Romero-Resendiz et al. [146] examined
the electrochemical behavior of EB-PBF Ti6Al4V samples, finding that the additively manufactured
specimens exhibited higher corrosion rates in a 1 M NaCl solution compared to those produced through
forging. This was attributed to a preferred grain orientation in the EB-PBF samples, which likely
increased surface energy and, in turn, enhanced the corrosion process.

In one another study [149], the corrosion resistance of L-PBF 316L stainless steel specimens in a 0.6
M NaCl solution was investigated. Potentiodynamic curves were compared for specimens built at three
orientations (0°, 45°, and 90°) and with the wrought material. Surprisingly, the L-PBF specimens
exhibited better resistance to pitting and a wider passivation window than the wrought counterparts.
Among the AM samples, those built horizontally showed the highest resistance. Experimental results
suggested that a more stable protective oxide layer formed on the AM specimens, although the
underlying reason for this trend was not explained. Du et al. [150] studied the impact of build
orientation on the corrosion behavior of L-PBF Inconel 718 specimens in a 3.5% wt NaCl solution.
The findings showed that corrosion resistance improved as the build angle increased. This was
explained by a higher grain boundary density at larger building angles, which contributed to enhanced
corrosion resistance.
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2.6 Post-treatment

Despite their significant potential, AM technologies face certain limitations that require post-
processing techniques to enhance the quality and performance of the as-built components, aiming to
meet the standards achieved by traditional manufacturing methods [151].

Printed parts often contain unavoidable defects that can only be partially reduced by fine-tuning process
parameters [152]. For instance, the staircase effect, which results in an uneven surface due to the
appearance of "steps" caused by excessive layer thickness, cannot be completely eliminated through
parameter adjustments. However, post-processing techniques can help minimize this issue [153]. The
choice of build direction impacts both the "surface complexity" and the geometric accuracy of a part,
depending on its shape. It also affects the amount of support structures required for overhangs, which
must be removed after production. Additionally, the scanning strategy used can introduce voids or
pores within or between layers, potentially leading to cracks and facilitating their propagation [152].
As a result, post-processing plays a crucial role in mitigating these inherent defects and imperfections.

Post-treatments aimed at addressing the negative effects caused by build orientation are divided into
two main categories: bulk treatments, including heat treatments, and surface treatments. Surface
treatments are further classified into subtractive, mechanical, coating, and hybrid methods [154].
Additionally, the impact of post-treatments, as influenced by build orientation, is examined in
subsections covering microstructure, surface quality, mechanical properties, and fatigue performance.
For more detailed information on general post-treatments used in AM materials, regardless of
orientation, see [155].

2.6.1 Bulk Post-treatments

Bulk post-treatments include Heat Treatments and HIP. Heat Treatments involve thermal cycles that
relieve residual stresses, reduce segregation, alter the microstructure, and adjust mechanical properties
such as ductility and strength [154]. HIP combines thermal annealing (T > 0.7 Tm) with high pressure
(~100 MPa) in an inert atmosphere, with results varying based on the applied temperature, pressure,
and duration. This process is especially effective for closing cracks and pores within AM parts [154].

The effects of stress relieving (heat treatment) at 650°C for 3 hours and HIP at 1000°C, 100 MPa, for
2 hours were studied on L-PBF lattice structure specimens [156]. Stress relieving improved material
strength by enhancing homogeneity and maintaining grain orientation. In contrast, HIP, which
exceeded the B-transus temperature (980°C), produced a bimodal o/f microstructure, leading to greater
strength and fracture strain. Additionally, HIP largely eliminated the columnar and anisotropic
structures.

2.6.2 Surface Post-treatments
Subtractive Surface Treatments

These processes involve removing the outer layers of the AM part, where most orientation-related
defects, such as porosities, partially melted powders, and spatters, are found. This significantly reduces
surface roughness without affecting the internal material, leading to a notable improvement in
performance, particularly for load-bearing components subjected to cyclic loading [157, 158].

Machining is one of the most widely used mechanical finishing processes in the AM field. However,
its use is limited to simpler geometries and cannot be easily applied to complex shapes due to surface
inaccessibility [157]. Serjouei et al. [159] developed a predictive model for S-N fatigue curves,
accounting for the effects of build orientation, various heat treatments, mean stress ratios, and the
location and size of pores in 316L stainless steel specimens produced by different laser-based AM
technologies (e.g., L-PBF, DMLS). Experimental tests generally showed improved fatigue resistance
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in machined specimens compared to those in the as-built condition. Wood et al. [160] examined the
effects of build orientation and post-treatments, such as machining and shot peening, on the fatigue
performance of L-PBF 316L stainless steel specimens built vertically or horizontally. Interestingly, for
all build orientations, the machined and shot-peened specimens had similar fatigue resistance, despite
differing surface roughness (Ra of 0.7 um for machined and 4 um for shot peened), due to the
compressive residual stresses generated by shot peening. Compared to the as-built samples, the
machined specimens exhibited the highest fatigue strength. However, vertically built specimens
showed lower fatigue strength, mainly due to fusion defects, as they were constructed parallel to the
loading axis.

Polishing is a widely used post-treatment for AM products and can be carried out through various
methods, such as mechanical, chemical, electrochemical, laser polishing, magnetically driven abrasive
polishing, hydrodynamic cavitation abrasive finishing, and ultrasonic cavitation abrasive finishing
[154]. The goal of all these techniques is to achieve a smooth, mirror-like surface. Several of these
treatments are specifically applied for post-processing AM specimens built at different angles.

Cabrini et al. [161] investigated the corrosion resistance of DMLS Al10SiMg specimens built in
horizontal and vertical directions, which were then either mechanically polished with emery paper and
alumina or shot peened with ceramic microspheres. The study revealed that post-treatments were
essential for improving corrosion resistance, as pores and residual unmelted powders on the as-built
surface served as corrosion initiation sites. The porosity density varied depending on the build
orientation, with horizontally built specimens exhibiting lower average pitting potentials compared to
vertical ones, suggesting a reduced likelihood of corrosion pits. During the AM process, laser scanning
created an oxide layer that provided minimal protection due to its discontinuity and vulnerability to
corrosion along laser tracks. Post-treatments, particularly polishing, were effective in removing this
weak layer, with polished specimens showing better pitting resistance than shot-peened ones in both
build orientations. After achieving the same surface finish through polishing, horizontally built
specimens demonstrated better corrosion resistance than vertically built ones. However, a drawback of
polishing for enhancing the mechanical and electrochemical performance of AM materials is its
inability to close pores, whereas shot peening can partially seal them. As a result, the effectiveness of
the protective oxide layer depends on the quantity and size of the residual or exposed pores.

Chemical etching (CE) and polishing are commonly used post-processing methods for AM materials
due to their adaptability to complex geometries. Since they don't require mechanical tools, these
techniques are well-suited for addressing surface defects in intricate structures with limited
accessibility, such as lattice structures [53, 162]. The process involves submerging the part in an acid
solution, which erodes the surface, either with or without the assistance of an electric current. Lhuissier
et al. [163] applied CE with varying etching times to EB-PBF Ti6Al4V lattice structures and found it
effective in reducing two common defects: partially melted powder particles and irregular stacking
patterns. Notably, the etching rate remained consistent for struts oriented in different directions.

Non-subtractive Surface-treatments

Sand blasting is a mechanical surface treatment where sand or ceramic beads are propelled at a specific
pressure to impact the surface. Widely used across industries for scale removal and surface cleaning,
it can also cause minor surface plastic deformation and alter surface roughness, depending on the size
of the beads and the pressure of the compressed air used for bead acceleration [164].

In [165], the effects of sand blasting on Ti6Al4V L-PBF specimens were investigated, revealing that it
reduced surface roughness (Ra) from approximately 20 pm to 15 pm by removing partially melted
particles that were loosely adhered to the surface. The process also introduced compressive residual
stresses in the outermost layer (~6 pum). While the mechanical properties were not significantly
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impacted, the reduction in roughness and removal of surface particles could be beneficial for
biomedical applications.

Shot peening, a mechanical surface treatment similar in concept to sandblasting, requires more precise
control of parameters such as bead type (e.g., steel, ceramic), bead size, bead shape, impact velocity,
and the distance between the nozzle and target surface. This technique is widely used across industries
to induce compressive residual stresses, promote surface work-hardening, refine surface grains, and
primarily improve the cyclic performance of metal components. [166, 167, 168]. Shot peening is
commonly used in the post-processing of AM materials to improve surface quality and address the
limitations in fatigue performance found in the as-built condition [154, 164, 169]. The two key
parameters in shot peening are Almen intensity, which measures the kinetic energy of the impacting
beads, and the coverage area treated [170]. Laser shock peening is a non-subtractive surface treatment
that induces plastic deformation in the surface layer using pulsed laser exposure. Its high level of
control makes it especially effective for AM parts with complex geometries. Like shot peening, laser
shock peening results in grain refinement and compressive residual stresses in the surface layer,
enhancing fatigue resistance [171]. Additionally, laser shock peened specimens generally have lower
surface roughness compared to shot peened ones. The effect of laser shock peening (using a 10 ns
pulsed Neodymium Ytterbium Aluminium Garnet (Nd: YAG) laser) was studied on L-PBF 316L
stainless steel dog bone specimens with build orientations of 0°, 45°, and 90°. It was found that the 45°
specimens showed enhanced ultimate tensile strength and yield strength due to grain refinement and
compressive residual stresses. Overall, the treatment improved strength but reduced ductility in the 0°
and 45° specimens, while the 90° specimen maintained a good balance between strength and ductility

[172].

Coatings

Coating deposition involves applying a film of a different material (such as metal, ceramic, or polymer)
to the surface of a part to improve its mechanical or electrochemical properties or to impart specific
surface functions. This technique can protect the surface from corrosive environments, reduce surface
roughness, conceal defects and pores, and, in some cases, enhance the component's biological response
[155]. Coating is an effective solution for addressing issues related to excessive surface roughness or
porosity in AM components, as it can fill surface open pores regardless of the build direction [173].

Hybrid Treatments

Hybrid post-treatment solutions combine the advantages of different processes to improve AM
materials. Typically, these solutions involve a heat treatment, which is commonly used in AM to
achieve microstructural uniformity, address anisotropy, and relieve residual stresses, along with a
surface treatment designed to address surface roughness issues.

Jamshidi et al. [174] studied the effects of combining Hot Isostatic Pressing (HIP) with three surface
treatments—sand blasting, polishing, and chemical etching (CE)—on L-PBF Ti6Al4V specimens built
in vertical and horizontal orientations. HIP effectively removed internal lack-of-fusion (LoF)
porosities, increasing the specimen's density, and all surface treatments eliminated partially melted
particles. HIP enhanced ductility and reduced porosity in both build directions. Among the treatments,
the combination of HIP and CE resulted in the greatest improvement in fatigue performance, with a
significant reduction in surface roughness (Sa reduced from 12.2 to 6.6 um), leading to a fatigue limit
approximately eight times higher than the as-built specimens. Other treatments also notably improved
the printed parts, with the HIP and polishing combination achieving a fatigue limit six times higher
than the as-built condition.
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2.6.3 Effects of Post-treatments on Microstructure

This section will compare the effects of different post-treatments, particularly those that influence the
microstructure of the bulk material. It will evaluate the outcomes of as-built conditions, heat treatments,
and HIP treatments on various materials.

Ren et al. [175] studied L-PBF Ti6Al4V specimens produced at build orientations of 0°, 30°, 45°, 60°,
and 90°. Some specimens were left in the as-built state, while others underwent different treatments:
heat treatment below the B-transus (BT) (800°C, 2h) in an argon atmosphere, HIP (920°C, 100 MPa,
2h), and heat treatment above the B-transus (AT) (1050°C, 2h). Fig. 32a-h showed clear differences
between the treated specimens, though no significant variation was observed based on build direction.
SEM analysis of the as-built specimens (Fig. 32a, e) revealed long columnar grains. In the BT-treated
samples (Fig. 32b, f), vanadium atoms formed, and a § phase appeared along the grain boundaries. HIP
specimens (Fig. 32c, g) exhibited a distinct o phase at the grain boundaries, with an o+ phase within
the columnar grains, indicating partial spheroidization of the a phase. In the AT-treated samples (Fig.
32d, h), temperatures above the B-transus led to grain growth, resulting in equiaxed or semi-equiaxed
grains.
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Fig. 32: The microstructure of longitudinal sections from L-PBF Ti6Al4V specimens, oriented at 0° (a-d) and 90° (e-h), is
shown in various conditions: as-built (a,e), LT (b,f), HIP (c,g), and HT (d,h) [175].

Ghorbanpour et al. [116] studied the effects of heat treatment and its combination with HIP on L-PBF
IN718 specimens, which had both regular and functionally graded structures built in horizontal and
vertical directions. Some specimens underwent a heat treatment consisting of homogenization (1065°C
for 1 hour) followed by double aging (760°C for 10 hours and 650°C for 8 hours), while others also
received an additional HIP treatment (1180°C, 150 MPa, 3 hours). The interface microstructure in the
as-built specimens exhibited sharp changes, whereas it became smoother after heat treatment and heat
treatment+HIP. Microstructurally, the as-built condition showed a preferential grain orientation. Heat
treatment reduced grain size but did not alter their orientation, with residual porosities/defects
remaining, especially in vertically built specimens. Heat treatment+HIP further reduced microstructural
anisotropy and significantly decreased the number of defects.

Kuo et al. [176] used DMLS to fabricate IN718 specimens in both vertical and horizontal orientations
to examine the impact of heat treatments on different orientations. The specimens were either left in
the as-built state, subjected to solution treatment (980°C for 1 hour) followed by two-step aging (718°C
for 8 hours and 621°C for 10 hours) (STA), or given a direct aging treatment (718°C for 8 hours and
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621°C for 10 hours) (DA). 8 phases were observed to grow along the build direction in the grains. The
laser manufacturing process produced high thermal rates, resulting in a high density of dislocations,
which persisted even after the STA treatment. In both STA and DA specimens, y’ and y’’ phases were
found throughout the entire microstructure. Sangid et al. [177] examined how heat treatment affected
L-PBF Inconel 718 specimens produced in vertical and horizontal orientations. The microstructure of
the as-built specimens was highly anisotropic, as illustrated in Fig. 33a and b. All specimens underwent
a stress relief treatment (1065°C for 1.5 hours) before being removed from the build plate, and those
that only received stress relief were classified as as-built. Another group, labeled heat-treated,
underwent additional processes: homogenization (1177°C for 1 hour), solution treatment (982°C for 1
hour), and aging (718°C for 8 hours followed by 621°C for 18 hours). After heat treatment, the
microstructural anisotropy was reduced, resulting in a more homogeneous structure in both vertical and
horizontal specimens, with dislocations becoming more regular.

(a) (b)

Heat treated  (jo
r" V
Stms relicf at 1065°C for 1.5ht

Homagenization af 1177°C for 1h+
Solution al 982°C for Sht

Agmg.nﬁﬂ"(:ﬁ)rlxh b
|_500um ‘

Heat treated 900 ] As-built

el TN X
| R NS & -
Stress relief at 1065°C for 1.5k
Homogenization at 1177°C for Lh+

Solution at 982°C for 8h+
Aging at 621°C for 18h P

_500m _ Q@

Fig. 33: Inverse pole figures of the microstructure of L-PBF IN718 specimens, both before and after heat treatment, are
shown for (a) vertical and (b) horizontal orientations. White arrows in the bottom right corner mark the building direction,
while black arrows highlight the fine microstructure resulting from rapid solidification [177].

EBSD

Delroisse et al. [87] studied the interaction between building orientation and heat treatment on L-PBF
AISi110Mg struts fabricated in vertical and inclined (35.5° from the horizontal plane) orientations. The
heat treatments applied included T6, consisting of annealing at 525°C for 5 hours, water quenching,
and artificial aging at 165°C for 7 hours. In the as-built inclined struts, two distinct zones were
identified (Fig. 34a). Zone A, located in the top part, featured a finer microstructure with small cells of
primary Al within the Si eutectic phase. Zone B, at the bottom, had inter-eutectic cells 2.5 to 3 times
larger than those in Zone A, attributed to better heat conduction in Zone A, where faster heat flux
prevented coarsening. The vertical struts had a more homogeneous microstructure with fewer
porosities due to gas entrapment, whereas Zone B exhibited more porosity due to pore growth from
extended exposure to high temperatures. After heat treatment, the struts displayed a uniform
microstructure, with no visible melt pools, and exhibited Si growth and spheroidization (Fig. 34b).
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Fig. 34: L-PBF AlSi10Mg struts in the as-built condition, a finer microstructure is present in zone A, whereas a coarsened
one is in zone B (a). The strut, after T6 heat treatment, is featured by homogeneous microstructure (b) [87].

2.6.4 Effects of Post-treatments on surface roughness and morphology

A major limitation of AM processes is the poor surface finish quality, which is influenced by the
building orientation. This section will explore the connections between building orientation and various
post-treatments used to improve surface morphology and roughness, such as shot blasting, shot
peening, anodization, etching, and polishing.

Krishna et al. [178] studied the effects of shot blasting on L-PBF 316L stainless steel specimens.
Surface roughness was evaluated by analyzing 38 up-skin surfaces of two complex-shaped specimens
with inclinations ranging from 0° to 90°. Fig. 35a illustrates the surface topographies in both the as-
built and post-processed conditions. The as-built specimens exhibited staircase effects and randomly
attached partially melted particles, with particle density increasing as inclination rose. After shot
blasting, the attached particles were removed, reducing surface roughness (Sa), although fine features
were introduced by the impact of the beads. The surface roughness of post-processed specimens
followed a similar trend to the as-built condition, but with reduced amplitude (Fig. 35b). The developed
interfacial area ratio (Sdr), representing the additional surface created by texturing relative to a flat
plane, increased with build inclination in the as-built state. However, shot blasting significantly
reduced Sdr, as shown in Fig. 35¢c. However, the blasting treatment's overall effect was not influenced
by the building orientation.

Maleki et al. [170]. analyzed L-PBF AlSi10Mg notched specimens that underwent shot peening using
two different parameter sets: SP1, using cast steel spheres with a 0.43 mm diameter and 10 Almen
intensity, and SP2, using ceramic spheres with a 0.1-0.15 mm diameter and 5 Almen intensity, both at
100% coverage. In the as-built condition, the surface morphologies showed irregularities with partially
melted and unmelted particles on the up-skin, down-skin, and smooth notch surfaces, with higher
density in the down-skin areas. The as-built smooth notch surface had a roughness (Sa) of 60 um, with
increases of 480% and 290% on the down-skin and up-skin areas, respectively. Both SP1 and SP2
treatments significantly altered the surfaces by removing these irregularities (Fig. 36a), with SP2
providing a more effective and homogeneous surface modification. However, shot peening slightly
increased roughness on the smooth notch surface due to dimple formation from high-energy impacts.
Overall, shot peening improved roughness on inclined surfaces, with the up-skin Sa decreasing by 36%
after both SP1 and SP2. The down-skin Sa decreased by 44% after SP1, but remained comparable to
the as-built condition after SP2.
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Fig. 35: (a) Surface topography measurements were taken on L-PBF 316L stainless steel specimens in both as-built and
shot blasted conditions at inclinations of 0°, 3°, 15°, and 30°, with the measured area being 0.5x0.5 mm?; (b) Sa and (c) Sdr
measurements were recorded for both as-built and shot blasted conditions across different building inclinations [178].

Rovetta et al. [179] investigated the effects of anodization and etching on the surface texture of L-PBF
AlSi110Mg specimens produced at 0° and 45° orientations. The anodization was carried out at a constant
60 V for 20 minutes, while etching was performed with Kroll reagent for 10 minutes at room
temperature. SEM analysis (Fig. 36b) showed a uniform distribution of partially melted particles in the
as-built condition for the 0° specimens, whereas the 45° specimens exhibited inhomogeneities due to
particle clustering. Anodization did not significantly affect the 0° orientation but caused cracks on
particles and increased the number and size of clusters at 45°. In contrast, etching led to the removal
of particles and clusters, regardless of build orientation. Roughness results for the 0° and 45°
orientations are shown in Fig. 36¢ and Fig. 36d, respectively. These findings suggest that the choice of
post-treatment is more critical than the specimen's orientation
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Fig. 36: a) Surface topography of L-PBF AlSil0Mg notched specimens on the up-skin, smooth, and down-skin surfaces of
the notch in as-built, and shot peened (SP1 and SP2) conditions [170]. (b) SEM micrographs of L-PBF AISi10Mg specimen
surfaces inclined at 0° and 45°, shown in as-built, anodized, and chemically etched conditions. (¢c) Comparison of surface
roughness for 0° inclined specimens in the as-built, anodized, and chemically etched states. (d) Comparison of surface
roughness for 45° inclined specimens in as-built, anodized, and chemically etched states [179].

Magnetic abrasive finishing was employed as a polishing method on L-PBF 316L stainless steel
specimens, which were positioned at seven different angles, varying from vertical (90°) to horizontal
(0°) [180]. G50 steel grit was used as the abrasive for the finishing process, which was conducted with
vibrations at a frequency of 28.8 Hz and an amplitude of 20 mm. In the as-built condition, vertically
oriented parts exhibited higher percentages of balling and unmelted particles. After 75 minutes of
treatment, most of these defects were removed, though the results varied depending on the build
orientation. In specimens with 30°, 45°, and 60° inclinations, a few particles remained in the surface
valleys (Fig. 37a). Fig. 37b shows the changes in roughness at different inclinations, measured in 15-
minute intervals throughout polishing. Surface roughness (Ra) initially increased with angle up to 60°,
then decreased as unmelted particles were reduced. For all orientations, gradual removal of surface
imperfections led to a steady reduction in roughness. Although the material removal rate remained
constant over time, improvements in surface roughness slowed down and leveled off after 60 minutes
of polishing. On average, specimens saw a 56% reduction in Ra, with vertically built specimens
showing the greatest decrease, about 76%, due to the ease of particle removal.
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Fig. 37: (a) SEM images of L-PBF 316L stainless steel specimens constructed at different inclinations, shown in both as-
built and polished conditions after magnetic abrasive finishing; (b) Ra values measured at different building inclinations to
track the effects of magnetic abrasive finishing at 15-minute intervals [180].

2.6.5 Effects of Post-Treatments on Hardness

As previously mentioned, hardness is a key mechanical property in additive manufacturing and serves
as a reliable indicator of mechanical performance. Microstructural changes can lead to notable
variations in the mechanical properties of a part. Therefore, the following section explores the impact
of different post-treatments on material hardness.

Zhang et al. [180] studied L-PBF Cr-Cu-Zr specimens produced in both horizontal and vertical
orientations. Ageing treatments were conducted at various temperatures (350°C, 400°C, 450°C, 500°C)
and soaking times (ranging from 0 to 600 minutes). The aged specimens showed higher strength
compared to the as-built ones, with anisotropic mechanical properties, and the vertical specimens
demonstrated superior performance. The optimal ageing conditions for maximizing hardness were
determined to be 500°C for 30 minutes (Fig. 38a, b). It was also observed that extending the treatment
time reduced hardness. Additionally, the vertically built specimens had greater penetration resistance
compared to those built horizontally.
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Fig. 38: Vickers hardness measurements (a, b) for L-PBF Cr-Cu-Zr specimens fabricated in the vertical and horizontal
directions, respectively [180] .
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Ghorbanpour et al. [116] also measured Vickers hardness trends for heat-treated specimens. IN718 L-
PBF specimens were produced in both horizontal and vertical orientations. After applying heat
treatment (HT) and heat treatment combined with HIP, they concluded that both treatments
significantly improved hardness compared to the as-built specimens in both orientations.

2.6.6 Effects of Post-treatments on Fatigue Behaviour

Fatigue behavior is influenced by a combination of factors related to the bulk and surface conditions of
the produced part, which can be adjusted using appropriate post-processing methods. This section
provides a brief overview of the available data on the impact of post-treatments applied to inclined AM
specimens.

The fatigue properties of EBM Ti6Al4V specimens built at 0°, 45°, and 90° orientations were analyzed
and compared to those of their machined counterparts [97]. HIP treatment (920°C, 100 MPa, 2 hours)
was applied to the 90° specimen. Results showed that machining improved fatigue strength compared
to the as-built specimens (see Fig. 39a). The building orientation primarily influenced the
microstructure, with horizontal specimens showing better performance. The findings also highlighted
that surface condition played a more significant role than internal defects, as the HIP treatment, which
removed internal porosities, did not impact fatigue life. Ren et al. [175] conducted fatigue analysis on
inclined Ti6Al4V L-PBF specimens after LT, HIP, and heat treatments. Fig. 39b shows the variation
in fatigue cycles based on building orientation for the as-built and LT cases, while no significant effect
was observed for the HIP and heat-treated specimens. The study concluded that fatigue behavior was
primarily influenced by pore size, pore location, and the level of residual stresses. In the near pore-free
HIP and heat-treated specimens, crack initiation was associated with plastic slip.
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Fig. 39: (a) The number of cycles to failure for EBM Ti6Al4V specimens produced at 0°, 45°, and 90° in the as-built
condition, as well as 0° and 90° in the machined and 90° in the HIP-treated conditions [97]. (b) The fatigue life of L-PBF
Ti6Al4V specimens oriented at 0°, 30°, 45°, 60°, and 90° in various conditions: as-built, LT, HIP, and HT [175].
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Afkhami et al. [181] found that L-PBF 316L specimens exhibited similar fatigue behavior to
conventionally manufactured specimens when appropriate post-processing was applied. Horizontally
oriented specimens were produced and then machined, while vertically oriented specimens were
categorized into as-built, machined, and high-frequency mechanical impact treated (HFMI) (Fig.
40a). Reducing surface roughness improved fatigue strength by eliminating major stress
concentration points. For vertical specimens, machining led to an 85% increase in fatigue limit, while
HFMI treatment resulted in a 90% increase compared to the as-built specimens. Horizontally oriented
specimens showed a 15% improvement in fatigue strength over vertical ones. The impact of build
orientation and post-treatment was more pronounced at low-stress amplitudes, where the notch effect
was significant. In a separate study, the fatigue behavior of L-PBF maraging steel specimens produced
in vertical and horizontal orientations was investigated in as-built, heat-treated (aging at 490°C for 6
hours), machined, and heat-treated + machined conditions [182]. All three post-processes enhanced
fatigue life compared to the as-built state, with the vertical specimens showing the greatest
improvement. Notably, the impact of build orientation was minimal in parts that underwent both post-
processing techniques (see Fig. 40b, ¢).
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Fig. 40: (a) The number of cycles to failure for L-PBF 316L specimens in horizontal orientation (machined), and in vertical
orientation (as-built, machined, and HFMI treated conditions) [181]. The fatigue life of L-PBF maraging steel specimens
in as-built, heat-treated, machined, and heat-treated + machined conditions in horizontal (b) and vertical (c) orientations
[182].

Poulin et al. [158] examined the influence of build orientation on L-PBF Inconel 625 notched
specimens fabricated in four different orientations: horizontal, inclined at 45°, vertical with the notch
parallel to the build direction, and vertical with the notch orthogonal to the build direction. Half of the
specimens underwent stress-relieving heat treatment (870°C, 1 hour), while the other half received
HIP treatment (1120°C, 100 MPa, 4 hours). Staircase effects were prominent on the inclined surfaces,
with a high density of partially melted powder particles, especially on the downward-facing areas.
Stress relieving did not reduce the anisotropy caused by build orientation, whereas HIP effectively
eliminated anisotropy across all specimens and significantly closed pores. Fatigue crack propagation
diagrams for the three build directions are presented in Fig. 41a,b. Considering Fig. 41c,d, when they
compared crack propagation diagrams for cracks moving parallel to the build plate versus those in the
orthogonal direction, L-PBF parts exhibited similar behavior to that of wrought alloy. However, for
the HIP-treated series, the results were slightly lower for cracks propagating orthogonally to the build
plate compared to those propagating vertically.
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Fig. 41: Fatigue crack propagation diagrams of L-PBF Inconel 625 specimens built in orthogonal and vertical directions
under stress-relieved conditions (a, b) and HIP-treated conditions (c, d), showing crack propagation either parallel or
orthogonal to the build plate, respectively [158].
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2.7 Summary and conclusion of the studies

Metal AM is an emerging technology gaining traction in various sectors, including automotive,
aerospace, and biomedical industries. It encompasses a range of techniques, with this review primarily
focusing on PBF methods, which involve selective melting of a powder bed to form objects layer by
layer. The quality and properties of PBF metal parts are influenced by numerous factors, including
powder characteristics, manufacturing technology, process parameters, and post-treatments. Among
these, build orientation plays a crucial role in shaping the surface and mechanical properties of the
parts. Build orientation is closely tied to the thermal history of the AM part, impacting a range of
physical, microstructural, and mechanical attributes. Experimental studies on various metal alloys
using different AM techniques have explored the effect of build orientation, where the same part is
produced at different orientations and thoroughly analyzed. This review critically examines the
significant influence of build orientation on key properties such as surface roughness, porosity,
microstructure, fatigue strength, fracture toughness, wear, and corrosion resistance, along with its
interaction with various post-processing treatments.

Build orientation has a significant impact on surface roughness in metal AM. In L-PBF, it is generally
observed that roughness increases with the inclination angle, with down-skin surfaces typically
exhibiting greater roughness and more defects compared to up-skin surfaces. Interestingly, the opposite
trend is found in EB-PBF, where roughness decreases as the inclination increases. This dependency of
roughness on build orientation creates noticeable surface quality variations in parts with complex
geometries, as they often consist of surfaces with different inclinations relative to the build direction.
Additionally, the need for supports during manufacturing and their subsequent removal can further
degrade surface quality.

The impact of build orientation on porosity shows conflicting results, with the degree of porosity
appearing to be highly material-dependent. Some studies find higher porosity in inclined specimens,
while others report the highest porosity in vertical specimens. These opposing trends are often
attributed to the complex thermal history during the process. Typically, AM parts with inclined
surfaces exhibit higher porosity due to factors linked to thermal history variations, such as overheating,
underheating, heat buildup, residual stresses, melt pool instability, and insufficient energy density.
Variations in thermal history, influenced by geometry and build orientation, can cause areas of the
material to become overheated or underheated. Overheating can lead to excessive evaporation of
volatile elements, creating volumetric defects, especially on upward-facing surfaces, while
underheating may result in incomplete material melting and deposition. For inclined surfaces, heat
accumulation is a significant issue, as the heat from the laser or electron beam can affect lower layers.
This, combined with rapid cooling or uneven heating, increases thermal stresses. These stresses can
cause warping, cracking, or incomplete fusion between layers, leading to higher porosity. The melt
pool on inclined surfaces is also less stable due to inconsistent thermal histories, which impact the melt
pool’s stability during deposition. Factors like energy reflection, heat dissipation, and temperature
fluctuations can result in irregular melt pool shapes, affecting material deposition and increasing
porosity. Additionally, insufficient energy density in inclined areas can cause incomplete melting and
fusion of powder particles, contributing to pore formation. While overall porosity is often low, the
relationship between build orientation, thermal history, and porosity is critical and requires further
exploration to optimize AM component quality.

Microstructure, a crucial factor influencing the mechanical properties of metal parts, is heavily reliant
on the manufacturing process. In PBF technologies, grains typically elongate along the build direction
due to thermal gradient formation. Additionally, grains are coarser in down-skin regions, which remain
at higher temperatures for extended periods, while finer grains are found in the up-skin areas. This
results in significant anisotropy in the microstructure, which subsequently impacts the part's
performance under different service conditions.

58



The role of post surface finishing on the surface quality and fatigue behavior of Ti-6Al-4V alloy produced via Laser Powder
Bed Fusion Additive Manufacturing process.

Building orientation has been shown to significantly influence fatigue strength, although research
findings on this topic are often contradictory. Different surface features affect fatigue performance in
various ways, with defects resembling notches being particularly harmful, especially when subjected
to specific loading directions. These defects, such as those resulting from the staircase effect, often
lead to preferentially aligned lack of fusion defects, which may explain why vertically built specimens
generally exhibit the lowest fatigue strength in most studies. Additionally, down-skin surfaces tend to
be more detrimental than up-skin surfaces due to their lower geometric accuracy and higher surface
roughness, particularly in L-PBF, where support structures are commonly used. Surface irregularities
on down-skin areas can act as micro-notches, sometimes overshadowing the influence of geometric
notches and causing fractures to occur at these micro-notches rather than at the root of the geometric
notch.

Fracture toughness in PBF parts is inherently anisotropic. This is partly due to microstructural
variations, with certain orientations promoting crack propagation along weak areas like melt-pool
boundaries. As a result, specimens loaded perpendicular to the build plane tend to have the lowest
toughness and often display more brittle fracture characteristics.

Few studies have examined the impact of build orientation on properties like wear and corrosion
resistance. Most research indicates that microstructure and hardness are key factors influencing these
properties in AM metals. Since build orientation affects both, it is likely to also influence wear and
corrosion performance. For example, finer grain structures, which increase hardness through the Hall-
Petch effect, are expected to improve wear resistance. Some studies suggest that vertically built
specimens show lower wear resistance due to the presence of larger columnar grains. Similarly, finer
microstructures may enhance the formation of a passive layer for better corrosion resistance. However,
there is no consensus on a direct correlation between build orientation and wear or corrosion behavior,
with no clear trend established in the literature. Overall, AM materials generally show lower wear and
corrosion resistance compared to conventionally manufactured parts.

To address the pronounced inhomogeneity in surface roughness, morphology, residual stress
distribution, and microstructural features caused by build orientation in AM parts, the literature
emphasizes the importance of post-treatments. Various new or AM-adapted traditional post-processing
techniques have been proposed. While many treatments focus on surface improvements, issues like
bulk porosity, tensile residual stresses, and microstructural anisotropy can be partially mitigated
through appropriate bulk treatments, such as heat treatment. Hybrid post-treatments, combining surface
and bulk interventions (e.g., heat treatment followed by surface treatments like severe plastic
deformation), have shown great potential for enhancing AM part performance. Although the necessity
of post-processing to improve AM parts is well-recognized, a clear roadmap for selecting the optimal
post-treatment for specific performance goals is still lacking. Additionally, factors like cost, and the
compatibility of post-treatments with the size, geometry, and material properties of the parts, must be
considered to achieve optimal outcomes.

Choosing the optimal build orientation (such as minimizing supports or using horizontal struts for better
geometric accuracy), along with the right combination of post-treatments, can help narrow the
performance gap between traditional and AM processes. This strategy can enhance the competitiveness
of AM parts by achieving design complexity with fewer limitations and, when done properly,
improving mechanical properties. This thesis highlights the critical role of build orientation in AM
design and production, as it significantly influences geometric, surface, microstructural, and
mechanical properties. It also guides the selection of appropriate post-treatments. While the literature
contains substantial data on this subject, the diversity of specimen types, sizes, materials, and
technologies makes it difficult to form universal conclusions about build orientation's actual impact.
The variability and conflicting data underline the importance of establishing AM design guidelines that
account for build orientation. This will enable more informed decisions during design, optimization,
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and production, further driving the successful adoption of AM technologies, especially in fields
requiring high geometric and performance precision.
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Chapter 3 : Materials and Methods

Within this segment, I will delineate the experimental procedures implemented throughout the
campaign. The subsequent sub-section, denoted as System Specification, will then expound upon the
presentation of both the goals and the design of experiments.

3.1 System specification

As explained in preceding sections, this work undertook an examination of the attributes of Ti6Al4V
specimens, derived through metal AM. The selection of this alloy is primarily because of extensive
utilization across various industries, particularly owing to its outstanding mechanical properties, it is
used in sectors such as aerospace, automotive, biomedical, etc. Within these domains, there exists a
noteworthy emphasis on research directed at enhancing components produced through AM. While
contemporary AM techniques enable the production of objects in a single print, a challenge persists in
the form of poor surface quality. This deficiency in surface quality precipitates a reduction in
mechanical strength, which forces us to resort to post-treatments for quality enhancement. The present
thesis is designed to perform a specific post-treatment in order to enhance the characteristics of printed
components.

Surely, there's a lot of experimenting we could do, like trying out different combinations of settings
and seeing how they affect things. For instance, we could change the shape of the part we're making
and see how that affects our analyses. We could also try lots of different ways to treat the part after it's
made, both on the surface and inside. Another thing to test is how different printing settings impact
the properties of the part when it's first built. We could even use different types of printers, each with
its own strengths and weaknesses. But, with so many things to test and mix together, it would take a
long time, maybe even years, to do all of it. That's why we decided to focus on some basic tests first.
These tests will give us a good starting point for more detailed studies. I'll give you a brief overview
of the tests we chose, and then I will get into more details in the following sections.
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At first, it was decided to use an L-PBF technology called Print Sharp 250. This machine was picked
because it was already in the IAM lab at the Polytechnic of Turin, and I could start using it right away.
Next, I had to choose the shape of the specimen that is going to be tested. The decision was to go with
a shape called standard fatigue specimens [183] (check out Fig. 42).
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Fig. 42: A diagram showing the design of the fatigue specimen that we're using in our current research.

Using this standard specimen shape has an added benefit — it allows me to study both the tensile and
fatigue strength using the right equipment. This enables a more thorough examination of the properties,
especially valuable in the industrial context where fatigue and tensile strength are crucial factors for
designers. All of my experiments involved specimens printed vertically, not at an angle. I made this
choice because I already had a lot of analysis and testing to be performed, and dealing with angled
specimens would have added more challenges for fatigue tests. Printing a specimen at an angle would
cause a bending effect, making them off-center and causing significant issues in rotary fatigue tests.
To avoid these problems and save time, I decided to stick to printing only in one direction (vertical).
I then evaluated the characteristics of this print both before and after applying a specific post-treatment

To sum up, final specimens that were tested had that standard shape that I mentioned earlier. I printed
them using L-PBF technology, specifically with Ti6Al4V. I am going to compare these vertical
specimens to see how post-treatment affects their mechanical properties. For this comparison, I created
two sets of specimens. The first set, which I'll call AB, was left as is after printing, without any post-
treatment. The second set underwent a surface treatment known as Tumble Finishing. With this
treatment, [ expected the surface roughness to decrease and the fatigue strength to increase.

The initial phase of my work occurred at the IAM. At this laboratory, I handled the printing of all
specimens using L-PBF technology, starting from the development of the CAD design and then
creating the .STL file for the chosen specimen. Subsequently, a portion of these specimens underwent
a process called Tumble Finishing. After wrapping up this initial experimental phase, the specimens
were transported to the laboratories at the Polytechnic of Milan for the second part of the project. In
this subsequent stage, all specimens were thoroughly examined to assess the impact of post-treatment.
The specific tests conducted during this phase are:

e Microstructure: This is used to examine if there are any changes in the structure of the
material, which could be helpful in shaping the final characteristics of the part.
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e Hardness: This is one of the key tests widely used in mechanical engineering, and it holds
significant practical and industrial importance.

e Roughness: Among the most popular mechanical properties, roughness has broad
applications in practice. It not only has a substantial impact on fatigue strength but also plays
a crucial role in determining surface quality.

e Residual Stresses: These stresses can affect fatigue strength, which is why minimizing them
is strongly recommended.

o Fatigue Strength: As mentioned earlier, this test is pivotal in all research efforts because it
provides crucial data used in industry for designing components and assessing their strength.

I am going to explain this procedure in more detail in the next sections. I will get into specifics about
the machinery we used, the parameters we set, and any tools or materials involved. Additionally, I'll
talk about potential future tests and developments. I’'ll explore how the research could expand by
conducting similar tests but with different starting characteristics. For instance, we might compare parts
with different shapes, printed using various AM technologies, with different inclinations, and so on.

3.2 Description of the tools

This chapter is all about the methods and tools used to develop the thesis. As elaborated before, I set
up an experiment to test fatigue of Ti6Al4V parts made through L-PBF. This experiment involves
various tasks that need different machines and lab techniques. I'll go through them step by step,
explaining why it was chosen to do each task.

3.2.1 Specimen production

PBF technology works by building a part layer by layer, melting each cross-section selectively
according to a given STL file. The recoater first spreads a layer of powder, and then a laser (our energy
source) melts the powder to form the cross-section. To make sure the laser hits the right spot and to
guide it onto the powder bed, a system of lenses and mirrors called the optical chain was used (Fig. 43)

After one layer is done, the baseplate goes down, and the feedstock goes up for the next layer. This
process repeats until the whole part is finished, and any extra powder is collected for later use. There
are some laser-related parameters like power and speed, and other building phase parameters, such as
using inert gas to prevent oxidation, deciding on layer thickness for better surface quality, and planning
the hatching strategy, which is basically the route the beams take.

63



The role of post surface finishing on the surface quality and fatigue behavior of Ti-6Al-4V alloy produced via Laser Powder
Bed Fusion Additive Manufacturing process.

Focus lenses

Laser [”rll |'r ) Moving mirror
Recoater /
[le /
' .

Powder
.. Overflow

v

Fig. 43: Diagram illustrating the L-PBF technology.

The machine we used in the experiments is called Print Sharp 250 (Prima Additive), and you can see
it in Fig. 44. It's an industrial system that comes with recommended setups for specific metals, but it
also lets us adjust the settings as needed. This machine has a single fiber laser in the infrared (IR)
with a maximum power of 500 W. The biggest size it can build is 258%258%330 mm, and the speeds
can go from 12 to 30 cm’/h. We can control the thickness of each layer, ranging from 0.02 to 0.1
mm. In my tests with Ti6Al4V specimens.

H R

Fig. 44: The industrial machine utilized is the Print Sharp 250 by Prima Additive in L-PBF.

In our tests with Ti6Al4V specimens, we used the parameters listed in Table 2. Also, all the
specimens were made in the same build orientation, which is 90 degrees.
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Table 2: Printing parameters

Printing Parameters

Laser Power [W] 175

Scan Speed [mm/s] 800
Hatch Spacing [mm)] 0.105
Layer Thickness [mm] 0.03
Atmosphere Ar (<2%)
[concentration]

3.2.2 Specimen post-processing

The post-treatment method that was selected for this process was Tumble Finishing, a well-established
surface finishing technique widely used in various industries to improve surface quality. In this method,
the workpieces are placed in a rotating barrel along with abrasive media, which can be of various shapes,
sizes, and materials depending on the desired finish. As the barrel rotates, the abrasive media repeatedly
comes into contact with the surface of the workpiece, gradually smoothing out rough surfaces, removing
burrs, and achieving a more refined finish. This treatment is particularly effective at enhancing surface
roughness, which is critical for the overall performance of a part. By improving surface roughness, we can
significantly influence the mechanical properties of the part, such as its fatigue strength, wear resistance,
and overall durability. A smoother surface reduces the likelihood of stress concentrations, which are often
sites where cracks or failures originate, making the treated parts much more reliable in demanding
applications.

One of the most interesting aspects of Tumble Finishing is that, despite its ability to refine the surface of
the material, it does not interfere with the internal microstructure of the workpiece. In the image below,
you can see the machinery used for this process. The equipment is from Silco, a renowned manufacturer
of finishing solutions, and it is located in the IAM labs at the Polytechnic of Turin. This advanced
machinery ensures precision and consistency in the Tumble Finishing process, providing high-quality
surface treatment results.
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Fig. 45: The equipment from Silco employed to carry out tumble-finishing on specimens in their as-built state.

To start, the black container was filled with abrasive material. Next, I dipped the specimens into this
abrasive material, close the container, and kicked off the process. Once it begun, the container started
rotating at the chosen speed, creating friction between the specimens and the abrasive material inside.
This friction smoothened the surface of the specimens, as the harder abrasive material impacts their
surface, leading to an enhancement in their surface texture. Choosing the right abrasive is crucial for
a successful surface treatment. The harder the abrasive is compared to the material of the specimen,
the more significant the treatment effect will be. Furthermore, we must pay attention to abrasive
materials for Tumble Finishing, the geometry of the abrasive particles becomes a critical factor,
directly influencing the overall effectiveness of the treatment. In scenarios involving polymeric
specimens, there tends to be a preference for abrasives with softer and more rounded profiles,
aligning with the specific characteristics of the material.

In contrast, when confronted with the intrinsic hardness characteristic of Ti6Al4V, a strategic
decision was made to employ a ceramic abrasive distinguished by its unique triangular shape. This
selection is because of understanding interplay between the material composition of the abrasive, its
geometric configuration, and the inherent properties of the Ti6Al4V specimens. Such approach
ensures a tailored and impactful post-treatment process, taking advantage of its ability to improve
the surface properties of the Ti6Al4V specimens in a way that is both comprehensive and effective.
Additionally, the parameters that we set is shown in the Table 3.
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Table 3: Tumble Finishing Parameters

Printing Parameters

Speed of Rotation | 2500
[rpm]

Duration of Treatment 150
[minute]

Amount of water for | 0.4
Cooling the container*

*This parameter is entered by using a variable factor between 0 and 1

3.2.3 Microstructural Characterization

Microstructural examination of the vertically printed samples which were undergone of Tumble
Finishing, and the as-build one is done. The goal was to compare the effectiveness of the post-treatment
on the surface and near-surface zones. Moreover, automatic grinding and manual polishing of 1 um
diamond paste were used so as to have a mirror-like surface. The ultimate polishing was also used with
a 0.04 um colloidal silica suspension. At the end the samples were chemically etched using Kroll’s
regent, and then an Optical Microscope (OM) was used to observe the changes to the specified zones.

3.2.4 Micro-Hardness Measurement

A FutureTech® FM-810 Microhardness tester with a Vickers diamond indenter was used to conduct
micro-hardness tests on the cross-section of the specimens. My goal was to study how the Tumble
Finishing treatment might affect the hardness of the specimen. To do this, some tests were performed
right on the surface of the specimen, different loads were tried, starting from 50 gf and going up to 500
gf for 15 seconds. This helped us to see if the hardness changed under different pressures.

3.2.5 Surface Roughness Measurements

The surface of the specimens was checked by measuring how rough or uneven it is at a really tiny level.
Alicona® Infinite Focus OM was used to create 3D reconstructions of the parts' surfaces. This
microscope works by using a contactless focus-variation technology, gathering data at different focus
positions, with a super fine vertical resolution of 10 nm. From these 3D reconstructions, I looked at
measurements of profile roughness and surface roughness to compare the different conditions. I also
took micrographs of the surfaces under various conditions using a SEM and compared them.

To make sure the shape of the specimens didn't affect our measurements, I projected the acquisitions
onto a cylinder. Then, I used a plane in the middle of the surface as our reference point for the actual
measurements. The purpose is to see if the post-processing makes a positive difference, so I compared
the surfaces of specimens built vertically in their original (As-Built) state with those that goes through
the Tumble Finishing process.
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3.2.6 Residual Stresses Analysis

X-ray diffraction (XRD) was used to check how the internal residual stresses changed when the
Tumble-finishing post-process was applied to the vertically built specimens. For this, an AST X-Stress
3000 diffractometer with a Ti-Ka radiation anode was used. The sin2y method was employed, with a
diffraction angle (20) of 137.4° and incident angles ranging from 0° to 90°.

To get a profile across the depth, I removed some material by electro-polishing with a solution of 94%
acetic acid and 6% perchloric acid at 30 V, then I reported and compared the residual stresses both
axially and radially in each case.

3.2.7 Fatigue Tests

Vertically built specimens were tested in various conditions using an Italsigma® rotating bending
fatigue testing machine, as shown in Fig. 46. The tests involved applying stress with varying
amplitudes, a run-out limit of 3x106 cycles, a stress ratio (R) of -1, and a rotational speed of
approximately 2500 rpm. I followed the ISO 12107:2017 (E) [183] standard for processing fatigue data
and calculating fatigue limits.

To examine the broken specimens, fractography analyses were conducted using a SEM. As mentioned
earlier, I chose to focus on fatigue, especially rotating bending fatigue, as the primary mechanical
property for analysis. This choice was influenced by its ease and speed of application, and the
abundance of relevant literature that allows for meaningful comparisons and enhances the significance
of our research activities.

o 2

Fig. 46: (a) Rotating bending fatigue testing system by Italsigma. (b) The fatigue spécimen is positioned on the machine.
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Chapter 4 : Results and Discussion

In this section, I will present and discuss the key findings that emerged from the series of experiments
throughout the course of this thesis. My goal is to provide a clear and detailed account of the outcomes,
highlighting the most significant observations and insights I gained during the experimental process.

The structure of the following subsections is designed to guide you through the various stages of the
research, offering a logical and sequential overview of the work. I have organized the subsections in a
manner that reflects the chronological progression of our activities, starting from the initial setup of
the experiments to the final conclusions. This arrangement will not only help illustrate the step-by-step
approach I adopted in conducting our investigations but will also make it easier for you to follow the
methodology and understand how each phase of the research contributed to the ultimate findings. By
structuring the section in this way, I aim to provide a comprehensive narrative of the experimental
journey, from the early observations to the final results and interpretations
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4.1 Powder Morphology

The Ti6Al4V powder had a mostly round particle shape, with an average size of 40 um. However,
smaller particles were also noticeable among the larger ones. Despite this, many particles showed
defects typical of the gas atomization process. In Fig. 47b, various types of these defects are pointed
out, including hollow powder particles (with open pores in this case), satellites (small powder
grains attached to the surface of larger ones), and irregular shapes. When observed under an OM,
the particle cross-section confirmed the presence of shape irregularities and internal closed pores
(refer to Fig. 47c). Detailed images of the cross-section revealed a standard solidification
microstructure (see Fig. 47d).

Fig. 47: SEM images of the Ti6Al4V powder are presented: (a) Overview of particle shape and morphology. (b)
A comparison highlighting spherical, defect-free particles and common defects observed, including hollow
particles, satellites, and irregular shapes. OM images show: (c) An overview of particle cross-section, revealing
defects such as shape irregularities and internal porosity. (d) A detailed view of the powder microstructure.

4.2 Microstructural Analysis

Fig. 48 provides a detailed comparison of the cross-sections of vertical specimens in both their AB
and Tumble-Finished states, with a specific emphasis on the surface and sub-surface regions. The
images clearly illustrate a significant difference in surface quality between the two conditions. In the
as-printed specimen, the surface is notably rougher and exhibits less precision, which is largely
attributed to the repetitive laser passes during the printing process. This causes a "staircase" effect,
where layers are uneven, and results in unmelted powder particles adhering to the surface. These
particles, along with the irregularities, contribute to the overall roughness and lack of smoothness in
the as-printed state. In contrast, the tumble-finishing process significantly improves the surface
quality. By removing a thin outer layer of material, the process smooths the surface, eliminating the
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rough profile and resulting in a more refined and polished appearance. Importantly, while the surface
is improved, the tumble-finishing treatment does not cause any alterations to the microstructure of
the specimen, ensuring that its internal properties remain unaffected by the surface treatment.

As-Built Tumble-Finished

X

Fig. 48: OM images of cross-sectional views for both AB and Tumbled-Finished specimens, displaying the surface
microstructure. The images are magnified 100 times.

4.3 Micro-Hardness

When applying a 50-gram force to measure the microhardness near the surface of the Tumble-Finished
specimen, the recorded value was found to be 458 HV, in contrast to the 394 HV measured in the bulk
of the material. This noticeable difference in hardness values between the surface and the bulk suggests
that the post-treatment process, specifically the tumble-finishing technique, may have contributed to
an increase in hardness at the specimen's surface. The slight elevation in hardness at the surface could
be attributed to the mechanical action involved in the finishing process, which typically results in
surface-level improvements, such as enhanced smoothness and possibly slight work hardening. This
increase in hardness at the outermost layer is a common phenomenon observed in surface treatments,
where the finishing techniques mechanically affect the material in such a way that its surface properties,
including hardness, are improved while maintaining the integrity of the bulk material's properties.

4.4 Surface Roughness

The Alicona system was utilized to accurately measure and quantify both linear and surface roughness
for each specimen. A comprehensive set of roughness parameters were evaluated, including Total
Roughness (Rt), Roughness Average (Ra), Root Mean Square Height (Rq), Mean Height (Rz),
Arithmetic Mean Height (Sa), Maximum Height of Profile (Sp), Root Mean Square Height (Sq),
Maximum Depth of Profile (Sv), and Mean Depth (Sz). The roughness data was captured using a
magnification of x10, covering an area of 3.949x1.091 mm?. To distinguish between roughness and
waviness, a cut-off wavelength of A=800 pm was applied, with roughness characterized by wavelengths
smaller than the cut-off and waviness by larger wavelengths. The linear roughness parameters were
determined by averaging five separate measurements, and the variability in the collected data is visually
displayed in an interval plot, which helps in identifying the range and consistency of the roughness
measurements.
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When comparing the As-Built and Tumble-Finished conditions, as shown in Fig. 49a, it becomes
evident that the post-treatment process effectively reduced the profile roughness, alongside a decrease
in the variability of the measurements. Notably, when examining the Roughness Average (Ra) in both
conditions, the Tumble-Finished specimen exhibited a significant reduction of 70.17% in roughness.
Specifically, the roughness values changed from RaAB=31.01 um in the As-Built condition to
RaTF=9.25 um after the Tumble-Finishing process. While a smaller reduction is observed in surface
parameters, with a modest 3.71% decrease in the Sa parameter, as shown in Fig. 49b, this trend may
be less pronounced due to residual surface grooves left by the surface treatment process, which may
compromise the overall surface uniformity.

In terms of the (Sz, the reduction is more substantial, with a 29.57% decrease in this parameter. This
significant drop highlights that the As-Built surface is much rougher and bumpier compared to the
smoother surface obtained after the Tumble-Finishing post-treatment. This improved surface condition
suggests that while some surface imperfections may persist, particularly due to residual grooves, the
overall effectiveness of the post-treatment in enhancing surface smoothness and reducing roughness is
clearly demonstrated by the data collected.
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Fig. 49: (a) Linear roughness metrics such as Rt, Ra, Rq, Rz, and (b) Surface roughness metrics including Sa, Sp, Sq, Sv,
Sz for both the As Built and Tumble-Finished conditions.
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In Fig. 50, detailed side-by-side comparison of the SEM images reveals the surface characteristics of
each specimen, specifically where roughness measurements were conducted. This figure also includes
3D texture reconstructions generated using Alicona, providing a comprehensive visual representation
of the surface topography for each specimen in both the As-Built and Tumble-Finished conditions.
Upon close examination of these images, it becomes evident that the surface of the TF specimen shows
a marked improvement, as evidenced by a notable reduction in overall roughness. This reduction is
primarily attributed to the effective removal of loose powder particles, which were nearly eliminated
as a result of the tumble-finishing process.

However, while the surface treatment significantly enhances the smoothness of the specimen, it does
not completely eradicate all surface irregularities. Some imperfections persist, as indicated by the
presence of residual grooves that remain visible on the treated surface. These grooves suggest that,
although the tumble-finishing process is successful in refining the surface quality and reducing
roughness to a considerable extent, it is not able to entirely smooth out the surface to a perfectly
uniform finish.

As-Built

Tumble-Finished

Fig. 50: Displays SEM micrographs capturing the surfaces of various analyzed specimens. Additionally, it features 3D
reconstruction textures obtained from Alicona.

4.5 Residual Stresses

Fig. 51 illustrates and compares the profile of residual stresses on specimens printed vertically under
different final processing conditions. Both AB and Tumbled-Finished specimens show elevated tensile
residual stresses, particularly in the longitudinal direction (along the specimen's longest axis), peaking
at around 200 pm depth. These significant tensile stresses, with maximum values reaching 1400 MPa,
could significantly impact fatigue strength and should be considered in further analysis. Notably, the
Tumbled-Finished post-treatment doesn't alter the residual stress profile as expected. However, it
introduces compressive stresses at the surface (400 MPa) and within the top layer of less than 25 pm
depth. These compressive residual stresses may contribute to improving the fatigue strength of this set
of specimens.
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Fig. 51: The residual stress profile, assessed through XRD, in vertical specimens under various finishing conditions:
(a) Along the axial direction, (b) Along the radial direction.

4.6 Fatigue Behavior

Fig. 52 summarizes the average fatigue strength limits and their standard deviation for each tested
series of specimens, following the procedures outlined in ISO 12107:2017 (E). Notably, the fatigue
performance of vertically printed specimens in their as-built state is significantly lower compared to
those subjected to post-processing. In fact, the as-built specimens display a notably low fatigue strength
when compared to typical values for Ti6Al4V specimens produced through traditional manufacturing
processes (around 450 MPa) [184] . This difference could be attributed, first and foremost, to their
higher surface roughness, which is linked to a greater concentration of notch-like surface defects that
could initiate cracks.

Moreover, the elevated tensile residual stresses, especially those oriented longitudinally, are believed
to contribute to crack initiation and propagation by increasing local stresses at the crack tip.
Significantly, only with the application of the Tumble-Finishing procedure, the average fatigue limit
was more than double increased, jumping from 65 MPa in the as-built condition to 138 MPa in the
Tumble-finished condition. This increase can be explained by the reduction in surface roughness,
implying fewer and less critical surface defects that could serve as potential notches for the initiation
of fatigue cracks. Additionally, the introduction of compressive residual stresses at the surface is
thought to enhance the fatigue limit, similar to the way a shot-peening procedure acts to arrest crack
propagation. Table 4 offers a comprehensive overview of the various specimens tested under each
condition. Only tests considered valid for calculating p (sample mean) and ¢ (sample standard
deviation) are included in the report.
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Fig. 52: The fatigue strength was computed for two sets of specimens that were printed in a vertical orientation and
underwent a post-processing procedure.

Table 4: Results of the fatigue test (X for failure; O for non-failure)

Sequence number of specimen
Stress 1) c
(MPa) 1 2 3 4 5 6 7 (MPa) (MPa)
As-Built
70 X X X
65.0 +0.5
60 O O O
Tumble-Finished
150 X X
140 X O X 138 +4
130 O O

4.7 Fracture Analysis

Fig. 53(a-g) showcase typical fracture surfaces of the as-built specimens, pointing out key details. In
Fig. 53(a,d), we can identify two distinct zones: the darker area signifies the region where fatigue
cracks propagated, evident from the smooth, beach marked surface. Meanwhile, the brighter zone
seems to be a dimpled region where the final fracture occurred.

The yellow arrows indicate the likely direction of crack propagation. Both cases showed non-unique
sites for crack initiation, suggesting potential initiation points across the entire external surface of the
specimen. Specifically, surface valleys and grooves formed during layer-by-layer production and open
porosity could have acted as stress concentrators. These defect types are highlighted in red and detailed
in Fig. 53(b,c) for the first specimen and Fig. 53(f,g) for the second one. Fig. 53b depicts a valley on
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the specimen's surface, potentially serving as one of the points where fatigue cracks initiated. Surface
and sub-surface pores that could contribute to this process are emphasized in Fig. 53(c.f,g).

The fracture surface of the Tumble-Finished specimen in Fig. 53h shows a similar crack propagation
mechanism as in the previous cases. However, it is believed that in this instance, the possible points of
crack initiation may be better attributed to sub-superficial pores, as shown in Fig. 53(i,j). This is
particularly because the Tumble-Finishing treatment significantly reduced surface roughness,
consequently reducing the size and criticality of valleys and grooves on the specimen's surface.

As-Built

Tumble-Finished

Fig. 53: SEM images were used to examine fatigue fracture surfaces of three distinct specimens. The yellow arrows denote
the presumed direction of crack propagation, while red details highlight potential crack initiation points. In (a), the as-built
specimen failed after 622,030 cycles at 70 MPa. Surface and sub-surface defects in (b) and (c) respectively are identified
as possible crack initiation points. Another as-built specimen in (d) failed after 946,739 cycles at 70 MPa, with pores,
surface defects, and sub-surface porosity in (f) and (g) considered as potential crack initiation points. The tumble-finished
specimen in (h) failed after 721,140 cycles at 140 MPa, with sub-surface porosity detailed in (i, j) as possible crack initiation
points.
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Chapter 5 : Conclusions

In this study, an experimental investigation was conducted on additively manufactured specimens,
focusing on the impact of post-treatment on fatigue performance. I chose to use one specific metal AM
technology, L-PBF, as it is widely used in the industry. Additionally, I selected titanium alloy Ti6Al4V
as the material of interest due to its various applications in industries such as aerospace, automotive
and biomedical.

Vertical specimens were produced under two conditions: as-built (without any post-treatment) and
Tumble-Finished. As detailed in earlier sections, the specimens were thoroughly characterized, with a
specific emphasis on determining their fatigue limits.

To sum up and thoroughly interpret the key findings from the main experimental campaign mentioned
earlier. Firstly, it's important to highlight the overall success of the experimental efforts, with
consistent, meaningful, and scientifically interesting results. My primary discoveries can be
summarized as follows:

1. The chosen printing parameters and the raw material used effectively produced nearly fully
dense, low-porosity Ti6Al4V rotating bending fatigue specimens.

2. The fatigue performance of the as-built specimens is significantly influenced by their surface
condition, the residual stresses generated during fabrication, and their final microstructure. In
the case of as-built vertical specimens, the fatigue strength is considerably lower compared to
Ti6Al14V specimens produced through traditional manufacturing methods. This is primarily due
to their high surface roughness, driven mainly by the presence of surface defects (grooves
caused by the staircase effect and open porosity) that could act as potential notches for initiating
fatigue cracks. Additionally, the measured high tensile residual stresses contribute to increasing
local stresses at the crack tip.

3. The use of the post-processing method notably enhanced the fatigue performance of the initially
built vertical specimens. For the Tumble-Finished specimens, the fatigue strength more than
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doubled. This improvement can be attributed to a decrease in surface roughness and the
introduction of compressive residual stresses at the surface, even though there were no changes
in the microstructure.

Chapter 6 : Further research
perspectives

As explained earlier, numerous experiments were conducted in this research project to examine the
impact of post-treatment on standard specimens. This not only served as a basis for further exploration
but also opens the door to various potential directions, depending on the primary focus. Here are some
potential avenues for future research:

1. Different Printing Technology: Another path is to explore a different printing technology, like
EB-PBF, while maintaining standard vertical specimens to enable a fair comparison with the
existing data obtained from L-PBF.

2. Specimen Inclinations: Exploring the printing of specimens at various inclinations, such as
45° or 60°, could be a third direction. This would involve analyzing microstructure, surface
roughness, internal residual stresses, etc.

3. Additional Post-Treatments: Further developments could involve analyzing the effects of
additional post-treatments, such as shot-peening or heat treatment, and even exploring
combinations of treatments to understand the best combinations for improving printed part
properties.

4. Nonstandard Specimens: Printing nonstandard specimens with different shapes and sizes is

another possibility. This allows testing for effects related to part size and evaluating the
properties and qualities of various tilts and shapes within the same specimen.
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