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Abstract

Additive Manufacturing (AM) technology allows the production of complex geometries statti@sand foam
structures, finding diverse applications in the automotive, biomedical, and aeroshmstaes. Metal Additive
Manufacturing (MAM) is a technology capable of producing metallic components layer by Cmeof the
most used technologies is Powder Bed Fusion (PBF), where metal powder isusigltga source of energy,
either Laser or Electron Beam. It can be further classified into Laser Powder Bed Fusion (L-PBF) and Electron
Beam Powder Bed Fusion (EB-PBF). The alloys processed and studied iertterit through AM are still
somewhat limited. The most commonly used alloys are stainless steel and féoyesimnium alloys, nickel-
based alloys, aluminum alloys, and cobalt alloys.

Lattice structures produced through AM were extensively explored in thedierdtie to their beneficial
characteristics. The manufacturing process introduces defects typically categsrigsnetry and dimension,
surface quality, and porosity defects. As these defects significantly impact thedpetf lattice structures, the

manufactured components may not exhibit the expected properties.

The focus of this doctoral research thesis is to fill the gaps in the literature concerning thesaffectianical
behavior and the design of lattice structures manufactured with L-PBF and EB-PBF technologies, utilizing Co-
Cr-Mo alloy, Ti-6Al-4V alloy, and 17-4 PH SS metal powders. Specifictily main objective was centered on
the production and characterization of metallic lattice structures wigtingaunit cell orientations, building
angles, and connections with the solid part.

The present thesis is organized as follows. In the first Chapter, a brafuction illustrates the main PBF
processes, with particular attention to PBF processes. Microstructuratfetyfpical of products obtained with
these technologies are discussed, together with the typical defects. The most usdd glloguce complex
structures, such as lattice or metallic foam are presented. Finally, aaRBlksis of the process and the
mechanical behavior of the products are introduced.

This discussion of experimental activities and results is divided inte thagn experimental parts, based on the
metallic alloy used.

Therefore, the second Chapter is dedicated to the study of Co-Cr-Mo latticereguche L-PBF technique
was employed to manufacture lattice structures with defined building angitégeréd the build platform, using
a biocompatible Co-Cr-Mo alloy. Three different types of elementarygeglmetries were selected: Face
Centered Cubic, Diagonal, and Diamond. These cells were applied to radially oriditedtiatctures to assess
the influence of their orientation in relation to the sample and the build platform.

A separated Chapter covers the activities regarding the Ti-6Al-4V lattice. PB&-ltechnique was also adopted
evaluating and optimizing the single contour strategy for the production of I4\6Aattices. The optimal
process parameters were identified for producing a spinal cage as a caseddittbnally, Ti-6Al-4V lattices
with Body Centered Cubic unit cell with and without an external solid shedl designed and produced with

EB-PBF to investigate the mechanical behavior and metallurgical featgpegially at the interface between



the solid and lattice parts. The study of the role of the shell under compresslpand the identification of
potential critical issues due to the connection with the lattice part werentheative focal point of this chapter.
Finally, in Chapter 4, the discussion is focused on 17-4PH stainless steel dattictures. L-PBF was also
employed to manufacture 17-4 PH stainless steel square-based lattice stru¢tusesolid shell. The Face
Centered Cubic unit cell was chosen as the lattice cell geometry. The primarythisvadrk was to study the
role of the shell in the mechanical behavior under compression load idedtiéy any critical issues due to the
connection of the shell with the lattice part. This is a crucial aspectias &tuctures are often integrated with
solid walls, and studying their relative behavior can enhance the understandingafonmance of complex
components. Lattices without the solid shell were produced and studied to understaledahthe solid part.
For each alloy studied, the mechanical and microstructural characterizations were condnecpedssion tests
were performed on the lattices to understand the influence of cell orientatiomdpuaitdjle, and the influence
of the connection with the solid part. Microhardness measurements were taken, eaxtuhe fhechanisms of
these structures were analyzed. Moreover, heat treatment was carried otitutapan 17-4 PH SS lattice, to
study its influence on microstructural and mechanical properties.

In conclusion, this thesis was dedicated to the production and characterization ofivenmettillic lattice

structures using L-PBF and EB-PBF. Each studied alloy exhibited different features, issueslicatibapp



Sommario

La tecnologia di Additive Manufacturing (AM) consente la produzione di geonoetmg@lesse come strutture
lattice e schiume metalliche, trovando diverse applicazioni nei settori auttiodil biomedicale e
aerospaziale. Il Metal Additive Manufacturing (MAM) & una tecnologia in gradpratiurre componenti
metallici strato dopo strato. Una delle tecnologie piu utilizzate € la Powder Bed Fusion (PBF) ipatuete
metallica viene fusa utilizzando una sorgente di energia, laser o fascaitdintl Puo essere ulteriormente
classificata in Laser Powder Bed Fusion (L-PBF) e Electron Beam Powder Bed FAtBi-PBF). Le leghe
processate e studiate nella letteratura attraverso I'AM sono ancora in qualcheémitatie. ILe leghe piu
comunemente utilizzate sono l'acciaio inossidabile, le leghe ferrose, lalgijhrio, le leghe a base di nichel,

le leghe di alluminio e le leghe di cobalto.

Le strutture lattice prodotte attraverso I'AM sono state ampiamenteatephella letteratura a causa delle loro
caratteristiche vantaggiose. Il processo di produzione introduce difetti gesti@loategorizzati come difetti
di geometria e dimensione, qualita della superficie e difetti di porosita. Poiché dijfeetstiinfluenzano
significativamente il comportamento delle strutture lattice, i compopentiotti potrebbero non mostrare le
proprieta attese.

L'obiettivo di questa tesi di ricerca di dottorato, &€ colmare le laculedetéeratura riguardanti il comportamento
meccanico efficace e il design di strutture lattice prodotte con le tecnald®fs: ed EB-PBF, utilizzando

polveri metalliche di lega Co-Cr-Mo, lega Ti-6Al-4V e acciaio inossi@abil-4 PH. In particolare, I'obiettivo
principale era centrato sulla produzione e caratterizzazione di srigiitice metalliche con orientamenti

variabili delle celle, angoli di costruzione differenti e connessioni con una parte. solid

La tesi € organizzata come segue. Nel primo capitolo, viene fornita una bregeidne illustrando i principali
processi PBF, con particolare attenzione ai processi stessi. Sono discusse léstenattericrostrutturali
tipiche dei prodotti ottenuti con queste tecnologie, insieme aiidifgtti. Vengono presentate le leghe piu
utilizzate per produrre strutture complesse, come lattice o schiumeichetdifine, viene introdotta un'analisi

FEM del processo e del comportamento meccanico dei prodotti.

La discussione sulle attivita sperimentali e sui risultati & divisa in tregpemtimentali principali, basate sulla

lega metallica utilizzata.

Pertanto, il secondo capitolo e dedicato allo studio delle strutture lattice@n-Mo. La tecnica L-PBF é stata
utilizzata per produrre strutture lattice con angoli di costruzione definiti rispediati® di stampa, utilizzando
una lega biocompatibile Co-Cr-Mo. Sono stati selezionati tre tipi di geondetcielle elementari: Cubica a
Facce Centrate, Diagonale e Diamante. Queste celle sono state applicate a sttidéuogiéntate radialmente

per valutare l'influenza del loro orientamento rispetto al campione e al piattmpiasta

Un capitolo separato copre le attivita riguardanti le strutture lattide-6Al-4V. La tecnica L-PBF é stata

adottata anche per valutare e ottimizzare la strategia di scansione pduleqge di lattice in Ti-6Al-4V. Sono



stati identificati i parametri di processo ottimali per la produziomadigabbia spinale come caso studio. Inoltre,
sono stati progettati e prodotti lattice in Ti-6Al-4V con una cella CubiaarpddCentrato, con e senza un guscio
solido esterno, utilizzando EB-PBF per investigare il comportamento meccanico caraleristiche
metallurgiche, specialmente all'interfaccia tra la parte solida e la struttura. lattistudio del ruolo del guscio
sotto carico di compressione e l'identificazione di eventuali problemci datvuti alla connessione solido-lattice
sono stati i punti focali e innovativi di questo capitolo.

Infine, nel capitolo 4, la discussione € incentrata sulle strutture latéaeiaio inossidabile 17-4PH. La tecnica
L-PBF é stata impiegata per produrre strutture lattice a base quadrata io mossidabile 17-4 PH con un
guscio solido. La cella Cubica a Facce Centrate & stata scelta e applicateuthliea dattice. L'obiettivo
principale di questo lavoro era studiare il ruolo del guscio nel comportamegtamd sotto carico di
compressione e identificare eventuali problemi critici dovuti alla connessione del goisd#ostruttura lattice.
Questo & un aspetto cruciale poiché le strutture lattice sono spesso in@yEeeti solide, e lo studio del loro
comportamento relativo pud migliorare la comprensione delle prestazioni di compmoraptessi. Strutture

lattice senza guscio solido sono state prodotte e studiate per comprendere meglio il ruchoteedtdiga.

Per ciascuna lega studiata, sono state condotte caratterizzazioni meccaniche teutticbs Sono stati
eseguiti test di compressione sulle strutture lattice per comprelfidffoenza dell'orientamento delle celle,
dell'angolo di costruzione e della connessione con la parte solida. Sono state effettuateniiduracro-
durezza e sono stati analizzati i meccanismi di rottura di quegtergrinoltre, & stato effettuato un trattamento
termico, in particolare sulle strutture lattice in 17-4 PH SS, per studiasaalanfluenza sulle proprieta

microstrutturali € meccaniche.

In conclusione, questa tesi € stata dedicata alla produzione e caratterizdanmwative strutture lattice
metalliche, utilizzando le tecnologie L-PBF ed EB-PBF. Ogni lega studiata haatoosaratteristiche,

problematiche e applicazioni differenti.



Chapter 1

In the first chapter, an introduction to Powder Bed Fusion (PBF) technology is proRiBEdenables the
processing of metallic alloys to produce intricate metallic components. Tied section discusses the
distinctions between the Laser and Electron beam as energy sources in PBF-basexyjjedtoildwing this,
commonly utilized metal alloys and lattice structures are outlined. Theatypicrostructural features and
defects of components manufactured with these technologies were discussed. FinallytetbdeRieint Model
(FEM) is examined, with a focus on their application to the PBF process and to thefshebhanical behavior

of the produced components.

Introduction

1.1 Additive Manufacturing: Powder Bed Fusion

Additive manufacturing (AM), commonly known as 3D printing, is a well-esthétl technology with the
capability to produce porous structures and complex geometries layer-by-layer ushug waaterials. In
contrast to traditional subtractive methods, AM is based on the principle of matetigbn, as defined by the
ASTM (American Society for Testing and Materials International) 52900 standard.

Starting with a CAD model, it becomes possible to fabricate objects witplewrshapes, providing to the
specific requirements of industries such as automotive, biomedical, and aerospace. The additive mapufacturi
process is also referred to as additive layer manufacturing, layer manufacturing, aehffabfication [1].

AM technology encompasses various production processes, primarily applied togoldstietallic materials.
Several additive manufacturing (AM) methods are detailed in ISO/ASTM 52900. Metal AM jM#Adthods

have been widely explained in the literature, and they generally share sigrsfiodatities [2]. The material,
introduced into the machine as wire or powder, undergoes processing througheddesen beam, or arc wire

as the energy source. Metal AM can be classified into three main groups: Powder Betd (8§&#), Directed
Energy Deposition (DED) and wire arc additive manufacturing (WAAM) [3]. Due terdifit deposition
principles and technical parameters, each of these three technologies has itstalungical characteristics,

advantages, and scope of applications [4].



The PBF technique is a manufacturing method where the laser or electron beam gramdehalready spread

on the plate, locally melting it in an inert or vacuum environment (ped=il). Rapid solidification occurs

immediately afterward. After completing a layer, the building plate piston mgscand the powder chamber
piston ascends by a defined height, corresponding to the layer thickness. Another peyedefis spread on

the building chamber by a roller, which is then melted and solidified. This laykenbyprocess continues until
the job is complete. PBF-based processes require supports where needed to prestentdasid collapse of

molten materials due to overhanging surfaces. These supports can be generated duripgrthee3ign phase

but require mechanical removal. Additionally, post-processing treatments suctshggphiachining, or heat

treatment are necessary to enhance the features of the samples based on¢becteqateristics. In some
cases, Hot Isostatic Pressing (HIP) treatment is also necessary to ensure part density [5].

Inert gas or vacuum enviroment

Energy source

Roller (Laser or Electron Bea

‘

Powder

Powder chamber Building chamber

. S

Figure 1. Powder Bed Fusion process.
Based on the applied energy source, PBF-based technology is divided into Laser Behdesion (L-PBF)

and Electron Beam Powder Bed Fusion (EB-PBF) technologies.

1.2 Laser - Powder Bed Fusion

L-PBF is one of the most common Additive Manufacturing (AM) processes, knownsfaajtability to
manufacture complex metallic parts, thereby reducing costs, time, and labor. Developed by &odke
Schwarze in collaboration with the Fraunhofer Institute in 1999 [6], the L-PBEnsyshown in Figure 2)
typically includes a chamber containing virgin or recycled metal powder (1)idinigyplate where the powder
is spread to create a powder bed until the finished part is produced (R¢r @racraper (3) to deliver and
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spread the metal powder, and a laser source to melt the powder (4). The sysades apgwmatically to deliver
and maintain a uniform powder bed throughout the process.

Figure 2. Laser Powder Bed Fusion process [7].

Specifically, the laser is monitored and focused by a beam deflection systemsamgn@elvano mirrors and a

flat field focusing lens. In general, the .STL file is generated from a 3D @&Dand input into the machine.

The powder bed is spread on the building plate by the roller with a specific |aereths, and the laser scans
the powder bed, locally melting the powder alloy, followed by rapid solidification. After so#iddin, another

layer is spread over the previously processed layer. These spreading and scannang st@ested until the
completion of the final part. The building process occurs in a protective atmosphere, of Nitrogen or Argon ga

to prevent oxidation of the part.

Several process parameters can influence the results of the final partehaedfaith L-PBF technology. The
most commonly considered parameters include laser power, scanning speed, haioh @istmnce between
successive laser passes), and layer thickness [8]. During the melting phase, overdippealsrare generated,

which are typical for this process and take on a semi-circular shape due to the heat energgaf[®ie |

In the L-PBF process, the laser interacts with the metallic povedelinig to various physical phenomena, such
as solidification, reflection, chemical reactions, absorption, heat trapkfiese transformation, transportation
of molten metal or the flow of molten metal within the molten pool amdakMgoni effect which drives the
molten liquid metal from the hotter laser spot to the cold rear. TI@& primary objective of the L-PBF method
is to fabricate fully dense parts, although achieving this result can be chajleStgep thermal gradients and
non-uniform expansion/contraction of the material induced by rapid et solidification impact the
microstructure and can result in the presence of defects and residual sinetsgemetallic part. Defects such
as porosity, lack of fusion, and partially or unmelted powder sticking to the sadaaecur on the final parts
[1143].
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1.3 Electron Beam - Powder Bed Fusion

Electron Beam Powder Bed Fusion (EB-PBF) is another PBF-based AM process in whliettram beam is
employed to selectively melt the powder bed layer within a building chamber. The processudsiL-PBF,
with the main distinction of the use of an electron beam as the energy soursdtiiog the powder bed, rather
than a laser. In EB-PBF, a heated tungsten filament emits electrons at high speledrevthen controlled by
two magnetic fields: the focus coil and the deflection coil. As illustratecyur&i3, metallic parts are produced
in a vacuum chamber (1) at elevated temperature in a range of 700°C - 1@80f@g in stress-relieved parts
exhibiting material, mechanical, and chemical properties superior to thoeeexttiirough casting and forging.
The process utilizes the energy from an electron beam (2) to meltpoetdédr (3). The powder is ejected from

a powder hopper and spread on a building platform (4) using a rake (5), as discussed for the L-PBF process.

Figure 3. Electron Beam Powder Bed Fusion process [7].
To mitigate potential collisions between the fast-moving electrons and air hesleitie process occurs under
vacuum or controlled vacuum conditions [14]. The kinetic energy generated is converted it drergy
upon the high-speed electrons striking the powder bed, causing the powder to melt. Easiptapeated by
scanning it with an electron beam at high current and high scanning speed, followetrgy il low current
and low scanning speed. Once the layer is completed, the building platform descendshangawder layer
is spread. This process is repeated until the metallic part is fully formed [15].

The differences between these two powder bed technologies have already been inveStgatstance,
Gruber S. et al. [16] compared the geometrical accuracy within and betw&BRHmsed process. They found
that the distinctions between L-PBF and EB-PBF were mainly attributed to thézepktiparameters set, smaller
powder particle size, laser beam spot diameter, and layer thickness. L-PBF exce#edesenting inner
structures, while EB-PBF showed sintered powder remnants in cooling channels. L-PBF @&adotaw
deviations, but did not reach tolerance class "H," whereas EB-PBF values wé#sehigber than tolerance

class "L." Results for perpendicularity and position favored L-PBF, highlighting gsalbvadvantage in
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accuracy for dimensions, form, perpendicularity, and position tolerance. EB-&Brently, is deemed

unsuitable for complex internal structures due to sintered powder issues.

1.4 Microstructural features

In PBF, the formation of grains is a crucial aspect of the microstructure, caatli influencing the mechanical
properties and performance of 3D-printed metal parts. The melt pools are fdunmegithe PBF process and
acts as a fundamental unit in additive manufacturing. The cohesion of these overlappeubisietichieved
through the partial remelting of adjacent tracks, forms a bond building the final 3D object.

PBF process is characterized by rapid melting followed by rapid s$cditiifh which influence the
microstructure of 3D metal component. Rapid solidification results in ayfimieed microstructure, with grains
smaller than those in conventionally processed materials. The high coolingomtidisute to the formation of
grains with a more refined structure. Consequently, the primary rmiecagal feature in printed metallic
materials is the formation of columnar grains through the epitaxial grofvtnystals from the melt pool
boundary. These columnar grains, originating in the initial solidification stages as the primary solidification
structure.

According to classical solidification theory, the primary grain microstne is primarily governed by local
solidification conditions within the melt pool for a given alloy. These conditions iacfadtors such as
temperature gradient and solidification rate. Solidification proceedsidivalty from the previously deposited
substrate to the molten liquid, dissipating heat to the solid substrate. As ta gesminl growth phenomena
predominantly determine the final microstructures [17].

As shown in Figure 4 the microstructural attributes of L-PBF are delineated by distieettures, that can be
highlighted at different levels: (i) at an intermediate level, a layeredguation in which each layer is
composed of adjacent and partially overlapped melt pools, (ii) at a higher levehnmabserve epitaxial
columnar grains traversing more layers, and (iii) at smalleescallular fine substructures within the melt
pools. These features, that can be highlighted at different magnifications, make the nid¢?8structure
hierarchical. Solidified melt pools are usually observed by conventional ligitosobpy, while the other
microstructural features often need advanced metallographic techniques [18]erEtnehical microstructure

of EB-PBF process present the same features [19].

Epitaxial
Grains

Melt pool
borders

Cellular

sub-structure
Q

Building direction

000

Figure 4. Schematic representation of the typig@anchical L-PBF microstructure [18].
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1.5 PBF process defects

In recent years, researchers have been examining the mechanisms responbibléoforation of defects in
AM. Numerous publications have delved into different categories of defects ih Adtand provided
explanations for the mechanisms driving their formation.

Metal powders often exhibit contaminations, largely due to moisture, presemggoic compounds, adsorbed
gases, or formation of oxide and nitride films on the surface. This predispositiomasilyrattributed to the
high ratio of surface area to volume, which is much greater compared toobytiosents produced through
casting or forging. Contaminants not only have a negative impact on the mechanicalgsrapdrgeometry of
the consolidated component but also significantly reduce the wettability lethetayer of molten metal and
the underlying solidified layer. This wettability is a crucial charastierfor achieving a strong bond between

the various layers and, consequently, optimal densification of the fused powders [74].

In general, the most commonly encountered defects are [75]:

Porosity:Porosity defects in L-PBF refer to the presence of voids or gasgitieikts within the manufactured
metal part (Figure 5). These defects can have implications for the structural irdedrityechanical properties
of the final product. Several factors contribute to the formation of porosity defects in L-PBF:

f Gas Entrapment: During the melting and solidification process in L-PBF, gases may be released fro
the metal powder or other sources. If these gases are not able to escape, they eatrdggueawvithin
the molten metal, leading to the formation of voids. The presenceppkettagases can be due to the
turbulent motion on the melting pool surface. These gas pores are spherical pedsistrin the as-
fabricated parts, even after conventional heat treatment. Possible soue#hatt gan be entrapped in
the liquid metal are building atmosphere, humidity on surface of powder esrteraporation of
elements with low evaporation temperature, gas entrapped in the powder feddsitogkhe powder
atomization process. In addition, when an excessive energy density is present i plo@lntgpically
caused by high laser power and low scanning velocity, the resulting melt pool deepardgjamegsion
zone of vaporized material emerges, indicating the initiation of keyhole mode. Keyhuséyparises
due to the instability of the keyhole or the depression zone in the process.iNextzsss power can
result in excessive heating, leading to the vaporization of the metal and thedarofaas bubbles. If
these bubbles are trapped in the solidifying material, porosity can occur.

Moreover, the presence of gases, such as oxygen or nitrogen, in the build chamlead danthe

entrapment of these gases into the molten metal, causing porosity defects.

f Lack of Fusion: In L-PBF, the laser selectively melts and fuses the metal powder to forriagechf
the object. If there is insufficient energy, improper laser parameters, inadequees pestribution, or
issues with the material properties, incomplete fusion between adpmeder particles may occur,

creating voids often filled with unmelted particles. Lack-of-fusioropities are characterized by an
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irregular and often elongated morphology. Addressing and minimizing the lack of fusioia in
ensuring the reliability and performance of components produced through L-PBF. Thiplgteom
fusion can lead to structural weaknesses, reduced material integrity, and c@egrowerall quality

of the printed object.

f Shrinkage porosity. Occurs when the material undergoes cooling and solidification, leading to a
reduction in volume. If the cooling is uneven or too rapid, voids or pores may fon@ material due
to inadequate filling of the melted space. To mitigate shrinkage porosity, ceoefubl of process
parameters, such as laser power, scanning speed, and layer thickness, is necessarylhAdditiona
optimizing the material properties and preheating strategies can help minimiigktb&shrinkage-

related defects in L-PBF-manufactured parts.

Reducing or eliminating porosity defects is crucial for achieving high-qualitg famough L-PBF. Process
optimization, control of laser parameters, proper chamber atmosphere, and paalitheicontrol are among

the strategies employed to mitigate porosity and enhance the overall perlrofattee manufactured

components.
Lack-of- Gas
fusion induced
porosities porosities
Z

L.

Figure 5. Light optical microscopy showing comparisbprocess-induced, lack of fusion porosity to inpag@, gas porosity transferred from the
powder feedstock [78].

500pum

Residual stresse®wing to the recurrent melting and solidification processes inherent in PBF, ehiaeatt
by rapid heating and cooling cycles, the resulting printed parts undergo substanttehipghature gradients.
These gradients can give rise to significant residual stresses, ultimatdiggle€o distortions or various
macroscopic defects such as cracking, and delamination from the build plate. Thesoiksuiegly contribute
to a reduction in the print consistency of PBF machines. Various strategies have bdaajaiade® reduce
residual stresses and mitigate part distortion in metal Additive Manufagtlihe predominant method involves
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reducing the temperature gradient by preheating either the feedstock materiasudinate or performing
stress relieving treatments before removing the components from the building platform.

A model of residual stress formation during heating and cooling phases igdejoFigure 6 as proposed in
[79]. The residual stress field in AM process is significantly comg@dalue to the intricate nature of heat
source paths and heat transfer patterns, involving a multitude of variables.

Heating
(a)

Cooling

(b)
g, G,

H th “tens '
!x .

Figure 6. Residual stress formation model: (a) hegilmase, (b) cooling-phase.

Cracks: Solidification cracking and grain boundary cracking are phenomena occurring witlin
microstructure. Solidification cracks are a phenomenon that particularly affBoys characterized by a wide
range of solidification temperature, high coefficient of thermal expansion, anficsighishrinkage during
solidification. Usually, the presence of cracks is one of the main featuresmdiigls the alloy not processable.
The phenomena observed in the mushy zone significantly influence the developmertratkiog, and the

associated mechanism is illustrated in Figure 7.

4== Solidification shrinkage == 4== Thermal stress ==

Figure 7. A universal schematic image of the solidifin crack of the 6XXX series Al alloy [80].

Oxide Inclusions:The presence of oxide films on the top of melt pools inhibits densificatemhanisms,
promoting balling phenomena and limiting the wettability of fused partidies, indering their coalescence
into a dense layer. Oxides may be present in the starting powders or fordudate the interaction of the liquid
with the atmosphere if it is not adequately controlled.

It was observed that the oxide layer on the top of the melt pool undergoes \tapotipan exposure to the
laser, producing a fume of oxide particles. Simultaneously, the stofittte melt pool, likely influenced by
Marangoni forces, contributes to the disruption of the oxide at the base of tippaleNevertheless, the oxides

situated at the sides of the melt pool remaines undisturbed, resulting in timopéaones characterized by
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weakness and porosity. This occurred because the melt pool failed to adequatelyswebthmeling material
in those areas [81].

Loss of alloying element3he high energy density used in laser processes can cause selective evaporation of
certain alloying elements, especially those with a low melting tertyperéand low evaporation temperature),
as they tend to have a higher equilibrium vapor pressure than the main component of the alloy.

Balling: A characteristic defect of the L-PBF process that is formedalitequate wetting of the molten

metal with the underlying layer (Figure 8). These defects prevent the formati a continuous and
homogeneous layer, resulting in a rough surface (sometimes characterized by embagingl $patures). In

severe cases, the phenomenon intensifies with the addition of successive layers and can be so pronounced as to
block the powder distribution mechanism and can create porosities. Balling isdfdyothe presence of oxides

because they are not effectively wetted by the molten metal and, in combiwéti thermal stress and poor

adhesion between layers, can lead to delamination of the piece.

Spatter

Figure 8. Balling effect caused by high laser poweiloviearrows represent spatters, green arrow represetitsgtahd blue arrows correspond to
partially melted metal powder [82].

Spatter At elevated power densities, there is a possibility of powder |g&rtic molten droplets being expelled
from the molten pool, leading to the formation of spatter. The molten pool unde@esable recoil pressure,
primarily caused by the local vaporization of alloying elements. Molten dropsstdmdischarged when the
recoil pressure surpasses the surface tension force at the liquid pool getipttee EB-PBF process, powder
particles may also be expelled as a result of the strong repulsive electifostat. Figure 9 illustrates three
distinct categories of spatter. The | type of spatter is formed by the rapidghefatie shield gas, generating a
metallic jet directed upward toward the laser beam. The lI-type spatter involves dragaétsl ¢through recoil

pressure and the Marangoni effect. The Ill-type spatter results from the recsilrpraad snowplow effect,

generating powder spatter originating from the front line [83].
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1.6 Materials
The most common materials processed with PBF-based technologies includessttpletitanium (Ti), nichel

(Ni), aluminum (Al), copper (Cu), and cobalt (Co) alloys [20]. The main metals uskid indrk are:
l.

1.2.1 Cobalt alloys

The Cobalt-Chromium (C#Cr) alloys represent an important category of metallic biomaterials widretit
applications. A prevalent composition within this series iskCo yMo W, where x ranges from 19 to 30%
and y from 5 to 10%. Typically, C€r alloys incorporate 25 to 30 wt% of Cr, providing proper corrosion
resistance and making them highly suitable for implant applications. Beside#o@s,a common alloying
element, often added up to approximately 6 wt% for solid-solution strengghi@tih Some alloys may also
include trace amounts of W and other elements such as Mn, C, and N. The subgantiesistance exhibited
by Co«r alloys results from the formation of precipitates, predominantlyd@raarbides and intermetallic
S KDV H2v,281. Co-Cr alloys find extensive applications in biomedical [29], aotiven, and aerospace fields
[30]. Co28Crs6Mo alloy designated as F75 by ASTM is a standard alloy used in orthopedic implants [31].

In the realm of dental device fabrication, Co-Cr alloys are favored due tatmesion resistance, ductility,

and strength, all of which are well-suited for this specific purpose [32]. Due thaienges posed by the high

Scanning direction
B ——

Laser beam

II type spatter:
Droplet spatter I type spatter:

Metallic jet

III type spatter:
_ , Powder spatter

Molten part

Figure 9. Three different spatter types in powdst fusion processes [83].

Co-Cr-Mo: This alloy possesses good versatility and durability, along with biocompatibility [21].

Ti-6Al-4V: one of the most used alloys in AM PBF-based technology. Known for its biocompatibili
and high strength-to-density ratio, this alloy finds application in various filldsto its relevant

mechanical properties, high corrosion resistance, and good processability, eventambigfatures

17-4 PH stainless steelThis material is chosen for its excellent mechanical properties arabsicorr
resistance, making it particularly suitable for applications in the aerospace anmbtive industries.
Additionally, its wear resistance, manufacturability, and biocompatibilityemaloptimal for the
production of medical tools and devices [24,25].
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hardness and melting point of these alloys, making conventional processing diffideittal laboratories, the
L-PBF process has emerged as a promising technology for manufacturing Gos&riddtably, Co-Cr alloys
pose no allergic or carcinogenic hazards [33].

According to Averyanova et al. [34], the L-PBF technique proves to be a suitathiedrior constructing dental
crowns and bridges, offering good geometrical accuracy and adequate mechanical propehngesffiuming
this, Revilla Leon et al. [35] successfully printed and implanted a CoCr mauxitteetvork in an edentulous

patient.

The microstructures of G&r alloys produced through additive manufacturing (AM) notably differ fronn thei
counterparts in casting and wrought forms due to the accelerated solwfifigaterent in the AM process
[36,37]. Additionally, the unique microstructure of & alloys results from the repetitive heating and cooling
cycles during layer-by-layer manufacturing and directional solidificationgathe build orientation. Typical
feature of the AM CdaCr microstructures is the presence of melt pool boundaries (Figure 10arSomiveld
pool boundaries, these boundaries are observable on the longitudinal cross-sectioicalhydetyipibit a semi-
circular shape (Fig. 10A and 10B). Along the transversal cross-sectiogiptigated scan tracks are visible,
revealing the pattern followed by the laser during the manufacturing process (Fig.ri@Ghtrast to the
dendritic microstructure of cast structures and the equiaxed microstructure ghtathays, the grain structure
of AM Co £r alloys is columnar, with grain growth occurring along the build direction.edery the precise
morphology of the grains is determined by the temperature gradient across thieaadidifront and the growth
velocity of the solidification front [38]. The direction of grain growth iBuenced by the energy density and

scanning strategy [39].

Figure 10. Micrographs (original magnification x10) shaylayered construction in different angulations OAdegree build angle. B, 45-degree build
angle. C, 90-degree build angle [40].

For orthopedic applications, the mechanical properties of additively manufactue€d &ltoys must meet or
exceed those of conventionally processed@alloys, as the latter exhibit properties suitable for orthopedic
implants in their cast or wrought forms. Studies on the mechanical bebB@otCr alloys prepared by L-PBF
and EB-PBF primarily concentrate on microstructural changes resulting froiatiorss in processing

parameters or post—processing treatments.
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1.2.2 Titanium alloys

7L $0 9 VWDQGYV DV WKH.WDIQGRP LM@Y H{WHQVLYHO\ DSSOLHG LQ
aerospace sectors. Renowned for its exceptional strength, corrosion resistanoeaxandl operating
WHPSHUDWXUH RI DSSUR[LPDWHO\ xf& LWDKDM ERF R P HQRESS W R RHE\DM
alloys contribute to weight savings in crucial aerospace applications and find usk-petiymance sectors

like medicine, and automotive industries [41]. Notably, its commendabliabibty in a shield atmosphere

makes it particularly suitable for L-PBF and EB-PBF technologies [42].

Titanium exhibits two distinct crystal structures, namely hexagonal close-packbdge) and body-centered
cubic structure (-phase). These structural variations are pivotal in the extensive developmeamtioifitialloys
tailored for specific characteristics [48]. Among these alloys, Ti-6Al-4V stands out as one of the most widely
utilized, holding a significant market share in titanium products. Classified as &tanium alloy, Ti-6Al-4V
owes its unique properties to the presence of vanadium, which stabilizes ghase and prevents its
transformation at room temperature, resulting in a combination of bartid phases. Swift cooling from the
elevated temperature oftransus leads to the conversion of thghase into the unstableemartensite phase,
forming fine colonies of laths [46]. Renowned for its high strength, low density, exasdieasion resistance,
and superior biocompatibility, Ti-6Al-4 V finds applications in diverse figltguding jet engines, gas turbines,
medical implants, and various airframe components [47,48]. Traditional methods tikdaxand forging are

employed for the production of titanium parts.

In the context of EB-PBF, the fabricated samples predominantly exhibit acicalad related phases, as

indicated by microstructural analysis. The thermal gradient in the manufgodinéction promotes the epitaxial

formation of prior grains, extending across multiple layers [49]. Conversely, samples fatirtbaough L-

PBF for TiBAl ¥V alloys showcase a dominance of columnagrains and.» PDUWHQVLWLF SKDVH'
attributed to the rapid cooling of laser-melted powders during the manufacturing gEi#£s. Hence, the

distinct corrosion responses observed in L-PBF- and EB-PBF-fabricated sanmpbesaszcribed to variations

LQ WKH . DQG SKDVH FRQWHQWY DV ZHOO DV GLHRUWRKR¥HR/I LUQ DL

boundaries within a specific area [53,54].

The main microstructure of Ti-6Al-4V produced with L-PBF and EB-PBF were reported in Figure 11.
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Figure 11. Microstructures of Ti-6Al-4V prepared bg)d_-PBF, d-f) EB-PBF [55].

Titanium alloys are widely studied in the literature. For example, Fojt[&6hlkexamined the corrosion behavior
of Ti-6Al-4V alloys produced through EB-PBF and L-PBF technigues in a physiologicabsolTheir findings
suggested that the corrosion resistance of samples fabricated using L-PBF is.dlip&tial. [57] successfully
enhanced both the tensile strength and ductility of L-PBF-processed Ti-6Al-4V bstiagljthe process

SDUDPHWHUV WR UHVWULFW Thekitaniumlab ig/us&d@lIsk in EB-PEFyiCES. \Haiveé H

Galarraga et al. [58] conducted a research investigation into the heat tredtifie6t®d ¥4V alloy processed
through EB-PBF. The primary objective of their study was to assess the behavitecrahical characteristics

of EB-PBF-produced TH6A1 #4V ELI (Extra Low Interstitial) under various heat treatment conditions.

Ti-6Al-4V scaffolds are applied for the treatment of bone disorders. [ebgél [59] utilized in vitro testing to
clarify the proportional contributions of a porous design to both stiffness andienbesi performance in
intervertebral devices. Four sets of titanium cages were generated, incogpomtibinations of a porous
endplate and/or an internal lattice architecture. The internal lattice ateteteeduced cage stiffness by 16.7%,
and the porous endplates decreased it by 16.6%. The cage featuring both porous elemeetstbgHinivest
stiffness, measuring 40.4 kKN/mm, with a motion segment stiffness of 197618 fdfmsubsidence. The internal
lattice architecture did not significantly impact the motion segment stffindsle the porous endplates notably
reduced this value.

1.2.3 17-4 PH stainless steel
Martensitic precipitation-hardening stainless steel has been extensivelygatebtn the field of AM [60]. One

such stainless steel variant is #7PH, recognized for its combination of good corrosion resistance, high

strength, and toughness. Post-process heat treatment is often necessanl BH Istainless steel to meet
specific mechanical properties and corrosion resistance requirements. Opdidaéss and strength are
typically reached with aging treatment in the temperature range ad280C, promoting uniform precipitation
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of nanometric copper-rich precipitates. The duration of aging depends on the tempeaagurg,from a few
minutes to hours [61]. While commercially wrought#7PH stainless steel shows a martensitic structure, a
wide range of contradictory microstructures has been reported in this steel produced through Alglywitryi
process parameters.

In L-PBF processing under argon (Ar) atmosphere, a dominant martensitic struitkusznall amounts of
retained austenite (RA) has been reported, whereas undempaockssing atmosphere, a mixture of martensite
and austenite phases (H8% austenite at different cross-sections) is formed. The formatioresé thon-
equilibrium phases is attributed to high cooling rates, the chemical composition of the gagidal, and the
thermal history of the specimens [62]. In Figure 12, an optical micrograph ofabe smction parallel to the
building direction of an L-PBF as-built 17-4 PH stainless steel sampyaeessed in Natmosphere, is shown.
The patrtially overlapped melt pools, formed due to the melting of metal powdersthedaser action, are
clearly shown.

Figure 12. Optical image of longitudinal cross-secfjgiane B) of L-PBF PH steel sample processed in N@dsphere showing distinct melt pools.
Short arrows indicate the melt pool boundaries dodble-headed arrows show the depth of the melt[68h

Mahmoudi et al. [64] investigated the influence of laser additive manufagtprocess parameters and heat
treatment parameters on both the mechanical properties and microstructurd®bff dfainless steel. The study
revealed that optimizing the process can enhance the mechanical propémgesaterial. However, they found
that the tensile and fatigue properties of 17-4 PH stainless steel produced thkbagé inferior to those of
the alloy obtained with conventional technologies [64]. This is explained by the preseasiual austenite
and the formation of defects during the manufacturing process, such as gas porashiairanphenomena,
leading to layers folding onto themselves (which occurs when wetting is poor, and thae hagolid does not
wet the previous layer due to the formation of an oxide film on the precediag hindering metallurgical
bonding between layers [65]).

Post-process heat treatments (e.g., stress relief, solution annealing, modthtt pressing (HIP)) have been
shown to enhance the performance, especially in terms of fatigue resistance, mwduded parts by
eliminating residual stresses, modifying the microstructure, and reducing the ssteapadf pores [66]. Rafi
et al. [63] explored the impact of various post-fabrication heat treatmentstothéahechanical properties and

microstructural characteristics of selectively L-PBF17-4 PH stainless steel.
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In general, 17-4 PH exhibits superior strength after the H900 treatmentdwrto the standard ASTM A564,
the aging condition of H900 requires a pre-heating of the chamber furnace up @, 43001ding time of 1 h,

and after a cooling in air [67]) due to the formation of nanoscale spheteaatiCprecipitates. Consequently,
most studies have applied this heat treatment procedure to 17-4 PH AM produgisoieitheir mechanical

properties [68]. For instance, Murr et al. [69] assessed the hardness values of H9@@eodsnpy comparing

Ar and N atomized powders and varying printing shielding atmospheres (Ar ganHdwvever, it has recently

been demonstrated that while the H900 treatment can significantly enhangeldhstrength and ultimate

tensile strength of L-PBF-produced 17-4 PH steel pieces, the same treambave a detrimental effect on
long-term fatigue strength (high cycle fatigue): this is caused by a more safigence of fusion defects in the
material on crack initiation.

Li et al. [70] studied the hardness evolution by conducting various homogenizatitrehtraents, followed by

identicalaJLQJ SURFHVVHV DW z& IRU xK ZLWK WKH KRIQMe RSuls KHUP R C

showed that the wire-based LC coating has a small Heat-affected zone, excellenstiemgjth and fracture
toughness.

A few works were conducted on the analysis and characterization of L-PBF 17-4PH SSpattal.G71]
explored the impact of energy density on the microstructure and porosity ofl 8tdiRless steel components
produced through L-PBF. Through the estimation of porosity and examination of microstusing optical
microscopy (OM) and scanning electron microscopy (SEM) images, the reseamh&sied that energy
density might serve as a limited indicator of porosity levels withRBE parts. Notably, coupons manufactured
at the same optimal energy density level exhibited significantly divergent levptgadity. Rafi et al. [72]
detailed the impact of powder chemistry, processing environment, and grain dieeroachanical properties
and phase content of L-PBF parts. They demonstrated the essential role of meantieadchieving the desired
tensile properties. Additionally, the researchers observed a higher presence of risiesite in parts
constructed under nitrogen as opposed to those built under argon.

Some examples of optical micrographs of the cross-section parallel to fthelibegction of microstructures of

L-PBF heat-treated 17-4PH samples are shown in Figure 13.
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Figure 13. OM cross-section observation of L-PBF 1 H4Bmple after heat treatmen®d WHPSHUHG DW <& K
solution heatW UHD W H G & D®&G WHPGHWHES DW *& K &G KRMRIHMWUJHRG VKH® W &
WHPSHUHG D[W8]. & K

1.7 Lattice structures
Cellular materials offer unique functional characteristics allowinggddstedom beyond the capability of solid

materials. These characteristics include the following: high specific strengstifimess, enhanced absorption
of mechanical energy and heat transfer control. Cellular materi@l§oemed by periodic or stochastic
arrangements of open or closed cell types (Figure 14), with either two-dimehsell configurations (such as

honey-comb) or three-dimensional polyhedral layouts (such as lattice structures).

iBCC Octahedral

Truncated Truncated

Rhombic i
Showe Gyraid cuboctahedron cuboctahedron2+

dodecahedron

Figure 14. Examples of lattice structure unit cel&)].[8
In order to identify the type of cellular structures, Dhruv Bhate [85] and idib.eu [86] classified the cellular
structures in foams (open-cell and closed-cell), honeycombs and latticerssuQueheillalt et al. [87] and
Clough et al. [88] have demonstrated that lattice structures, designed to sipisidissg, exhibit enhanced
compressive and shear strength compared to foams and honeycomb structures. Moreostruktires have
many superior properties than foams and honeycombs. Specifically, each unit cellraeaddavstrut within

the lattice structure can be treated as a design variable, allowing forzgpiimito meet specific customized

24

K WHPSHUHG D!

K DQG



functional requirements. This flexibility in design, implies that the mechhproperties of lattice structures
can be more effectively controlled than those of foams and honeycombs. In conclusiom,statictures
typically have better mechanical performance than foam and honeycomb structures [89].

In brief, lattice structures are repetitive patterns that either occupy aezoluronform to a surface. In the realm
of engineering design, these structures, inspired often by natural fams)atonsist of interconnected beams,
surfaces, or plates arranged in an ordered or stochastic manner (Figure 15) [90].

The aim of such materials is to enable the possibility to intedifééeent or relative better mechanical properties
[91]. The lattice structures can be analyzed with classical methods of mechakiiog into account their
properties, allowing direct comparison with fully dense materials [92]. The puigptsereate a material with
a higher specific stiffness or strength, meaning it can be light and @ghttstiength, or to tailor the mechanical
response for the specific application, like being compliant and absorbing impact. Thenioacperformance
of cellular structures is dependent on cell topology, nhumber of cells, géopatameters (including strut
diameter and cell size), material and manufacturing process characteristvedl, &s structural boundary and
loading conditions. Adjustment of the cell topology and size allowshfontanipulation of the characteristic

properties of the cellular material for the desired application requirements.

Figure 15. Four types of lattice structures; a beaticéata TPMS lattice (gyroid), a honeycomb latticed a stochastic lattice (Voronoi) [90].
Metal lattice material can reach excellent mechanical propertiesighitvaight, high specific strength, high
specific rigidity, high durability, relatively low mass, and high energy absorpate. This material class also
has excellent functional properties, such as shock absorption, heat dissipatidhgdmal conductivity,
acoustic absorption, and electromagnetic shieldingdSB Mechanical properties such as compressive strength
and stiffness are particularly dependent on whether the cell exhibits belwfiigated or stretch-dominated
behavior during loading, with stretch-dominated structures showing supeeiogtstrand bending-dominated

structures showing superior compliance [96].

AM technigues provide an exceptional opportunity to manufacture cellulariatgigrch as lattice structures
tailored to dedicated applications. PBF-based processes can produce geometngalty periodic cellular
structures with robust control over uniformity and repeatability. In cosgar traditional metal cellular
structure manufacturing processes are limited to stochastic foam produtti@onvparatively low uniformity,
or wire mesh lattice with high cost and comparatively lower manufacturable geoooehplexity. However,

PBF technique is characterized by specific process limits such as minimoufiactarable feature size and

25



inclination angle for a given build material. These process limits imposstraints on manufacturable
geometries and require experimentation to quantify manufacturable lattice design coofigufaiithermore,
the application of lattice structures requires that their mechanical propertieslaredfades be quantified for
varying geometric conditions [97].

Literature has primarily concentrated on examining the feasibility of produgoigsructures and assessing
their mechanical characteristics [98]. An investigation was conducted by Breadnf98], who experimentally
explored the compressive behavior of titanium BCC lattice structuresdtdaithrough AM. The authors
observed shear failures along diagonal specimen planes. Numerous other studréghimhted the notable
impact of powder bed fusion parameters, including laser speed, power, and legrexshi on the mechanical
properties of the constructed lattice structures.

While the Ti-6Al-4V alloy remains the most studied material for latsicectures due to its high mechanical
properties and excellent biocompatibility, other materials such as 316L staiplds<siCr, and Al-10Si-Mg
have also been explored.

Mines et al. [100] examined the mechanical characteristics of sandwich lattieks functioning as impact
absorbers and load bearers. Morlock et al. [L01] explored the mechanical characteristics fcat QueCr-
Mo structure with a pore size of 0.5 mm. They noted that the structure exhibited rmaicpaoperties
comparable to commercially manufactured components using alternative compositesielMdhsir recent
discoveries indicate that Co-Cr-Mo cell structures with square pores;dedatiusing L-PBF, demonstrate
compressive properties similar to those of human bone [12].

In the biomedical field, lattice structures are of particular intdi@sbone scaffold production [102,103].
Numerous researchers have investigated the feasibility and mechanical propertiesis femoral, hip, and
knee implants. Limmahakhun et al. [104] examined a graded femoral stegnedked manage micromotions
within an acceptable range for bone ingrowth, featuring a flexural stiffnessacaligto that of human bone.
Min et al. [105] conducted pressure weakness testing on titanium comgesg&uctures and observed that
the fatigue strength increased with a higher relative thickness and cyclic tightéiegstruts within the cell
structure, leading to eventual failure. Moreover, Wauthle et al. [106] noteabfsmce of cytotoxicity and
observed favorable bone ingrowth in an in vivo experiment involving a lattice tantalum implaratdaraur.
The structural accuracy of lattices fabricated through L-PBF can be characterized by iconsatarthe strut
size and structural porosity and comparing them with the intended designadiansf influenced by process
parameters, contribute to deviations between the target design and the geootkicgd by L-PBF. Firstly,
residual partially melted powders on the struts lead to an increased strut deamaelggher nominal density.
Arabnejad et al. [107] noted that the lattice's pore size is typicallyesntiadin designed, causing a significant
difference in structural porosity. Additionally, the inclined struts oftenugntrger than the target design due
to the staircase effect associated with building inclined geometries. The $acondhvolves the impact of the

laser thermal footprint, resulting in a laser track width (LTW) larger than thedpst size.

26



Among the different challenges in the design, production and characterization of cotapomaining a lattice
structure, the interaction between the lattice itself and a solid surfadeutit jpart, represents a crucial topic.
In fact, purely lattice components are rarely produced, more ogelattice is surrounded by or connected to
solid walls, which can influence the mechanical behavior of the component.

In this regard, Guden et al. [108] investigated the effect of the number of cellsjiatneter and rigid-face
sheets on the compression behavior of EB-PBF-Ti-6Al-4V Body Centered Cubicslafitee addition of a
dense layer that covered the lattice core altered the behavior of the structure cawtpateslattice without

a solid shell. The solid layer constrained the edge of the lattice and the fractigrelmoged with and without
the solid face sheets. Moreover, the mechanical properties of foam-filled taleiwestigated by Novak et
al [16]. In this study, thin-walled tubes were filled with various metatlkdti The interaction between tube and
lattice structures gave a positive contribution to the energy absorption incréesingpact properties. This
application results useful not only for the biomedical application but alsod@utiomotive, marine aerospace
and railway industries. Furthermore, Xiong et al. [109] studied porous metediftolds with dense core
structure with different diameters for testing the effectiveiregnhancing the strength of the scaffold. The
tested lattice structures with dense core exhibited the mechanicak$eandr a level of porosity favorable for
biomedical applications. Finally, Fu et al. [110] focused on the mechanical fgeditriply periodic minimal
surface shell lattices produced by micro laser powder bed fusion. The lightweight design waslaaatythe
deformation mechanisms and mechanical properties of the shell latticesowetated to the relative density.
The deformation mechanism was highly dependent on the relative density, and theudischetween the
design and measured values of the shell thickness was a crucial point, especially for the low-dengigg structu
These studies revealed that the addition of the solid part resulted in an increase of mechaniias ghopéo
the higher load support than the lattice without shell. Moreover, enhanced compséssigth and energy

absorption were also detected maintaining a good level of porosity of the samples.

Nowadays, lattice structures are widely studied. However, challenges and limitatioria exjgloiting their
potential. One of the most important point is the choice of materialstioelatructures which can significantly
impact their mechanical performance. Limited material options with suitable profertestain applications

can be a constraint.

Achieve precise and uniform lattice structures during fabrication can be alkenghey. The complexity of
lattice designs must be taken into account. Designing optimal latticéus¢ési¢ailored to specific functional
features require the use of sophisticated computational tools and methodmdArdized guide for the
production of lattice structure has not yet been realized but is still the subjestarfcre

Moreover, another key point of lattice structures is the interaction with aceohidonent. The relevance of the
interface between the lattice and solid part is based on how strong thetmnigeand how it influences the

mechanical behavior of the whole structure. The abrupt change in density (frantcsthet solid part), and the
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presence of defects in the interface have to be considered to investigate the amdngglability of the
connection.

Addressing these challenges through continued research and development will eomtrithet broader
acceptance and application of lattice structures in various scientific and engineeraigsdom

1.8 Finite Element Analysis

Finite Element Analysis (FEA) is a powerful tool in the engineering worldherstudy of many complex
physical problems. The Finite Element Method (FEM) allows engineer to simulate and analyzal phys
problems including mechanical or thermal aspects, as well as fluid dynamic andT$we FEA is widely use

in mechanical engineering during the development and design phase, to help evaluhéngrafduct will
perform as planned or if it will be suitable for the expected operation ememt for the desired application.
FEA methods are also used to reduce the number of physical prototypes and candoeinsadual simulation

to optimize the design.

1.2.4 Process simulation

The conventional approach of utilizing trial and error to attain optimal parttyjusltypically both time-
consuming and expensive. Recently, there has been a focus on employing simulatiorddifive A
Manufacturing (AM) processes. These simulations aim to optimize process fmrmed forecast the
occurrence of defects within or near the melt pool. The aim is to igentiftegies to prevent the formation of
defects, thereby enabling process optimization without in-line productas ffihis approach offers significant

economic benefits and time savings.

Numerous studies have delved into simulating the formation of defects like balling aedrpathairallah et
al. [111] examined the occurrence of keyhole-induced defects with respect to variatases polwer. Tang et
al. [112] simulated the lack of fusion porosity, determining at which value®oégs parameters, such as layer
thickness and hatch spacing, the porosity increases. Furthermore, Vastola et al. [@b®edahe model and
numerical simulations offering a convenient and precise means of predictirsitypordhe laser powder-bed
fusion process. These tools can be utilized to enhance comprehension, regulation, and mitigatasityin

metal additive manufacturing components.

In the literature, the simulation of powder bed and the prediction ofifyofosnations are widely studied. In

this regard, the macroscopical process simulation, based on the variation of pacaeeders, such as scanning
speed and laser power, is investigated with Deform 3D. The main airo siasiate the L-PBF process varying
the process parameters, comparing the residual stresses of final gatisevwekperimental ones, in order to

achieve the optimal parameters needed to print the samples saving time and money.

1.2.5 Mechanical simulations
As already mentioned, FEA analysis is widely used to predict the behavior pbrents during the design

phase and represent a powerful tool to reduce the number of prototypes. When consitleersiriattures,
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FEA can be of extreme importance in the prediction of their behavior. fatlite, a number of studies are
reported concerning how to implement and study these materials. Sadeghi et. al $icdt]atitively
manufactured stainless steel lattice cylinders and their equivalent hollow cylihaétice cylinders exhibit
lower transmitted force in Split Hopkinson bar experiments with a stiffnessti@uduédditional energy
absorption mechanisms in lattice cylinders transform the transmitted foto lateral deformation. FE
simulations qualitatively capture specimen behavior, aiding understanding of dynamistaitugre behavior
and studying effects of strain rate hardening, thermal softening, and frictie® distinct force-displacement
regimes are observed: elastic, plastic (hardening), and post-buckling (softeningsiitcthe loading rate by
five orders of magnitude results in a up to 36% peak force incraafigtad to strain rate hardening in the
stainless-steel material. Li et al. [115] conducted compression telstion structures of stainless steel 316L
manufactured through L-PBF with a body-centered cubic (BCC) unit celbppd o evaluate the experimental
compression tests, a dynamic explicit finite element (FE) model was genératedorating a material model
derived from the elastoplastic behavior of the fabricated struts. Ahmadi¥t&]lpfrovided analytical solutions
and explicit relationships to predict the elastic modulus, Poisson ratio, critatdinguload, and yield stress of
cellular structures employing the diamond lattice unit cell. The analytical findingsjweaposed with results
derived from finite element simulations and experimental measurements conducted BV TBpAcimens

fabricated through selective laser melting.

However, there is still no an established method and, as far as the author knohsicgnef many parameters
and configuration of the analysis still relies on several idealizations and asswsmgititated mostly by the

uncertainty on the effective properties that these materials possess.

29



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Bahnini I, Rivette M, Rechia A, Siadat A, EImesbahi A. Additive manufacturing technology:
the status, applications, and prospects. International Journal of Advanced Manufacturing
Technology 2018;97:14%1. https://doi.org/10.1007/s00170-018-1932-y.

Frazier WE. Metal additive manufacturing: A review. J Mater Eng Perform 2014232817
https://doi.org/10.1007/s11665-014-0958-z.

Kladovasilakis N, Charalampous P, Kostavelis |, Tzetzis D, Tzovaras D. Impact of metal
additive manufacturing parameters on the powder bed fusion and direct energy deposition
processes: a comprehensive review. Progress in Additive Manufacturing 202 166.349
https://doi.org/10.1007/s40964-021-00180-8.

Tan C, LiR, Su J, Du D, Du Y, Attard B, et al. Review on field assisted metal additive
manufacturing. Int J Mach Tools Manuf 2023;189.
https://doi.org/10.1016/).ijmachtools.2023.104032.

Al-Maharma AY, Patil SP, Markert B. Effects of porosity on the mechanical properties of
additively manufactured components: a critical review. Mater Res Express 2020;7.
https://doi.org/10.1088/2053-1591/abcc5d.

Shellabear M, Nyrhila O. DMLS-DEVELOPMENT HISTORY AND STATE OF THE ART.
n.d.

From the Printer into the Body - Metal 3D Printing in Medicine.
Https://WwwProtolabsCom/En-Gb/Resources/White-Papers/from-the-Printer-into-the-Body-
Metal-3d-Printing-in-Medicine/#1 n.d.

Oliveira JP, LaLonde AD, Ma J. Processing parameters in laser powder bed fusion metal
additive manufacturing. Mater Des 2020;193. https://doi.org/10.1016/j.matdes.2020.108762.
Fotovvati B, Wayne SF, Lewis G, Asadi E. A Review on Melt-Pool Characteristics in Laser
Welding of Metals. Advances in Materials Science and Engineering 2018;2018.
https://doi.org/10.1155/2018/4920718.

Chowdhury S, Yadaiah N, Prakash C, Ramakrishna S, Dixit S, Gupta LR, et al. Laser powder
bed fusion: a state-of-the-art review of the technology, materials, properties & defects, and
numerical modelling. Journal of Materials Research and Technology 2022;2&2109
https://doi.org/10.1016/}.jmrt.2022.07.121.

Vukkum VB, Gupta RK. Review on corrosion performance of laser powder-bed fusion printed

316L stainless steel: Effect of processing parameters, manufacturing defects, post-processing,

30



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

feedstock, and microstructure. Mater Des 2022;221.
https://doi.org/10.1016/].matdes.2022.110874.

6WRS\UD : *UXEHU . 6PROLQD , .XUJ\QRZVNL 7 .X(QLFND 9

AA7075 alloy: Influence of process parameters on porosity and hot cracking. Addit Manuf
2020;35. https://doi.org/10.1016/j.addma.2020.101270.

Esmaeilizadeh R, Ali U, Keshavarzkermani A, Mahmoodkhani Y, Marzbanrad E, Toyserkani
E. On the effect of spatter particles distribution on the quality of Hastelloy X parts made by
laser powder-bed fusion additive manufacturing. J Manuf Process 2019420.:11
https://doi.org/10.1016/j.jmapro.2018.11.012.

Fu Z, Kérner C. Actual state-of-the-art of electron beam powder bed fusion. European Journal
of Materials 2022;2:54.16. https://doi.org/10.1080/26889277.2022.2040342.

Milberg J, Sigl M. Electron beam sintering of metal powder. Production Engineering
2008;2:11422. https://doi.org/10.1007/s11740-008-0088-2.

Gruber S, Grunert C, Riede M, Lopez E, Marquardt A, Brueckner F, et al. Comparison of
dimensional accuracy and tolerances of powder bed based and nozzle based additive
manufacturing processes. J Laser Appl 2020;32. https://doi.org/10.2351/7.0000115.

Liu Z, Zhao D, Wang P, Yan M, Yang C, Chen Z, et al. Additive manufacturing of metals:
Microstructure evolution and multistage control. J Mater Sci Technol 2022;108224
https://doi.org/10.1016/j.jmst.2021.06.011.

Tonelli L. Revealing the Hierarchical Microstructure of Innovative Additively Manufactured
Metal Parts with Conventional Light Microscopy. Metallography, Microstructure, and
Analysis 2021;10:2782. https://doi.org/10.1007/s13632-021-00721-1.

Zhong Y, Rannar LE, Liu L, Koptyug A, Wikman S, Olsen J, et al. Additive manufacturing of
316L stainless steel by electron beam melting for nuclear fusion applications. Journal of
Nuclear Materials 2017;486:2345. https://doi.org/10.1016/j.jnucmat.2016.12.042.

Cantaboni F, Ginestra P, Tocci M, Ceretti E, De Sio G, Cao X, et al. Selective Laser Melting
of Ti-6Al-4V Lattices: Case Study on a Spinal Cage Prosthesis. Key Eng Mater, vol. 926
KEM, Trans Tech Publications Ltd; 2022, p. H88. https://doi.org/10.4028/p-g7ip54.

Wang JH, Ren J, Liu W, Wu XY, Gao MX, Bai PK. Effect of selective laser melting process
parameters on microstructure and properties of co-cr alloy. Materials 2018;11.
https://doi.org/10.3390/mal11091546.

31



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Sing SL, An J, Yeong WY, Wiria FE. Laser and electron-beam powder-bed additive
manufacturing of metallic implants: A review on processes, materials and designs. Journal of
Orthopaedic Research 2016;34:389. https://doi.org/10.1002/jor.23075.

Onuike B, Bandyopadhyay A. Additive manufacturing of Inconel ZT&AI4V bimetallic
structures. Addit Manuf 2018;22:8431. https://doi.org/10.1016/j.addma.2018.06.025.
Giganto S, Martinez-Pellitero S, Barreiro J, Zapico P. Influence of 17-4 PH stainless steel
powder recycling on properties of SLM additive manufactured parts. Journal of Materials
Research and Technology 2022;16:16H. https://doi.org/10.1016/j.jmrt.2021.12.089.
Ariza-Galvan E, Montealegre-Meléndez |, Pérez-Soriano EM, Neubauer E, Kitzmantel M,
Arévalo C. Influence of Processing Conditions on the Mechanical Properties of 17-4PH
Specimens Produced by Additive Manufacturing. Machines 2022;10.
https://doi.org/10.3390/machines10110976.

Acharya S, Soni R, Suwas S, Chatterjee K. Additive manufacturing #£1Galoys for
biomedical applications: A concise review. J Mater Res 2021;36:8046
https://doi.org/10.1557/s43578-021-00244-z.

Al Jabbari YS. Physico-mechanical properties and prosthodontic applications of Co-Cr dental
alloys: A review of the literature. Journal of Advanced Prosthodontics 2014:83.38
https://doi.org/10.4047/jap.2014.6.2.138.

Narushima T, Ueda K, Alfirano. Co-Cr Alloys as Effective Metallic Biomaterials, 2015, p.
1574#8. https://doi.org/10.1007/978-3-662-46836-4_7.

Allegri G, Colpani A, Ginestra PS, Attanasio A. An experimental study on micro-milling of a
medical grade Co-Cr-Mo alloy produced by selective laser melting. Materials 2019;12.
https://doi.org/10.3390/mal12132208.

Mergulhdo MV, Podesta CE, das Neves MDM. Mechanical properties and microstructural
characterization of cobalt-chromium (CoCr) obtained by casting and selective laser melting
(SLM). Materials Science Forum, vol. 899 MSF, Trans Tech Publications Ltd; 2017, 8. 534
https://doi.org/10.4028/www.scientific.net/MSF.899.534.

Chen Q, Thouas GA. Metallic implant biomaterials. Materials Science and Engineering R:
Reports 2015;87:57. https://doi.org/10.1016/j.mser.2014.10.001.

Ren L, Memarzadeh K, Zhang S, Sun Z, Yang C, Ren G, et al. A novel coping metal material
CoCrCu alloy fabricated by selective laser melting with antimicrobial and antibiofilm
properties. Materials Science and Engineering C 2016;6#461
https://doi.org/10.1016/].msec.2016.05.069.

32



[33] Kim HR, Jang SH, Kim YK, Son JS, Min BK, Kim KH, et al. Microstructures and mechanical
properties of Co-Cr dental alloys fabricated by three CAD/CAM-based processing techniques.
Materials 2016;9. https://doi.org/10.3390/MA9070596.

[34] Averyanova M, Bertrand P, Verquin B. Manufacture of Co-Cr dental crowns and bridges by
selective laser Melting technology: This paper presents the successful application of the
selective laser melting technology in dental frameworks manufacturing from Co-Cr alloy using
Phenix PM 100T dental machine over a production period of 14 months. Virtual Phys Prototyp
2011;6:17985. https://doi.org/10.1080/17452759.2011.619083.

[35] Revilla Ledn M, Klemm IM, Garcia-Arranz J, Ozcan M. 3D Metal Printing - Additive
Manufacturing Technologies for Frameworks of Implant-Borne Fixed Dental Prosthesis. Eur J
Prosthodont Restor Dent 2017;25:#3https://doi.org/10.1922/EJPRD_RevillaLeonO05.

[36] Mengucci P, Barucca G, Gatto A, Bassoli E, Denti L, Fiori F, et al. Effects of thermal
treatments on microstructure and mechanical properties of a Co-Cr-Mo-W biomedical alloy
produced by laser sintering. J Mech Behav Biomed Mater 2016;68:706
https://doi.org/10.1016/j.jmbbm.2015.12.045.

[37] LuY,WusS, Gan, LiJ, Zhao C, Zhuo D, et al. Investigation on the microstructure,
mechanical property and corrosion behavior of the selective laser melted CoCrW alloy for
dental application. Materials Science and Engineering C 2015;42517
https://doi.org/10.1016/].msec.2015.01.023.

[38] DebRoy T, Wei HL, Zuback JS, Mukherjee T, Elmer JW, Milewski JO, et al. Additive
manufacturing of metallic component$’rocess, structure and properties. Prog Mater Sci
2018;92:112224. https://doi.org/10.1016/j.pmatsci.2017.10.001.

[39] Zhou X, Li K, Zhang D, Liu X, Ma J, Liu W, et al. Textures formed in a CoCrMo alloy by
selective laser melting. J Alloys Compd 2015;631:833
https://doi.org/10.1016/j.jallcom.2015.01.096.

[40] Alexandrino LD, Henrique L, Antunes M, Luiz A, Munhoz J, Pedro A, et al. Mechanical and
surface properties of CoeCr alloy produced by additive manufacturing for removable partial
denture frameworks. n.d.

[41] Siengchin S. A review on lightweight materials for defence applications: Present and future
developments. Defence Technology 2023; 2471 https://doi.org/10.1016/j.dt.2023.02.025.

[42] Meier B, Warchomicka F, Petrusa J, Kaindl R, Waldhauser W, Sommitsch C. High
Temperature Tensile Strength of TIGAL4V Processed by L-PBRuence of Microstructure

33



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

and Heat Treatment. BHM Berg- Und Hittenmannische Monatshefte 2023;1a83247
https://doi.org/10.1007/s00501-023-01346-3.

Yadroitsev I, Krakhmalev P, Yadroitsava |. Selective laser melting of Ti6AI4V alloy for
biomedical applications: Temperature monitoring and microstructural evolution. J Alloys
Compd 2014;583:408. https://doi.org/10.1016/].jallcom.2013.08.183.

AtapouU 0 3LOFKDN $/ )UDQNHO *6 :LOOLDPV -& &RUURVLRQ
biomedical applications. Materials Science and Engineering C 2011;39885
https://doi.org/10.1016/].msec.2011.02.005.

Azarniya A, Colera XG, Mirzaali MJ, Sovizi S, Bartolomeu F, St Weglowski M k., et al.
Additive manufacturing of T6AIl #V parts through laser metal deposition (LMD): Process,
microstructure, and mechanical properties. J Alloys Compd 2019;80£21.63
https://doi.org/10.1016/).jallcom.2019.04.255.

'H %DHUH ' ORKDQW\ 6 +DWWHO -+ OLFUB¥uwWhextFWXUDO PR
treatment of additively manufactured Ti-6Al-4V using cellular automata. Mater Today
Commun 2020;24. https://doi.org/10.1016/j.mtcomm.2020.101031.

Cremasco A, Messias AD, Esposito AR, Duek EADR, Caram R. Effects of alloying elements
on the cytotoxic response of titanium alloys. Materials Science and Engineering C
2011;31:8330. https://doi.org/10.1016/j.msec.2010.12.013.

Cheng D, Zhang J, Shi T, Li G, Shi J, Lu L, et al. Microstructure and mechanical properties of
additive manufactured Ti-6Al-4V components by annular laser metal deposition in a semi-
open environment. Opt Laser Technol 2021;135.
https://doi.org/10.1016/.optlastec.2020.106640.

Shahali H, Jaggessar A, Yarlagadda PKDV. Recent Advances in Manufacturing and Surface
Modification of Titanium Orthopaedic Applications. Procedia Eng, vol. 174, Elsevier Ltd,;
2017, p. 106&6. https://doi.org/10.1016/j.proeng.2017.01.259.

Jamshidinia M, Atabaki MM, Zahiri M, Kelly S, Sadek A, Kovacevic R. Microstructural
modification of Ti-6Al-4V by using an in-situ printed heat sink in Electron Beam Melting®
(EBM). J Mater Process Technol 2015;226: 764
https://doi.org/10.1016/].jmatprotec.2015.07.006.

Tan XP, Tan YJ, Chow CSL, Tor SB, Yeong WY. Metallic powder-bed based 3D printing of
cellular scaffolds for orthopaedic implants: A state-of-the-art review on manufacturing,
topological design, mechanical properties and biocompatibility. Materials Science and
Engineering C 2017;76:13283. https://doi.org/10.1016/j.msec.2017.02.094.

34



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Shahali H, Jaggessar A, Yarlagadda PKDV. Recent Advances in Manufacturing and Surface
Modification of Titanium Orthopaedic Applications. Procedia Eng, vol. 174, Elsevier Ltd;
2017, p. 106#6. https://doi.org/10.1016/].proeng.2017.01.259.

Qiu W, Wei Y, Chen A, Deng H, Zhou L, Zuo H, et al. Corrosion behavior of additive
manufactured Ti-6Al-4V in sulfamic acid cleaning solution. New Journal of Chemistry
2021;45:296'47 3. https://doi.org/10.1039/d0nj05731b.

Chiu TM, Mahmoudi M, Dai W, Elwany A, Liang H, Castaneda H. Corrosion assessment of
Ti-6Al-4V fabricated using laser powder-bed fusion additive manufacturing. Electrochim Acta
2018;279:14351. https://doi.org/10.1016/j.electacta.2018.04.189.

Roudnicka M, Misurak M, Vojtech D. Differences in the Response of Additively
Manufactured Titanium Alloy to Heat Treatment-Comparison between SLM and EBM.
MANUFACTURING TECHNOLOGY 2019;19.

Fojt J, Fousova M, Jablonska E, Joska L, Hybasek V, Pruchova E, et al. Corrosion behaviour
and cell interaction of Ti-6Al-4V alloy prepared by two techniques of 3D printing. Materials
Science and Engineering C 2018;93: €. https://doi.org/10.1016/j.msec.2018.08.066.

Liu J, Sun Q, Zhou C, Wang X, Li H, Guo K, et al. Achieving Ti6Al4V alloys with both high
strength and ductility via selective laser melting. Materials Science and Engineering: A
2019;766. https://doi.org/10.1016/j.msea.2019.138319.

Galarraga H, Warren RJ, Lados DA, Dehoff RR, Kirka MM, Nandwana P. Effects of heat
treatments on microstructure and properties of Ti-6Al-4V ELI alloy fabricated by electron
beam melting (EBM). Materials Science and Engineering: A 2017;68®2817
https://doi.org/10.1016/].msea.2017.01.019.

Fogel G, Martin N, Lynch K, Pelletier MH, Wills D, Wang T, et al. Subsidence and fusion
performance of a 3D-printed porous interbody cage with stress-optimized body lattice and
microporous endplates - a comprehensive mechanical and biological analysis. Spine Journal
2022;22:102837. https://doi.org/10.1016/].spinee.2022.01.003.

Haghdadi N, Laleh M, Moyle M, Primig S. Additive manufacturing of steels: a review of
achievements and challenges. J Mater Sci 2021;56064 https://doi.org/10.1007/s10853-
020-05109-0.

Wang Z, Fang X, Li H, Liu W. Atom Probe Tomographic Characterization of Nanoscale Cu-
Rich Precipitates in 17-4 Precipitate Hardened Stainless Steel Tempered at Different
Temperatures. Microscopy and Microanalysis, vol. 23, Cambridge University Press; 2017, p.
3409. https://doi.org/10.1017/S1431927616012629.

35



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

Sabooni S, Chabok A, Feng SC, Blaauw H, Pijper TC, Yang HJ, et al. Laser powder bed
fusion of 174 PH stainless steel: A comparative study on the effect of heat treatment on the
microstructure evolution and mechanical properties. Addit Manuf 2021;46.
https://doi.org/10.1016/j.addma.2021.102176.

Rafi HK, Pal D, Patil N, Starr TL, Stucker BE. Microstructure and Mechanical Behavior of
17-4 Precipitation Hardenable Steel Processed by Selective Laser Melting. J Mater Eng
Perform 2014,;23:4428. https://doi.org/10.1007/s11665-014-1226-y.

Mahmoudi M, Elwany A, Yadollahi A, Thompson SM, Bian L, Shamsaei N. Mechanical
properties and microstructural characterization of selective laser melted 17-4 PH stainless
steel. Rapid Prototyp J 2017;23:284@. https://doi.org/10.1108/RPJ-12-2015-0192.

Yap CY, Chua CK, Dong ZL, Liu ZH, Zhang DQ, Loh LE, et al. Review of selective laser
melting: Materials and applications. Appl Phys Rev 2015;2.
https://doi.org/10.1063/1.4935926.

Sarkar S, Siva Kumar C, Kumar Nath A. Effect of mean stresses on mode of failures and
fatigue life of selective laser melted stainless steel. Materials Science and Engineering: A
2017;700:924.06. https://doi.org/10.1016/[.msea.2017.05.118.

Pellegrini A, Lavecchia F, Guerra MG, Galantucci LM. Influence of aging treatments#n 17
PH stainless steel parts realized using material extrusion additive manufacturing technologies.
International Journal of Advanced Manufacturing Technology 2023;12& 863
https://doi.org/10.1007/s00170-023-11136-3.

Yadollahi A, Shamsaei N, Thompson SM, Elwany A, Bian L. Effects of building orientation
and heat treatment on fatigue behavior of selective laser melted 17-4 PH stainless steel. Int J
Fatigue 2017;94:2185. https://doi.org/10.1016/}.ijfatigue.2016.03.014.

17-4PH intro_11 n.d.

Li K, Zhan J, Yang T, To AC, Tan S, Tang Q, et al. Homogenization timing effect on
microstructure and precipitation strengthening ofPH stainless steel fabricated by laser
powder bed fusion. Addit Manuf 2022;52. https://doi.org/10.1016/j.addma.2022.102672.
Gu H, Rafi HK. Influences of Energy Density on Porosity and Microstructure of Selective
Laser Melted 17-4PH Stainless Steel. 2013.

Rafi HK, Pal D, Patil N, Starr TL, Stucker BE. Microstructure and Mechanical Behavior of
17-4 Precipitation Hardenable Steel Processed by Selective Laser Melting. J Mater Eng
Perform 2014;23:4428. https://doi.org/10.1007/s11665-014-1226-y.

36



[73] Zitelli C, Folgarait P, Di Schino A. Laser powder bed fusion of stainless steel grades: A
review. Metals (Basel) 2019;9. https://doi.org/10.3390/met9070731.

[74] Olakanmi EO, Cochrane RF, Dalgarno KW. A review on selective laser sintering/melting
(SLS/SLM) of aluminium alloy powders: Processing, microstructure, and properties. Prog
Mater Sci 2015;74:40%7. https://doi.org/10.1016/j.pmatsci.2015.03.002.

[75] Xue L, Atli KC, Zhang C, Hite N, Srivastava A, Leff AC, et al. Laser Powder Bed Fusion of
Defect-Free NiTi Shape Memory Alloy Parts with Superior Tensile Superelasticity. Acta
Mater 2022;229. https://doi.org/10.1016/j.actamat.2022.117781.

[76] Agarwala M, Bourell D, Beaman J, Marcus H, Barlow J, Haase P, et al. Post-processing of
selective laser sintered metal parts. Rapid Prototyp J 199541136

[77] Aboulkhair NT, Everitt NM, Ashcroft |, Tuck C. Reducing porosity in AISi10Mg parts
processed by selective laser melting. Addit Manuf 2014;86.7
https://doi.org/10.1016/j.addma.2014.08.001.

[78] Sames WJ, List FA, Pannala S, Dehoff RR, Babu SS. The metallurgy and processing science
of metal additive manufacturing. International Materials Reviews 2016;636815
https://doi.org/10.1080/09506608.2015.1116649.

[79] LiC, Liu ZY, Fang XY, Guo YB. Residual Stress in Metal Additive Manufacturing. Procedia
CIRP, vol. 71, Elsevier B.V.; 2018, p. 348. https://doi.org/10.1016/j.procir.2018.05.039.

[80] LiF, Zzhang T, Wu Y, Chen C, Zhou K. Microstructure, mechanical properties, and crack
formation of aluminum alloy 6063 produced via laser powder bed fusion. J Mater Sci
2022;57:963H15. https://doi.org/10.1007/s10853-022-06993-4.

[81] Louvis E, Fox P, Sutcliffe CJ. Selective laser melting of aluminium components. J Mater
Process Technol 2011;211:2%84. https://doi.org/10.1016/j.jmatprotec.2010.09.019.

[82] Nasab MH, Gastaldi D, Lecis NF, Vedani M. On morphological surface features of the parts
printed by selective laser melting (SLM). Addit Manuf 2018;24:873
https://doi.org/10.1016/j.addma.2018.10.011.

[83] Kivirasi E, Piili H, Minet-Lallemand K, Kotila J. Detecting spattering phenomena by using
high speed imaging in L-PBD of 316 L. Procedia CIRP, vol. 94, Elsevier B.V.; 2020, p. 398
403. https://doi.org/10.1016/j.procir.2020.09.153.

[84] Refai K, Montemurro M, Brugger C, Saintier N. Determination of the effective elastic
properties of titanium lattice structures. Mechanics of Advanced Materials and Structures
2020;27:196682. https://doi.org/10.1080/15376494.2018.1536816.

37



[85] Case Western Reserve University, IEEE Instrumentation and Measurement Society, Institute
of Systems Control and Instrumentation Engineers, Institute of Electrical and Electronics
(QJILQHHUV ,6)% x ,QWHUQDWLRQDO 6\PSRM3 2HPE6RQ )OHJL
Cleveland, Ohio. n.d.

[86] Bhate D. Four questions in cellular material design. Materials 2019;12.
https://doi.org/10.3390/mal12071060.

[87] Queheillalt DT, Wadley HNG. Cellular metal lattices with hollow trusses. Acta Mater
2005;53:303.3. https://doi.org/10.1016/j.actamat.2004.09.024.

[88] Clough EC, Ensberg J, Eckel ZC, Ro CJ, Schaedler TA. Mechanical performance of hollow
tetrahedral truss cores. Int J Solids Struct 2016;91248.5
https://doi.org/10.1016/}.ijsolstr.2016.04.006.

[89] Pan C, Han Y, Lu J. Design and optimization of lattice structures: A review. Applied Sciences
(Switzerland) 2020;10:86. https://doi.org/10.3390/APP10186374.

[90] Guide to lattice structures in additive manufacturing.
Https://WwwNtopCom/Resources/Blog/Guide-to-Lattice-Structures-in-Additive-
Manufacturing/ n.d.

[91] Barthelat F. Architectured materials in engineering and biology: Fabrication, structure,
mechanics and performance. International Materials Reviews 2015;680413
https://doi.org/10.1179/1743280415Y.0000000008.

[92] Ashby MF. The properties of foams and lattices. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences 2006;388:15
https://doi.org/10.1098/rsta.2005.1678.

[93] Salem H, Carter LN, Attallah MM, Salem HG. Influence of processing parameters on internal
porosity and types of defects formed in Ti6Al4V lattice structure fabricated by selective laser
melting. Materials Science and Engineering: A 2019;767.
https://doi.org/10.1016/].msea.2019.138387.

[94] Yan C, Hao L, Hussein A, Young P, Raymont D. Advanced lightweight 316L stainless steel
cellular lattice structures fabricated via selective laser melting. Mater Des 2014;¥8:533
https://doi.org/10.1016/j].matdes.2013.10.027.

[95] Xiao Z, Yang Y, Xiao R, Bai Y, Song C, Wang D. Evaluation of topology-optimized lattice
structures manufactured via selective laser melting. Mater Des 2018;133.27
https://doi.org/10.1016/j].matdes.2018.01.023.

38



[96] Maconachie T, Leary M, Lozanovski B, Zhang X, Qian M, Faruque O, et al. SLM lattice
structures: Properties, performance, applications and challenges. Mater Des 2019;183:108137.
https://doi.org/10.1016/].matdes.2019.108137.

[97] du Plessis A, Razavi N, Benedetti M, Murchio S, Leary M, Watson M, et al. Properties and
applications of additively manufactured metallic cellular materials: A review. Prog Mater Sci
2022;125. https://doi.org/10.1016/j.pmatsci.2021.100918.

[98] Sing SL, Yeong WY, Wiria FE, Tay BY. Characterization of Titanium Lattice Structures
Fabricated by Selective Laser Melting Using an Adapted Compressive Test Method. Exp
Mech 2016;56:73%8. https://doi.org/10.1007/s11340-015-0117-y.

[99] Brenne F, Niendorf T, Maier HJ. Additively manufactured cellular structures: Impact of
microstructure and local strains on the monotonic and cyclic behavior under uniaxial and
bending load. J Mater Process Technol 2013;213:¥368
https://doi.org/10.1016/].jmatprotec.2013.03.013.

[100] Mines RAW, Tsopanos S, Shen Y, Hasan R, McKown ST. Drop weight impact behaviour of
sandwich panels with metallic micro lattice cores. Int J Impact Eng 2013;682.20
https://doi.org/10.1016/).ijimpeng.2013.04.007.

[101] Morlock M, Schneider E, Bluhm A, Vollmer M, Bergmann G, Uller D VM, et al. Duration and
frequency of every day activities in total hip patients. vol. 34. 2001.

[102] Fiorentino A, Zarattini G, Pazzaglia U, Ceretti E. Hip prosthesis design. Market analysis, new
perspectives and an innovative solution. Procedia CIRP, vol. 5, Elsevier B.V.; 2013:#. 310
https://doi.org/10.1016/j.procir.2013.01.061.

[103] Ginestra PS, Ceretti E, Fiorentino A. Potential of modeling and simulations of bioengineered
devices: Endoprostheses, prostheses and orthoses. Proc Inst Mech Eng H 20168280:607
https://doi.org/10.1177/0954411916643343.

[104] Limmahakhun S, Oloyede A, Chantarapanich N, Jiamwatthanachai P, Sitthiseripratip K, Xiao
< HW DO $OWHUQDWLYH GHVLJQV RI ORDGiVKDULQJ FREDC
Today Commun 2017;1240. https://doi.org/10.1016/j.mtcomm.2017.05.002.

[105] Min BM, Lee G, Kim SH, Nam YS, Lee TS, Park WH. Electrospinning of silk fibroin
nanofibers and its effect on the adhesion and spreading of normal human keratinocytes and
fibroblasts in vitro. Biomaterials 2004;25:1289 .
https://doi.org/10.1016/].biomaterials.2003.08.045.

39



[106] Wauthle R, Van Der Stok J, Yavari SA, Van Humbeeck J, Kruth JP, Zadpoor AA, et al.
Additively manufactured porous tantalum implants. Acta Biomater 2015;142317
https://doi.org/10.1016/j.actbio.2014.12.003.

[107] Arabnejad S, Burnett Johnston R, Pura JA, Singh B, Tanzer M, Pasini D. High-strength porous
biomaterials for bone replacement: A strategy to assess the interplay between cell morphology,
mechanical properties, bone ingrowth and manufacturing constraints. Acta Biomater
2016;30:34556. https://doi.org/10.1016/j.actbio.2015.10.048.

[108] **GHQ 0O $OSND\D $7 +DPDW %$ +0]00 % 7DUGHPLUFL $ 7
static crush response of electron-beam-melt Ti6Al4V body-centred-cubic lattices: The effect
of the number of cells, strut diameter and face sheet. Strain 202268:1
https://doi.org/10.1111/str.12411.

[109] Xiong Y, Wang W, Gao R, Zhang H, Dong L, Qin J, et al. Fatigue behavior and
osseointegration of porous Ti-6Al-4V scaffolds with dense core for dental application. Mater
Des 2020;195:108994. https://doi.org/10.1016/j.matdes.2020.108994.

[110] Fu J, Ding J, Qu S, Zhang L, Wang MY, Fu MW, et al. Improved light-weighting potential of
SS316L triply periodic minimal surface shell lattices by micro laser powder bed fusion. Mater
Des 2022;222. https://doi.org/10.1016/j.matdes.2022.111018.

[111] Khairallah SA, Martin AA, Lee JRI, Guss G, Calta NP, Hammons JA, et al. Controlling
interdependent meso-nanosecond dynamics and defect generation in metal 3D printing. vol.
368. 2020.

[112] Tang M, Pistorius PC, Beuth JL. Prediction of lack-of-fusion porosity for powder bed fusion.
Addit Manuf 2017;14:3%8. https://doi.org/10.1016/j.addma.2016.12.001.

[113] Vastola G, Pei QX, Zhang YW. Predictive model for porosity in powder-bed fusion additive
manufacturing at high beam energy regime. Addit Manuf 2018;222217
https://doi.org/10.1016/j.addma.2018.05.042.

[114] Sadeghi H, Bhate D, Abraham J, Magallanes J. QUASI-STATIC AND DYNAMIC
BEHAVIOR OF ADDITIVELY MANUFACTURED METALLIC LATTICE CYLINDERS
*. n.d.

[115] Li P, Wang Z, Petrinic N, Siviour CR. Deformation behaviour of stainless steel microlattice
structures by selective laser melting. Materials Science and Engineering: A 2014;624:116
https://doi.org/10.1016/].msea.2014.07.015.

40



[116] Ahmadi SM, Campoli G, Amin Yavari S, Sajadi B, Wauthle R, Schrooten J, et al. Mechanical
behavior of regular open-cell porous biomaterials made of diamond lattice unit cells. J Mech
Behav Biomed Mater 2014;34:1885. https://doi.org/10.1016/j.jmbbm.2014.02.003.

41



Chapter 2

Co-Cr-Mo

In this chapter a biocompatible Co-Cr-Mo alloy was used. Three diffgnees of elementary cell geometry
were selected: Face Centered Cubic, Diagonal, and Diamond. These cells were apipdieddmlly graded
porous lattice structures to evaluate the influence of their orientationatioreto the sample and the build
platform. Moreover, heat treatment was carried out to study its influence oostructural properties and
mechanical behavior. Subsequently, modelling and FE simulations were carried out to predict their ahechanic

response. The results of numerical simulations were compared with experimental data.

The published papers related to the Co-Cr-Mo alloy are listed below:

f Cantaboni F, Ginestra PS, Tocci M, Avanzini A, Ceretti E, Pola A. Compressiewibr of Co-Cr-Mo
radially graded porous structures under as-built and heat-treated conditions. FratintegEth
Strutturale 2022;16:49804. https://doi.org/10.3221/IGF-ESIS.62.33.

f Cantaboni, F., Ginestra, P., Tocci, M., Colpani, A., Avanzini, A., Pola, A., & GeEett(2022).
Modelling and FE simulation of 3D printed Co-Cr Lattice Structureésbfomedical applications.
Procedia CIRP, 110(C), 32879. https://doi.org/10.1016/].procir.2022.06.066.
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2.1 Compressive behavior of Co-Cr-Mo radially graded porous structures
under as-built and heat-treated conditions

2.1.1 Introduction

AM technologies have an important impact on the biomedical industry due to the enpassidities of
customizations for the production of bespoke implant§].10f particular interest for the metallic materials are
the powder bed fusion (PBF) processes, which can be split into categories based tinethengirgy source

or the binding mechanism, e.g. selective laser sintering (SLS) and selective laser melting (SH\]).[4,7

Various alloys can be processed using Laser Powder Bed Fusion (L-PBF) processes, suchsassttail
titanium, and cobalt alloys [124]. Among these, Co-Cr alloys have good versatility and durability, together
with biocompatibility [15]. In general, these alloys are used to produce surgichtabprostheses such as hip
and knee replacements due to their excellent wear and corrosion redis@hég For this application, the
stress-shielding effect can occur, since the prostheses should have a sifnidms o0 the bone, otherwise
osteoporosis issues can arise [18]. While this could be a limitation folimalialys with high elastic modulus,
such as Co-Cr, with additive manufacturing, the use of cellular configusatiam help to overcome this
problem.

AM process can manufacture complex structures, taking advantage of layer-by-layerigmotiucbomparison
with other processing routes, it has more flexibility, together with the plitysibimanufacture near-net-shape
components without the need of expensive molds [19]. The lattice structureBecprinted, that are
topologically ordered and organized in 3D space with repeating open cells [20]. Thetged are defined by
node and strut dimensions (usually in the order of micrometres), and cell 3D adinsefidie stiffness of lattice
structures can be tailored to be comparable with the physiological tissue while kdepisgength and
biocompatibility of the Co-Cr alloys [21].

Lattice structures are composed of strut-based cell topologies, the most conenBodgrCentered Cubic
(BCC) and Face Centered Cubic (FCC) [22]. Moreover, other types of strut-bpskdjies exist, such as octet-
truss, cubic, diagonal, and diamond [23]. Strut-based topologies can be charactetimetiaxwell number,
M, which is calculated from the number of struts and nodes [24]. This number u$ tosefderstand if the
structures will be mechanically bending-dominated or stretch-dominated [25].

Besides cell geometry, the mechanical response of a lattice structudedsals on the material microstructure.
In this regard, an additional peculiar aspect of the L-PBF process is the extremely rapid saidifitat[15].
This influences the microstructure significantly, as already pointed out ilitafeure. In comparison with
casting processes, the microstructure of Co-Cr alloy presents columnar grains gnawenuilding direction
through the building layers, composed of fine cellular sub-grains [26].

Heat treatments may cause further modifications, providing the additional piyswitiune the lattice behavior

according to the needs. In the literature [27], several heat treatments havevbetgated to identify the effect
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of temperature, time, and cooling rate on the Co-Cr alloy samples manufditlr&BF. Heat treatments have
a big influence on the mechanical properties, due to the microstructural changes they may iri2Bice [14,
In the present study, Face Centered Cubic (FCC), Diagonal (DG), and Diamond (BM)ece selected and
radially distributed for the lattice design due to their differences in tefespected mechanical properties and
porosity. The lattice structures were designed to investigate how the radial amahgs=m affect the
mechanical properties of the samples. This specific configuration is particutdelamt for biomedical
applications, because the radially graded porosity is similar to the porosity pifiysiological structure of the
cortical bone, especially at the interface with trabecular bone lamellaB82R9Moreover, biocompatible
radially graded porous structures have already been demonstrated to promote and guidie tidone defects
[33]. However, a few studies are available in the literature regarding the meclechaiGadterization of these
structures produced using Co-Cr alloy [18].

This work aims to analyse and report the mechanical characterization of innovateMb radially graded
porous samples manufactured by L-PBF. Furthermore, the lattice structures viavétbdifferent orientations
(i.e., horizontal and vertical) as a promising design strategy for bioalexfiplications involving tissue repair

guidance and porosity control.

2.1.2 Materials and methods

2.1.2.1 Sample production and post-processing

Lattice structures were designed by 3D XPert software, (ProX® DMP 100, 3D systekn HRpSouth
Carolina, USA). Six cylindrical lattice samples with a height of 30 mmaatidmeter of 24 mm with a nominal
volume (Vn) of 13565 mm3, were designed. The porosity was to be 50% or more, actoi@ay13314
standard, with three different unit cell geometry: Face Centered (eGIC), Diamond (DM), and Diagonal
(DG). The samples were produced with an orientation of 0° and 90° on the building{Mataq reported in
Figure 1a. Moreover, Figure 1b shows the radial gradient directions of the celtgimrrto the Z-axis. A lower
density than the uniformly distributed lattice structures was expected.

The volume of the cellular unit was 2(X) x 2(Y) x 2(Z) mm3. Nodal joinésdesigned with a spherical shape,
with a diameter of 1,0 mm while the cross-sections of lattice struts are desiguéal @h shape with a diameter
of 0,5 mm. The software can automatically generate the correct number of callehdse dimension and the

volume boundaries where it will be generated, setting the radial gradient as shown in Figure 2.
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E Samples

= Build platform

Figure 1: a) Orientations of the building samples entthilding plate and b) the radial gradient dimtf the cells.

The 90° and 0° radially graded porous lattices are reported in Figure 2a, 3c, 3e an@ls;igdr 3f, respectively.
Therefore, the increasing gradient of porosity from the centre to the edgmsoies can be tailored based on
the orientation, as shown in Figure 2. The samples are named respectively FCCO, FCC90, DMO,®90, D
and DG90 due to their orientation in relation to the building plate.

Figure 2: Radially graded porous lattice structureg Tiew of: (a) FCC90, (c) DM90, (e) DG90 sampled aide view of: (b) FCCO (d) DMO, (f) DGO
samples.

Samples were manufactured using Co-Cr-Mo alloy powder produced by LaserForm®. The cherimaal

composition is reported in Table 1.
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Co-Cr-Mo Co Cr Mo Ni Fe C Si Mn

Wt min (%)  Bal. 28.00 5.00 0.00 0.00 0.00 0.00 0.00

Wt max (%) 30.00 6.00 0.10 0.50 0.02 1.00 1.00

Table 1: Nominal chemical composition (wt%) of Co-Cr-ptmwders used for the production of samples.

The ProX® DMP 100 printer (3D system®, Wilsonville, Oregon, USA), was used for printingttibes in a
controlled nitrogen inert gas atmosphere (02<0.01%) The printer processef@swere set as reported in
Table 2:

Process Parameter Value
Laser power [W] 50
Spot diameter [um] 80
Scan speed [mm/s] 300
Hatch spacing [um] 50
Layer thickness [um] 30

Table 2: Process parameters used for the productisangples.

Supports were generated with the same process parameters as the lattice samples.

Where present, the supports for 90° samples were removed using a metallograpigioradtiine. Then, the
samples were grinded with sandpaper paying attention not to altettiteestucture to assure the reliability of
the mechanical tests.

Samples before and after heat treatment are named respectively as-built (AB) arehtezh(#iT) samples.
Heat treatment was performed using a horizontal furnace for vacuum heaetreathe samples were heated
from room temperature up to 1200 °C with a heating rate of 13°C/min and sodi@@Da€ for 2h. A partial
pressure was applied as the temperature reached 650°C and upwards, while vadagmvasdiarried out.

The aim was to relieve residual stresses and homogenize the microstructure [14].

2.1.2.2Metallurgical, technological, and mechanical characterizations

The sample dimensions were collected to compare the designed model and produced sand@ese{Enand
height of the cylinders were experimentally measured with a Vernier caliperelative density was evaluated
as the ratio between the total volume occupied by the material in relation &othetgy of the cell, based on

the CAD file, and the total volume of the whole full cylinder [27].
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The optical microscope (LEICA DMI 5000 M, Wetzlar, Germany) was used to investigamicrostructure
of the samples. The as-built and heat-treated samples were mounted in aarylipaleshed up to mirror
finishing, and electrolytically etched (for 60 seconds in 5% HCI solutioietatify the main microstructural
features. The software ImageJ (National Institutes of Health, USA) wasaseebsure the size of melting
pools and laser scan tracks.

Moreover, Vickers microhardness measurements were performed withtusoydi HM-200 (Mitutoyo
Corporation, Kawasaki (Kanagawa), Japan) hardness testing machine to evaluate thenefsadf the heat
treatment. A load of 0.5 kg was applied for 15 s. Ten repetitions for each AB andrnigle seere performed
on the supports.

Compressions tests were carried out with a servo-hydraulic testing machine@NSSBER1 (Instron, Norwood,
MA, USA) equipped with a 500 kN load cell. Tests were conducted in displacement controbragtant
crosshead velocity of 2 mm/min and the displacement was measured using the crosshead movement.
Load-displacement curves were generated from Instron output data. Maximum comstessgth (ultimate
strength), quasi-elastic gradient, plateau stress between 20% to 40% strain, and compistssteess at the
plastic compressive strain of 0.2 % (yield stress), were calculated accord®@ tb3314:2011 standard.
Ultimate strength was detected as the maximum stress, the casiii-gtadient was calculated considering the
linear trend of the elastic field, and the yield stress was calculatecaWit% deviation of the quasi-elastic
trend line. Plateau stress was calculated for bending-dominated samples sagerdge value of stress
corresponding to the compressive strain from 20% to 40%, according to ISO 13314:2011. This is because their
plateau was extended at higher values of strain, in contrast with si@téhated samples, which present lower
values of strain. The plateau stress was necessary to understand the behavior @fridleanditvhether the
response of the lattice was bending-dominated or stretch-dominated.

Furthermore, fracture surfaces of samples were analyzed by scanning electron microddypeESEVO®

40 (Carl Zeiss AG, ltaly), to investigate the fracture mechanism.

2.1.3 Results and discussions

2.1.3.1 Lattice structure

A diameter of 24.1+0.1 mm was measured for the samples. Instead, a height 0f13thBtwas detected for
the 0° samples in contrast with the 90° ones which resulted in a height of 28.6t0duento the support
removal of the samples.

Moreover, the relative density was evaluated as a relevant parameter to determeeht@aal properties [1].
In Table 3 the relative density of the samples is reported, where VL is theevofuire designed samples and
Vn (nominal volume) is 13565 mma3. The density changes with the kind of cells. Theda@iguration exhibits

the highest density, due to the higher number of struts in its configuration.
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Building angle VL Relative density

Sample ] (mm3] (%]
- 0 6040 45
90 5480 40

oM 0 3100 23
90 3160 23

0 2690 20

DG 90 2890 21

Table 3: Relative density of AB samples.

It is worth mentioning that partially melted powder may be trapped insidgathples due to their complex
geometry, at the expense of mechanical behavior and relative density estimation [19,34].

2.1.3.2Microstructure

Micrographs of the longitudinal (L) and transverse (T) cross-section of ther@pfesaare shown in Figure 3a
and Figure 3b. The microstructure of the 0° samples is not reported since they areriteddry the same
features. The typical overlapped melt pools are shown in Figure 3a on the L cross-secti@mne Taeged by
the melting powders under the focused laser energy. Instead, along the Jectass-the elongated scan tracks
are visible, revealing the pattern followed by the laser during the manufacturing progess 8b)).

The dimension of melt pools was estimated along the L-section as reported irdearit[35]. The melt pools
are semi-circular in shape and their dimension was compared with the laser beam diadhletgsr thickness.
The width and depth of melt pools range from 60 to 70 um and from 30pm3%espectively. The average
width is lower than the laser beam diameter, instead, the average depth isatdenpith the layer thickness.
This is due to the low value of laser power of 50W because it has been demonstrakes pasameter plays
an important role in determining the size and geometry of melt pools,gterHaser power leads to deeper
melt pools [36,37].

Porosity defects typical of L-PBF components, such as spherical porosities due to gapfR] or lack-of-
fusion porosities, are also visible in Figure 3a, and Figure 3b.

In Figure 3c and Figure 3d, an extremely fine cellular sub-structure limited bgpeo&dtboundary inside certain
melt pools is visible. This metastable cellular microstructure is a peitpbf the L-PBF technology, due to the
extremely rapid solidification [39], and it is common for various alloys [40likgmost metallic materials, for
Co-Cr-Mo alloys, the cell boundaries can be distinguished due to the segregation of MovemdtCsurrounds
the Co-Cr matrix, and not due to the presence of secondary phases, as regertdy in [40]. The cells are
oriented in different directions inside the same melt pool, as highlighted the arrows in Figure 3d,

individuating different sub-grains that grow from the grain boundary following anergfal crystallographic
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orientation for Co-Cr alloy [39,40]. Since the grain growth is competitihenvihey collide, one of them stops
[41].

In addition, the micrographs reported in Figure 3c and Figure 3d show also examplesead piattcles and
spatter, typical defects of components produced by L-PBF, usually characterized by faoer fsuish in as-
built conditions. In particular, the particle presented in Figure 3d is characterizediéydritic structure,
indicating a solidification condition very different from the bulk material.

Regarding the grain structure, it is also well reported in the lirer§2a@,42] that epitaxial columnar grains grow
along the highest temperature gradient [43].

In contrast with AB samples, HT samples show a completely different microstructure, as riepeigede 3e.

It clearly shows the disappearance of melt pools and the presence of equianetdighdighted by the presence
of precipitates along the grain boundaries. These are also dispersed irritheasaisible in Figure 3f at higher
magpnification.

Various phenomena take place during heat treatment. During soaking at 1200 °@& tedidiar structure is
progressively fragmented and dissolved, leading to a more homogeneous distribatbriieohtoms and the
formation of precipitates [44]. The chemical composition of these partickdlia topic of discussion and
further investigations are needed. A strong dependence on the chemical compositiolayf ihevadent from
the literature [40] and carbide particles [45] or Cr- and Mo-rich partisies&dentified according to the C level
in the considered alloy [40]. In the present study, the extremely low content of C (0.02 suggésts that
precipitates are mainly particles containing Cr and Mo rather than carbides Gtinsistent with a recent study
[40] where a deep investigation of the evolution of microstructure during heat treatmeried @at.
Recrystallization also occurs, promoted by the high density of dislocatimheesidual stresses present in AB
conditions, and resulting in coarse equiaxed grains after heat treatment geigunek 3f). This is also discussed
by [40,4648].
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Figure 3: Optical micrographs of longitudinal (a) drahsverse (b) cross-sections of AB samples built attB@fmples of sintered particles, cellular
sub-structure (c), spatter, and lamellar sub-stru¢t)reéDptical micrograph of HT sample (e) and HT samplagtter magnification (f) built at 90°
(some examples of equiaxed grains marked by white ajrow

2.1.3.3Micro hardness

The hardness of AB samples built at 0° is 431 + 9 HV and at 90° i8 223V, which is 24% and 29% higher
compared to the hardness of the treated ones, 321 + 10 HV and 318 + 8 HV, respediieetgade of hardness
in HT samples was observed. This is due to the microstructural change already disousaditular, the
dissolution of the cellular structure and the recrystallization are ynaaponsible for different strengthening
mechanisms acting in the HT samples as compared to the AB ones, leading to treldbser hardness. The
effect of the building direction is negligible in HT ones. These resultsuggorted by the literature [44,47
49].

2.1.3.4Compressive properties of radially graded lattice structures

The stress-strain curves recorded during compression tests are shown in kKigare the corresponding cell
morphology is indicated. The different behavior of the samples is noticeabédifferent shapes of the curves
reported in Figure 4.
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The test was considered completed when the samples started to collapse after bénelintlintate strength
value. From the graphs it is also possible to identify which samples araedpelmininated or stretch-dominated,
following the Gibson Ashby law [20], considering that in stretch-dominateaviomtthe stress value is higher

at a lower strain value.
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Figure 4: Stress-strain curves of: AB samples withF@&E90, DM90, DG90 and (b) FCCO, DMO, DGO (3 repmis for each ones). HT samples with:
(c) FCC90, DM90, DG90 and (d) FCCO0, DMO, DGO (3etipns for each ones).

For the 90° samples, the curves in Figure 4a suggest that FCC90 and DG90 unit cellstextistiritlominated
behavior. In particular, the samples crashed at 306 = 17 MPa at 25%rofastFeCC90 cells and 164 + 4 MPa
at 20% strain for DG90 cells. The curves of DM90 samples are insteattehmed by bending-dominated
behavior since they exhibit a more uniform trend, lower stress values, and dedoenreasily. The DM90
ultimate strength is 95 + 3 MPa at 17% strain, followed by a decrease due to the collapstratture. Since
strength is correlated with density, a higher value was expected for the DMarafites in comparison with
DG samples, due to the slightly lower relative density of unit DG ¢ellsthe samples with DM cells [50]. The
observed behavior could be caused by the radial orientation of cells as mentionedAsetgected, the
samples with FCC cells, which featured the highest relative density, also exhibited the highdht stréaud,
for FCC AB samples the ultimate strength is 57% higher than for the DM and DG samples.
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The stress-strain in Figure 4b shows that DGO unit cells exhibit stretch-dominated behavior wraishead at
65 £ 9 MPa at 35% strain, while bending-dominated is typical for DMO and FAISCaoangement. These
lasts crashed at 76 + 2 MPa at 42% strain and 160 + 5MPa at 18% strain, respectively.

Considering the influence of building orientation, for the AB specimens chazadtdry a stretch-dominated
behavior, the resistance to compressive load is higher in the specimens @dfltasd on the contrary, the
samples built at 0° can reach higher deformation. In fact, in Figure 4lpasssble to see that the 0° samples
show a continuous increase in strain over 30% whereas, for the 90° ones (Figtire d@in at failure is in
the order of 25%. These differences depend on the relation between seutatiorn and load direction, the
lattice configuration with higher strength and lower elongation at failur¢hase in which the unit cell has
more struts oriented along the load direction.

For the samples characterized by bending-dominated behavior, represented by DM celktiomjgie effects
mentioned above for the stretch-dominated behavior, are less marked, because neithergle®hsain 90°
ones the cells are oriented along the load direction.

Furthermore, the HT samples were investigated to confirm the AB results. They tiffezemt mechanical
response as shown in Figure 4c and Figure 4d. In general, they reach higher defornaattidesAB samples.
As shown in Figure 4c, FCC90 samples collapsed at 427 + 18 MPa at 35% strain and Dia8thsmcl 85 +

4 MPa at 30% strain, while the deformation of DM samples continued to inonears€0% strain, and they did
not present a collapse point. FCC heat-treated samples showed an ultimateaktee58% higher than DM
and DG samples, due to the density of the structure geometries.

The DM and FCC samples built at 0° are the only ones having a bending-dominated behavioeneéore &
plateau-stress is reached. The plateau stress values of DM samples baittca®0° were 75 MPa and 59 MPa,
respectively, while for the FCC sample built at 0° was 112 MPa. Imasintith AB samples, the HT specimens
do not present any plateau zone, because all of them are characterized byainételted behaviour, probably
due to the transformation of the microstructure, which gives lower resistance, but higher isotrapstitityd d
Additionally, in Figure 5a and Figure 5b, a summary of results of quasi-elastiemjraaid yield stress is
reported.

The quasi-elastic gradient reported in Figure 5a clearly shows that the influence of thnglzuilgle is almost
negligible for FCC and DM structures. Regarding the DG samples, the valuesy dispiore pronounced
GHYLDWLRQ 3UREDEO\ GXH WR WKH EXLOGLQJKMHQUOVYWLOI® WWK/H ¥/KA
samples exhibit different properties built at 0° and 90°.

The stiffness of AB and HT samples are similar, and their values differ by a maximum of 20%.

As shown in Figure 5b, the build angle does not significantly affect the yield strésdicased for the quasi-
elastic gradient analysis. The exception is still for the DG samples. Moreover, thieeasaent is extremely
relevant, because the yield stress values remarkably decrease afterrientrest shown in Figure 5b. When
the samples are heat-treated, the linear elastic zone is less wide comifhatieel AB samples. This is probably

due to the homogenization and coarsening of the microstructure during heat treatment.
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Both stiffness and strength data show an increase in accordance with the density, as expected.
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Figure 5: Average values with a standard deviatioquaki-elastic gradient (a) and yield stress (b) of theABHT samples.

The energy absorption data are reported in Figure 6. After the heat treatrgemitits for all the samples
independently from the cell morphology. This means that that the samples are able to readefuighation
and therefore to absorb more energy when stressed.

This behavior is consistent with the decrease in hardness recorded after heantraatl appears interesting

for applications in the biomedical fields, such as for surgical implants and tools [2,50].
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Figure 6: Energy absorption values of the samples.

The reported mechanical performance is in accordance with the literature [18,32,49 FilgaBiicular, the
results obtained were compared with the literature to identify the difeénences between the radially graded
porous structure and uniformly distributed ones. The mechanical propertiessudtimate strength, yield
stress, hardness, and energy absorption presented similar values for eaghratmnfiof the cell [1], [32],
[37,53565]. Instead, the radial arrangements give the lattices a stiffness émizaigpn along the planes
perpendicular to the symmetry axis, contrary to the non-radially graded latticeb, avki characterized by

anisotropic stiffness [56,57].
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2.1.3.5Failure modes and Fracture analysis
The compression tests were ended after the first major structural collapse, signéigd by the fracture of

the specimen into multiple pieces. Otherwise, they were terminated wheamtpée reached the strain of 50%-
60%.

Some examples of specimen failure, representative of the analyzed AB samples, are reportealin Figur

Figure 7: Main failure modes after compression test Brsdmple: a) FCC90, b) DM90, ¢) DG90, d) FCCO, B)and f) DGO.

Most of the specimens showed the presence of an inclined plane along whichlfimaldegcurred, although
with some differences. For FCC90 and DG90 (Figure 7a and Figure 7c¢) failure wassiimubistneous along
with layers at different heights and, as shown in Fig. 5a, no plateau was observed. For DM9an&O&Mm
(Figure 7b, Figure 7d, and Figure 7e) failure were more progressive and a plateau wittustnatidh was
present (see Figure 4a and Figure 4b). On the contrary, DGO samples (Figure 7f) ipebg@sshed layer
after layer and the plateau showed more evident fluctuations (Figure 4b), supgdsiitie nature of the failure
mechanism.

Some examples of heat-treated specimen failure, representative of all the analyzed podsdsimg=igure 8,
again with the presence of different failure modes. In particular, while t68@@&nd the DG90 (Figure 8a and
Figure 8c) failed similarly to the AB condition and the stress-strain batiavdbthe same type (Figure 4c), the

DM90 (Figure 8b) progressively crushed with a more extended and flatter plateauranithited stress
fluctuations.
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A similar response was observed (Figure 4d) for FCCO (Figure 8d), with some idisiti@strelated to sudden
local failures, and for DMO and DGO (Figure 8e and Figure 8f). For thes kedihdition, by comparison with
AB, a damping effect due to the increased ductility related to HT can be appreciated.

Figure 8: Main failure modes after compression ted®rsamples: (a) FCC90, (b) DM90, c) DG90, d) FCC®@E) and f) DGO.

Overall, the different failure modes observed at the macroscopical levelatiréige literature confirming that
by exploiting different combinations of lattice cell configurations, oriératnd post-treatments a variety of
deformation behaviors can be achieved. The change of the failure mode through the heat teatogeshown
in other metals [22,58,59].

Representative SEM images of the fracture surface of the AB sampksoane in Figure 9a, Figure 9b, and
Figure 9c. Images related only to FCC and DG samples are shown since no different role ab#teuatioe
was identified changing the design of the geometry of the lattice.

At low magnification (Figure 9a), details indicating a quasi-cleavage mechanism chgsdeed, as flat areas
with parallel markings. Terrace-like steps were also presents whenathad is crossing grain boundaries,
probably due to the presence of defects that guide the fracture propagation. Similar ifestumes of fracture
behavior were also found in the literature [43,44] for samples after temstie $uch as terrace-like steps and
cleavage facets.

Additional features can be identified by observing the specimen at higher magnificatioe @ig&igure 9c).
For instance, the elongated markings indicated by arrows in Figure 9b resemble the elongatesticeitular
visible in the melt pools suggesting that these can influence the direttiattore propagation. Similarly,

according to the fracture propagation, the cell structure can be crossednmehdioection. In this case, instead
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of elongated markings, a dimple-like structure may be detected, as in Figure 9c. Tofelstze dimples is
comparable with the cell spacing of the samples (Figure 3) and this is also confirmed leyathedi{46,58].

In contrast, larger areas that exhibit ductile fracture are visible in HT sadfjpla$ shown in Figure 9d. Coarser
dimples than in AB samples are present probably due to the loss of extraefiostracture after heat treatment
(Figure 9e). Moreover, the presence of fine particles at the center of tpeslisishown in Figure 9f. These
fine particles are detected only in the HT samples, and they are assocititdthenformation of coarse
precipitates during heat treatment, as visible in Figure 3e.

Figure 8: Representative SEM images of fracture meshreof AB samples (a), (b), (c), and HT samples (d), (e), (f

2.1.4 Conclusions

The main aim of this work was to analyse the compression behavior of Co-Caeiédlyr graded lattice
structure, manufactured by L-PBF aimed to biomedical applications. Differeot latthfigurations printed at
0° and 90° build angles were considered to investigate the variation in sample projpertieghe different
orientations of the struts of FCC, DM and DG cells with a radial gradiettion. Moreover, the samples were
heat-treated to study the consequent evolution of the mechanical properties.
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Based on the experimental results and discussion, it can be concluded that:

x The building orientation resulted an important parameter affecting the mechaspahse of the
structures. In fact, for the AB samples, the ultimate stress of 90° samples is higher tharOf ones.
In particular, the ultimate stress of FCC, DM, and DG samples built at 88%is20%, and 61% higher
than for those built at 0°, respectively. Both stiffness and strength showed a gnemithgvith the

increase in density, where FCC showed the highest value.

x For all three geometries, the radially graded porous structures exhilfiggdrdimechanical properties
according to the orientation at 0° or 90° of the samples. The 0° specimens showed a cantireases
in strain over 30% while, for the 90° ones, at 25% strain the structllegpsed. These differences
depend on the relationship between struts orientation and load direction. In particulatfidbe
configuration with higher strength and lower elongation at failure are those in thleichnit cell has
more struts oriented along the load direction.

X In general, the HT samples exhibited a more ductile behavior since a decrease in stiffhassreass
of the samples was recorded. This is consistent with the mainly ductile fracture behavieddedett

the analysis of fracture surfaces, while AB structures exhibited feafuaeguasi-cleavage mechanism.

The possibility to produce radially graded lattice structures was demonstratedveloiit was shown how the
mechanical properties are affected by cell geometry and orientation in caotbiwéh heat treatment. The
obtained results give further insight into the possibility to tailor thehan@cal properties of lattice structures
according to a specific selected application. Therefore, the achieved resuttgetanovel solutions for the
proper repair of local defects within the bone and the acceleration of thenatimmof the physiological tissue
due to the combination of mechanical and morphological stimuli. Additionally, theged configurations

could represent an optimal solution to produce customized metal implants.
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2.2Modelling and FE simulation of 3D printed Co-Cr Lattice Structures for
biomedical applications

2.2.1 INTRODUCTION
A new innovative architectured material is the lattice configuration, uswdélyred to as cellular solid [1-3].
This is a combination of a common material and space, which forms a speaifiofaspatial periodic unit cells
repeated in the component volume, configured in such a way to create new parts ltghtvaeght while
having high mechanical properties. The idea of a lattice structure is to ugseatessl as possible to obtain a
relatively stiff component, or only where needed. With the design flexibilidwed by Additive Manufacturing
(AM) methods, lattice structures are also able to integrate more thanranier into a physical part, making
them attractive for a wide range of applications. In particular, the bioméidickhas taken advantage of many
design opportunities from these types of materials, and now with the help eédkvique, it is possible to
build parts otherwise not achievable with traditional approaches. For instance, tiléc npebstheses
manufactured by a dense biocompatible material are often too stiff and can shalfhtiesmt bone tissue and
cause loosening of the implant [5,7]. Lattice structures produced usiradidje; are a suitable alternative in
the design of prosthetic implants and bone scaffolds, with the possibilitgrement their fatigue resistance

and to tailor their mechanical properties to reduce shear stress on the adjacent bones.

FEM analyses are widely used to predict the behavior (especially compregsioihc@mponents during the
design phase and to reduce the number of prototypes. This make it a powettuktadl a specific physical
problem, in particular it can be used to run virtual simulation to optithz&esign [6]. The lattice structures
are classified according to their mechanical compression behavior, since they titraestnetch-dominated

or bending-dominated behavior [6]. In literature, a number of studies areaporicerning how to implement
and study these structures#4]. In this work the results of numerical simulations were compared with
experimental data from the compression tests for the validation of the nunmeritl. Finally, NTopology was

used to evaluate the stiffness matrix of the designed cells, both with base and radigioorienta

2.2.2 MATERIALS AND METHODS

2.2.2.1Design and production of the lattice structures

The samples were manufactured by Laser Powder Bed Fusion machine (ProX® 100, 3D Systenl|,Rock Hi
South Carolina, USA) in nitrogen atmosphere with O2 content lower than 0.1 vol. % véthdlesl parameters

by PS Ginestra et al. [14] using Co-Cr-Mo alloy powder, which was widedlfestun the biomedical sector

[8,11]. The powder is characterized by the nominal chemical composition shown in Table 1.
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Table 1: Nominal chemical composition (Wt%) of Co-Cr-ptmwders used for the production of samples.

Co-Cr-Mo Co Cr Mo Ni Fe C Si Mn
Wt min (%) Bal. 28.00 5.00 0.00 0.00 0.00 0.00 0.00
Wt max (%) 30.00 6.00 0.10 0.50 0.02 1.00 1.00

In this work, diamond (DM) unit cell was used to produce the latticetstes. The volume of the unit cells
was 2(X) x 2(y) x 2(z) mm3, the diameter of the struts (Dc) was 0.5 mirthardiameter of the junction (Dn)
was 1 mm.

Samples were built with two different types of building orientation, 0° anih@@tation to the building plate,
as shown in Figure 1 [14], indicated respectively as DM0 and DM90 samples. For every gefmftamtring
the ISO standard 13314, three cylindrical specimens with height of 30 mm and diam24emm were
produced, to ensure repeatability of the results.

)
1
1
'
1
z [
0
r

X

y

Figure 1: Samples building orientations in relatiotite building plate.

In

Figure 2, pictures of DMO and DM90 samples are reported. The different geometrieeabtain the unit cells

were made possible because radial symmetry was added to the geometries changing thenarfahtatells
inside the component.

Figure 2: Top view of samples with diamond unit gelbmetry at: a) 0° and b) 90° building angle and sidw at: c) 0° and d) 90° building angle.

65



2.2.2.2 Characterization of the lattice samples

In order to study the main differences in the mechanical response, compression testarvied out to
characterize the samples under as-built condition [15]. The tests werargetfmllowing the ISO standard
13314. For these two samples families, the compression curves were diwd@@’imnd 0°, with the aim to
analyze the change in the properties generated by the application of the radiatrgyriime tests were
performed using servo hydraulic testing machines: Instron 8501 (Instron, Norwood, MA, LO8AN) and
Instron 500 kN, depending on the load level required with a cross head speed of 2imrhémesults from

compression tests were collected in order to compare them with the numerical simulations.

2.2.2.3FEM analysis

The simulations were performed using the commercial software Abaqug@s8ault Systémes SE, Vélizy-
Villacoublay, France), with the aim to find the best configuration and getrameters for the prediction of the
mechanical properties of the specimens. Lattice structures are commestéd and evaluated under
compressive loading. Consequently, the goal of the analysis was to reproducg tustearing the prediction
of the mechanical characteristics with the experimental evidence.

In principle, to simulate the compression test using FE simulation two possible stratadgiedaowed:

- Apply the constraints and the load/displacement directly to the specimen.

- Create two rigid plates to simulate rigid contact between the test machineapthtée specimens.

The first one simplifies the simulation, as it requires less parts and mordgantfyono interactions between the
parts, the second one allows to better represent the real behavior of theespdainmg the real compression
test.

The parameters changed in the different simulations were:

- The height of the solid model (to find the best number of cells in the verticaiahect

- The mesh size.

- The friction coefficient with the plate.

- The material model: Johnson Cook and Elasto-Plastic.

These parameters were analyzed considering the computational costs required to pesoatysise

Tests on the samples built at 90° were simulated, as shown in Figure 3a, becauséntiedsat @ are too
complex in terms of geometries and computational costs. The minimum number of uaihdehe portion of
solid that can represent the entire structures were investigated. An elertteat lgight of 2 mm, as the
dimension of a single unit cell, and a slice of 60°, represented in Figuna8lhound to be sufficient to study

the mechanical response of whole structure.
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Figure 3: Minimum representative FE Model of theidatstructures built at 90°.

The section was used for the analysis of different configuration of thersanw®, following the approach of
the work by Ruiz de Galarreta et al. [6], where geometries, with diffatenber of unit cells along the load

direction, were studied to analyze which configuration could give better results.

2.2.2.4Stiffness Matrix for base and radial unit cell

To have a first evaluation of the type of mechanical response of unit cells, NTogofoggre (nTopology,
NY, USA) was used, with this software it is possible to obtain the stiffnesxmegiresentative of any kind of
unit cell by means of homogenization techniques.

It is important to highlight that this method can help to understangetieral mechanical response of the unit
cells, in particular when dealing with structures consisting of a single lumeacell, it also suffers some
limitations when applied to complex lattice structures, as a consequetieedesign constraints given from
placing the unit cell inside a limited geometry. Nonetheless, for thy@esaof this study a single unit cell can
suffice for a preliminary evaluation of the effect of cell configuratiothenmechanical response, in particular
regarding anisotropy.

The stiffness matrix analysis was carried out also for radial geometthesheipurpose to study the effect of
the radiality on the mechanical response. In this case, since the dimenskanarif tell change depending on
position, a cube of 10x10x10 mm was considered, in order to include a high number of unit cells and provide a
reasonably good representation of the equivalent stiffness. To discuss thehefhindoadial geometries we

considered the axis of symmetry placed in the z-direction.

2.2.3 RESULTS
2.2.3.1Mechanical response

The results of the compression tests are reported in Figure 4. Here, thecstir@isscurves recorded during the
tests were classified by the building angles and compared. It is shown th&N80 and DMO samples are
characterized by bending-dominated behavior.

The blue curves (building direction 90°) reached their first maximum, followeddngaplateau characterized
by a plateau stress value, due to a local failure and densificatiostofag@r, and showed at the end a new

maximum given by the densification of the whole specimen with a deformation above 40%.
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For the red ones (building direction 0°), again a long plateau up to 30% of deorisatisible. In this case,
the densification effect occurs at 40% of strain. The final stress inateage the densification effect is less
marked than what observed for the samples built at 90°.

Considering the building orientation, the resistance to compressive loahés for the samples built at 90°,
while big differences in terms of deformation were not noted, because tlseo$t¥ cells were not oriented
along the load direction.

The quasi-elastic gradient and yield stress are also reported in Table 2 cngoaitiis noted that the building
orientation is negligible for the quasi-elastic gradient, while the \@amiaf yield stress and energy absorption

is more relevant.

AB samples - 0° vs 90°

100 -
DM1-90°
Il 80 1 of
g ——DM2-90
= 60 - —— DM3-90°
) -0°
2 40 - DM1

=~ —DM2-0°
P20 | —DM3-0°

O T T 1

0 20 40 60

Strain [%]

Figure 4: Stress-strain curves of AB samples with M cell built at 90° and 0° (3 repetitions for eaxte).

Table 2: Mechanical properties of DMO and DM90 samples.

Building  E [GPa] 1Y We [MJ/m3]
orientation [MPa]
0° 2,9+0,5 66,9+0,9 24,1+6,8
90° 2,840,1 45,4431 39+2,6

2.2.3.2FEM Analysis

Once the experimental data were obtained, the FEM analysis was carried out. IB&mytinite element model
for the compression test is shown, in which, taking advantage of symmetry, a portiolatifddstructure was
placed between the upper and lower rigid plates.

Considering the mesh elements, the Quadratic Tetrahedral Element (C3D10) waslubdsethe capacity to
reduce, in comparison with other element, the computational effort, witloc accuracy of the results. This

aspect depends also on the mesh size, shown in Figure 5b, which was variedantdifinulations, in order to

find an optimal value.
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Furthermore, constraints and displacement were defined on the structure asdrigwre 5c. A portion of the
stress-strain curve of the material, sufficient to identify thens#$ and strength features, was studied for a
computational cost issue.

To simulate the slow movement of the plate, during the compression teseralgstatic step was chosen. The
boundary conditions were defined. One plate was fixed and the other one was mieedeiri¢al direction
applying a displacement. Moreover, on the lateral side, constraint on the emdvaong the lateral direction
due to the symmetry plane were imposed, while the nodes on the symmetrgrxonstrained in the radial

and transversal directions. In particular, the results for the DM90 sample were analyzed.

Figure 5: Representation of a) FE model, b) FE Masthca Constraints and displacement on the FEA model.

Mesh size
A mesh sensitivity analysis was performed to capture influence of the mesingize accuracy of the results
and on the computational time. When considering the Young Modulus, it was notitedfitier mesh size
results in a lower overall stiffness. On the other hand, when usingllersmesh size, the simulation requires
higher computational costs due to the higher number of elements insidettheéiicing the overall advantage

given by using finer meshes.

2.2.3.3Friction coefficient

In Figure 6, the results for the predicted Young Modulus and yield stress are showredbtausing three
different plate friction coefficients from 0.1 to 0.3 for three ddfgrsamples geometries, with one-, two-, and
three-unit cells along the vertical direction. The material model ssée iJohnson-Cook model while for the
finite element it was used quadratic tetrahedral element C3D10 set to a dimension of 0.2.

From this analysis, it can be understood that increasing the height of thé cooldedecrease the overall
stiffness of the lattice by mitigating the effect of friction, which, on one sideerlyepresents the behavior of

the lattice.
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Figure 6: a) Young modulus FE model result, b) Yitiss FE model result
Increasing the tangential friction coefficient increases the stiffnesstimgsin higher resistance for the
longitudinal expansion of the lattice model. On the other hand, due to the high porosiyigimgess of the
lattice surface, it seems that higher friction coefficient ci@ldnore realistic to simulate the behavior of the
lattice during the test. Increasing the height of the model allows to simulageaceurately the behavior of the
lattice but, on the other hand, it increases the computational costs and time reqtiredifaulations.
The same analysis was made considering the Yield Stress. The same trend deteet&@torgiModulus was
observed, but, in this case, the simulation tends to underestimate the strehgthatiice with a maximum

value lower than the experimental data.

2.2.3.4Material law

Once the tangential friction coefficient and mesh size of the FEA wesidesed, a comparison between the
curves of the experimental compression test and the FEA using the Elasto-Plasticaod-&ok model was
studied, as shown in Figure 7. The parameters needed for the model were obtanedrbts mechanical
properties for SLM Co-Cr-Mo alloys previously investigated in [16-17] It canapereciated that the

experimental curve was characterized by the same trend of the theoretical ones.
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Figure 7: Comparison between the experimental (DM®@l simulated curves using the two materials modehsim-Cook and Elasto-Plastic.

It is noted that the curve predicted by the computational model is moreatacatiiow strain values, but it

presented a higher discrepancy at higher strain value. One of the possible reasons of srutediétwveen

FEA and experimental results was probably due to the 3D models, which represieatiaad geometry of the

UHDO SDUwyv ,Q IDFW WKH LGHDO PRGHO GRIHW @R AFRIQMUGH G XOH
manufacturing process added to the lattice structure.

2.2.3.55tiffness matrix

For the purpose of this first evaluation, and to make considerations only upon the topolodyMfuhi cell,

an equivalent elastic isotropic material was considered, assuming 1 Pa for the Young ModQl@S@ntthe
Poisson Coefficient.

In Figure 8a, the stiffness distribution was reported. The regions in red show theripéthe unit cell where
the stiffness is higher, while the blue one represents the direction of tleeluwiith the lower stiffness. For a
perfect isotropic material, the image representative of the stiffnes matild be a perfect homogeneous
sphere. The DM Cell is characterized by a good stiffness, but only in direction of its inclined struts teeanwhi
it shows a lower stiffness along the other directions.

As shown in Figure 8b, the DM radial cell shows a different behavior fronothhe fixed unit cell. In this
case, the stiffness is more homogeneous in the direction transversal to the aximetrgyruat as before, there
is higher compliance in the z direction. The effect of the radiality on theoswpical mechanical response is
to homogenize the stiffness along the planes perpendicular to the axis of syriimistiy.due to the change in

the orientation of the struts since the size of the unit cells varies along the radiugroictinees
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Figure 8: Representation of the stiffness matrix forathix and b) radial unit cells.

2.2.4 CONCLUSIONS

In this work, the mechanical properties of lattice structures charactégiziidmond radially oriented unit cell,
manufactured by L-PBF using Co-Cr-Mo alloy, were characterized, and comparedrieAtend stiffness

matrix results. The compression test on AB were performed. Subsequently, the @A VWLIIQHVV{V PDW
simulated to predict the structural behavior of the samples.

The experimental trend of the simulated stress-strain curve resultecclesdiyto the experimental ones except

IRU KLJK VWUDLQ YDOXHV SUREDEO\ EHFD X \frtaniRdctived igrodesKk PieW U\ TV
stiffness matrix trend was also evaluated in support to the FEA analysis, to hawer aibedlization of the

simulated result. It was demonstrated that the radial orientation oéliseprovides a homogenization of the

stiffness along the planes perpendicular to the axes of symmetry. These consideaatiom$ielpful for the

design and production of prostheses or implants, which are widely used in the biomedical field.

In literature the validations of FEM analysis for lattice structuséth particular configurations and orientations

of cells, have not yet been deeply investigated. The present study allowed to have a pdinticimanical

behavior of radially graded lattice structures. In particular, the possibility tp atsithgle slice of the structure

has allowed to significantly reduce the time and costs required by the FEM analysis e€xomptests to

validate the software results were needed. Once validated, the mechanigetiecistics were consistent with

radial cells orientation. The mechanical features of radially gradecelattiucture characterized by diamond

unit cell can be exploited for biomedical prosthesis applications.
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Ti-6Al-4V
In this chapter the mechanical and microstructural characterization of #\6Hilttice structures produced with
Laser Powder Bed Fusion (L-PBF) and Electron Beam Powder Bed Fusion (EB-PBF)iedeocdriMoreover,

the single contour strategy for the production of Ti-6Al-4V lattices wHRBF is evaluated and optimized.

Finally, a case study is realized and characterized.
The published papers related to the Ti-6Al-4V alloy are listed below:

f Cantaboni F, Battini D, Hauber KZ, Ginestra PS, Tocci M, Avanzini A, et athifdcal and
microstructural characterization of Ti6Al4V lattice structures with arndout solid shell manufactured
via electron beam powder bed fusion. The International Journal of Advanced Manogpcturi
Technology 2024. https://doi.org/10.1007/s00170-024-13137-2.

f Cao, X., Carter, L. N., Villapun, V. M., Cantaboni, F., De Sio, G., Lowther, M., Louth, S, Grover,
L., Ginestra, P., & Cox, S. C. (2022). Optimisation of single contour strategy in selective |hsgr me
of Ti-6Al-4V lattices. Rapid Prototyping Journal, 28(5), 997¥5. https://doi.org/10.1108/RPJ-04-
2021-0103.

f Cantaboni, F., Ginestra, P., Tocci, M., Ceretti, E., De Sio, G., Cao, X., Carter, L. BpivillV. M.,
Lowther, M., Louth, S., & Cox, S. C. (2022). Selective Laser Melting of Ti-6Al-4\idex: Case Study
on a Spinal Cage Prosthesis. Key Engineering Materials, 926 KEM]38./https://doi.org/10.4028/p-

g7ip54.
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3.1 Mechanical and microstructural characterization of Ti6Al4V lattice structures
with and without solid shell manufactured via Electron Beam Powder Bed
Fusion

3.1.1 Introduction

Additive Manufacturing (AM) can be successfully used to produce metallic seactn particular, Powder

Bed Fusion (PBF) systems are in constant growth and present many advantagesiteaatrtechnologies

since they allow to produce structures with complex internal shapB$ [h PBF systems, both laser and

electron beam sources can be used to melt the metal powder [6,7].

In the Electron Beam Powder Bed Fusion (EB-PBF) process, the electron beam locallhenptiwder in a
vacuum atmosphere and the build chamber is maintained at high temperature (~4:0860€e if needed)
during the manufacturing process. This allows to obtain samples and compadtiergguced residual stresses.
On the other hand, components produced with this technology suffer from poor surface qualithe bedont

energy [8].

One of the most used alloys in the industrial applications of AM is Ti6Al4V alloy, applied in seeltaldie
to its relevant mechanical properties, high corrosion resistance, and good abititgssalso at high
temperatures [9]. For instance, Ti6Al4V alloy is widely used for the production ofebical implants [10].
Furthermore, Ti6AI4V alloy is used for the production of porous structures, sustatislds and lattice
structures, needed for lightweighting and reducing the stiffness of components [2,6-7].

Lattice structures can be easily manufactured using EB-PBF techniques modifyinbtiipe @nd size in order
to have different densities. Specifically, lattices can be applied in energy absorpticatiapg, such as
packaging and protective devices, and have potential applications in thermal systerDgfgrht studies
analyzed the mechanical behavior of lattice structures by changing the densigllam strut dimensions
[12,13]. It was demonstrated that the production of lattice structure®®iHechnology is affected by the size,
length, and orientation angle of struts [14]. Several studies on the geometticefrfetnufactured with EB-
PBF are also reported in the literature. Hernandez-Nava et al. [15] found ttiatéimsions of the struts differed
from the designed one and were undersized due to the sub-optimal offeatdntibur parameters. The welding
process produced an oversizing of the small features when a contour around thamsttdrdivas applied.
Suard et al. [16] demonstrated a discrepancy in size between the designed and mashsfadsivhich induced
D GHFUHDVH LQ WKH VWLIIQHVV RI WKH VW UXW DOMEFKRIXQEH W PRI @
as-built parts. Huang et al. [17] demonstrated that the struts of the sample were highly irregalaglanthe
main contributing factor was the partially melted powder adhered to the swtisstewas formed during the
EB-PBF process. The application of EB-PBF led to an average strut size that exceedeadribd dist size
by more than 10%.

Among the different challenges in the design, production, and characterization of componeriténgoat

lattice structure, the interaction between the lattice itself anddsafiace or a bulk part represents a crucial
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topic. In fact, rarely purely lattice components are manufactured, but more often thedatio@unded by or

connected to solid walls, which can influence the mechanical behavior of the component.

In this regard, Guden et al. [18] investigated the effect of the numbersyfstelt diameter and rigid-face
sheets on the compression behavior of EBM-Ti6AI4V Body Centered Cubic lattices. Tienaofda dense
layer that covered the lattice core altered the behavior of the structure compared witlcégheitabut a solid
shell. The solid layer constrained the edge of the lattice and ther&anbde changed with and without the
solid face sheets. Moreover, the mechanical properties of foam-filled tubeswestgated by Novak et al.
[19]. In this study, thin-walled tubes were filled with various metaldasti The interaction between tube and
lattice structures gave a positive contribution to the energy absorption incrdesingpact properties. This
application is useful not only for the biomedical application but also for the atit@nmarine aerospace, and
railway industries. Furthermore, Xiong et al. [20] studied porous metallicoktsfivith dense core structures
with different diameters to test the effectiveness in enhancing the st scaffold. The tested lattice
structures with dense cores exhibited mechanical features and level of porosigbl&vor biomedical
applications. Finally, Fu et al. [21] focused on the mechanical properties piebdic minimal surface shell
lattices produced by micro laser powder bed fusion. The lightweight design was analyzed dafiorthation
mechanisms and mechanical properties of the shell lattices were correlatieel telative density. The
deformation mechanism was highly dependent on the relative density, and the discrepesey thet design
and measured values of the shell thickness was a crucial point, especitdy lfow-density structures. These
studies revealed that the addition of the solid part resulted in an inaneagehanical properties due to the
higher load support than the lattice without the shell. Moreover, enhanced compsdssigth and energy
absorption were also detected maintaining a good level of porosity of the sahnpdeklitional example is the
investigation by Dong et al. [22] into solid-lattice hybrid structuvasich consist of both solid and lattice
components. In this study, a specifically designed model of solid-lattice hytwatiuse was introduced. The
model included optimized strut thickness connected to the solid part through BBopkeations and was
compared with both pure solid and pure lattice structures. The findingsatied that the solid-lattice hybrid
structure exhibited superior mechanical performance. Additionally, latticetstes are incorporated into pre-
existing components to reduce weight while maintaining equivalent mechanical mspastihighlighted by
Bertol et al. [23]. Moreover, Wang et al. [24] suggested a multi-scale dmgoach for solid-lattice hybrid
structures to provide new opportunities for next-generation aerospace vehicle componentgricbdray

lightweight construction and high-performance improvement.

The relevant number of studies that mention the interaction between a solid and sttattiogee demonstrates
the growing interest in these designs and the relative mechanical behavior. Fromatiuedjtérappears that it
is crucial to analyze how the connections between the struts and the solid wall infheshebavior of these
structures and how the defects are distributed. However, the solid gethybrid structure is usually applied

above and below the lattice part (lattice sandwich structure). In the presenttstudgsigned solid shell was
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applied on the lateral side of the lattice, parallel to the direction of theression load. The shell constrains
the inner lattice avoiding its free expansion under compression load. In contrast to testnybtures studied
in the literature, the solid-lattice interface was affected by sthesg$o the compression load and deformation
of the inner lattice part. The compression behavior of lattice with ledbedl, and the interface solid-lattice,

were investigated.

In particular, in this work, Ti6Al4V lattice structures with Body Centerali€ (BCC) unit cells were designed
with and without a solid shell and produced by the E-PBF process with an orientat@nimiréation to the

building platform in order to provide additional insight into the behavior of such complexustsict

The microstructural and mechanical characterization of the samples were caroedtioeitsamples with and
without the shell. The analysis of the lattice without the solid shell was carriéor @amparison to provide a
better understanding of load-bearing capacity of the hybrid solid-lattieetige. Moreover, Finite Element
Model (FEM) parameters were extracted based on the mechanical tests orcthsttattiures and a numerical

analysis of the mechanical performances was carried out to compare experimental andsiresldts.

3.1.2 Materials and methods

3.1.2.1Samples production

The Ti6AI4V square-based lattice structures were designed using PTC Creo paf@REO®). The samples

were characterized by a Body Centered Cubic (BCC) unit cell with a lengthZaihm, a volume of 2 x 2 x 2

PP DQG F\OLQGULFDO VWUXWYV ZLWK GLODPXWHU )YRU EHWWRUDARPS

the junction of the oblique struts will be named node.

As reported in Figure 1, the lattice structures were designed with and without an estdichahell. The
structures are named S and NS, respectively (Figure 1). The dimension of both sets of samples was 24 (L) x 24
(L) x 30 (H) mm, where L and H are the length and the height of the cube, respectivealyickhess of the

shell (t) was 1 mm. The samples with and without solid shell were prabekittean orientation of 90° in relation

to the printing plate (plane XY), which represents the vertical directign TR% configuration was chosen to

ensure that the growth of the four walls was perpendicular to the directiom rfler avoiding distortion of the

structure.
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NS S

Figure 1: Design of Body Centered Cubic (BCC) @it and design of the samples with and without solitl §8eand NS) produced with an
orientation of 90° respect to the printing plate xy.

The samples were manufactured with Ti6AI4V (Grade 5) alloy powder, with particle size distriR&Dhit
therangeof40- P > @ SURGXFHG E\ *( DGGLWLYHS 7KH QRPBLIQ® @ DFEKOHHP L |

1[13].
Table 1: Chemical composition of Ti-6Al-4V alloy.

Ti6AI4V Al \% Fe C @) N H Ti
Wt min (%) 5.50 3.50 0.00 0.00 0.00 0.00 0.00
Wt max 6.75 4.50 0.30 0.08 0.20 0.05 0.02 Bal.
(%)

Each sample was designed as a unique .STL file considering the lattice and the sheligeatt The specimens
were produced by EB-PBF technology (Arcam EBM A2X, GE®, USA) with a single set of processtpasame
reported in Table 2. The process parameters used in the present study were selectedabasstibas work
of some of the Authors [27]. In this paper, it is clearly demonstrated that theededet of process parameters

are optimal to produce samples with different building directions itioel#o the printing plate correlated to

the orientation of the struts of the lattice.

Table 2: Process parameters of EB-PBF Arcam EBM A2Xhimad27].

Process Parameters
+DWFK VSDFL 100
6SRW VL]H > 200
/ID\HU WKLFNQ 50
Scanning speed [mm/s] 4530

Beam current [mA] 15
Max beam current [mA] 21
Focus offset [mA] 3
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3.1.2.2Samples morphology and structure.

First, the size of the samples was measured by Vernier caliper to assessettability of the process. In
addition, the struts morphology was observed with a scanning electron microscopel(EENEVO® 40 (Carl
Zeiss AG, ltaly).

For the microstructural characterization, one sample for each condition wasohsgerve the cross-sections
parallel and normal to the building direction. Samples were mounted in aesjilicand polished up to mirror
finishing according to conventional metallographic practices. Polished samples wanedhsing LEICA
DMI 5000 M optical microscope (Wetzlar, Germany). The diameter of the strditthe thickness of the solid
shell were measured on 60 micrographs (magnification 50x) and average values and dwaua@ons were
calculated in order to obtain reliable results. The diameter of theasisumeasured as the width of the cross-
section of the strut.

Image analysis was carried out on 70 micrographs (magnification 50x) with the Liv@&reofo evaluate the
porosity level of the samples. The porosity analysis was carried out axitibe (struts and nodes) and shell
separately. The porosity of the samples was estimated as the tthgotofal pores area to the total area of the
cross-section of the lattice.

6HOHFWHG VDPSOHV ZHUH HWFKHG ZLWK .UROOTNMOR{DIIWEW ORWODJILW

and transversal directions.

After compression tests, the fracture surface was analyzed using a ScaentngnB\licroscope (SEM) (FEI
Inspect S, FEI Co., USA).

3.1.2.3Mechanical analysis

Compression tests were performed with a servo-hydraulic testing machine INSTRON 8802, (Nwmtnaod,

MA, USA) equipped with a 250 kN load cell. The tests were conducted in displaiceorgrol mode at a

constant crosshead speed of 2 mm/min and the displacement was measured usirghteleras/ement. The
VWUHVY 1 ZDV FDOFXODWHG E\ GL Y-kdtiof dred/df the sBrplets & Yilled iKuthe Q R P L C
defined as the square of length (I) of each squei2vVHG VDPSOH PHDVXUHG 7KH VWUDLQ O
WKH GLVSODFHPHQW E\ WKH LQLWLD Q@ KgI1WKW IRA HDNVKLGIHRB/MDH L A KHD
DQG WKH \LHOG udefinedi¥ the dtress aD0\2% of plastic deformation. The elastic modulus was
calculated considering the linear trend of the elastic field of thessttesin curves. Three repetitions for each

sample were carried out and the tests were considered completed whenples seathed 20% of strain, to

assure uniformity of results interpretation. Moreover, the energy almorpéis calculated until the first peak

of stress (WM) and until the end of the compression test (We) by Equation 1.

u @
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LV WKH HQHUJ\ DEVRUSWLRQ SHU XQLW YROXPH 1 LV WKH QRPLQD
full cross-VHFWLRQ DUHD O LV WKH QRPLQDO VWUD W RFYCHAUF WEXBWHGE. W VD
D Q &s €he upper limit of the compressive strain. The equation was divided by 100 bineasBain value
was defined as a percentage. In addition, the fracture and failure modes of the samples stigiaeave

3.1.2.4Finite element model

The finite element software Simulia Abaqus® was used to simulate the bebfathe lattice samples within
the elastic regime. Since there is abundant evidence in the literature that E#icefstructures is difficult,
different models were implemented, based on different assumptions regandetgpds of the real structure
and testing conditions from the ideal ones. A total of six different modele realized with three
geometry/material variants for the S lattice and three geometry variants for th#i®dS One variant for each
lattice type represented the stiffest condition which corresponds to the ttealdpecimens (material constants
IURP WKH SRZGHU VXSSOLHUYYVY GDWDVKHHW UIHB® \RHPQ W B G DHDRAPW MHA
with average stiffness, associated with average geometry size and an average Youung oaoockdtion to
account for shell porosities. A third variant represented lattice spesimith minimum stiffness, associated
with minimum geometry size (assumed as average minus one standard deviation|es8g 8rab maximum

Young modulus correction.

Overall, the nominal Young modulus is 120 GPa and the correction was ohéddpghe shell material as the
porosity level of struts and nodes porosities was negligible. Since differemtaapps to predict a modulus
correction are available, a corrected Young modulus range of 100-110 GPa for 6% porogigghessd by
considering the analytical approach from [28], the FEM approach from [29] and the expelritata on Laser-
Powder Bed Fusion (L-PBF) Ti6Al4V from [30,31]. For this reason, a Youngie@f 105 GPa was used for
the shell material of the average stiffness variant, and a Young moduld® &Pa was used for the most

compliant variant.

The current FEM model aims at estimating stiffness and its validity istinbit the macroscopic linear-elastic
response of the lattice. This choice allowed exploiting all the symmetry ptaEinédse geometry and
boundary/loading conditions, thus leading to the model of 1/8th of the crogsismatl half-thickness layer
(see Fig. 2). The modelling of non-linear effects is well beyond the purpdise aifirrent finite element study
as catching the full response of the compression tests would require thienerparcharacterization of a
damage constitutive law and, possibly, the implementation of local defects, nbmédeaetry, trapped

unmelted powder and the full lattice to also account for friction at lattice ends.
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Figure 2: FEM model of the lattice structures (naahi® on the left, nominal NS on the right).
A Z- displacement was applied on the face highlighted in blue while trasivppace was constrained with a
Z-symmetry boundary condition. Faces highlighted in red were instead constrained waitimetigyboundary

condition along the tangential direction of a cylindrical coordinate system centered oaxise Z-

3.1.3 Results and discussions
3.1.3.1Lattice characterization

The dimensions of the manufactured struts of S and NS samples were measured and reported in Table 3.

Table 3: Measured dimensions of As-Built S and NS mgamples.

H [mm] L [mm]
S 29.41+0.04 23.75+0.05
NS 30.13+0.09 24.03 +0.07

The dimensions of the S parts are lower than the designed one as already analyEed {ié NS parts, the
dimensions are quite close to the designed ones. The differences between the etgbenmidghe designed
values can be attributed to the irregularities of the surfaces [26] and can betkheiestdoptimal offset of

contour parameters and influenced by the strut inclination angle [14,16].

The morphology of the struts of NS samples was observed under SEM (Figure 8)irfece appears extremely
irregular, with unmelted or partially melted powder particles clearipleion all the struts (Fig. 3a-b). The
irregularity of the surface was not attributed to the samples design buptodhuetion process. The spot of the
electron beam, the residual powder adhered on the surface, and the strutanjecttatiged the size of the
diameter as already observed in the literature [32,33]. The SEM images of S sarmaphes$ reported for
EUHYLW\TV VDNH VLQFH WKH\ VKRZHG WKH VDPH IHDWXUHYV
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7KH SDUWLDOO\ PHOWHG SRZGHU LV PRUH FQMLEIGH RQ )LIXUH EKIHR
within the nominal range value of 40- P UHSRUWHG RQ WKH GDWDVKHHW RI WKH
Moreover, the high variation in the thickness of the struts is particularly euideigt 3c, where also a staircase-

shaped profile can be observed, with gaps between layers. An evident staircase effect is tyipicBEBEd?PBF

process, leading to larger surface roughness [35]. The evident irregularity inettod thie struts will be better
investigated by performing a specific dimensional analysis on the crogmsgicthe samples. Moreover, the

surface of the struts, with the layer scanned by electron beam partially coverednkexttbee, is visible in

Figure 4d, as mentioned also by Zhang et al. [14].

Figure 3: SEM images of the (a) strut and (b) nodeections, (c) different melted layers and (d) unmel®aders for NS samples.
The thickness of the solid shell for S samples and the diameter of the@t&iid NS samples were measured

on three different cross-sections of the specimens and the results are reported in Table 4.

The struts appear extremely irregular in size, as seen by SEM analysis. The d&thetstruts for S and NS
VDPSOHV GLIIHU E\ DQG I[URP WKH GHVKHWIGIYL]HFD QW VWMHYGH

detected is likely due to the inclination angle of the struts and the peeskpartially melted and unmelted
powder.

The thickness of the shell is lower than the designed one and shows an instabidigy demonstrated by the
large standard deviatioi KH GLPHQVLRQ IOXFWXDWHYV IURP D PLQLPXRRI P
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Figure 4 the irregular geometry on the cross-section normal (Fig. 4a) atiéld&ig. 4b) to the building

direction is shown.

As abovementioned, the porosity of the samples was calculated using images alahgithe cross-section
normal and parallel to the building direction on the solid shell and the lp#itéhodes and struts). A relatively
high porosity level of 5 % was detected on the shell, while a porosity level of nGlé struts and nodes was
measured for the S samples. A porosity value of 0.4 % was detected for thenstnasg@s cross-section of NS
samples. The results are in accordance with porosity analysis from Suard et al. [16] andaN¢@6]et

The reason behind the significant porosity level of the shell can be found irotlesg parameters, and more
precisely in the contour strategy and hatch spacing used [37,38]. Moreover, it has been deditlesl sarse
process parameter for both lattice and shell, merging them in a unique comjrofeit.large porosities can
be observed in the central part of the solid shell because the strategy of theth¢henhatch spacing used for
the lattice part were also used for the shell. This indicates that the paasienelted on the edge of the solid
shell but not in the center. The unmelted powder was detected in the central padtalk this resulted in the
large lack-of-fusion porosities observed and reported in Figure 4a-b, due probtitayhsitching distance of
the electron beam. The interface between lattice and solid part sh&iguia 4b did not reported significant
defects such as porosity or geometry discrepancy. The continuity of the building wasliitieame process

parameters applied for both parts merging them as a single component.

Table 4: Measured dimensions of As-Built S and NS mg&mples.
@s [ m] tk [ m]
S 459 + 43 608 + 202
NS 475+41 -

Figure 4: Micrographs of the cross-section normahéoktuilding direction of solid shell (a) and strud@olid shell (b) of S90 sample.

3.1.3.2Microstructure
Micrographs of NS samples are shown in Figure 5 as representative of tbstmature of all the investigated
samples. No relevant differences between the shell and lattice part of the samfdesd, as well as between

the S and NS samples, due to the use of the same process paramgtaesalnthe microstructure of Ti6AI4V

84



DOOR\ LV FRPSRVHG RI D . ODPHOODU PQKPRDW tailxsfied/ ddngdtheé L W KL Q
EXLOGLQJ GLUHFWLRQ 7KH . ODPHOODH DUHHUWUB G JE\GGLQI HUGRMNY V
orientations. The mentioned microstructural features are widely reported inetla¢utie for Ti6AI4V alloy

[39,40]. More specifically, the microstructural features due to the EB-PBF process are disclds&8]n [

7KH PLFURVWUXFWXUH QRUPDO WR WKH EXLOGLQJ GLUHFWLRQ LV Vi
structure arranged in the equiaxed microstructure can be observed. In fact, aldirgd¢hion, the cross sections
of the columnar grains can be observed.

The microstructure parallel to the building direction, characterized by a colstnneture, is shown in Figure
E 7KH FRORQ\ S xnelaHstiu@turelcan be observed.

ORUHRYHU WKH OLJKW DQG GDUN SKDVHV LEREQW.IQ\) WKW H DR GQ SPD
WKH JUDLQ ERXQGDU\ . OD\HU ZDV IRXQG DURXQG WKH SULRU JUDL

Figure 5: Optical micrographs normal (a) and parglito the building directions of cross sections of 81S8mple. Optical micrographs parallel to
WKH EXLOGLQJ GLUHFWLRQ MHGOD&ROWQIXBWWWHGQY.LGHGDEN. BKDREAEKE ZIWMURLD D UNBDE E\ EO
boundaries.

3.1.3.3Mechanical characterization
Representative stress-strain curves resulting from the compression t8samNS samples are reported in
Figure 6a.

The curves are reported until 20 % strain, since for higher values oftegaianrves exhibited a flat plateau due
to the densification of the structures. In addition, for strain above 20 %, the sawitpland without shell show
the same behavior.
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During compression tests, for both the considered designs, the stress imBadlgses with increasing
deformation up to a maximum value (45 MPa and 155 MPa for NS and S samples, respédtigatyaximum

ORDG UHSUHVHQWV WKH XOWLPDWH VWUHQ®@LWQKY DLOXH7As Bdth el DN LQ
investigated designs, even though the values of the maximum stress reaciguifazantly different. In fact,

as reported in Table 5, the ultimate strength of NS lattices is 45 + 2 MPa, is/Ajgproximately three times

lower than 155 + 5 MPa, demonstrated for th©®40G VKHOO 6 7KH \LHOG VWUHVV 1< IR
is 35+ 2 MPa and 119 + 5 MPa for the NS and S samples, respectively.

After the peak, a marked drop in stress is observed for S samples, while for NS sasmpbegher decrease of

the stress that progressively reaches a plateau is recorded.

For NS samples, after the peak of stress, both plastic deformation and déasifi€ the structure are noted. A
stress plateau (from 8 % strain) continued until the end of the test (20 % straff)s&oples, the first evident
drop-in stress is due to the failure of the shell structure. Afterward, for Sesamplateau in stress between 8
% and 17 % strain was noted due to the densification of the structure. At iaiSssamples showed another
drop in stress. After this, the stress-strain curves recorded for S and NS samplegaralde, indicating that
in both cases only the lattice structure is supporting the load. This is demonstrétedlbyetrvation of samples
after testing, as reported in Figure 6b-c-d. The S sample exhibits twieniffeacture modes. The first one
shows a vertical fracture of the solid shell revealing the inner lattice (Fig. ®b@oler, a detachment of the
solid shell from the lattice part along the edge and a densification of tloe tticture occurs. Specifically,
the solid shell under compression is detached from the inner lattice due tditieeelgbansion causing the
collapse of the solid shell along the vertical direction. The second type of collapsamsm for the S samples
exhibits a fracture of the shell in the central part, and the detachmeatsaflith shell from the lattice part due
to the lattice expansion (Fig. 6¢). When the shell is detached from the latticErigeo contributes to support
the structure and this explains the severe decrease in stress recorded, as Hgjolezi6a. The specimens
tested under these conditions reached a remarkably high level of stress startittwefinner part. Therefore,
the second load drop indicated the shell failure.

In addition, the orientation of the struts is crucial to understand how thes latflobences the mechanical
response of the structure because they can work in compression or tensilgivivogl different results. The
BCC unit cell is characterized by struts inclined at 45° to the loadidine@he compression load applied along
the samples is divided into bending and compression components on each strut of theT fetiegeral
expansion of the lattice is due to the compression of the lattice contributing fracture and the detachment

of the solid shell.

On the other hand, the NS samples present a 45° fracture mode (Fig. 6d) as exp#utethfoce structure
[41 #43]. The struts, oriented along a diagonal axis, are subjected mainly to a bendiagdadhe fracture
occurs in that direction (45°) due to the geometry of the BCC unit cell. @bntmthe S samples, the NS

lattices bore the load entirely and the bending component on the struts caused the main fracture.
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Figure 6: Stress-strain curves of: AB samples withwititbut solid shell. Main failure modes after compressist on the S samples with solid shell,
and NS sample without solid shell.

The elastic modulus is calculated in the elastic region of curves shown in Figure 6 and it is reported in Table 5.
The elastic modulus of the S and NS samples is 6.34 £ 0.34 GPa and 1.10 £ 0.03 GPa, respectivsly. Probab
the already mentioned porosities of these structures are relevant for the plgstidies, influencing the
mechanical behavior.

ORUHRYHU WKH HQHUJ\ DEVRUSWLRQ XQWLO 1ZDN G® & RX\O.EDWW IGHDID®
in Table 5. As expected, the lattices with solid shell absorb more energysibssed, and exhibit a perfect
elastoplastic behavior, able to reach higher deformations. The energy abs(y#joaf the lattice with the

solid shell is two times higher than the one without the solid part. In fact, tlenpeesf an external solid shell

is effective in increasing the general stiffness and the energy absorption of theestruct

Moreover, the mechanical results of S samples demonstrated to bear a high loadnguggesspace
applications in addition to biomedical ones. In particular, the reduced numbéecsds the interface induced
high stiffness and strength in the structures, bearing the load until the lattice core expanded irréatirakdi

making the contribution of the shell negligible.

Table 5: Results of the compression tests of S and NSesamp

Properties S NS
M [MPa] 155+5 45+ 2
Y [MPa] 119+5 35+2

E [GPa] 6.34+0.34 1.10%0.03
WM [MJ/m?]  5.27+1.03 1.83+0.31
We [MJ/m?:]  9.77+0.65 4.930.15

Considering the mechanical behavior of S samples, a detachment of theoghélidflattice part was observed,

indicating that fracture is taking place at the interface. This can be edhfaocethe presence of localized
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defects. From the microstructural analysis previously discussed (see paragrapt832), amthe interface, the
microstructure was not altered. In fact, the microstructure was homogeneous alenty¢hgamples because
the process parameters used were the same for both parts of the specimensrMbezabrupt change in
GHQVLW\ GLG QRW DIIHFW WKH IRUPDWLRQ RI . ODPHOODU VWUXF

Therefore, to better understand the failure mechanism, especially the role played @gomhetrical
discontinuity at the interface between shell and lattice for Plesn-EM analysis was performed on S and NS

specimens.

3.1.3.4 Finite Element Method Analysis

A first point that emerged from FEM analysis, as it can be seen from Table @tiigered the nominal lattice
stiffness. In fact, the calculated value is much higher than the experimental m8asuitcally, the nominal
lattice model predicts that ideal specimens should exhibit a stiffness imame twice that observed
experimentally (a stiffness ratio of 2.25) for the NS design, and over threg for the S design (a stiffness
ratio of 3.42). The S design showed a larger reduction across all models, elgsiuii to the shell being the
dominant stiffness element and being less ideal than the other latti@nedgstruts and nodes). This is evident
when transitioning from the nominal to the average, and further to the worsteegseio. In fact, the average
model demonstrated considerably lower stiffness, with stiffness ratios of 1.7.8&ridrithe NS and S designs,
respectively. Interestingly, the worst-case scenario values closely aligited experimental results,
underscoring the importance of Young's modulus correction and the actual dimensions ahdtsisil. The

resulting Finite Element Method (FEM) moduli also closely match the valuesedpor8].

Overall, the current model accounts primarily for average and homogenous efféatsriasts the geometry
in size but still represents an ideal shape of shells, struts, and nodes. Thérefoeepaining discrepancy
between FEM and experimental values can be attributed to local defects, both in teomsities and other
deviations from ideal geometry. These local defects can significantly dfeebending and shear stiffness of
struts and the axial stiffness of the shell, playing a crucial roileonly in lattice damage but also in the
macroscopic linear-elastic behavior of the lattice. This behavior can be viewed gslexdotarplay of elastic
elements in series and parallel, where a local increase in elastic compliantzrkedly alter the macroscopic
elastic response. Therefore, adjusting the model geometry and material parameters batmwaltees can be

considered a method to account for this local stiffness deficit.

Table 6: Young modulus of the lattice calculatedrf®BEM analyses of S and NS samples. Red values indieatkffirence against the experimental
measure.

Young modulus of the lattice structures [GPa]

Lattice type

FEM nominal FEM average @ FEM worst case  Experimental
NS 2.48(+125%) 1.95(+77%) 1.32(+20%) 1.10+0.03
S 21.68(+242%) 11.71(+85%) 7.41(+17%) 6.34+0.38

The associated stress state of the lattice structures is also shown in Figuadatdbapplied displacement of

0.15 mm (corresponding to 0.005 mm over the modeled thickness). As expected, the geahsewitahuity
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at the interface between struts and the solid shell, known as the notch effect, sereedlastrads raiser. This
phenomenon is a primary factor contributing to the observed fracture behavior in N8ssavhpre detachment
of the shell from the core lattice structure was observed.

Figure 7: Von Mises stress maps for the worst-case variaresndtel was mirrored to represent 1/8 of the totat&atiross-section and a complete
layer (corresponding to a thickness of 2 mm).

3.1.3.5Surface fracture Analysis

Representative SEM images of the fracture surface for the investigated samples are reported indfithee 8 f
strut (Fig. 8a-b) and shell (Fig. 8c-d). No evident differences were observed when contipariracture
surfaces at the shell or the strut. In both cases, the fracture mechanism slkigumar8 clearly reports the

ductile fracture of the samples, demonstrated by the presence of dimple-like structures.

The connection between the lattice part and the solid shell was crucial becausmpbttant variation in size
and geometry. As previously shown in Figure 6b, coarse defects were not detected orfabe ohte to the
same process parameters set. Moreover, the fracture mechanism showed the sarsefetia lattice and
solid shell. The detachment of the solid shell from the latticewmstdue to the lattice expansion and to the
geometry variation from the lattice (porous structure) to the solid part (shell).

The FEM analysis confirmed the mechanical behavior of the printed samples. Theypaseghie main feature
that influenced the stiffness of the samples, especially for the S samples. The high percentade@bdkity
localized into the solid shell, especially in the center part, made the structustiffaban the designed one (in
accordance with the stiffness of Ti6Al4V) [2,44]. The lattice part exhibitedspgprivel in a range between
0.4 % and 0.6 %, not as influential as in the solid part.
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Figure 8: Representative SEM images of fracture méshieof S samples on (a,b) the strut and (c,d) shell.
Conclusions
The present work provides a combined experimental and numerical analysis tmatedbe compressive
response of additively fabricated Ti6Al4V lattice structures with B@ICcell, with (S) and without (NS) solid
shell. The S and NS samples were manufactured at 90° build angle to the EB-PBF printing plate.

The main results presented in this work lead to the following conclusions:
X The process affects the morphology of the samples. In particular, the paramétersle€tron beam
made the solid shell irregular, probably due to a combination of the hatchgsgheicurrent, and the
scan speed values. In fact, a relatively high porosity level of 5 % was detedtiedsinell, while a

porosity level of 0,6 % of the struts and nodes cross-section was measured for both setesf sampl

X The ultimate strength of NS lattices is three times lower than thaeafamples with the solid shell.
The S samples absorb more energy than the NS lattice due to the presence of the Isttidettgl
until the end of the compression test, the S samples absorb twice as much energy as the NS specimens.
The presence of the solid shell results also in a higher stiffness of the samplesaftides are 20 %

stiffer than the NS ones).

X The yield stressisalso MIHQFHG E\ WKH VROLG VKHOO 7KH 1< RI 6 VDPSC
the NS samples. In general, the S samples exhibit perfect elastoplastic behawitwr,rabth higher
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deformations. The presence of an external solid shell is effective in increasing the general stiffness and

the energy absorption of the structure.

X At the beginning of the tests, the solid shell of S samples mainly supports tharidatthe lattice
structure gives a minor contribution. After the detachment of the shethgblanical behavior of the
S samples is the same as NS lattices, because the shell is separated frtiivetlvera, and it is no
longer able to carry the load. In fact, from the 20 % of deformation, the cheoesne perfectly

overlapped because the shell contribution becomes negligible.

x The FEM analysis reveals that the nhominal lattice stiffness should be more tbammdithree times
that experimentally observed for the NS and S samples, respectively. Thanily attributed to
significant porosities and deviations from ideal geometry. The materiampsers and geometry
dimensions adjustments carried out for the worst-case scenario model tadc¢b better reproduction
of the experimental stiffness. The FEM analysis for S samples also confirnietbahhection between
the struts and the solid shell is a critical point where high stressesaghed, leading to the detachment
of the shell.

x Ductile fracture occurs for S and NS samples. In particular, S latticedtdiisibthe fracture of the
shell, due to the lateral expansion of the lattice and the detachment of the exterfrarsttbk lattice
part. The NS lattice shows a 45° fracture as widely shown in literature. Whahrethieas been detached
from the lattice core, the S and NS samples show the same mechanical behavior

To summarize, it emerged that the shell provides a positive contribution neduttetosupport the load in
terms of maximum strength and energy absorption, especially for small deformatiadhg. @her hand, more
significant deformations of the structure lead to a concentration of stegsthesinterface between the struts
and the solid shell, resulting in the detachment of the shell itself. Thi® le&staken into account to design
lattice structures properly and to exploit their potential, making it ugefuinany industrial applications.
Considering the biomedical field, the structure of S samples can provideoimiected pores that facilitate
tissue growth and development in the inner part and a solid shell that can suppbdléhstructure. However,
observing the results of the compression tests, the detachment of thausidie analyzed for the validation
of load-bearing application [45]. The results obtained in the present study catio helffper understand the

behavior of these structures as a function of the applied load.

Considering the results obtained for the S samples from the compressioméestsdied structures could be
also used as space fillers or conformal parts for lightweight engineering, shockiabsorpheat exchangers

in aerospace [46].

The key point is to find the best compromise between lightweight and reliability based pplitatian.
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3.2 Optimisation of Single Contour Strategy in Selective Laser Melting of Ti-6Al-
4V Lattices
3.2.1 INTRODUCTION
Demand for orthopaedic implant surgery is predicted to exceed 5 milliodwidd by 2021 with up to $65
billion in revenues estimated by 2025 (Murr, 2020). The freedom in design inheremétal Additive
Manufacturing (AM) and the expected rise in demand is stimulating research totadd functional properties
to implantable devices boosting their application in medicine. In load-bearingnitaplatticed structures have
the potential to mimic the mechanical response of bone, reducing the streinghkifbct and limiting implant
loosening (Hedayatt al, 2018). These porous structures also have the potential to improve celbadirebi
osseointegration, thus strengthening the mechanical bond between patient ant (Detanet al, 2014,
Maiettaet al, 2019). Consequently, when applied correctly to bone and tissue scaffolds, titaviilattiée
structures have the potential to meet their fundamental requirementsy rziowmpatibility; surfaces suitable
for cell attachment; interconnected porosity enabling cell ingrowth, transport efmsitrand release of waste;
and mechanical properties matching surrounding tissue (\&aalg 2016). It has been demonstrated that unit
cell design and pore size influence cell proliferation during in-vivdissu(Markhoffet al, 2015, Liet al,
2020) with research by Van Bael et al. concluding that graded pore sizes indiffolds may promote initial
cell attachment within fine pores developing in to tissue growth without occlasipore size coarsens (Van
Bael et al, 2012). Significant interest in this topic has prompted comprehensive revieavgy 8tVal, 2016,
Wang et al, 2017b) and the creation of design libraries to aid unit cell seledtiortissue
scaffolds(Chantarapanicét al, 2012). Finally, potential novel applications include the use of lattices as
reservoirs to deliver antibiotics, growth factors, or other treatmemstlgito the implant site and MRI artefact
mitigation (Burtonet al, 2019, Carteet al, 2020). Nevertheless, in order to exploit these benefits, accuracy,
predictability, and consistency of lattice production must be ensured.
Selective Laser Melting (SLM) is an AM technology whereby fully dense components are produicser-
by-layer laser melting of metallic powder (Shipletyal, 2018, Mulleret al, 2009, Koptyuget al, 2013). With
a relatively high resolution and without traditional machining constraints, SLM pseseniitable method for
production of components with integrated lattices. Part performance depends on itechbysical properties
of the powder feedstock and the SLM processing parameters. Powder qualityalytggtermined by supplier
specification, however, process parameters may be directly assigned by the Satdrpopervily influencing
the final part (Trevisaet al, 2017). Laser power and scan speed represent two key process inputst @ong
2012, Nguyenet al, 2020, Maamouret al, 2018) which control both melt pool size and shape further
determining dimensional accuracy, microstructure, mechanical properties, and gquehity (GroBmanat al,
2019, Kusumat al, 2017). Energy density, E (J/mm) as defined in Equation 1, combines$thetseto provide
a simplified variable which may be useful in understanding certain behayg¥ussf and Gao, 2017, Kusuma
et al, 2017):
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q LL J/mm, Equation 1

Where P is laser power (W) and v represents scan speed (mm/s).

The effect of E, P, and v on surface roughness, porosity, and accuracy have been widely aegdotttends
linking process parameters to part quality identified (Henhgl, 2016, Wanget al, 2017a, Khorasaniet al,

2019). Researchers have previously shown that increasing laser energy density aanjleuiltiuces greater
surface roughness (Wamg al, 2017a, Qin and Chen, 2013, Villapet al, 2020), however, special care has
been taken to understand the role of these inputs in internal porosity andygef¢Salenet al, 2019). Porosity

from trapped or evaporated gas in powder feedstock occurred at low scaneidg@spamd 800 mm/s, while
keyhole porosity is reportedly dominant at higher energy density conditions corresponding to a deep.melt pool
Other reported defects include irregular and spherical shapes at high scan speed (240®/4padd lower

laser power (100-300 W) due to melt track balling and lack of fusion. Thests feesu been further supported

by the work of Qiu et al. (Qiet al, 2015), although discrepancies on the optimal processing window can be
found in the literature. This is highlighted by Gu et al. who showed internal gorasitions from 0% to 5.4%
underafixHG 3SRSWLPDO ~ HQ Bidndl) &y Hi@anging/laser power and scan speed, suggesting that
whilst energy density may be useful in some cases, the influence of indipai@heters should not be
overlooked (Giet al, 2013).

When processing fine lattice structures, strut thickness has been shsigmificantly deviate from the initial

CAD design. Yan et al. revealed up to B discrepancies with lattice strut design diameters betweeri®d 20

and 610Mn (Yan et al, 2014). This was confirmed by bulk analysis showing printed lattices being denser
(10.66% and 13.12%) than the design (10% and 12%), which would lead to steocisis in mechanical
properties between design and final part. A similar study found a linear relatidredhipen lattice strut
thickness and energy density with limited to no influence caused by scan strategy, beildbangghterial,
UHVXOWLQJ LQ DQ LQFU KGahousleeL &), 20R7X QQhthe ®HRIG XD, XHé work of Onal et al.
suggests that these discrepancies in design rise with exposure time and laser power that subseqiszdly stabil
for energy inputs above 0.5 J for produced lattices via a single point exposure scan strategtyalO2a19).

The reported mismatch between design and manufactured geometry in these intricabestisidurther
complicated by the pre-processing software logic used to generate thealédstar each strut slice (Figure 1).
The typical laser path for 258n strut slices shown in Figure 1b and 1f illustrates a 12% differeneeergy
LQSXW RI QHLJKERXULQJ pGHVLJQ LGH QWAdditDraly, ¥dahUspgotvplacémert WR L C
EHWZHHQ pGHVLJQ LG HWRNFRDIGORVEhOX \MfferdriRes (EiUwe Kc and 1d). These
inconsistencies between identically designed struts are likely to result inaomirnfy inhomogeneities within

a uniform lattice design. In contrast, the unfilled scan, figure 1la, shows conststergpots and path between

adjacent struts (Figure 1e) for all diameters presenting a potentiadégyreliable method for lattice manufacture.
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Figure 1. Images showing different number of scan spq&)iSC and (b) SC+F strategies for designed stizesof 250Fn; (c) and (d) number of
SC+F scan spots for 158n and 350Rn strut sizes; (e) scan path for SC scan; (f) scanfpaSC+F. Red ellipsis represent border contouiitewh
yellow lines represent hatch (filling) scan.

In this paper, the accuracy of two scanning strategies, Single Contour (SC) (Ficamd $&)gle Contour plus
Fill (SC+F) (Figure 1f), to manufacture SLM Ti-6Al-4V metal lattices wasipared. during the manufacturing.
Critical parameters, laser power and scan speed, were varied and lattice reprgdacitiiintegrity evaluated
to determine an optimal processing window. Herein SC is revealed as a novel procedsotywitét the
potential to improve lattice accuracy of AM medical devices.

3.2.2 Materials and methods

3.2.2.1Materials and Specimen manufacturing

Diamond unit cell lattices were selected for their adaptability in ti@didical field and manufacturability by
SLM as shown in multiple studies (Ahmaatial, 2014, Liet al, 2020, Derby, 2012, Heirdt al, 2008). All
cuboidal designs measured 20 x 20 x 20 mm with 1 mm unit cell (Figure 2a). CAD gewrastgenerated
using nTopology Element (nTopology Inc., 1.25.0) design software, and exported as standard tessedation fi
(*.stl). (Nickels, 2020).

All specimens were fabricated using plasma atomised, Grade 23 Ti-6Al-4V p¢dsies3 An particle
diameter) (LPW Technology Ltd., UK) via a RenAM 500 M (Renishaw, UK) SLM system. TheNR&0GA M
utilizes a modulated laser system whereby the laser operates point-wéséxed exposure time and point



distance. Thus, scanning speed is defined as point distance/exposure time. Point distancd waosstant

45 An with scan speed varied using exposure time. All samples were produced undetraogphere using a

pre-heated substrate at 1s7Gand 30 An layer thickness.

a) Diamond unit cell b)
E
E
(=]
o~
Strut dameter
<
2
c) Import image and set scale

Adjust threshold Manually outlining

Fit ellipse
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|

Figure 2. Images showing (a) the cuboidal and diamoiiceldesign selected, (b) an example of cold-maliatel polished lattice and (c) a flow
chart illustrating the contouring strategies used tosoneastrut diameter.

3.2.2.2Design of Experiment
Two studies were performed. Within the first (Table 1), SC specimens wateqed with varying laser powers

(50-150 W), scanning speeds (750-2250 mm/s) and strut diameterdh(1=®50 n and 350Rn). SC+F

specimens were manufactured for the midpoint conditions, using 100 W and 1125 mm/s.
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Table 1 DoE for the Comparison of SC and SC 1 F strategy

Scan speed Scan speed Exposure time Energy density Scan strategy
(mm/s) (ms) (J/mm)

100 1125 40 0.089 SC+F
50 2250 20 0.022 SC
1125 40 0.044
750 60 0.067
100 2250 20 0.044 SC
1125 40 0.089
750 60 0.133
150 2250 20 0.067 SC
1125 40 0.133
750 60 0.200

The result of the first parametric analysis were used to develop a seadgdiestbetter characterise the
occurrence of porosity and dimensional accuracy (Table Il). These parameterselected to improve the
resolution of the process window near the boundary between porous/fully dense latticesessfdlfailed

lattices of 250Rn strut diameter structures.

Table 2 Combination of parameters selected to evalhatearametric effects on internal porosity of 250kattice manufactured by SC

Laser Power (W) Scan speed (mm/s Exposure time (us Energy density (J/mm)

50 1,250 36 0.040
1,000 45 0.050
750 60 0.067
70 1,750 26 0.040
1,500 30 0.047
1,250 36 0.056
1,000 45 0.070
90 2,250 20 0.040
2,100 21 0.043
1,750 26 0.051
1,500 30 0.060
1,250 36 0.072
1,000 45 0.090
100 2,250 20 0.044
1,125 40 0.089
105 2,250 20 0.047
2,100 21 0.050
1,750 26 0.060
1,500 30 0.070
1250 36 0.084
115 2,250 20 0.051
2,100 21 0.055
1,750 26 0.066
150 2,250 20 0.067
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3.2.2.3Specimen Preparation

Fabricated specimens were cut from the build substrate by Wire EDM, cleansdtar dath to remove excess
powder, air dried, and cold-mounted in resin (VersoCit-2 Powder, Struers Aps, Denraargles$were ground
progressively from 220 to 4000 grit (Struers Aps, Denmark) With a final padjgierformed using an activated
Op-s suspension (Struers Aps, Denmark). Micrographs of 20 strut cross sections (Figore2th sample
were captured using a Scanning Electronic Microscope (SEM, Hitachi TM3000, Japan) in backg&gteyed

mode.

3.2.2.4Image Analysis and Process Mapping

Micrographs were analysed with ImageJ (NIH, USA., 1.53a) (Schneiddr 2012). As shown in Figure 2c,
strut contour was initially defined by an appropriate global threshold or via mautliale for fragmented
sections. For both methods, the boundary included any internal pore areaduliditiuts within the lattice
built at an angle of 5%resulting in an elliptical cross-section, thus, strut diameter was deterrsitieel minor
axis of a fit ellipse. Internal porosity was calculated as the total holleavwaithin struts divided by the total
cross section area for all 20 struts in each sample. Process contour mapstiesteigihg MATLAB R2018b
9.5.0.944444 (MathWorks Inc. USA).

3.2.3 Results and discussions

3.2.3.1SC and SC+F comparison

Figure 3a compares mean strut thickness between SC and SC+F strategigsital plecessing parameters
(100 W, 1125 mm/s). SC+F strut diameter are on average 7% greater thari 8©derall sizes. Both SC and
SC+F show a fully dense core for 1B and 250 struts, however greater diameters reveal the inability of
the SC strategy to produce fully dense struts (Figure 3b) . This comparison datesribe feasibility of using
SC as a method for producing fully dense thin lattice struts below a adigtairter. Nevertheless, the obtained
geometric accuracy is relatively low with errors of 3.5%, -12.6% and -7.4%@#Rh, 250 fn and 350MN,

respectively.
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Figure 3. Comparison between SC and SC+F scangstrateler same processing parameters (laser power 100 W, seanldj25 mm/s): (a) strut
thickness range for designed value of 186, 250 Rn and 350RN; (t?h ia/é isnsﬁ.ages showing different internal morphglagder three designed strut
Previous studies have demonstrated that energy input influences melt pool widthy ditatitig it to strut
thickness regardless of scan strategy used (Gledade2017, Onaékt al, 2019). SC+F produces greater energy
input per strut than SC, even showing different energy input for adjacent strilitsstested in Figure 1b,1c,
and 1d. The relatively limited conductive heat flow afforded by thin latticess&sults in a local thermal build-
up during laser exposure whereby surplus energy simply drives up the melt poollmwitiie scenario, final
strut diameter is disproportionately driven by energy input as illustnatiek i150 Pn struts where mean strut
thicknesses are 1552n and 165.7fn for SC and SC+F respectively. Additionally, the previously highlighted
differences in energy input between adjacent struts for the SC+F scan stratagghar® linduce further
geometric inconsistencies. A similar phenomena was reported by Rashid@nhphring single and double
hatch scan (Rashida al, 2017) with thicker struts manufactured by double hatch scan due to theenoreas
energy input on each layer compared to single hatch scan. It should be noted howether plogential

advantages of SC lattice production are limited by strut diameter. Aboweshdid diameter, energy input and
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corresponding melt pool width become insufficient to produce a fully dense strut andliptnosity remains
following processing as highlighted in the 3%® SC sample in Figure 3b. Thus, it is clear that it is necessary
to analyse the processing window of this scan strategy.

Processing maps indicating strut condition of lattices produced using SC areigtogure 4a-c. For the 150

Pn strut diameter lattices, most parameters produced a fully dense materidhetess, manufacturing failed

for 50 W, 1125 mm/s and 2250 mm/s due to insufficient energy input to form a stabterst(Figure 4a).
Occurrence of internal porosity increased with strut diameter as revealasidhyft in solid core areas observed

in 250 Bn samples (Figure 4b) and 3% samples (Figure 4c). Corresponding pore fraction by cross-section
area also increased with strut diameter from ~1.6% to ~27.3% fo@58nd 350Fn lattice respectively
(Figure 4b and 4c insets). Likewise the occurrence of porosity decreases with incee@smg density as
demonstrated in the 35Bn specimens (Figure 4c) where the only fully dense struts occurred under greatest
energy density (150 W and 750 mm#s1125 mm/s). This highlights that internal morphology of SC
manufactured lattices is highly dependent on both strut thickness and processing parameter

A strong linear relationship (RR0.97) between the energy density and resulting lattice strut diameter for each
design strut thickness is shown in Figure 4d. This further confirms thithse scales, process parameters as
much as laser path govern the resulting geometry and careful control is efseatialrate lattice production.
Single point exposure investigations have previously yielded positive results for lattice production showing the
link between energy input and strut diameter (Mubéeal, 2009, Onakt al, 2019, Yaret al, 2012). The SC
strategy builds on this combining the control of both laser path and melt geoViai process parameter

optimisation but eliminating the inconsistencies brought by hatch-filling.
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Other research has confirmed that increasing energy density raises melt po¢Qivicthal, 2015) which can
be used to control the final strut diameter for a given SC laser path. To produckefgé/struts however, the
melt pool width, and in turn the energy density, should be sufficient to melt the cketreh strut for a given
laser path. A simplified geometric interpretation suggests that the smadliegtool diameter needed to produce
a fully dense strut is equal to the diameter of the laser path. Dhilsl wroduce a strut of diameter equal to
approximately twice that of the melt pool. This relationship combinddpuiicess mapping may allow the input
parameters themselves to act as the fine control for predictable geomairacgand strut integrity of SC

processed lattices.

3.2.3.2Processing window of SC manufactured samples

To improve and investigate the accuracy of this process mapping method, a further study was carried out using
250 Pn strut diameter SC lattices. Process parameters near the solid/gmondary were selected to
accurately map this interface (Figure 5a). Internal porosity was revealedighhedependent on the energy
density (Figure 5b), with hollow regions occupying 1.18% to 2.51% of the totafa@realues below 0.056

J/mm. As energy density increased from 0.056 J/mm to 0.089 J/mm, the catnegpmmosity decreased, with

fully dense struts obtained where energy density was greater than 0.089 J/niincaBtgporosity was observed

under low laser powers and high scan speeds (Figure 5c). This results fioni¢ldeenergy transferred, either

due to low input energy overall or the brief laser/bed interaction tedacing melt pool diameter. Nevertheless,
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there was no direct correlation between porosity and either laser power omngcapeed, suggesting a

combination of both parameters as the main driver of the observed trends (Figure 5c).

This expanded study reveals that the relationship between energy density and accuracy folowexa
unimodal trend with the minimum located at ~0.1 J/mm, resulting in standardetow 0.1% and fully dense
struts (figure 5d). Furthermore, discrepancy between design and actual strut diameteniseohiai 0.1 J/mm
(150 W, 1500 mm/s). It is worth mentioning the fully dense struts were prdyc® the maximum energy
density, 0.2 J/mm (Figure 4b), indicating that careful selection andtoh@nergy density, via scan speed and

laser power, can be used to effectively manufacture lattices with SC strategy.
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Figure 5. Images showing (a) parameters selection (white dats), (b) influence of energy density on inteadosity; (c) SEM micrographs
presenting the internal porosity of the two redletiqgparameters in (a) and (b), respectively andl@)demonstrating the strut size error (%) as a result
of energy density variations.

Data from both studies can be combined to form a 250 um process map ofriottiasteter and porosity
(Figure 6). The relationship between strut diameter and laser power (W) and scan speedgmip&/'$itted to
a plane (Figure 6a) with a standard error of estimédst, of 13.8 um (R2 = 0.77) which is reasonable given the

method of measurement and irregularity of strut cross section in some cases. The glaneduion:

Strut Diameter (um) = 0.8423*Power (WW0.0326 Speed (mm/s) + 190.4728  Equation 2

Isolines derived from this planar fit are shown super-imposed over the contour ptobsity in Figure 6b to

form a process map. Fully dense (yellow) regions can easily be seen alongsideepooding expected strut
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diameter for the 250 um design condition. Maps of this form could be produced teeparaliy adjust strut
geometry when using the SC strategy.
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Figure 6. Process map for the combined data of botliest (a) 3D scatter plot showing strut diameter vs fa@mser (W) and scan speed (mm/s) with
target 250 um condition shown by red line. (b) Process displaying both strut diameter (labelled contted) and porosity (colour map) with laser
power (W) and scan speed (mm/s) with target 250 umdiarmteter highlighted in red.

3.2.3.3 Wider Biomedical Implications

This study has highlighted how process parameters and laser scan strategy combine with the desidgreto form t
manufactured geometry for fine lattice structures. Understanding and cafintinelse inputs will be critical in

the translation of devices incorporating lattices from research to clinicdresgous studies have shown how
lattice density (Tobias Maconachie, 2019, Seral, 2019) and strut diameter (Chunlei Qiu, 2015) influence
mechanical properties; how pore size influences cell proliferationkfiéiret al, 2015, Liet al, 2020); and

how relative density can govern MRI artefacts (Luke N. Carter, 2020), or novel drugdéBueton et al,

2019). All of these novel functionalities rely on accurate, reproducible,ralmgist methods of lattice
manufacture to ensure the closest possible alignment of design and manufactured geometry.

By constructing process maps similar to those presented, it is possible togfaiience that lattices will be
SURG X FHiGe-WILIJIKWW] ZKHQ LOWHJUDWHG LQ WR ODUJHU LPRSORRWYV
reduce uncontrolled variability introduced at the slicing stage. Both of thesgsasjiEbe critical, from both a

patient welfare and regulatory perspective, to ensure that devices perform as intended when implanted.

3.2.4 Conclusion

In this work, the capability of SC to manufacture lattice structuresthiithstruts of diameter less than 350
has been demonstrated. Two studies have highlighted relationships between strudiiggsitynetric accuracy
showing the potential for fine control of lattice manufacture via pararadjustment alongside the limit of
such approach. Linear energy density is suggested as a practical indicatgorotéss, from which both the
accuracy and internal morphology of lattice struts could be predicted and ogtifrtiegprocess maps generated

may be used in future lattice production as a practical method for stfwgiateol. It is hoped that the use of
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SC processes lattice will improve geometric consistency critical for thexXploitation of AM lattices in

medical devices.
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3.3 Selective laser melting of Ti-6Al-4V lattices: case study on a spinal ga
prosthesis
3.3.1 Introduction
Research on orthopedic implants is in constant growth since the increase in aversggniifed globally. In
particular, an increasing sport life style of older people required a sotatioaintain an optimal mechanical
function of the human body at an advanced age [1,2]. 3D printing is a perfect techogoouce customized
devices due to its flexibility. In fact, products are built layer by layeyrarga high freedom of design [3]. For
the metallic materials, Powder Bed Fusion (PBF) technologies can be usededasdifio sub-categories,
according to the source of energy used: laser or electron beam. Both theetotgeh are based on the same
working principle: the selective melting of a powder bed followed by a sagidification [4]. Various alloys
can be processed using Laser Powder Bed Fusion (L-PBF), such as stainless steeGaABr@uTi alloy. Ti-
6Al-4V alloy, which is most used for the fabrication of orthopedic prostheses, istiwluf@rinterest for its

mechanical properties [5,6].

Thanks to this innovative technology, it is possible to produce components with very complexigeandt
porous structures, such as lattice. These parts can be integrated with a prosthesisainvay to promote

osteointegration without the application of bone cement, needed to fix the bone to the batdrira8].

L-PBF is controlled by several parameters, and the physical phenomena takingelaasieularly complex.

In addition, during the process, various defects can form in the product whiclydifestt the final density of
the structure, such as gas porosity, lack of fusion porosities, and oxide layersl Sadesa focused on the
improvement of quality of AM components, and a design of experiment analysis is often needed yalaentif
proper printing parameters to have negligible defects [4].

Due to the possibility to build complex geometry we decided to printstomized prosthesis by L-PBF
composed by a full dense part, where the load is focused, and a lattice parthehead is absent. Thanks to
statistically relevant tests, it is possible to optimize the printing paramethitye the best results.

3.3.2 Materials and methods
3.3.2.1Fabrication and methodology
In this work, Ti-6Al-4V powder was chosen to produce cubic lattice strucflinesdimensions of the samples
were 20 mm3, characterized by diamond unit cells of 1 mm3I WK WKH VWUXW G LHeth@¥LtRQ VHW
is a suitable diameter to have a reasonable relative density of the lattice.
The RenAM 500M (Renishaw, UK) was used to print the lattices, designed using nTopologgntEle
(nTopology Inc., 1.25.0). The main printing parameters are laser power and scanning speed, which were varied
respectively in a range of values of 50#150W and 750mm/<£2250mm/s. The hatching space was set to 45

P 2QFH SULQWHG WKH VDPSOHV ZHUWIir&EDW (@IEdtrétdisdhdrBePmaeidnihgy X EV W |
CUT 20, Switzerland) and then cold mounted in acrylic resin. Furthermore, the samgeginged on MD-
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Piano 220, with 1200 and 4000 grinding discs and subsequently polished with MD-Piano Chem on both flat
sides, to obtain a mirror finish surface. The samples were observed using a scawctrioig elicroscope (SEM,
Hitachi TM3000, Japan), to acquire images of the strut sections. In prircpkdiminary study was conducted,
where twenty images (Figure 9) were analyzed per sample and thd #ieestruts and the pores was then
measured using ImageJ software. Due to the building angle, the strut crazsagmtared as an ellipse. It was
assumed that the minor axis of an ellipse fitted to the area would ptoeidiut diameter. Thus, the "fit ellipse”
function was utilized for the area quantification. This allowed to ¢ladse struts in three categories, as shown

in Figure 9. This analysis allowed to obtain the best printing parameters, which consaifigible porosity.

S0AR0 24 F DdB =300 300 um

Hra10:21

20191004 [ D41 200 S00um

Figure 9:SEM image Strut with: 1- solid core andh@le in the center (porosity), 3- Damaged strut.
Furthermore, a design of experiment analysis was carried out, where theasturtacy and the porosity level

were investigated to define the best parameters to print the case study.

3.3.2.2Preliminary study

After the analysis of the images, the porosity percentage was calculated as thfahatiotal area of the porous
section and the total area of the struts present in the lattice. A porosity level of 0.25% was set as thkereasonab
limit for each lattice section. Thus, if the lattice section exéibé porosity value above that limit, the sample

was classified as porous. On the other hand, if the porosity value was belowithétias considered as non-
porous. This study was carried out to validate the manufacturing process anderstand the influence of
process parameters on the porosity level, with the final aim of identifying the bpéilmes of power and scan

speed of the laser to minimize porosity.
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3.3.2.3Design of Experiment
A further study, related to the previous one, will be discussed in this section, in order to investigate the optima

parameters to print the struts with optimal size accuracy.
It was necessary to reduce the parameters studied pt&vo\ WR JHW DV FORVH DV SRVVLEOH

Power and scan speed were varied on three levels respectively, as represented in Table 3.

Table 3: DOE data.

Factors Levels Values
50 W
Power 3 100 W
150 W
750 mm/s
Scan speed 3 1125 mm/s
1500 mm/s

For each of these nine combinations, three repetitions were performed: ithelipre, 27 specimens were

printed.

3.3.3 Results

3.3.3.1Preliminary study results
The name of the samples was defined by two numbers, where the first onefemae] to the power value,
while the second one corresponded to the scanning speed. The results obtained were divided in 5andf, 70 W

90 W as shown respectively in Table 4, Table 5 and Table 6.

Table 4: Measured diameter and porosity at 50W.

Diameter

Sample > P@ Porosity %
50-750 20420 0,57%
50-1000 200+16 0,77%
50-1250 196427 2,51%

Table 5: Measured diameter and porosity at 70W.

Sample Diameter  Porosity %
> P@

70-1000 219+12 0,07%

70-1250 202+12 0,14%

70-1500 197412 1,43%

70-1750 180+18 1,18%
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Table 6: Measured diameter and porosity at 90W.

Diameter

Sample > P@ Porosity %
90-1000 247124 0,00%
90-1250 217+11 0,01%
90-1500 202111 0,14%
90-1750 204+12 0,09%
90-2250 194420 1,65%

For each considered value of laser power, different levels of scanning speadedrto understand which was
the most influencing process parameter. Firstly, a power of 50 W, was combined eethahres of speed as
shown in Table 4. It can be noted an increasing trend of porosity [9]. Due todheks, iit was decided to do
a deeper investigation with a higher value of power, but this time with highgesvaf velocity too, to
understand what was changed in that area, as shown in Table 5. Also here, an increasias ticardified,
but which stabilized above 1500 mm/s. Therefore, it was decided to increase the powter 3@Mé and keep
the four speed values used before with one more value of 2250 mm/s, to check the trend aboveslF89) mm/
shown in Table 6, the same trend as before was found, but this time with av&bwe=of porosity, except for
2250 mm/s, where the porosity was drastically increased for the highofapeed. Probably this speed value
was too high for 90 W and it resulted in the formation of more porosities [9].

Once defined the trend with the first three values of power, other twesvafipower were tested, as shown in
Table 7 and Table 8.

Table 7: Measured diameter and porosity at 105W.

Sample D'im(;te@rp Porosity %
105-1250 234+13 0,05%
105-1500 217+12 0,08%
105-1750 230124 0,09%
105-2250 201+15 2,75%

Table 8: Measured diameter and porosity at 150W.

Diameter :
Sample > P@ Porosity %
150-2250a 219+11 0,11%
150-2250b 215+9 0,12%

The lowest speed value used with 90 W was discharged because 1000 mm/swsfeodHese higher power

values. Also here, an increasing trend of porosity was seen, but once again, the speenhoi/2263 resulted

in a really high porosity.

Finally, to understand what happened with a speed of 2250 mm/s, the power value was increased to 150 W and

tested only with that speed value, but this time with one repetitioehésn in Table 8, the porosity became
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negligible thanks to the combination of high scan speed and a higher power value. This speed \alue was
high to build the samples, because it required very high value of power.

The results of the porosity percentage were reported in Figure 10 which indicates tbtl&®Pitice produced

for this preliminary study presented full core struts.

In particular, samples showed negligible porosity when the power value was in a rangsn[8§&W¢ and 105

W and the speed was between 1000 mm/s and 1750 mm/s.

Porosity

Porosity < 0,25%

60% m Porosity > 0,25%

\ P=90-105W

v=1000+1750 mm/s

Figure 10: Porosity percentage evaluation.
For a better understanding, experimental tests were carried out to focus the studynaher window of
parameters.
3.3.3.2DOE results
In this second step the diameter of the struts was evaluated, becauseshg pas been already investigated

during the preliminary study.

27 lattices were built and analyzed under SEM, which was useful to verify thepstability to carry out the
DOE study.

The poor surface finishing of products manufactured using L-PBF is a well-knowrtibmiv& this technology
[9,10]. As visible in Figure 3, the surface of the struts is very irregiuiarto the presence of several unmelted
particles, partially melted particles, or spatters. This makes difficult to propsdgsathe size of the struts.

Ti6Al4V powder
particles

2019.11.08 F D62 x200 500um
Figure 11: Image 25x magpnification lattice structuithwsurface defects.
In the present study, it was decided to measure the struts diameter mpc¢helidefects (unmelted powders,

partially melted powders, spatters) eventually present, as shown in Figure 12.
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Figure 12: image 200x magnification lattice structame strut diameter calculation.

The obtained results are reported in Table 9. The variability of the measurements is shown in Figure 13.

Table 9: Diameter size of As built samples.

Sample 'LDPHWHL
50-750 317122
100-750 367159
150-750 376150
50-1125 312+23
100-1125 327423
150-1125 381+53
50-1500 failed
100-1500 348+109
150-1500 336122

Diameter standard deviation
As-Built samples

150+
Em SD As Built

100

Standard Deviation [um]
(3]
o
1

o

250 pm
Figure 13: Diameter standard deviation of as lsaithples.

It can be noticed that in Table 9 the standard deviation for the sample built witV 2@ 1500 mm/s is
extremely high, this could be explained by the presence of un-melted powder on the strictuiaw affect
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the size of the strut diameter, such as for the other samples. tioaddith a scanning speed of 1500 mm/s,

and a power of 50 W and 100 W, the struts are not properly built [9].

Once the values of the diameters and relative standard deviations of the apdmiitiens were collected,
samples were cold mounted, grinded and polished to study the cross section. The diathetstruts was
measured using the same procedure applied before.

The results are reported in Table 10. In this way between these two measurement methodstiesliffere
marked. The standard deviation (Figure 14), as expected, is significantly lower than in the previous study. This
is because the dimensional measurement of the cross section of the struts is more accurate.

The standard deviation of these latter measurements was represented graphically in Fighighlightothe

low variability of the output diameter. It was immediately appreciable thatahdard deviation related to this

kind of specimens was more uniform, and it was decided to proceed with a DOE analysis focused on them.

Table 10: Diameter size of struts section.

Sample Diameter> P @

50-750 205+21
100-750 254+8
150-750 30748
50-1125 195+9
100-1125 232+14
150-1125 291+34
50-1500 failed
100-1500 221+14
150-1500 246+12

Diameter standard deviation
Mounted samples

150
=Em SD

1004

(4]
o
|

Standard Deviation [pm]

ne

250 ym

(=]

Figure 14: Diameter standard deviation of struts secti

Once the DOE study was performed, the 3D scatterplot and the contour plot respectively showed in
Figure 15 and

Figure 16, were plotted to understand the trend of the optimal parameters.

In the scatterplot there are two bands of points, considering the following maicticasri
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&F & Psrala4A@
& F & Osrala)NAAJ

where D represents the average diameter calculated in DOE analysis, while DO represents the nominal value of

P WKDW LV DLPHG WR EH REWDLQHG 7KLV GW X W URLSENMPLXRPQU\DKRIZH
ends of the graph with power respectively of 100 W and 150 W and speed of 78@Gnth1500 mm/s. In
addition, in the center of the scatterplot a single optimum point appears, with a power of 40G¥sdraspeed
of 1150 mm/s, and in one of the ends of the graph another single point in thenoptinge is identified, with
process parameters of 150 W and 1150 mm/s, but these two values wereirittoerange, because the
GLIIHUHQFH EHWZHHQ ' DQG ' ZDV UHDOO\ FORVH WR P

In

Figure 16 LW ZDV SORWWHG WKH DFFXUDF\ E\ FDOFXODWD @ arder®D[LP XP
highlight the different areas of struts size.

From the graph shown in

Figure 16 an optimal central band can be noticed: in particular, at the enddefeitwas a greater precision
because the distribution of the optimum points had a greater concentrati@s. ifthportant to underline that
the general optimum trend follows an increasing behavior. In fact, the highestogréeisibeen achieved when
power and scan speed increase proportionally. Moreover, it was possible to work accdfrdrigrtivs of the
printer (under 2000 mm/s of scan speed) varying the scan speed between 750 mm/s amd/450ile it
was always possible to get the optimal strut diameter just varying ther palue between 75 W and 150 W.
This was a confirmation of the greater influence of power on the results in relatiensttain speed.

3 D Scatterplot of D vs Power [W] vs Scan speed [mm/s ]

serie
® |D-D0|>10
® [D-DO| +10

-
1000
50

1200 1400

Scan speed [mm /s]

Figure 15: 3D Scatterplot of D vs Power vs Scan speed
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Contour Plot of D-DO vs Power [W]; Scan speed [mm/s ]
150

125

800 900 1000 1100 1200

Scan speed [mm/s]

1300 1400 1500

Figure 16: Contour plot of D-DO vs Power vs Scan speed.
Moreover, the porosity and the accuracy were put in comparison by plotting themarddfesent graphs, as
shown in Figure 17a-b.

I 004
. 008
. 0.12

0.16
I 0.20

Accuracy trend

|D — Dy
D,

Porosity trend

Power [W]

Power [W]

800 800 1000 1100 1200 1300 1400 1500
Scan Speed [mm/s]

800 1000 1200 1400
Scan Speed [mm/s)

Figure 17: Contour plot of (a) accuracy and (b)osiy.

The limit for the accuracy was set at 0,04 as a reference sihcé iWKH UDWLR EHWZHHQ P DQG
it represented the minimum acceptable deviation from the aimed diameter result.

From the two graphs, it can be noticed that, although two areas of optimum have baedpbnly one of

these has a porosity lower than 0,25% (as discussed in the previous chapter). Theajp@ar100 W was

identified as optimal for its good combination of low porosity and good accuéigh is possible to see in

Figure 17 ancErrore. L'origine riferimento non é stata trovata.. The scan speed value of 750 mm/s was
identified as most adequate for the same reasons, and also because with a lovieredpeisceasier to control

the printing process.

3.3.4 Case study +Spinal cage
3.3.4.1Design, accuracy, and porosity analysis

An application case of spinal implants, which are a clear example of implare eHeittice structure may be
applied, was studied. The cage CAD file was designed as shown in Figure 18.
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Figure 18: Designed 3D spinal cage.

The considerable advantage of using a lattice is that implants with microrgtagtesopographies and porosity
have been shown to promote direct bone on growth, in growth and vascularization [1].

The aim was to extend the study of a lattice structure to a case of acticdtappivhere it can be integrated,
evaluating the feasibility of the study from a practical and concrete point of view.

The purpose was to focus on the analysis of the porosity and the precision of the printdéahsétiet. However,
the case study was focused on obtaining further confirmation of the resultsedbpaeviously and it was
assessed how much effectively a change in the three-dimensional shape affected the previsiensoritie
full part was printed using power of 200 W and a scan speed of 1500 mm/s todadidestructure, while the
reticulated part had as input the pair of optimal parameters previdetscted, i.e. power of 100 W and scan
speed of 750 mm/s. The size of the unit cell was changed to verify if the opanaaheters were still valid

modifying the degree of structural porosity of the lattice.

The print was started forcing the process limits of the machine in morphodltgios, since the strut and the
cell were dimensionally comparable. In this case, in the preliminary phasatatefrom the optimal diameter
RI P ZDV VHW

An average diameter of the struts of 224+ib with a porosity lower than 0.25%, was recorded. Considering
the very small cell dimensions (2x2x2 mm3), the results achieved could be considered bpfanglthe strut
did not have the opportunity to expand as much as before due to the geometric constraints.

Regarding the evaluation of porosity, some demonstrative images are shown in Figure 19.

2019.12.19 N D68 x30

Figure 19: SEM demonstrative image of the struts.

Thanks to the set process parameters, a porosity of almost zero was recorded, as can be seen frdm Figure 2
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2019.12.19 N D68 x200 500um

2019.12.19 N D68 x200 500 um
Figure 20: Struts detail A and B of Figure 19.
3.3.4.2 Microstructural characterization
To have a better evaluation of reliability and efficiency of the processnitrostructure of the product was
also analyzed, which is strongly influenced by the process parameters usedthe fgpical high cooling rates
of the process influence the phase transformations during the solidification teymiting specific

microstructural features.

A cross section of the produced spinal cage was observed after polishing to imishimg and etching with
.URO OV Ulddriify th®mainvirostructural features.

Figure21lVKRZV WKH DOOR\ PLFURVWUXFWXUH ,W LV FRPBIRUHG/ WU A WX
This microstructure is consistent with the combination of high scanning speed ankenighl tgradient with

fast cooling rate typical of the process and it is widely reported in #ratlire for the same alloys processed

with similar parameters [1], indicating the stability of the pss; not only in terms of porosity level and

geometrical accuracy.

Figure 21: a) Ti-6Al-4V alloy microstructure andrp)crostructure at higher magnification.
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3.3.4 Conclusions

The main aim of this work was to analyze the porosity and the reljabflithe results achieved of lattice
structure of Ti-6V-4Al alloy manufactured by L-PBF. The process parameteesvared to reach negligible
porosity and designed diameter of the struts, finally used to produce a spinal cage case study.

The first analyses were focused on narrowing the window of parameters, itododeable to estimate in a fast

ZD\ WKH RSWLPDO SDUDPHWHUYV QHFHVVDU\ WRPDFWLADPM QYHKHHHG VDR
change the scan speed and the power of laser to understand which one of them was mote irdagmthe

stability of the process. In particular, the preliminary study was carriet the evolution of porosity varying

these two parameters. Moreover, due to the DOE analysis, the highest precisiearhashieved. Laser scan

speed of 750 mm/s and laser power of 100W allowed to achieve a good combination

n of low porosity and good accuracy. In fact, the designed strut diameterd neg@deduce the case study, was

manufactured.

Finally, the porosity and the struts diameter of the spinal cage were measuteel BiR@\-4Al microstructure
was investigated. It was found the designed diameter size with negligible parabthe typical microstructure,

indicating the stability of the process.
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Chapter 4

17-4 PH SS

In this work, 17-4 PH stainless steel square-based lattice structures vdtshaliwere manufactured by Laser
Powder Bed Fusion. Face Centered Cubic unit cell was chosen as lattice cell gebheetnain aim of this
work was to study the role of the shell in the mechanical behavior under compressiandoadidentify
eventual critical issues due to the connection of the shell with lattice partsThiglievant topic since often
lattice structure are integrated with solid walls and the study of thevestegthavior can support the understating
of the performance of complex components. The manufactured samples were tested in as-builtraadedaeat-

condition.
The published paper and industrial project related to the 17-4 PH SS are listed below:

f CantaboniF, Tocci M, Ginestra PS, Pola A, Ceretti E. Production and charactent&ttoe samples
with solid shell in 17-4 PH stainless steel by Laser Powder Bed Fusion technology. Procedietructu

Integrity 2024;53:6573. https://doi.org/10.1016/].prostr.2024.01.009.

f Cantaboni, F., Viscardi C., Ginestra, P., Tocci, M., Pola, A., & Ceretti, E. (2024). LasdePBed
Fusion process simulation and Residual stresses analysis with Deform 3D.aloibn with
ECOTRE VALENTE and3'8())( (1*,1((5,1*Companies, report on case study.
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4.1 Production and characterization of lattice samples with solid shell in 14-PH
stainless steel by Laser Powder Bed Fusion technology
4.1.1 Introduction
Laser powder bed fusion (L-PBF) is the most common Additive Manufacturing (AM) prfocéiss production
of metallic components. Various alloys can be used, such as stainless steah titapiper, aluminum, and
cobalt alloys Bayat et al. (2019); Ginestra et al. (2020); Razavi et al.)(20darticular 17-4 PH is usually
used for the fabrication of stainless-steel parts due to its excelletatbiity, corrosion resistance, high strength
and hardness Cantaboni et al. (2022); Kareem et al. (2023); Leo et al. (202%)usdd ifor the production of
components with complex geometry with desirable mechanical properties, such as stfmarastand lattice
structures Bai et al. (2021); Bertocco et al. (2022). In particular, theelattructures are widely used in
aerospace, automotive and medical industry due to their excellent propettidiag lightweight, high strength

and stiffness, heat dissipation and shock absorption Xiao et al. (2018).

The lattice structures are commonly used combined with fully dense structures antssagpshown in the
literature. For instance, the solid-lattice hybrid structures compossalityand lattice part were already studied
Dong et al. (2020a). In this work, a designed model of solid hybrid |atioeture, with optimized strut
thickness connected to the solid part with Boolean operation, was proposed and caowiipapenie solid
structure and a pure lattice structure. The authors demonstrated thaicthettiz® hybrid structure shows the
best mechanical performance. Moreover, the lattice structures are integiteddly existing components for
weight reduction maintaining equivalent mechanical properties Bertol et al. (2010).

There are some studies where solid-lattice structures are tested tmateeste behavior between solid and
lattice part. Jin F. et al. Fu et al. (2022) produced stainless steel 316L Triply petinidiahsurfaces (TPMS)
shell lattices with different shell thicknesses. They proved that with siogeeelative density, the deformation
mechanism transforms from localized collapse to homogeneous bulk deformation showingesedutential
for lightweight designs. Moreover, G. Dong et al. Dong et al. (2020b) manufactured é éigbnent model
defined by solid-lattice interface used to simulate the mechanical perfanaamc optimize the material
distribution of the lattice structure. The stiffness and the ultimate strefitile hybrid structure were higher

than the solid and lattice structure separately.

In this work, square-based 17-4 PH samples with solid shell were produce@Rfy technology, half of which
were heat treated. The main aim of this work was to study the role of thendhel mechanical behavior of
complex structures under compression load and to identify eventual ¢ssicas due to the connection of the

shell with the lattice part.
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4.1.2 Materials and methods
4.1.2.1 Samples productions and heat treatment
Six square-based lattice samples with solid shell (as shown in Figure 1a) wgredesid produced. The
dimension of the samples is 22 (L) x 22 (L) x 20 (H) mm, wherad_t are the length and the heigh of the
structure, respectively. The thickness of the shell is 1 mm. The samples are¢ecizachby a Face Centered
Cubic (FCC) unit cell reported in Fig.1b with a length of 5 mm. The cytatstruts with diameter (Dc) of 500

P DUH FRQQHFWHG WR D VSKHULFDO QR GHr,ZduvbKlk Dubiclsénipledwith) 'Q R

a length of 10 mm were produced for microstructural characterization and hardness mmeyatsure

ProX® DMP 100 printer (3D system®, Wilsonville, Oregon, USA) was used to prateceamples in a
controlled nitrogen inert gas atmosphere €@.01 %) with the process parameters reported in Table 1. Samples
were designed using 3D XPert software, (ProX® DMP 100, 3D system, Rock Hill, South Carolina, USA).

Table 1. Process parameters used to produce thagatedtsamples.

Process Parameters Value
Power [W] 100
Scanning speed [mm/s] 300
+DWFK VSDFL 50
ID\HU WKLFNC 30
6SRW GLDPH) 80

The samples were manufactured using 17-4 PH powder produced by LaserForm®, whose anamiical
composition is reported in Table 2.

Table 2. Nominal chemical composition (wt%) of4LPH powders used for the production of samples.

ELEMENT Cr Ni Cu Nb+Ta C Mn P S Si Fe

15.00 3.00 3.00 0.15 +
Wt. % + + + 0'45_ <0.07 <1.00 <0.04 <0.03 <0.01 Bal.
17.50 5.00 5.00 '

To enhance the mechanical properties of L-PBF 17-4 PH, half of the samples and svavengbeat treated.

The solution and aging treatments were performed on three samples using a furnace fiotheatwreatment
in order to achieve homogenization and effective precipitation-hardening An(202R8); Mahmoudi et al.
(2017).
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During vacuum treatment a partial pressure of inert gas (Argon) waduned in the furnace chamber. The
samples were solution-treated at 1040 °Q (@r 1 h followed by cooling in argon flow with a pressure of 5
bar. The cooling rate was 80 °C/min. After solution treatment the samples were aged at 436ctCH(ff and
cooled in air. The samples after heat treatment are named Heat Treated (HT),sahigles:mples tested in
as-built condition are indicated as AB.

4.1.2.2 Metallurgical, technological, and mechanical characterizations

Once manufactured, the height and length of the samples were measured wigh sadipér and compared
with the designed one. One AB sample was cut with a metallographimsader to observe a vertical and
horizontal cross section and identify defects at the interface between lattichelhdnd to perform a
dimensional analysis of the structure. AB and HT (bulk) cubic samplestiaamemounted in acrylic resin,
polished up to mirror finishing, and etched for 30 secaadsw K ) U\ § Yo idedtDy e @sih microstructural

features.

The optical microscope (LEICA DMI 5000 M, Wetzlar, Germany) was used to neesisut diameter, shell
thickness, porosity, and eventual defects at the connection between the lattice asloefiolkelrthermore, a
deep analysis of the microstructure of samples were carried out under scaaoirmon microscope (SEM),
LEO EVO® 40 (Carl Zeiss AG, Italy) equipped with Energy-Dispersive X-ray Spectroscopy (EDSpdetec

Moreover, Vickers microhardness measurements were performed with Mitutoyo HM-2QGtogdi
Corporation, Kawasaki (Kanagawa, Japan) hardness testing machine on four cubic sarapiéswtich
treated) to evaluate the effectiveness of the heat treatment. A 10ddkef was applied for 15 s. Ten repetitions

for each condition were performed along the cross section.

Compressions tests were carried out with a servo-hydraulic testing mé&ehifabini QUASAR 250 (Galdabini
(S.P.A), Cardano Al Campo VA, ltaly) equipped with a 250 kN load cell. The tests a@aducted in
displacement control at a constant crosshead velocity of 2 mm/min and the digplaesas measured using
the crosshead movement. The stress-strain curves were obtained, and H@aalefgatures were calculated,
VXFK DV <RXQJTV PR G XdrHpressiterbiset suayd bHtNe\plafdid/compressive strain of 0.2 %)

and ultimate strength (as the peak of stress detected). The failure of the samplesyzed.anal

4.1.3 Results and discussion
4.1.3.1 Samples characterizations
The samples length and height, the thickness (tk) of the solid shell and th¢ediéidm@ of the struts were
measured on the cross section of the lattice specimens and the resulpoiesl i@ Table 3. It has to be

mentioned that the height of samples was slightly influenced by the support removal.

The diameter of the struts resulted close to the designed one (0.5 mm), wiilekitesss of the shell was below
the design value (1.0 mm). The calculated standard deviation is reasonable, meaning geeaetic size.

The thickness of the shell resulted slightly lower than the design and this was probablyheuiadtability of
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the process and thermal distortion in consequence of the laser scan strategy andftlmavuseergy settings
Wu, Narra, and Rollett (n.d.).

Table 3. Measured dimensions of As-Built samples.

H [mm] L [mm] Dc> P@ tk>P@
19.1+£0.16 21.98 + 0.05 508.1 £ 34.1 930.4+ 18.4

The interface between lattice and solid part is known to represent a criticad featlwas therefore analyzed.

In Figure 2, two micrographs of the connection between lattice and shell wereedepsrtepresentative
examples. In particular, in Fig. 2a a critical connection is shown. In thislaakef-fusion porosities were
detected on the connection between strut and node, sensibly reducing the load bearing area. Onahe,other h
as shown in Fig. 2b, often the connections were denser, with smaller porosities. Indegtlheajunction
between node and shell was denser than the strut-node connections. The critiesl Yeer® probably due to

the local lack of melting and the abrupt change of geometry from thin struts to arbeiiarst

Fig. 2. Two examples of c;nnection between latticksdrell. (a) lack-of-fusion porosities and (b) densaection with small porosities.
4.1.3.2 Microstructure
The micrographs of the longitudinal (L) and transverse (T) cross-section of ag®BdilPH samples were

reported in Fig. 3a and 3b, respectively.

The typical microstructure of 17-4 PH alloy produced by L-PBF is clearlplgisThe presence of partially
overlapped melt pools, formed due to the melting of metal powders under the laser actiigistéd by the

white arrows on the L cross section in Figure 3a. The scan tracks identifying thaf pgagdHaser during the
manufacturing process are highlighted by yellow arrows on the T cross sedtign3b, as in accordance with

C. Garcia-Cabezon et al. (2022). Moreover, the typical sections of the columnar grains are visible in Fig. 3b.

The HT samples show a completely different microstructure, as reported in Fig. 3c and 3eltTeols and
scan tracks disappeared due to the solution treatment An et al. (2023b). Black dets\asihéd on both cross
sections after heat treatment. These are likely precipitates formed dunggragitment. These appears to be

present along the grain boundaries but also dispersed in the matrix.
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Moreover, during the manufacturing process the presence of nitrogen as an austahiiegtelement likely
allowed the formation of austenite which is only partially transformed into nséteeturing rapid solidification
cooling Leo et al. (2021).

Fig. 3. Optical micrographs of longitudinal (a) arehsverse (b) cross-sections of AB samples. Melt poais, tsacks and columnar grain sections
were highlighted by white, yellow, and red arrowspetively. Osggaplﬂgsif:rographs of longitudinal &)d transverse (d) cross-sections of HT
The microstructure of AB and HT samples was further investigated under SEM. Gitognaphs at higher
magnification of AB and HT samples were reported in Fig. 4a and 4b, respectively. #a, areas of different
color highlight the presence of elongated grains. EDS analyses (spectrum ABBZiml Table 4) reveal a
chemical composition close to the nominal composition of the alloy. Lighteclpartre also visible, which
resulted to be particularly rich in Cu (spectrum AB2 in Table 4). Thesealg degregations rich in Cu formed

during the rapid solidification as also reported in An et al. (2023a).

During the heat treatment these segregations are dissolved, and this promotasn#tierf of Cu-rich
precipitates along the grain boundaries and within the matrix, clearly visibig. 4b. The presence of Cu was
demonstrated by EDS results for HT1 spectrum in Fig. 4b and Table 4.

Fig. 4. SEM optical micrographs of cross-section of ABgnd HT (b) samples.
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Table 4. Chemical elements measured by EDS (all resukieight%).

Spectrum Si Mn Cr Fe Ni Cu
AB1 0.95 - 1761 7139 521 4.84
AB2 - - 13.62 5799 396 2442
AB3 0.99 1.01 1726 7226 4.69 3.79
HT1 - - 1196 48.19 344 3641

4.1.3.3 Micro hardness

The hardness of AB samples was 345 + 10 HV, while for HT samples a hardness &fl499 was measured.
The HT samples shown an increase of 45% of hardness compared to the AB samples. In agdtrdzarcia-
Cabezon et al. (2022) the recrystallization of the structure and thelCprecipitates formed during aging

treatment were responsible for the increase in hardness.

4.1.3.4 Mechanical characterizations
Compression tests were performed on the AB and HT samples. The stress-straicalowaed from the
compression test are shown in Fig. 5a.

A different behavior for the AB and HT samples was detected. In partitdaHT samples exhibited higher
VWUHQJWK FRPSDUHG WR WKH $% VDPSOHV UHORILEYW KDFPSHOHWX QD
174.1 £ 0.4 MPa, while for the HT samples this value increased of 42% reaching 247.9 + 3.0 MBaeiMor

AB samples showed a plateau (typical of bending-dominated behavior, which exhibited goodoabsorpt
properties, ideal for shock absorption applications Jin et al. (2021); Kotzdm(2028)) after reaching the

maximum stress and they did not present a collapse point. The stress measured during compressionh tests of H
VDPSOHV JUHZ XS WR WKH XOWLPDWH VWUHW JWKKH KQJ G \CHE K D \F
to the buWOLQJ RI WKH FHQWUDO 33IORRU" Rl WKH VWUXKMQRARHOY WKRL
deformation of the struts continued. The load decreased because some of the str@®weee dnd broken,

and the deformation of the entire structure was easier.

Fig. 5. (a) Stress-strain curves of AB and HT samplesdimples before and after compression test.

$ FRPSOHWH RYHUYLHZ RI PHFKDQLFDO FKDUDFWHULMWWRFW7LY DWHSF
64.2 £ 1.9 GPa, 30% higher than the AB samples which was 49.5 + 0.0 GPa. The yield bifeamo237.7
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+ 6.8 MPa, 44% higher than the AB samples which was 165.3 £ 4.0 MPa. Aftettshéheesdleformation of AB
and HT samples were 0.84 mm and 0.33 mm, respectively. The stiffness, yield siressneate strength
increased after the heat treatment, as already discussed by Y. Si Mo et al. Yeon et al. (2022).

The HT samples exhibited higher stiffness, hardness and strength probably due to thenlzatag and
recrystallization of the microstructure. In particular, the forombf Cu-rich precipitates (Fig. 3c-d) gives
higher isotropy and ductility Lashgari et al. (2020).
Table 5: Results of the compression tests of AB and HT sampl
AB HT
E[GPa] 495+00 642+19
1 [MPa] 165.3+4.0 237.7+6.8
Q [%0] 49+0.1 6.2+04
W [MPa] 174.1+0.4 2479+3.0
™ [%0] 6.1+0.6 6.9+£04

An interesting finding of this work was the behavior of the shell. In thetsolid part followed the deformation
of the structure, as shown in Fig. 5b, and no detachment of the shell from the lattice occur upcEssiom
This is interesting since a detachment of the shell during the compression test cancted e to the
expansion of the structure in the lateral direction. This can be encouraged frgdbrce of defect at the
shell/lattice interface. Instead, the interface connection of 17-4PH s&siatais stronger and the detachment
of the shell did not occur.

The struts after compression test are reported in Fig. 6. It can be noticde thatkten struts highlighted with
the white arrows are in the center part of lattice, while the struts connetiexdsteell were not compromised.
To better understand the behavior of the struts within the structieepeer analysis is required. Based on the
observed mechanical behavior, shock absorption can be considered as a possible applidesmKinds of

structures.

5mm

Fig. 6. Examples of strut after compression test coaddotthe shell and in the center part of thedatsamples.
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4.1.4 Conclusions

The aim of this work was to analyze the behavior of 17-4 PH lattice sasyiesinded by a solid shell,
manufactured by L-PBF technology. In fact, lattices are often integra#esbiid structure in actual component
and these complex structures require a proper characterization, consideringciriapatte critical feature
represented by the lattice/shell interface. The lattice part with a babed geometry was designed with FCC
unit cell and a solid shell was built around the structure. Moreover, a sohai@dmeént followed by ageing was
performed. The microstructure was investigated, and compression tests were cdrriedaoalyze the

mechanical properties. It can be concluded that:

X As built and heat-treated samples exhibited different microstructure, hardmessnechanical
properties. As a consequence of the heat treatment, the results indicatied Hitsamples exhibited

higher stiffness and strength, better supporting the load, compared to the AB samples.

X The homogenization of the microstructure occurred due to the solutiomeérgatvhile the formation
of strengthening Cu-rich precipitates was due to the aging treatment,| @s wikngth and hardness

increase.

x Defects were detected at the interface between lattice and solidumrtas porosities. However, the
shell did not detach from the internal lattice part during compregessts but followed the collapse of

the internal lattice.

In this study the shell help to better support the boadi follows the collapse of the internal lattice structure.
Shock absorption can be considered as the possible applications of 17-4 PH lattice structutkebstudies

are needed to better understand the failure mechanism under compression.

Appendix (not published)

In addition to investigating 17-4PH lattice structures with the solid shell, mieahaharacterization was
carried out for the lattices without the solid shell under As-BAiB)(and Heat-treated (HT) conditions. The
heat treatment adopted was the same performed on the S samples (solutionttfedomen by aging
treatment) in order to compare both configurations under the same condiinpression tests were carried
out on six samples, three for each AB and HT condition, and the results were reportedeirl &igtine tests

were considered completed when the samples started to collapse after reaching tieesiféngih value.

Fig. 1a shows the nominal engineering stesain curve. Initially, the stress rises to a peak, representing the
maximum load-bearing capacity. The peak is followed by a drop as the displadecneases. In the initial
phase of the graph, when the stress increases, the samples deformed umifthrouity obvious fracture or
collapse of lattice struts. However, after the peak, stress decreases deeddadpse of one lattice plane,
indicated with the yellow dotted line (Fig. 1b). The struts of the cells withiondhepsed plane deformed and
broke, as highlighted by the red arrows shown in Fig. 1c. In contrast, the adjagsnirstiergo significantly
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less deformation. Contrary to the S samples, the NS lattices bore the loaly entir the bending component

on the struts caused the main fracture.

151 Collapsed plane
10 c
—AB —HT ! b \

0 T T T 1
0,00 2,00 4,00 6,00 8,0
X[%)

Figure. 1: (a) Stress-strain curve of AB and HT sas{te) sample before and after the compression tes{cjuétails of the collapsed plane.
During compression tests, for both the considered conditions, the stredy initi@ases with deformation up
to a maximum value (24 = 0.3 MPa and 32 + 2 MPa for AB and HT samples, respectivisly)aXimum load
represents the ultimate strengtty). The peak of stress is related to strain values of 5.7 % and 4.9 % for AB

and HT conditions, respectively. The Yield stresg follows the same trend and is 22 + 1 MPa and 31 + 2 MPa

for the AB and HT samples, respectively.

The elastic modulus of the AB and HT samples is 5+ 2 GPa and 9 + 0.5 GPa, rdgp&ctiably, the micro
strut surface quality, dimensional precision, microstructure complexity, andipbtesidual stresses are factors

contributing to the low values of material properties [1].

The presence of the shell significantly improved the stiffness, strength, and loadylsepacity of the structure

as evident in Table 1. The samples with the solid shell (S) exhibited an elastic modulugrsevigher than

the samples without the solid shell (NS) under the AB condition, and tes Lilgher under the HT condition.

7KH VDPH EHKDYLRU LV FRQVLVWHQ Wy LDQQ ®&/dfl Hhe \EVEdiniglgsvresulte YiOWYV |
seven/eight times higher than the NS samples under both AB and HT conditions.

To better illustrate the substantial differences between the S andny&sastress-strain graphs were plotted
together and reported in Figure 2, where the effect of the solid shelsichear. Notably, the S samples reached

higher mechanical features.
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300 - No Shell (NS) Shell (S)
9l —SAB ---SHT T AB HT AB HT
200 —NSAB---NSHT - E [GPa] 54+18 87+05 49.5+0.0 64.2+ 1.9
g 150 | 1, [MPa] 21.3+0.9 31.4+1.8 1653+40  237.7+6.8

D 100 | Q%] 47106 47+02 49201 6.2+ 0.4
50 | 1y [MPa] 236 £0.3 31.9+17 174104  247.923.0
o ‘ | | @ [%] 57+11 49+01 6.1:06 6.9+ 0.4

0,00 2,00 4,00 6,00 8,0
%]

Figure. 2: (a) Stress-strain curve of S and NS sam(ii&esults of the compression tests of S and NSleamp
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Preliminary study on Laser Powder Bed Fusion process simulation and Residl
stresses analysis with Deform 3D and X-ray diffraction

Introduction

Laser powder bed fusion (L-PBF) stands out as one of the most promising additive mangftetbinologies
for metals. Residual stress is typical in Additive Manufacturing (AWdcess mainly caused by high

temperature gradient and rapid cooling [1]. These are critical since can lead to paibdsterD FN L Q J «

For these reasons, the residual stress distribution is widely studied ingersing experimental and numerical
simulation approaches. For instance, Mercelis et al. [2] explained the genefaéisidual stress by employing

a model based on the temperature gradient mechanism (TGM) and a cool-down phase model. The TGM model
delineates the development of residual stress during the additive manufacturingr@®es, encompassing
distinctive thermal cycles of melting, solidification, and remeltig Song et al. [3] employed a finite element
modeling methodology to simulate L-PBF processes. The objective of the researchtrysopi@size AM

process parameters through the finite element approach, aiming tatenitig typically encountered issues of
residual stresses and distortions in AM processes.

In this preliminary study, the discrete element method (DEM) wasogienblto closely replicate an L-PBF
process. The main aim of this preliminary study was to forecast thdvdigtn of residual stresses on a cube
made of 17-4PH steel using the laser powder bed fusion process. To vakdatetlation output, residual
stresses were experimentally measured using X-Ray Diffraction (XRD) on 1pdArfét cubes with the same
geometry of those used in the numerical simulation and a comparison of the simulated an@etgdeasults
was discussed. Simulations were conducted for 17-4PH stainless steel hesimgnmmercial software
DEFORM®. The input parameters used to virtually reproduce the process are key procesepamaroktas
scanning speed, laser power, and layer thickness actually used for sample proddditonally, physical
characteristics such as the nominal flow stress of the material and mhiealheomposition of the powder were

considered.

Materials and methods
4.2.1.1Samples production and XRD analysis

Twelve cubic samples with 10x10x10 mm dimensions were manufactured using 17-4 PH staillessvsier

produced by LaserFoffnThe nominal chemical composition is reported in Table 1.
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Table 1: Nominal chemical composition (Wt%) of 17-4 Rhlvgers used for the production of samples.

ELEMENT Cr Ni Cu Nb+Ta C Mn P S Si Fe
15.00+ 3.00+ 3.00+ 0.15%
0,
Wt. % 17 50 5 00 5 00 0.45 <0.07 <1.00 <0.04 <0.03 <0.01 Bal.

The ProX® DMP 100 printer (3D system®, Wilsonville, Oregon, USA) was used for manuigdte cubic
samples in a controlled nitrogen inert gas atmosphere (02<0.01%). The manufacto@ss parameters are

reported in Table 2.

Table 2: Process parameters used for the productisangples.

Process Parameter Value
Laser power [W] 100
Spot diameter [um] 80
Scan speed [mm/s] 300
Hatch spacing [um] 50
Layer thickness [um] 30

Once manufactured, eight samples were detached from the printing plate by caahadting. The residual

stresses measurements were performed using a residual stress meténiX&®BN 2010-01. The samples
detached from the building platform were etched to reduce the suoiagleness without inducing alterations
in the stress distribution associated with mechanical material removal.€Eseirements after chemical etching

were performed at about 0.05 mm under skin.

The measures were conducted according to the standard UNI EN #2808, with test conditions listed in
Table 3.

Table 3: Test conditions used for the production offdes.

incident radiation &U Oscillation Range +40°
Filter Vanadium Number of angle 9
used
Diffractometer & Angle VHOHFW| Automatic
configuration
detector type Strip Measure method Static
Detector angular window 40° Material 17-4PH SS
: Body-centered 0
Unit cell cubic $QJOH H[ 156.32
Miller indices of the plane 211 leractometrlc S1 |-1.25 10°fMpa®
used (hkl) elastic
Multi-regression Si constants | ¥ S2| 5.76 10PMpa*
Background subtraction Polynomial Supply \F/)?Fl)tjge of the 30 kV
SRVLWLRQ Free Current of the pipe 88 pA
Time of acquisition per Diameter of the
45s : 1 mm
angle collimator
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4211 Finite Element Analysis

DEFORM® 3D software (Scientific Forming Technologies Corporation, Columbus, Ohio 48385)sed to
simulate the 3D printing process and to calculate the residual striessesnportant to assign the desired
material properties during the design phase of the mathematical model.

The main mechanical properties adopted for the simulation of manufactureBH&dmples, in accordance
with the indicated standard, are reported in Table 4.

Table 4: Mechanical properties of 17-4 PH powders.

Standard Value
Ultimate strength [MPa] ASTM ESM 1100 + 90
Yield Strength Rp0.2% [MPa ASTM E8M 830 + 110
Elongation at break [%0] ASTM ESBM 19+4
Hardness, Rockwell C ASTM E18 32+4
Impact roughness [J] ASTM E23 71+ 20

In addition, flow stress curves for 17-4PH stainless steel were usezpasegu by the software (Figure 1). Flow
stress curves represent the behavior of the flow stress as a function odithéostdifferent values of strain
rate. This input data is necessary to estimate the residual stresses involved in tgegudoéss.

Figure 1. Flow stress of 17-4PH material proposed byiDefafter the choice of material
Furthermore, the simulation was set by defining the properties of the djéeigrinted (a) and the printing
plate (b) as shown in Figure 2.
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Object a b
Materials® 17-4 PH DIN C15
Temperature 2L 50€
Typeof object Elasto-plastic Rigid
Process Thermalexchange with the
conditions environment
Stick condition;
Contact Friction coefficient_cut = 1
Heattransfer condition = 0.5

Figure 2. Designed objects and their features. *Thgernals were setting from DEFORM Library.
To simulate the L-PBF printing process, various parameters, including the mfrfayers, process parameters,
supports, and simulation controls, must be defined. The assessment involved timeeptisses: production,
cooling, and cutting.

In the production phase, the number of layers was set to ten using the Booleanaystedunction, as
illustrated in Figure 3. Subsequently, process parameters and supports were inpubjmpodeate text files,
namely "DEF_ADDMPARM.DAT" for the process type and "ADDM_SUPPORT.DAT" for suppdimesis,
tailored to the cube's geometry. Key settings included activating layer-by-layeirsg, using the same scan
speed (300 mm/s) and laser power (100 W) as in the experimental setup.

Figure 3. Number of layers set to 10 by the Booleslite layers function and graphical representation.
Finally, the simulation controls were defined and the same layer thicknessuoh 5as set as used for the
sample production, as exhibited in Figure 4. This phase is the key step for thedfettimgAM simulation

according to powder bed technology.
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10 10

Figure 4. Simulation controls and layer thicknessragtt

The model applied describes not only the melting phase but also includes the coolingd#itdtoh steps.
Therefore, the calculations stop when the temperature of the sample detwrehsdnitial condition (50 °C).
Finally, the mechanical cutting was simulated to remove the sample fropnitkiag plate. The shear force
applied influenced the residual stresses distribution. Thus, it was necessary toectiieulimal results on the
sample before and after the mechanical cutting. Once all the phases wédatesirand the residual stresses

were calculated, the numerical results were compared with the experimestal one

Results and discussions

4.2.1.2 Experimental results

The residual stress distribution of AB samples on the cubes removed frormtheypiate was measured. Two
measurements were made along the lateral side of the sample, on the edge and orrlihe cktite cube
(Pt.1, Pt.2) as illustrated in Fig. 5a. It is evident from Figure 5b thawthicalized points exhibit very similar

values. The results are deemed reliable, as the impact of the surface roughness on the cubeitigateden m

a Edge || Centerline| P™7y plane  Z direction [MPa]
Edge Centerline
Pt. 1 465 445
Pt. 2 489 502

Figure 5. (a) Measurements of AB samples removed from thingriplate at localized points along the lateral @dehe edge and the centerline (Pt.1,
Pt.2) of the cube. (b) Residual stresses measured sart@es removed from the printing plate by XRD analysis.

4.2.1.3 Numerical results
After conducting experimental measurements, it was decided to simulate and d@helymnd of residual

stresses on the cubic samples attached to the printing plate. Thmresiess distribution of the cube of finite
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element model was calculated along the X (Fig. 6a), Y (Fig. 6b), and Z dne¢kay. 6¢). Moreover, the
maximum () and minimum %) stress were identified and reported in Table 5.

Table 5. Maximum and minimum residual stresses calcuteiadFEM analyses on the cubic sample attached to théngripliate.

X Y Z
w[MPa] 379 362 505

[MPa]  -173  -173  -295

The trend of residual stresses, as presented in Fig. 6a and 6b, was nearly idengji¢hkaX and Y directions
and both the maximum and minimum values were very similar. It emératest the bottom of the cube, where

it is welded to the building platform, high tensile residual stresses areatatulvhile the value of residual
stress reduces moving upwards, where areas with compressive residual stresses can be identifigll (Fig. 6a

Notably, the highest stress in the Z direction is recorded along the base of theamplie, as illustrated in
Figure 6¢. In fact, a peak of stress of 595 MPa was observed in Z dirent®isurface between the printing
plate and the cube. This elevated value can be attributed to the shrinkage of the pradtectiched onto the
base plate. Furthermore, a lowest stress of -295 MPa was observed along thef tdoereibe in the Z direction.

a b c

z
4
y

Figure 6. Residual stress distribution along the (&)X and (c) Z directions

To compare experimental and simulated results, it was necessary to congielgidtied stress distribution after
the cube removal from the printing plate. Therefore, the mechanical cutting of thie samemove it from the
building platform was simulated and evaluation of residual stresses was refretitscdcase, the residual stress
distribution was analyzed in Z direction, which is the one analyzed during ppreraental measurements, as

reported in Figure 7.

A different distribution of residual stress is evident after the renafthe sample from the platform comparing
Fig. 6¢c and 7. In particular, at the base of the cube tensile stresses are no kesey@r while compressive

residual stresses are obtained.

In addition, slightly lower stresses (range 40-75 MPa) were revealed inddierof the simulated specimen

compared to those calculated for the samples adhered to the printing plate (range 40-150 MPa).
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Figure 7.Residual stress distribution along the Z direction.

A comparison between experimental and numerical results were carried out as reporte8bimfig8b.

a Edge | Centerline b e o
Pt. 1

Figure 8.(a) Experimental measurements of AB samples removedtfrerprinting plate at localized points along theetal side on the edge and the
centerline (Pt.1, Pt.2) of the cube. (b) Numerical snezment at localized points along the lateral sidthe edge and the centerline (Pt.1, Pt.2) of the
simulated sample.

The results are shown in Table 6. Both the experimental and the numesuchs rshow the presence of
compressive residual stresses, which are less detrimental than the tensitelmadisig the good quality of the
obtained specimens. However, the numerical model significantly underestimatesuthge ofasuch residual
stresses. This indicated the need to further detail the input parameters used in this preliminary stiadly, espec
introducing more information about the process parameters or othesfedbmay influence the process and

the product, such as temperature, humidity, powder conditions, laser spot beam, etc.

Table 6. Maximum and minimum residual stresses calcutaisdFEM analyses on the cubic sample attached to thengripiate.

ZX plane Z direction [MPa]
Edge Centerline
Experimenta Pt. 1 465 445
Pt. 2 489 502
Numerical Pt. 1 90 (p1) 43 (p3)
Pt. 2 70 (p2) 102 (p4)
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Conclusions

In this study, the L-PBF process was simulated using a commercial software (DEFORe results from
simulation in terms of residual stresses were compared with the egp&@airmeasurements obtained using
XRD technology on 17-4PH steel cubic samples. A notable discrepancy existed iéeverperimental and
numerical results. This variance was likely attributed to process awrglithat were not included in the
simulation. Therefore, additional simulation tests should be carried out, includinigtsoms that incorporate
flow stress data obtained from the mechanical characterization of own L-PBF printedssample

Material Suite proves to be a valuable tool for converting experimental data (lolel-@irves or stress-strain
curves) into tabular flow-stress data in DEFORM. The program can account for iadizdyagction in
experimental data, providing fitted material parameters in the flow stneskel and enabling graphic
comparisons between original experimental data and model data. Finally, users casaeashy fitted flow

stress data in a specific file for FEM simulation.

In conclusion, the input parameters used in this preliminary study should likely be édcapaisbetter detailed,
especially introducing more information about the process parameters ofaatioes that may influence the

process and the product, such as temperature, humidity, powder conditions, laser spot beam, etc.
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Conclusions

In this thesis, Laser Powder Bed Fusion (L-PBF) and Electron Beam Powder Bed Fusion (E&:RBHdgies
were used for the study and production of lattice samples with differengeslisetries, building orientation in
relation to the printing plate and different orientation of unit celiithe whole structure (radially graded and
linear distribution). Lattice samples with an external solid shell were alsgnéesand produced to understand
the effects of the interface between lattice and solid parts on thefop#rties of the structure. Co-Cr-Mo, Ti-
6Al-4V and 17-4 PH SS were used due to their mechanical properties andgbfebiomedical and industrial

applications.

The research activities carried out were organized in the present thesigértonain sections, depending on
the type of material. Each section included contents on production, microstruatutamechanical

characterization and FEM analysis.

The study on Co-Cr-Mo radially graded lattice structures, manufactured through LsR@ked that the
building orientation in relation to the printing plate emerged as a relevdat, fanpacting the mechanical
responses. In fact, for the AB samples, the ultimate stress of 90°esawgs higher than for the 0° ones. The
results of this research demonstrated the feasibility of producing radiatlgdjtattice structures and revealed
how mechanical properties were influenced by cell geometry, and heaiemeéalime radial distribution did not
affect significantly the mechanical properties of the samples. However,dirgBrprovide insights for tailoring
lattice structures to specific applications, offering potential solutimnidne repair and tissue regeneration in
biomedical contexts. The treated samples exhibited a more ductile behavioa siecrease in stiffness and
hardness of the samples was recorded. This was consistent with the micredtaunzlysis and the study of
fracture surfaces. In fact, as built samples showed the typical overlapped neeihgoced by L-PBF process,
while the treated samples show a completely different microstructureméhepools disappeared and the
presence of equiaxed grains highlighted by the presence of precipitates along theumdénie® were shown.
Finally, in the analysis of lattice structures characterized by a diamomdlyadiented unit cell, manufactured
using Co-Cr-Mo alloy and L-PBF, the mechanical properties were successfully conp#&iedda Element

Analysis (FEA), affirming the homogenization of stiffness along radial oriengation

In the context of Ti-6V-4Al lattice samples manufactured by L-PBF, thiengation of process parameters
allowed to obtain the desired strut diameter with minimal porokithear energy density was suggested as a
practical indicator of the process, from which both the accuracy and interndlatogyp of lattice struts could
be predicted and optimized. The process maps generated may be used in future latticgerpesdaigractical
method for structural control. This process stability was confirmed by meapariogjty, strut diameter, and
analyzing the microstructure of a spinal cage. The study contributed to the amdiexgtof the influence of
process parameters on obtaining thin lattice structures.

In addition, Ti-6Al-4V lattice samples were manufactured through EB;RBth and without a solid shell (S

and NS samples, respectively). It emerged that the shell provides a positive tontribaded to better support
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the load in terms of maximum strength and energy absorption, especially fodesfoanations. On the other
hand, more significant deformations of the structure lead to a concentratioeseestat the interface between
the struts and the solid shell, resulting in the detachment of the shélllteeFEM analysis for S samples also
confirms that the connection between the struts and the solid shell is a criticavipersthigh stresses are
reached, leading to the detachment of the shell. The microstructure was homogeneous afdimg Hanples.
In fact, no alteration of the microstructure was identified at the intelieteeeen lattice and shell for S samples
because the process parameters used for both parts of the specimens were the same.

Finally, 17-4 PH lattice samples with and without a solid shell were matnuéal by L-PBF. Furthermore, a
solution treatment followed by aging was performed. The role of the giblcitical issues due to the
connection with the lattice inner part were investigated. The defects were datébtethterface between lattice
and solid part, such as porosities. The critical features were probably due to thaclocdlmelting and the
abrupt change of geometry from thin struts to a bulk structure. Hovtirgeshell did not detach from the internal
lattice part during compression tests but followed the collapse of the intetital. Istoreover, to validate the
results, the lattice samples without the solid shell were realized and analiieepreEence of the solid part
significantly improved the stiffness, strength, and load-bearing capacity of thergtructu

Furthermore, as built (AB) and heat-treated (HT) samples exhibited diffeiertstructure, hardness, and
mechanical properties. As a consequence of the heat treatment, the inelicdited that the HT samples
exhibited higher stiffness and strength, better supporting the load, compared to the AB samples.

The homogenization of the microstructure occurred due to the solution treatmdatthehformation of
strengthening Cu-rich precipitates was due to the aging treatment, as well ab stnengrdness increase.
Finally, the L-PBF process was simulated, comparing the residual dis&dsution results obtained through
numerical modeling, with experimental data measured using XRD technology4fPHLgubic samples. The
main process parameters, such as laser power and scanning speed, have been udatt tprgpetly the
process. The simulation does not take into account that the process may beddflogribe presence of
humidity, non-sphericity of the powder, temperature, laser spot diametein dact, a notable discrepancy
between the experimental and numerical results was detected. This study is still angidimgher research is
needed. In particular, the flow stress data experimentally detected should be incltidedimulations. The

experimental results are needed for effective implementation in additive maniniaeipplications.

To conclude, this thesis involved different metallic materials with diffechatacteristics and applications.
These topics are linked and contributed to valuable insights into the mettwatiavior, process optimization,
and potential applications of lattice structures across diverse materials and mamgféetinmiques.

The results obtained can help to better understand the behavior of these stasctufesction of the applied
load. Considering the results obtained from the compression tests, the studiedestremtld be used for

biomedical applications and as space fillers or conformal parts for ligittinengineering, shock absorption, or
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heat exchangers in aerospace. The key point is to find the best compromise betweeghiphhaeeliability

based on the application.
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