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Abstract

Additive manufacturing (AM), also known as 3D printing, is a transformative approach to
industrial production that enables the creation of lighter, stronger parts and systems. It is yet,
another technological advancement made possible by the transition from analog to digital
processes. In recent decades, communications, imaging, architecture and engineering have all
undergone their own digital revolutions. Now, AM can bring digital flexibility and efficiency to
manufacturing operations. Additive manufacturing uses data computer-aided-design (CAD)
software or 3D object scanners to direct hardware to deposit material, layer upon layer, in
precise geometric shapes. As its name implies, additive manufacturing adds material to create
an object. By contrast, when an object is created by traditional means, it is often necessary to
remove material through milling, machining or other means. While additive manufacturing
seems new to many, it has actually been around for several decades. In the right applications,
additive manufacturing delivers a perfect trifecta of improved performance, complex
geometries and simplified fabrication. As a result, opportunities abound for those who
actively embrace additive manufacturing.

The 1% chapter of this study is an introduction to AM processes. Evolution, fundamental steps,
the categories and technologies, the advantages and challenges of AM are all presented.
Moreover, the AM defects and post-processing are discussed. Finally, the most interesting
applications and a forecast for the evolution of AM are given.

The 2" chapter focuses on a specific AM technology, known as Selective Laser Melting (SLM).
The basic mechanism and equipment used are described in this study. Furthermore, the
physical phenomena and their effect on final part properties are discussed. In the end, the
melting pool geometry, the input parameters (laser power, scanning speed, layer thickness,
scan line spacing) and the different melting pool modes (conduction, keyhole, transition) are
presented.

In the 3" chapter, the SLM state-of-the-art is given. Both experimental and theoretical papers,
that try to estimate or predict the melting pool geometry, are presented.

In the 4™ chapter, a SLM simulation, that predicts the Ti6Al4V melting pool geometry, is
developed. In this study, a heat transfer model coupled with deformed geometry physics,
which utilize only one semi-empirical coefficient, is used. Temperature dependency of
material thermophysical properties, material ablation, latent heat, convection, radiation and
gaussian heat source physics are all taken into consideration.

In the 5" chapter, the simulation results are compared with experimental data, taken by
bibliography. Detailed discussion about how process parameters and the semi-empirical
coefficient affect the melting pool geometry and modes is also given.



Abstract in Greek

Ot MNpoaoBetikég Katepyaoieg (MK), emiong yvwoTtég Kal pe Tov 6po Tplodidotatn Ektinwon,
amOTEAOUV Hia VEQ TIPOCEYYLON TNE BLOUNXAVLIKAG TTOPAYWYNC TTOU ETLTPEMOUV TN SnuLoupyla
ehadppUTEpWY Kol OoTIRAPOTEPWY TEHAXIWV KOl CUCTNUATWY. QOTOCO, AUTA N TEXVOAOYIKN
npoodog Katéotn duvatn Ue Tt PeTABoon amo avoloylkeg oe Pndlakég Sladikaoieg. Tig
TEAEUTALEG BEKAETIEG, OL ETMUKOWVWVIEG, N OTELKOVLON, N APXLTEKTOVLKH KOL N LNXOVLKN £XOUV
UTIOOTEL OAEG TIG SIKECG TouC PndLakég emavaotaosls. Twpa, ot MK prnopouv va nipocdépouv
Pnolakn guelifla kol omodoTkOTNTA OTL( KOTAOKEUEG. H Kataokeur tepaxiwv pe MK
xpnoiuorotel Aoylopilkd oxedlacpol pe tn Ponbela umoloyiot (CAD) Kol cOopwTEG
TPLOOLAOTOTWY AVTIKELUEVWY Yl VOl KATEUBUVEL TO UALKO, va TO amoBECEL, OTPWON-0TpWaon,
o€ akplBn YEWUETPKA oxnuata. Onwe uToSNAWVEL TO OVOUO OUTWV TWV KATEPYACLWY, N
Kataokeun pe MK mpooB£Tel UAKO yLa T Snpoupyia evOg avTiKeLUEVOU. AvtiBeta, otav éva
OVTIKELPEVO SnuLoupyeital pe mapadoolakd péoa, eival cuxva amapaitnto va adalpebei to
UAKO péow odpelopiopatog, topveuong N aAMwv péowv. Evw ol MK dailvovral véeg
KOTEPYAOLEG YLt TTOAAOUC, OTNV MPAYHATIKOTNTA UTAPXOUV €8W Kol OpKETEC SeKaeTieg. Me
KatdAAnAeg edappoyég, ol MK mapexouv £va TéAelo ouvduaouo BeAtiwpévng anddoongc,
OUVOETWY YEWMIETPLWV KAl ATANG KATAOKEUNG.

To 1o kedpdloto autAg g MEAETNG elval o ewoaywyn ot MNK. Napouoialovtal OAeC oL
g€elifelg, Ta Bepehlwdn PAUATA, OL KATNYOPLEC KL OL TEXVOAOYIEG, TA TAEOVEKTAATA KOL OL
npokAnoelc twv MNK. EmumAéov, oculntolvtal to ehattwpata twv MK kat ot Siepyaoieg
dwipiopartog. Téhog, Sivovtal ol o evlladEpouosg edappoyeg Twv MK kat pa mpoBAedn
yla Tnv €€€ALEN TOUC.

To 20 kedAAALO ETUKEVIPWVETAL OE ULl CUYKEKPLUEVN Texvoloyla MK, yvwotr wg Selective
Laser Melting (SLM). O Baolkd¢ pnXOVIOUOG Kal 0 £EOMALOMOG TOU XpnoLpomololvTal
neplypadovtol o authv Tt HeAETN. EmumAéov, culntouvtal ta GuUoIKA dalvopeva Kot n
eniSpaor Toug oTLS LBLOTNTEG ToU TeAKOU Tepa)lou. XTo TEAOC, apoucLalovTol N yEWHUETpla
TOU TAYHATOC, OL TIOPAUETPOL 10060V (LoxUG Aéllep, TaxUTNTA CAPWONG, TIAXOG OTPWONG,
andotacn ypauung ocapwong) kat ot Siadopol tumol trypatog (conduction, keyhole,
transition mode).

210 30 keddAalo, Slvetal oL CUYXPOVEC ETLOTNUOVIKEG UeAEéTeg mou adopoulv To SLM.
Mapouolalovtol TOCO TELPAMATIKEG 000 Kol BewpnTKEC ONUOGCLEVOEL], OL OTOIEG
TipoomaBouV va ekTIUAooUV ) va TPoPAEPOUV TN YEWUETPLA TOU THYUOTOG.

210 40 kedAAaLo, AVATTUCOETAL L0 TTPOCOoiwan SLM, n omola mpoBAEMEeL T yeWUETpla TOU
TyHOToG o LALKO TiBAl4V. Ie autn TN UEAETN, XPNOLUOTOLETAL Eval HOVTEAD PETAdOPAC
Bepuotntag o cuvduaouO Le TN GUCLKA TNE MAPAUOPDWUEVNC YEWUETPLOC KL XpNOLUOTIOLEL
HOVO €vav NUL-EUMELPLKO ouvteAeoTr]. H e€dptnon Twv UAKWY BepUOPUOLKWY LELOTATWVY TOU
UALKOU a6 tnv Beppokpaoia, n petadopad palog Aoyw €atuiong, n Aavbavouoa Bepudtnta,
n cuvaywyn Bepudtntog, N aktvoBoAla Kat n GpuoLkr) TIou SLEMEL TNV YKAOUCOLAVH KATOVOWU,
TIOU TIPOCOMOLWVEL TNV Ttnyr Beppdtntag, Aappavovtal umoyn.



210 50 KehGAALO, TA OAMOTEAECUATA TNG TMPOCOUOLWONG CUYKplvovTal HE TELPAUOTLKA
6ebopéva, mou AapPavovtat amno t BBAloypadia. Mapéxetal emiong Astopepng oulntTnon
OXETIKA E TOV TPOTO LE TOV OTOI0 Ol MOPAUETPOL TNG SLASIKACING KAl O NULEUTIELPIKOG
OUVTEAEOTIC EMNPEAIOULV TN YEWUETPLO KOl TOUC TUTTOUG TOU THYUATOC.
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Nomenclature

Symbols Sl unit Definition
A m2 Area fraction of the surfaFe occupied by the radiation-
emitting holes
Ari, An, Av, 1 Atomic mass number of Ti, Al, V, Ti6Al4V
Arisaiay
B 1 Deformation parameter of the particle
Cy, G, C3 1 Artificial material properties
Cp 1/kgK Model heat capacity with latent heat included
CPmodel J/kgK Model heat capacity
Cpn2 1/kgK Nitrogen heat capacity
CPpowder J/kgK Powder heat capacity
Cprisalav 1/kgK Bulk Ti6Al4V heat capacity
D m Control volume depth
Do m Laser beam diameter
d m Width of melt
dg m Distance of x from e
Ep J/Jr;r;n;;)r Energy Density
e 1 Beam orientatin vector
f 1 Beam distribution type function
Gr 1 Grashof number
g m/s? Acceleration of gravity
H m Control volume height
hna W/m?2K Nitrogen convective heat transfer coefficient
J, 11 1 Invariants
k W/mK Model thermal conductivity with latent heat included
ks J/K Boltzmann constant
Kcontact W/mK Thermal conductivity due to powder particle contact
Kmodel W/mK Model thermal conductivity
kna W/mK Nitrogen thermal conductivity
Kpowder W/mK Powder thermal conductivity
kr W/mK Powder bed thermal conductivity owing to radiation
Krisalav W/mK Bulk Ti6Al4V thermal conductivity
L m Characteristic length of specimens
Ljsj+1 J/kg Latent heat due to transition from phase j to phase j+1

11



Ly l/kg Latent heat of vaporization
I m Length of melt
m kg Mass per atom of metal
Na atoms/mol Avogadro number
Nu 1 Nusselt number
n 1 Perpendicular vector to a surface
(0] m Beam origin point
P W Laser power
Po w Deposited beam power
Pr 1 Prandtl number
Po Pa Ambient pressure
Psat Pa Saturated vapor pressure
Q W/m? Heat rate per unit surface
q W/m Heat flux vector
Oconv W/m Heat flux due to convection
Jis W/m Heat flux due to the laser
Orad W/m Heat flux due to radiation
Ra 1 Rayleigh number
s m Scan line spacing
Too K Ambient temperature
Trmax K Maximum element of each element
Tocj->j+1 K From j to j+1 phase change temperature
Ty K Boiling point
t m Layer thickness
Vevap m/s Mass flux due to evaporation
v m/s Scanning speed
Vn m/s Normal mesh velocity
w m Control volume width
Winesh J Mesh deformation energy
XY, Z m Material frame coordinates
X m The position where the laser intensity is calculated via the
gaussian distribution
XY,z m Spacial frame coordinates
XR m Powder median particle diameter

12



Greek

- Sl unit Definition
a 1 Material absorptivity
Bna 1/K Nitrogen thermal expansion coefficient
B 1 Ratio of atoms that recombine to the surface to the atoms that
§ evaporate from the melt surface
yLV Pa Melting pool surface tension
3" 1 Emissivity of the hole
Epowder 1 Powder emissivity
ETigAlaY 1 Bulk Ti6AI4V emissivity
0 rad Contact angle
0; 1 Fraction of contribution of phase j to the latent heat
K 1 Artificial bulk moduli
A m Laser wavelength
I Pas Nitrogen viscosity
v 1 Artificial shear moduli
p kg/m3 Model density with latent heat included
[oF 1 Material reflectivity
Prmodel kg/m? Model density
pn2 kg/m?3 Nitrogen density
Ppowder kg/m? Powder density
PTisAl4v kg/m3 Bulk Ti6Al4V density
o] m Standard deviation of gaussian distribution
Os W/m?K* Stefan-Boltzmann constant
or Pa Residual stress
T 1 Material transmissivity
o 1 Flattened surface fractionof particle in contact with another
particle
[0) 1 Powder porosity
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1. Introduction to Additive Manufacturing (AM)

1.1 Evolution of AM Technologies

Development of AM technologies was gradual over the first decade of its advent. However,
recently owing to advancements in manufacturing, associated technologies, customer
expectations and global markets, the development rates have witnessed a huge upsurge. The
first AM patent was filed by Dr. Kodama (Japan, 1980). Dr. Charles Hull (SLA, 1987) is
considered to be the forbear of the effective commencement of AM/3DP. Almost around the
same time, a patent by Carl Deckard (SLS, 1987) was filed and granted, and later acquired by
3D Systems. Dr. Scott Crump (FDM, 1989) filed the next patent which was granted, and later
acquired by Stratasys (1992). This was a landmark development in the sense that a vast variety
of RepRap (Replicating Rapid prototyper) modelers are based upon FDM technology. EOS
GmbH (Hans Langer, 1989) was founded which focused largely on laser sintering, stereos and
direct metal laser sintering systems. Several other systems emerged around the same time;
these included laminated object manufacturing (LOM) by Helisys (Michael Feygin, 1990s),
ballistic particle manufacture (BPM) (William Masters, 1990s), solid ground curing (SGC) by
Cubital (Ifz Chak Pomerant et al., 1990s), 3DP by 3D systems (Emaneul Sachs,1990s). Sanders
Prototype (1996), Z Corp (1996) and Objet (1998) also came into being. LOM, SLA, BPM and
SGC have not survived over the years due to various technical limitations. One remarkable
event during the middle of the twentieth century needs special mention. This included
development of two discrete categories of AM processes: first, high-end expensive AM
systems for fabricating complex, intricate and high-value parts to be used in aerospace,
automobile, medicine, jewelry, etc. applications; second, a moderately priced category of
concept modelers to be used in concept modelling, functional prototyping, assembly
validation, etc. applications. The second category of modelers emerged due to the highly
competitive markets.

The twenty-first century saw a shift in the AM applications paradigm from R&D and
prototyping to industrial and functional part fabrication. The term RP has gradually been
replaced by AM, which includes both direct and indirect AM and involves a variety of aspects
of prototyping, tooling and manufacturing. Emergence of technologies like selective laser
melting (SLM) (2000), Envision Tec (2002), EBW/Exone (2005) was witnessed over time.
Gradually, due to a variety of favorable features like improved prices, speeds, materials and
accuracy, 3D Systems developed their first AM system priced below $10,000. Next in line came
the concept of a $5000 desktop factory system that had to be shelved and did not come into
being. Self-replicating machines based upon RepRap technology (Dr. Bowyer, 2009) led to a
revolution in the AM market and led to this open-source technology transforming itself into
an industrial practice through which every interested person could access the idea of AM
printers. Since then, a large variety of AM printers based upon this technology have become
widely available. Alternative AM processes emerged via B9 creators (2012). Form 1 Modeler
(2012) also materialized around the same time. Over the last decade, progress in the field of
AM has been so widespread that it is difficult to single out every noteworthy advancement
[1].
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1.2 Fundamental AM steps

Each AM process follows a series of steps in the process of conversion of 3D CAD data to a
physical part. There is a variation in the extent and technique of AM utilization with change in
part type. While simple parts can be directly printed, complicated parts need iterative designs
and a multitude of considerations. Also, concept models and prototypes can be roughly
prepared but components to be used as end products require careful planning as well as post-
processing.

Basically, there are eight steps in all types of AM techniques which can be divided into pre-
processing, machine processing and post-processing. Pre-processing includes design of part in
CAD as well as converting it into STL file format which has to be exported to AM machine for
further processing. During the second stage (machine processing), the CAD models are sliced
into required thickness of layers and then the physical 3D model is generated with layer-by-
layer deposition of material. In the third stage, the finished part is removed from machine and
is processed with various methods in order to enhance its mechanical and other properties

[2].

The eight fundamental AM steps that are more or less common to each technique can be
understood as follows:

Step 1: Obtaining 3D CAD data of the desired part

3D CAD data which fully describes the part to be fabricated is obtained either directly from
professional 3D software or from 2D data with additional information, or from reverse
engineering or any other means. An important point to be kept in mind is that this data should
fully represent the solid/surface for the part.

Step 2: Conversion of data from step 1 into .stl format

Most of the AM modelers take input in the form of .stl format which can be obtained directly
as input from the CAD software utilized in step 1. External closed surfaces are described in this
format and slices are calculated based upon this format.

Step 3: Transferring .stl file to modeler

This .stl file is transferred to the AM modeler along with necessary inputs regarding the tool
path generation, machine parameters, orientation, as well as size and position.

Step 4: Setting up machine parameters

The machine should be properly set up, pre-warmed if necessary, proper power requirements
should be provided, model material and raw material spools should be thoroughly checked,
proper operation of valves, compressor, machine build center panel, build platform, etc.
should be ensured before firing the build command.
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Step 5: Part building

The superiority of AM processes emanates from the fact that the part building process is
completely automated. However, intermittent checking can be undertaken to ensure power
consistency, spool malfunction, software related issues, etc.

Step 6: Part removal from the modeler

This has to be undertaken in a judicious manner once the part is finished. This may require
consideration of temperature of build volume, some inherent interlocking features of the
machine, support layers at base, etc.

Step 7: Post-processing

There is a need to clean up the part before it can be put to final use. Some support features
may be required to be taken care of with due consideration of the strength of the parts.
Wherever required, this demands skill and expertise.

Step 8: Applications

Before final application, treatments like painting, improving texture, priming, improving
surface finish and so on may be required. Sometimes, assembling individual components is
also required if the parts are sub-components of a larger part.

However, for the ease of understanding, some of these eight steps can be combined and
reclassified as the five AM steps named below [1] and presented in Fig. 1.1:

o CAD-based modelling
e Preparation of .stl file
e Slicing of layers

e Actual part building

e Finishing of end part

SN )
- e ——

2 3 )
CAD-based .STL file Sliced layers End-part
3D model finishing
FINAL PRODUCT
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1.3 AM Application Levels

AM technologies are characterized by the main application levels of rapid prototyping and
rapid manufacturing.

Rapid prototyping includes all applications that result in prototypes, models, or mock- ups.
Rapid manufacturing is applied when final products or simply products are to be generated.

1.3.1 Direct processes

All additive manufacturing processes are named direct processes to express that, out of the
digital data model by means of an additive machine, a physical object — called a part — is
directly generated. In contrast, some processes are named indirect processes. These processes
do not apply the principle of layer manufacturing, and are consequently not considered as AM
processes. Indeed, indirect processes are copy work, which normally is executed as vacuum
casting using silicone molds.

1.3.1.1 Rapid prototyping

With regard to the application level rapid prototyping, two sublevels can be identified: solid
imaging (generating a three-dimensional mock-up or a sculpture) on the one hand and
concept modeling (generating a concept model) on the other.

By solid imaging or concept modeling a parts family is generated, which serves to verify a basic
concept. The parts resemble a three-dimensional image or a sculpture. In most cases, they
cannot be loaded physically. They merely show a special representation to judge the general
appearance and the proportions. Therefore, these parts are also called show-and-tell models.
Scaled concept models are often used to illustrate complex CAD drawings. In this context, they
are also designated as data control models. The examination of the dimensions serves to check
the CAD data.

Colored models manufactured by means of 3D printing are estimation tools for concept
development. Coloring helps in the recognition of difficult zones of a product and to shorten
discussions. Fig. 1.2 shows a solid image of a cut-away model of a combustion engine.
Different colors of the model can be, for example, linked to the main topics of the items for
discussion. In reality, the part is of course not colored.
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Functional prototyping is applied to examine and verify one or multiple separate functions of
the later product or to take the decision for the production, even if the model cannot be used
as a final part.

As shown in Fig. 1.3, the model of an adjustable air-outlet grille for the air conditioning of a
passenger car can be used to check the air distribution at a very early stage of the product
development.

Fig. 1.3 Functional prototyping: adjustable air-outlet grille for a
passenger car; laser stereolithography.

However, this kind of manufacturing is not suitable for serial manufacture, with respect to the
mechanical and especially the thermal properties of the material, as well as to the color and
the final price.

1.3.1.2 Rapid Manufacturing

The application level rapid manufacturing includes all processes that produce final products
or deliver parts that have to be assembled afterwards to produce a product. A part generated
by additive manufacturing (AM) will be designated as (final) product if it shows all properties
and functions which have been determined during the development process of the product.
If the generated part is a positive, the process is called direct manufacturing. In the case of a
negative, e.g., a die, mold, or gauge, it is called direct tooling. Direct manufacturing leads to
products which are generated directly by means of an AM process. A large variety of materials
of all main material types (plastics, metals, and ceramics) is available.

It is essential for the function of the part that material and manufacturing process are
generating exactly those mechanical-physical properties which have been defined during the
design process (generally the engineering). If this is achieved, they mimic their behavior.

Fig. 1.4 shows a dental bridge, made of three elements from a CoCr alloy, which was
manufactured by means of selective laser melting, SLM. The data file was generated by a
digitized dental imprint of the patient.
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The dental bridge was designed applying professional dental software (3 shape), and directly
manufactured by means of SLM. After finishing and adjustment, the bridge was ready for
fitting to the patient. Compared with traditional technology, the production of a directly
manufactured bridge was faster with customized fit and comparable costs.

Fig. 1.4 Direct manufacturing: dental bridge (three elements directly after
manufacturing; without removing of support structure (left), after finishing (right);
selective laser melting (SLM), CoCr alloy.

1.3.1.3 Rapid Tooling

Rapid tooling encompasses all additive manufacturing processes, resulting in cores, cavities,
or inserts for tools, dies, and molds. In addition, two sublevels can be distinguished: direct
tooling and prototype tooling.

From the technical point of view, direct tooling is equivalent to direct manufacturing, but is
confined to tool inserts, dies, and molds, which are produced for quantity serial manufacture.

Direct tooling does not mean that a complete tool is manufactured. In fact, mainly cavities
(tool inserts) or sliders are generated. The complete tool is made by assembling the inserts
and standard components, as it is done during conventional tool manufacturing.

The layer-based technology of all additive manufacturing processes enables the generation of
tool-internal hollow structures. This allows the production of mold inserts with internal
conformal cooling channels (Fig. 1.5) which follow the outlines of the tool insert below its
surface.

Fig. 1.5 Direct tooling: mold insert with conformal
cooling channels (dark) and pneumatic ejectors 19
(white); laser sintering/ laser melting; tool steel.



Prototype tooling: For the production of small series, manufacture of a mold in series quality
is often too time- and cost-consuming. If only a few parts are required, or frequently details
have to be modified, usually a pilot mold made from a substitute material meets the
requirements. Molds of this type show the quality of functional prototypes; however, they
belong — at least partly — to the functional application level direct tooling. The corresponding
application- level ranges between rapid prototyping and rapid manufacturing. This sublevel is
called prototype tooling (manufacturing of prototype tools).

1.3.2 Indirect processes

Additive manufacturing produces a geometrically exact and scaled physical image of the
virtual data set. However, this process also shows disadvantages, at least with respect to the
majority of actual additive processes.

Additive Manufacturing Processes:

e Work with process- and consequently machine-dependent materials, and are
restricted with regard to coloring, translucence, transparency, and elasticity.

e Do notresult in significant cost reductions with increasing production volumes.

e Consequently, are relatively expensive when manufacturing numerous parts,
particularly in series production.

To overcome these disadvantages, additive manufactured parts can serve as master models
for subsequent copying or reproduction processes. This procedure often is named the
separation of properties: the geometrically exact master is quickly generated by means of an
AM process, while the required volume and the part’s properties (like coloring, etc.) are
obtained by subsequent copying processes.

The copying or follow-up process is not a layer-based process and therefore cannot directly
be assigned to additive manufacturing. Consequently, it is called an indirect process.

To sum up, indirect processes combine AM techniques with traditional methods [3].
1.3.2.1 Indirect prototyping

Indirect prototyping is applied to improve the properties of an AM part in order to fulfill the
requirements of the user, if an additively manufactured part does not represent this directly.
If, for example, an elastic part is required and cannot be generated directly by means of an
additive manufacturing process due to material restrictions, a geometrically exact rigid AM
part is manufactured and used as master model for a subsequent casting process.

Possible shrinkage will be compensated for by scaling of the master model used for
production.

Many different secondary processes are applied. The best- known process is vacuum casting
or room temperature vulcanization, RTV, which is also called silicone rubber molding. Most of
the secondary processes as vacuum casting are totally or partly manual processes with long
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cycle times and therefore only applicable for prototyping, small series, or one-of-a-kind
production.

For the “system plug” (Fig. 1.6), plug housings with different colors as well as partly
transparent ones are required. Based on an additively manufactured master in two parts for
the housing, a silicone mold was generated. With this mold, approximately 15 different copies
were made by means of vacuum casting.

:

Fig. 1.6 Indirect prototyping: vacuum casting; system plug, master model made by means of
stereolithography; mold with upper part of the plug housing (left), assembled plugs (right).

The cast parts served to be presented to an optional series producer in order to illustrate the
new product and its qualities. The parts are prototypes, made from prototype material and
thus not series products, even if they are functioning well [4].

1.4 AM basic principles and processes

The (physical) manufacturing process (the AM process) is focused on the revolving production
of a single layer and its bonding to the preceding one. The process consists of only two steps
that are repeated until the part is finished:

1. Generation of a single layer with a shape according to the contour and with a given
layer thickness both based on the slice data.
2. Joining each new layer on top of the preceding one.

Today, there are considerably more than 100 different machines commercially available. All
of them show the two basic manufacturing steps mentioned earlier. They only differ in the
way, each layer is made, how successive layers are merged, and what material is processed.

The generation of the physical layer can be done using various materials, such as plastics,
metals, or ceramics, supplied as powders, fluids, solids, foils, or sheets. Different physical
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effects are used, such as photo-polymerization, selective fusing, melting, or sintering, cutting,
particle bonding, or extrusion.

The contouring of each layer requires an energy source that generates the chosen physical
effect and a handling device that controls the x-y coordinates. Commonly used are:

e |asers with galvo-type scanning devices, optical switches, or gantry-type handling
systems

e electron beams,

e single- or multi-nozzle print heads,

e knifes, extruders, or infrared heaters with plotters or DLP projectors.

All imaginable processes can be assigned to the following five basic families of AM processes
(4]:

1.4.1 Polymerization

The selective solidification of liquid monomeric resin (of the epoxy-, acrylate, or vinyl ether
type) by ultraviolet radiation is called (photo)-polymerization. There are various processes
that differ only in the way the UV-radiation is generated and by the way the contouring is
done. Some polymerization processes provide just a partially solidification. Consequently, a
"green part” is made that requires additional curing to become a completely cured part. The
additional curing is done after the build process using a special device called post-curing oven.
It is equipped with UV emitting lamps to provide a complete and even solidification of the
entire part.

During the build, polymerization processes need so-called supports. They are necessary to
stabilize the entire part including overhangs, to match temporarily unconnected elements, to
fix it on the platform, and to thwart distortion and warping. The supports are added to the 3D
CAD model using automated software and have to be removed manually after the build. Some
can be washed out automatically, using a special cleaning device.

1.4.2 Stereolithography

Stereolithography is not only the oldest but also still the most detailed AM process. It was
invented and first commercialized by 3D Systems, Rock Hill, SC, USA. Laser stereolithography
delivers parts with very good surfaces and fine details. The parts are created by local
polymerization of the initially liquid monomers. Initiated by a UV-laser beam, the
polymerization turns the liquid into a solid, leaving a scaled solid layer. The laser beam is
directed by a galvo-type scanning device that is controlled according to the contour of each
layer. A typical machine can be seen in Fig. 1.7.
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Fig. 1.8 Polymerization, laser stereolithography; scheme;
solidification of a single layer, lowering of the platform, recoating
(clockwise starting from top left).

A laser stereolithography machine consists of a build chamber filled with the liquid build
material and a laser scanner unit mounted on top of it which generates the x-y contour. The
build chamber is equipped with a build platform fixed on an elevator-like device that can be
moved in the build (z-) direction (Fig. 1.8). On this platform the part is built. The laser beam
simultaneously does the contouring and the solidification of each layer as well as the bonding
to the preceding layer. The motion of the beam is controlled by the slice data of each layer
and directed by the scanner.

As the beam penetrates the surface of the resin, an instantaneous solidification takes place.
Depending on the reactivity and transparency of the resin, the layer thickness can be adjusted
by the laser power and by its traveling speed.

After solidification of one layer, the build platform, including the partially finished part, is
lowered by the amount of one layer thickness. A new layer of resin is applied. This is called
recoating. Because of the low resin viscosity, the recoating procedure needs to be supported
by vipers and vacuum depositing devices. The new layer is then solidified according to its
contour. The process continues from the bottom to the top until the part is finished.

The process requires supports (Fig. 1.9, right), which limits the possible orientation of the part
in the build chamber, because after removal the supports leave tiny spots on the surface. For
this reason, the orientation should be chosen carefully. Because of the supports the parts
cannot be nested to increase the packing density and the productivity accordingly.
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Fig. 1.9 Laser Stereolithography: thin-walled shell type parts (left), part with
supports on the build platform (right).

After the build, the part is cleaned and finally fully post-cured in a UV chamber (post-curing
oven). This process step is an integral part of the AM process and called “post processing”.

The parts can be sanded, polished, and varnished if necessary. These process steps are called
“finishing”. Finishing is a process-independent step and not a part of the AM process. It
depends only on the user requirements for the parts and possible restrictions regarding its
application.

The available materials are unfilled and filled epoxy and acrylic resins. Unfilled materials show
a comparably poor stability and heat deflection temperature. This can be improved by adding
micro spheres or rice-grain shaped geometric objects made from glass, carbon, or aluminum.
Today, these filled materials contain nano-particles made from carbon or ceramics.

Typical parts are concept models or thin-walled shell-type geometries such as drill housings
or hair dryers (Fig. 1.9, left).

1.4.3 Polymer Printing and —Jetting

If the curable build material is applied by print heads, the process is called polymer printing
or polymer jetting. The process is commercialized by Objet, Rehovot, Israel. It can be regarded
as a 3D printing process; however, due to the part building by UV curing of liquid monomers
it is a polymerization or stereolithography process.

The machine design very much resembles a 2D office printer (Fig. 1.10). The build material is
directly applied to the build platform through a multi-nozzle piezo-electric print head. The
solidification is done simultaneously by a twin light curtain. It is created by two synchronously
traveling high performance UV lamps. The layer thickness is only 0.016 mm, which creates
very smooth surfaces. Adjacent layers are processed by moving the platform in the z-direction.
The process continues layer by layer until the part is finished.
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Fig. 1.10 Polymer jetting: scheme (left); two material machine Connex500 (right).

The parts need supports during the build process. The supports are generated automatically
and build simultaneously by a second set of nozzles so that each layer consists either of build
or of support material. Consequently, the supports are solid and consume a large amount of
material. The support material can be washed out without leaving marks in a mostly
automated post process. A typical part can be seen in Fig. 1.11, left.

Fig. 1.11 Polymer jetting: structure (left); two-material wheel with elastic tire (right).

The process uses photosensitive monomers to create plastic parts. Materials are available in
different colors and shore hardness. Using a proprietary technology called “Poly-Jet Matrix”
together with a family of fabricators called “Connex”, parts can be made from two different
materials that resemble two component injection molded parts (Fig. 1.11, right). This opens
up the future possibility of composing multi-material parts. Typical parts are thin walled and
detailed and show interior hollow structures.

1.4.4 Digital Light Processing

This variation of the photo polymerization process works with a commercial DLP projector as
UV light source. It projects the complete contour of a cross-section of the actual layer and
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initiates the solidification simultaneously. The process is commercialized under the name
“Perfectory” by Envisiontec, Gladbeck, Germany.

The projector is mounted into the lower part of the machine body. The resin is kept in a
reservoir made from glass sitting on the top of the projection unit. The actual cross section is
projected from below on the lower surface of the resin. An upside-down arranged build
platform (Fig. 1.12) dips into the resin from the top, leaving the space of one layer thickness
between the transparent bottom and itself. After solidification of the layer, the platform is
raised by the amount of one layer thickness, making space for the material of the subsequent
layer. Due to the small reservoir, the process is designed for small parts. It allows quick
material changes and the build needs supports.

A wide variety of photosensitive plastic materials are available, including biocompatible
grades that can be used to make hearing aid housings or masters for dental prostheses.

ot ne.

-

Fig. 1.12 Digital light processing, Perfectory, Envisiontec: scheme, cross-section and reservoir with glass bottom
that represents the projection area (left) upside-down arranged build platform (with part).

1.4.5 Micro Stereolithography

There is a wide variety of processes to make parts in the micro-millimeter and even in the sub-
micro-millimeter range (Fig. 1.13). Many of them are still under scientific development-.
Industrially applicable processes use laser stereolithography and mask-based systems,
preferably for mass production of final micro parts. Especially if the build is offered as a
service, proprietary materials are available. A commercial company that is specialized on
customized materials and applications even in large series and which does not sell the
machine is microTEC of Duisburg, Germany.
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1.4.6 Sintering and Melting

The selective melting and re-solidification of thermoplastic powders is called laser sintering
(also, depending on the manufacturer: selective laser sintering), laser fusing or laser melting.
If an electron beam is used instead of a laser the process is called electron beam melting
(EBM), and if the energy is provided by a radiator through a mask, it is called selective mask
sintering.

Sintering processes in general do require neither bases to build the parts on nor supports to
link the parts to the bases, because the loose powder surrounds and stabilizes the part during
the build. While this is true for plastic processes, metal parts are an exception. They use bases
and consequently supports as well, mainly to prevent the parts from warping during the build
process.

1.4.6.1 Laser Sintering — Selective Laser Sintering (LS — SLS)

The term laser sintering or selective laser sintering is used preferably for machines that
process plastics. They are commercialized by 3D Systems, Rock Hill, SC, USA and EOS GmbH,
Munich, Germany.

The machines of both manufacturers, as well as the machine that processes metals are very
similar. They consist of a build chamber to be filled with powder with a grain size of up to
50 um and a laser scanner unit on top that generates the x-y contour. The bottom of the build
chamber is designed as a movable piston that can be adjusted at any z-level (Fig. 1.14). The
top of the powder bed defines the build area in which the actual layer is built. The whole build
chamber is preheated to minimize laser power and completely flooded by shielding gas to
prevent oxidation.

The laser beam contours each layer. The contour data are obtained from the slice data of each
layer and directed by the scanner. Where the beam touches the surface, the powder particles
are locally melted. The geometry of the melting spot is defined by the laser beam diameter
and the traveling speed. While the beam travels further, the melted material solidifies by
thermal conductivity into the surrounding powder. Finally, a solid layer is achieved.

=
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Fig. 1.14 Laser sintering and laser melting: scheme; melting
and solidification of a single layer, lowering of the platform,
recoating (clockwise from top left).



After solidification of one layer, the piston at the bottom is lowered by the amount of one
layer thickness, thus lowering the whole powder cake including the semi-finished part. The
emerging space on the top of the powder is filled with new powder taken from the adjacent
powder feed chamber using a roller. The roller rotates counter-clock wise to its linear
movement in order to spread the powder uniformly. This procedure is called recoating.

After recoating, the build process starts again and processes the next layer. The whole process
continues layer by layer until the part is completed. In most cases, the top layer is made using
a different scan strategy in order to improve its solidity.

After the build is finished and the top layer is processed, the whole part, including the
surrounding powder, is covered by some layers of powder. This so-called powder cake has to
be cooled down before the part can be taken off by removing the part from the surrounding
powder. The cool-down can be done in the machine; however, cooling down in a separate
chamber allows immediate beginning of a new build job.

Sintering allows the processing of all classes of materials: plastics, metals, and ceramics. The
machines are basically very similar. They are either adapted to the different materials by
software (and maybe minor hardware changes) or special versions of a basic machine design
are adapted to process a specific class of materials. In this case, the recoating systems are
specially designed for the materials to be processed; e.g., roller-based systems for plastic
powders and hopper-type systems for plastic coated foundry sand. For metal processes wiper-
type systems are used as well.

The extraction of the part from the powder (the so called “break out”) is typically done
manually by brushing and low-pressure sand blasting. Semi-automatic, so-called “break out”
stations facilitate the work and mark the trend to automated cleaning. Metal parts require
the mechanical removal from the base and of the supports from the part which is time

consuming and requires manual skills.

Plastic parts are often porous and need to be infiltrated. If required, they can be varnished
and surface treated. Typically, metal parts are dense. They can be processed depending on
the material, e.g., by cutting or welding.

Sintered parts made from plastic show properties close to plastic injection molded parts. They
are either used as prototypes (Fig. 1.15, left) or as (direct manufactured) final parts (Fig. 1.15,
right).
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product (right).



1.4.6.2 Laser Melting — Selective Laser Melting (SLM)

Laser melting basically is a laser sintering process as described earlier. It was developed in
particular to process metal parts that need to be very (>99%) dense. The laser melts the
material completely. Therefore, it produces a local (selective) melting pool that results in a
fully dense part after re-solidification. The process is generally called selective laser melting,
SLM. There are some proprietary names as well such as “CUSING”, which is an acronym of
“cladding” and “fusing”.

Today, most of the machines come from Germany: EOS-GmbH of Munich, Realizer-GmbH of
Borchen, Concept Laser GmbH of Lichtenfels, and SLM-Solutions of Liibeck. In addition, 3D
Systems, Rock Hill, SC, USA offers a re-branded system based on MTT machines, the
predecessor of SLM Solutions. MTT, UK, now separated from its German branch, continues to
design its own machine.

For almost all metal machines a wide variety of metals, including carbon steel, stainless steel,
CoCr, titanium, aluminum, gold and proprietary alloys are available. Typically, metal parts are
final parts and used as (direct manufactured) products or components of such products.
Typical examples are the internally cooled cooling pin inserts for injection molds made from
tooling steel in Fig. 1.16, left, and the micro cooler made from AlISi1OMg in Fig. 1.16, right.

Fig. 1.16 Selective laser melting; Internally cooled pin for injection molds (left), micro cooler made from
AlSi10Mg (right).

The machine designs are very similar to the plastic laser sintering machines. They use fiber
lasers with a very good beam quality as well as sealed build chambers that can be evacuated
or fed with shielding gas in order to handle inflammable materials such as titanium or
magnesium. Build-in auxiliary heating devices help to prevent warping and distortion of the
part.

Metal and ceramic micro sintering machines are close to market entry but still under
development. Commercialization has been announced by EOS based on the machine
development of 3D Micromac, Chemnitz, Germany. The typical layer thickness is in the range
of 1-5 um and the smallest wall thickness is >30 um. A fiber laser with a focus diameter
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<20 um is used. As an example, a chess set is shown on Fig. 1.17. The tower’s height is about
5.5 mm.

Fig. 1.17 Micro laser sintering, demonstrator chess set.

1.4.6.3 Electron Beam Melting

The local melting of the material can be achieved by an electron beam that replaces the
laser. The procedure is then called electron beam melting, EBM. Because electron beam
material processing requires a vacuum, a completely sealed construction is needed.

Arcam AB of Mdlndal, Sweden presents a family of EBM machines dedicated to special
applications, such as aerospace, medical, or tooling (Fig. 1.18).

The electron beam penetrates very deep and the set up allows a very high scan speed that
can be used for preheating as well, therefore the process is very fast and works at elevated
temperatures. As a result, stress and distortion are reduced and very good material
properties can be achieved, according to the company.
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Fig. 1.18 Electron beam melting (EBM): EBM System A2 (left); EBM scheme (right).
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1.4.7 Extrusion — Fused Layer Modeling

The layer-by-layer deposition of pasty strings is called fused layer modeling. The process works
with prefabricated thermoplastic material. Colored parts are obtained when colored material
is used. Technically, FLM is an extrusion process, see Fig. 1.19. The parts need support during
the build.

Fig. 1.19 Fused layer modeling extrusion process: scheme (left); build chamber with build platform, part in
progress, print head (right).

1.4.7.1 Fused Deposition Modeling (FDM)

FDM is a registered, protected trade name for a fused layer process offered by Stratasys
Company, Eden Prairie, MN, USA. Because it was the first commercialized FLM process
worldwide, the name FDM is often used synonymously with FLM even as a generic name.

A FDM machine consists of a heated (app. 80 °C for ABS plastic processing) build chamber
equipped with an extrusion head and a build platform. Consequently, the machine does not
use a laser. The extrusion head provides the material deposition in the x-y area according to
the contour of the actual layer. It is a plotter-type device.

The build material is a prefabricated filament that is wound up and stored in a cartridge from
which it is continuously fed to the extrusion head. The cartridge has a build-in sensor that
communicates with the material management system of the machine. In the head, the
material is partly melted by an electric heating system and extruded through a nozzle that
defines the string diameter that nearly equals the layer thickness.

Usually, string diameters range from 0.1 mm to 0.25 mm. The platform moves in z-direction
and defines the layer thickness, as the material is squeezed on the top of the partly finished
part. The process needs supports. They are made by a second nozzle that extrudes another
plastic support material simultaneously with the build material.

The simultaneous processing of two materials indicates that the FLM process is basically
capable of handling multi-material print heads. Therefore, the manufacture of multi-material
parts can be expected in the future.
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After deposition, the pasty string (of the build material as well as of the support material)
solidifies by heat transfer into the preceding layer and forms a solid layer. Then the platform
is lowered by the amount of one layer thickness and the next layer is deposited. The process
repeats until the part is completed.

Typical part properties resemble those of plastic injection molded parts; however, they tend
to show anisotropic behavior that can be reduced by properly adjusted build parameters. The
parts are either used as concept models, functional prototypes, or as (direct manufactured)
final parts.

1.4.8 Powder-Binder Bonding — Three-Dimensional Printing (Drop on Powder Processes)

The layer-by-layer bonding of powder particles in the range of 50 um by selectively injecting
a liquid binder into the top area of a powder bed is called “Three-Dimensional Printing —3DP”.
The process family is also called “Drop on Powder Processes”. The process was developed and
registered by MIT in the early 1990s and licensed to Z-Corporation and others who
commercialized it. Today, variations processing plastics, metals, or ceramics are commercially
available. Most of them are two-step processes, requiring infiltration after the build. Some,
especially metal processes, deliver a sort of green part that has to undergo thermal de-binding
and sintering to achieve their final properties. As there are binders imaginable for any powder,
the range of materials is almost infinite, including food and drug applications; however, only
a small fraction is currently commercialized.

“Three-Dimensional Printing” or more frequently “3D Printing” became a synonym for all AM
processes in general, thus being used as a generic term, because 3D printing resembles two-
dimensional printing and therefore provides a very simple way to explain what AM is about.
But the use of two identical terms with different meanings sometimes causes confusion.
Therefore, especially beginners should avoid to mix the two meanings of this term.

1.4.8.1 Three-Dimensional Printing — Z-Corporation

The commercialized machines made by Z-Corporation, Burlington, MA, USA, work exactly
according to the basic process. The process delivers a kind of green part that is dimensionally
stable but needs infiltration to achieve solidity. The part remains in the powder bed until the
build process is finished. It is stabilized by the surrounding powder and therefore does not
require supports. As the binder can be colored, the parts can be colored as well. The company
offers a family of 3D printers, most of which are capable of producing colored parts.

The lower part of the machine contains the build chamber and carries the powder. It is
designed very much alike a laser sintering machine with a movable piston to adjust the layer
and a roller for recoating. A plotter device with a commercial print head, as known from a 2-D
office printer, is mounted on top of it. It travels over the build area and prints the binder onto
the powder according to the actual contour. The particles forming the layer are bound, while
the loose powder supports the part. In contrast to sintering, the process requires neither
preheating nor shielding gas.
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After solidification of one layer, the bottom piston is lowered by the amount of one layer
thickness, thus lowering the whole powder cake including the semi-finished part. The
emerging space on the top of the powder is filled with new powder taken from the adjacent
powder feed chamber using a blade or a roller (recoating).

Today, starch-like powder and plaster-ceramic qualities are available to make parts and even
shells for investment casting. As the binder can be colored, continuously colored parts can be
made, in the same way, colored pictures are printed in 2D. The coloring even of texture-like
designs is a unique selling point of this process.

After the top layer is processed the build is finished. Because this process works at room
temperature, the powder cake shows room temperature and can be directly taken from the
machine. The loose powder is removed by gently brushing and low-pressure air blasting.

Finally, the part needs infiltration to obtain durability. For this, wax or epoxy resin is used. As
a result, the durability of the parts depends not only on the material but on the quality of the
infiltration as well. Therefore, 3DP parts should not be used for structural testing.

Typical parts are concept models. They can be monochromatic or continuously colored (Fig.
1.20, top left and right). Z-printers are office friendly and easy to handle (Fig. 1.20, bottom).

The surface quality is rough compared to polymerization processes (Fig. 1.21, left) but can be
improved significantly by manual post processing (Fig. 1.21, right).

Fig. 1.20 Powder-binder process; colored parts (top left and right), machine ZPrinter450
(bottom). 33



Fig. 1.21 Powder-binder process; improved surface
quality by manual finishing: part as from the machine
(left) and after finishing (right).

1.4.8.2 Three-Dimensional Printing — Prometal

A variation of the basic process was licensed to the Ex-One LLC's Prometal Division, Irwin, PA,
USA, that commercialized a metal printing and a sand-printing machine based on this
principle.

The metal printing process makes metal and metal-ceramic parts by binding the powders via
micro droplets. The process, run on a machine called R1, resembles the basic process, but uses
a different recoating and leveling system and an additional heater to assure an even
consistency of the powder bed and the part. A subsequent thermal process provides the part’s
strength and durability.

The sand-printing machine, commercialized as S-print by Prometal RTC, is part of a family of
machines designed to produce complex cores from foundry sand. The reproducible
manufacturing of complex cores increases the productivity of sand casting not just for
prototype and test casting but also for production. The big machine is capable to feed a
production line and must be regarded as a foundry machine. In Fig. 1.22, left, the S-print is
displayed and Fig. 1.22, right, shows the actual top layer of the part during printing. The gantry
that covers the print head can be seen partially on the very left.

Fig. 1.22 Prometal foundry sand printer S-print (left); build chamber with print head-gantry at the
very left and build area (right).
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1.4.9 Layer Laminate Manufacturing (LLM)

The cutting of contours out of prefabricated foils or sheets of even layer thickness according
to the sliced 3D CAD file and the subsequent bonding on the top of the preceding layer is
called layer laminate manufacturing, LLM.

The foils or sheets can be made of paper, plastics, metal, or ceramics. A laser, a knife, or a
milling machine can be used as a cutting device. The bonding of adjacent layers is done by
glue, ultrasonic, soldering, or diffusion welding. Most of the processes just need one
production step; a few require a post treatment such as sintering in a furnace.

The overall advantage of LLM processes is the fast build when massive parts are requested.
The disadvantage is a huge amount of waste, depending on the geometry of the part.

1.4.9.1 Layer Laminate Manufacturing, Laminated Object Manufacturing (LOM)

The oldest and widely known AM LLM-process is the laminated object manufacturing (LOM).
It was originally developed by Helisys, USA, which is now Cubic Technologies, Torrance, CA.
This machine as well as a similar one, which was developed later by Kinergy, Singapore, is no
longer produced. But there are a lot of these machines in the market and the company
provides service, maintenance, and contract manufacturing. The build material is coiled paper
of approximately 0.2 mm thickness. On its down face it is coated with glue which is activated
by heat during the recoating process.

The machine consists of a build table that can be moved in z-direction and a mechanism to
uncoil the paper, position it on the build table, and wind up the remaining paper on the
opposite side. A laser does the cutting of the contour.

To build a part, the paper is positioned on the build table and fixed by a heated roller that
activates the glue. The contour is cut by a plotter-type laser device that allows adjusting the
cutting depth according to the paper thickness. Another frame-like laser cut defines the
boundaries of the part. It leaves two paper stripes on each side of the part that enables the
exceeding paper to be lifted and wound up by the second coil (Fig. 1.23). The material that
fills the space between the contour and the frame remains within the part and supports it. It
is cut into squares for easy removal of the waste material.

After the build process is finished, the block of paper, including the part and the support
material is removed from the build platform. The frame and the squares that result in small
blocks are removed and finally the part is obtained. The parts need varnishing to prevent de-
lamination of the layers. Gear housings, which are typical parts, can be seen in Fig. 1.24.
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Fig. 1.23 Layer laminate manufacturing, laminated object manufacturing
(LOM); scheme.

Fig. 1.24 Layer laminate manufacturing, paper lamination; gear housing.

1.4.9.2 Layer Laminate Manufacturing, Paper Lamination, MCOR Matrix

Avariation of the paper lamination process was commercialized by Mcor Technologies, Ardee,
Ireland. The contour is cut with a tungsten carbide drag blade instead of a laser. The process
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is based on loose sheets of office paper (A4, 80 gsm) that is glued using standard white
polyvinyl acetate (PVA) glue. As this glue tends to blister the paper, a special coating system
based on micro drops was designed to overcome this problem. The drop density is lower in
the area that does not belong to the part, which enables easy cleaning. The machine, called
Matrix 300, works fast and delivers cheap models with a layer thickness of approx. 0.1 mm
(Fig. 1.25, left). The parts can be colored if colored paper is used. To obtain the colored
structure of the part, the paper must be filed manually in the right sequence (Fig. 1.25, right).

Fig. 1.25 Layer laminate manufacturing: paper lamination; MCOR Matrix 300 machine (left), colored
part made from paper (right).

1.4.9.3 Layer Laminate Manufacturing, Plastic Laminate Printers

Although the term “laminate” is not dedicated to a special material, AM machines that work
with PVC based plastic foils are called laminate printers. Originally developed and produced
by Solidimension and shipped as SD300, identical machines as well as upgraded machines
entered the market as Graphtec XD700 and Solido SD 300pro.

During the build, the contour of each layer is defined by a masking fluid and glue. Then the
next layer is applied and fixed by the glue and the contour is cut using a build-in cutting plotter,
see Fig. 1.26, left. Finally, a rigid plastic part surrounded by frame-like waste is obtained. The
frames of each layer are alternating linked to the opposite edges of the preceding ones by
glue as well. This allows easy peeling off of the resulting accordion-like waste structure. The
rigid plastic parts perform very well, if their geometry meets the process requirements. As a
typical part, a fan wheel can be seen in Fig. 1.26, right. Complex parts with interior hollow
elements may cause problems.
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Fig. 1.26 Layer laminate manufacturing; plastic laminate printers; machine (left); fan wheel made by the
laminate Printer Solido SD 300 pro, PVC (right).

1.4.9.4 LLM Machines for Metal Parts

Most of the approaches to make metal parts use cutting and joining of sheet metals. The
contours are either obtained from laser cutting or from milling. The sheets are joined by
diffusion welding, powder welding, soldering, or mechanically by bolts. This kind of a semi-
automated multi-step process is not a real AM process, although they are additive and layer
oriented.

One of the rare real AM LLM machines is made by Solidica, MI, USA. The process is called
ultrasonic consolidation. It is based on a traditional milling machine with an integrated
ultrasonic (US) welding device that joins thin aluminum strips on top of the semi-finished part.
After one layer is applied, its contour is milled and the next layer is joined, again by US. The
process delivers completely dense aluminum parts that may contain integrated sensors that
are placed into cavities made and sealed during the process. Further development enables
the process not only to manufacture different materials including titanium, steel, copper, and
nickel but also to realize combinations such as the Ti-Al structure shown in Fig. 1.27. As a
result, Gradient-Modulus Energy Absorbing Material (GMEAM- Generally called , Graded
Materials “-from: gradient modulus-, this material shows a defined variation of its properties
within the parts made from it) can be manufactured, that shows a tremendous improvement
in impact resistance.
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1.4.10 Other Processes: Aerosolprinting and Bioplotter
1.4.10.1 Aerosolprinting

A very interesting process with a high potential is called aerosolprinting. It was developed and
launched as Maskles Mesoscale Materials Deposition (M3D) by Optomec, NM, USA.

A stream of very fine droplets (aerolsols) is generated, loaded with ultra-fine particles with
diameters in the nm range, and guided to the surface of a substrate (Fig. 1.28). Here, the
aerosols are deposited according to a CAD designed pattern. The liquid phase is vaporized,
leaving the particles in place. The particles may consist of any kind of functional inks, metals,
ceramics, plastics, or even living cells. Depending on the kind of material, a post treatment by
laser may be needed. Aerosolprinting is a very promising process for electronic devices as well
as for tissue engineering.

As it is currently suitable only for 2% D surface texturing and objects (at least now) and not for
real 3D parts, some do not regard it a real AM process.

1.4.10.2 Bioplotter

One of the most unique selling points of AM will be multi-material processing. The 3D
Bioplotter, which is a registered trademark of Envisiontec, Marl, Germany, allows to process
a wide variety of materials from plastics, such as polyurethane or silicone, to bone materials
such as hydroxyapatite, and drugs such as PCL (polycaprolactone) or materials such as
collagen or fibrin for organ printing or soft tissue fabrication. Up to five materials can be
processed using either a heated or a cooled dispenser unit that is operated by a 3-axis plotter.
Depending on the material, the system uses different hardening processes such as
precipitation, phase transition (liquid to solid), or two-component reaction. Some materials
need post processing such as sintering.
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1.4.11 Summary of AM Processes

To sum up, all AM categories and technologies, with the appropriate materials and their pros
and cons, are given in the following table (Table 1.1).

Table 1.1 AM categories and technologies.
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1.5 Advantages of AM Processes

AM provides a unique ability to fabricate components with high variability and flexibility in
geometrical features. It offers a path of fabricating some special components like light hollow
contours or mold cavities with pas- sages for internal cooling, etc. Great cost savings (more
than 50% in general in aerospace/automobile industries) can be obtained by the use of the
AM route for part fabrication as compared to the conventional methods of manufacturing.
The time required to bring the component to market is greatly reduced by this route due to
the enormous compaction of the design cycle in case of AM. Appreciable strength-to-weight
ratio metallic parts can be fabricated since a high degree of freedom in design is permitted by
the AM route. The quality of parts in terms of features and intricacy is highly improved. These
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are environmentally friendly manufacturing methods for two main reasons: (1) tremendous
reduction in scrap and wastage which can be attributed to its mode of operation and (2)
reduced noise and pollution allowing them to be easily employed in office environments
rather than specially designed workshops. Apart from these, there are numerous advantages
of AM processes, some of which are summarized below [1]:

Since the components are fabricated in a layered fashion so there is no requirement
for tools and fixtures.

The intricacy of the component has impact on the time and cost of the final AM
product in contrast to the conventional manufacturing processes.

Nesting/parallel processing of parts is possible by careful layout optimization.
Tremendous reduction in the lead times for part fabrication results in considerable
cost and time savings.

Highly customized parts can be made easily by the AM route.

Design and fabrication of functionally graded materials is very easy by the AM route
and extremely economical as compared to conventional manufacturing techniques.
Multiple setups for part fabrication are not required in almost all cases.

Operator intervention work is greatly reduced to a supervisory level.

AM processes are being highly responsive to dynamic manufacturing environment.
Set-up/machine preparation time in case of AM processes is appreciably less as
compared to that in conventional manufacturing.

Some other important advantages of AM include:

Noise free

Can be operated from the comfort of home or office

Offers an excellent and impressive spectrum of applications

Can form process chains when suitably combined with other
conventional/unconventional manufacturing processes

Lesser time for products to reach markets for customer end use
Reduced material wastage owing to non-occurrence of mistakes
Lesser costs owing to appreciable manufacturing savings
Improved qualities

Parts with complex and intricate geometries can be obtained
Tools, molds or punches not required.

1.6 Challenges of AM Processes

Despite remarkable progress in the domain of AM, a variety of aspects like production speeds,
build scale economies, precision, quality, raw materials, communication interfaces, etc. need
attention to fully explore the potential of AM. Apart from the benefits stated in the previous
section, AM is faced with multiple issues that restrict its use in a few application areas. The
AM challenges are summarized as [1]:

Non-optimal build speeds
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e Relatively less accuracy

e Decision regarding optimal part orientation

e Restricted choice of raw materials and resulting material properties
e Poor surface finish

e Pre-processing and post-processing requirements

e High system cost chiefly owing to limited buyers

e Anisotropic behavior of AM fabricated parts

e Occurrence of stair-stepping phenomenon

o Need for optimal layer thickness selection

e Need of support structures

e Poor structural strength of parts fabricated via AM techniques.

1.7 Pros and Cons of AM with Respect to Conventional Manufacturing Techniques (CMTs)

In comparison to traditional manufacturing processes, AM offers numerous advantages, some
of which are discussed here [1], [2].

e  Part Flexibility

In AM techniques, there is minimal need for post-processing and also no constraints on
tooling, so that complex geometrical shapes can be success- fully obtained. In other words, in
AM, part functionality is not sacrificed on the grounds of ease of manufacturing as is done in
conventional manufacturing. Thus, for complex geometrical shapes, AM offers more
suitability as compared to CMTs. Also, the cost of products with increased complexity remains
the same in AM techniques which sharply increases in CMTs, as shown in Diagram 1.1. Further,
functional properties can be easily obtained in parts fabricated via AM techniques, which
altogether opens up newer avenues for novel designs and innovations in manufacturing.

e \Waste Prevention

AM techniques utilize a layer-by-layer additive process for developing parts/components
thereby reducing material wastage, which is a major issue in subtractive manufacturing
processes where a large amount of material is removed during machining.

A Complexity for Free

Traditional manufacturing

Cost of Unit

Additive manufacturing

e

|
Design Complexity
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e Production Flexibility

AM techniques require less costly set-up and do not require tooling and fixturing. Owing to
this, AM techniques are economical and are suitable for small batch production. The
properties of a fabricated part depend on the process and raw materials instead of operator
skills. In addition, issues of production bottlenecks and line balancing are eliminated as AM
techniques can produce complex shapes in a single piece.

o Process Running Cost

Most of the subtractive manufacturing techniques need substantial labor, money and time for
preparing fixtures, tools, molds, machine set-up, etc. owing to which the running cost per
product is high. On the other hand, in the absence of tooling requirements and presence of
shorter product development cycle, the running cost per product in AM techniques is small.

e Probability of Change

New product/design development via traditional manufacturing techniques can be expensive,
owing to many trial experiments and consequent time consumption. In contrast, AM offers
freedom to design at negligible cost. Once a prototype is designed/developed by varying the
CAD data, actual production can be performed. During AM, no extra cost in the form of
retooling is involved.

Despite several benefits of AM techniques over traditional manufacturing processes, they
present some challenges which are discussed below.

e  Start-up Investment

Owing to the high cost of AM modelers and the complex set-ups required during installations,
the start-up investment is higher in the case of AM machines. However, conventional
machines can be bought and set up at much lower prices than their AM counterparts.

e Mass Production

During the production process, AM is less efficient in developing products at large scale as
compared to traditional manufacturing. This can be seen from Diagram 1.2 which shows that
the initial product cost in AM is less and almost remains the same with an increase in
production scale. This is mainly due to the slow deposition rates and built capacity constraints
in AM. On the other hand, the initial product cost in conventional processes is very high but
reduces with an increase in scale of production.

e Raw Material

With the recent innovations in AM processes such as selective laser sintering (SLS), laser beam
machining (LBM), etc. it becomes quite possible to process metallic components via 3D
printing. However, some metal alloys still cannot be worked upon, or their output
characteristics are poor. Thus, the range of raw materials in AM techniques is relatively
smaller. In comparison to AM, traditional manufacturing processes are well established and
can process almost all types of materials.
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Diagram 1.2 AM Missing Economies of Scale.

AM raw materials can be of varied forms, including sheet, filament, paste, ink, gas, wire and

powder. Materials like polymers, ceramics, composites, metals, alloys, functionally graded,

smart, hybrid, etc. are widely utilized AM raw materials. The material compatibility of

different AM techniques is given in the Table 1.2, below:

Table 1.2 Material compatibility of different AM techniques.

Popular AM techniques Polymers Metals Ceramics Composites
SLA v v

MM v v

FDM v

EBM v

SLS v v v v

DMLS v

LOM v v v v

UAM v

LMD v v
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1.9 Defects in AM Parts

Despite the tremendous research progress in AM technology, some newly developed AM
processes, especially MAM (Metal Additive Manufacturing) processes, are at their early stage
and the relationship of basic processing parameters with microstructure and other properties
is not fully understood. In the absence of optimized process parameters and material
combinations, defects occur which result in poor mechanical properties of fabricated
components. The subsequent sections present a brief overview of common defects for
different materials and AM techniques.

1.9.1 Balling Phenomena

Balling is basically a phenomenon which occurs when the wetting of the underlying surface is
not produced by the liquid material. This leads to a rough, bead-shaped scan track that
reduces surface finish and increases pore formation. Such types of defects generally occur in
laser sintering- based AM techniques. A typical example of balling phenomena is depicted in
Fig. 1.29.

Fig. 1.29 lllustration of Balling Phenomena during SLM Process.

1.9.2 Porosity Defects

Porosity and voids are commonly occurring flaws in AM parts, as the most utilized binding
mechanisms are governed by changes in temperature under the action of capillary and gravity
forces in absence of external force. The major reasons behind the porosity or voids defects
are: (1) repeated formation of keyholes resulting in formation of voids; (2) entrapment of
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gases which results in microscopic pores in powder particles when they are atomized; (3)
inadequate penetration of current layer of melting pool into previous layer or the substrate.
Defects like keyholes induced porosity, absence of fusion pores and porosity due to gases are
shown in Fig. 1.30. Keyhole porosity is small in size and generally less than 100 um.

Fig. 1.30 Keyhole Porosity Defect.

1.9.3 Cracks

Crack defect is another main problem in AM parts which generally occurs in fusion-based AM
techniques. During fusion-based AM techniques, metallic powders experience rapid melting
and solidifications. Due to the rapid cooling rate, a high temperature gradient and
subsequently large thermal residual stresses are generated in the fabricated part. The
combination of large residual stresses and high temperature gradient result in initiation of
cracks. Cracks are mostly prominent along grain boundaries.

This occurrence is most common along the boundary of grains and is chiefly due to
temperature variations owing to different rates of contraction for each layer, i.e., substrate,
solidifying and deposited layers. Liquation cracking is another defect and is mostly observed
in a mushy/partially melted zone which experiences tensile force leading to liquid films acting
as cracking points. Various other cracks can be similarly explained. These cracks are either
appreciably long or relatively small. The process of delamination occurs when the layers
separate mutually in the event of residual stress at the layer interface being more than the
alloy’s yield strength.

1.9.4 Distortion

Distortion is a kind of defect in AM parts which mainly originates due to the stresses developed
in the material caused by the change in volume during shrinkage. Diagram 1.3 shows some
typical distortion defects [1].
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Diagram 1.3 Typical Distortion Defect in AM Parts in SLM Processed Steel.

1.9.5 Stair-stepping effect

The stair-stepping effect is another common limitation in the AM process due to layer-by-
layer manufacturing methodology. This hampers the sur-face quality of the parts along the
built direction especially for inclined and curved surfaces. Increasing layer thickness has a
significant effect on poor surface finish of the parts. The stair-stepping effect is quantified
using Total Waviness of the parts. The selection of proper build direction and process
parameters is important for reducing the stair- stepping effect. Fig. 1.31presents the stair-
stepping effect in Laser AM [5].

Stair stepping

E :] CAD model

Built layers
4 74 N

Build
direction

Fig. 1.31 Stair-stepping effect.

Nowadays with the advancement in the materials, AM is being used in different application
areas. Surface finish in AM is highly variable due to variable staircase formation during layer
upon layer part fabrication process. Post-finishing operations have an important role in
improving the surface finish of AM build parts. Part fabrication through (AM) process followed
by finishing on the different setup is known as post-finishing operation. A general technique
for surface finish improvement is typically done through the use of milling machine with
customized or standard mill cutters, which machine the staircase of an AM build parts to
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reduce the roughness of the surface during post-finishing operation. Since post-finishing
operation are performed after fixturing the AM parts on a different setup, this induces
location error due to which staircases are not removed properly. This results in a non-uniform
surface generation in finished parts.

As a result of this, additive manufacturing and material removal process must be used on the
same setup as an integrated finishing operation for solving the issue of location error. In
integrated finishing operation, not only the lead time reduces but also location errors problem
is minimized.

To overcome the above disadvantages, in this research work, a new technique of post-
finishing is proposed. This technique designed and developed a selective melting tool; first to
eliminate the effect of the location error which is induced by fixturing the part for finishing
process on the different setup. To selectively and adaptively heating of build edge profile,
proposed post-finishing operation provides forced closed follower mechanism and heating
arrangements to the finishing tool. Then it provides non-rotational linear feed rate to the
heated tool to fill the neighbouring valley through the softened material which is piled up near
the border of a heated tool [2].

1.10 Post-processing of laser additive manufacturing (LAM) parts

Post-processing varies according to the AM technique. Discussing each and every post-
processing technique is really extensive and out of this paper’s interest. However, an example
of LAM post-processing is given here, as LAM is the main focus of this study.

Specifically, the bulk and surface properties as well as geometry achieved in LAM-built
material are influenced by distortions due to heating, partially melted powders, solidified melt
droplets and surface variations brought by the laser movement and processing strategy. Thus,
deposited surface roughness, dimensional accuracy and properties are inadequate for many
industrial applications. Therefore, a certain amount of post-processing is required for LAM
components.

The first stage of post-processing is soon after the part is built. In the PBF process, the
fabricated component will be enclosed by powder material and this loose or unfused powder
is removed during post-processing. In PBF, support structures may be generated based on the
geometry and are to be removed by cutting. In addition to this, PBF and PFD processes require
removal of part from the substrate. This is usually done with wire electrical discharge
machining or a saw.

The next stage of post-processing depends on the application. This can be surface finish
enhancement, aesthetic enhancements, property enhancements and so on. Surface finish
enhancements have been done using conventional subtractive manufacturing techniques
such as computer numerical control (CNC) milling and polishing, glass blasting, or ultrasonic
machining. Recently, post-processing of LAM components was performed using laser-based
techniques such as laser shock peening (LSP), laser finishing and laser annealing (LA). The
components built using LAM are inherited with tensile residual stress on the surface due to
rapid heating and cooling during material processing. Thus, LSP, an advanced surface
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engineering process, introduces compressive residual stresses into materials, thereby
improving product life through increased resistance to many surface-related failures, such as
wear and corrosion. LSP on LAM fabricated IN718 showed significant improvement in
mechanical properties such as hardness, corrosion and wear resistance by 27%, 70% and 77%,
respectively. LSP studies on LAM fabricated NiTi and TiNiCu-based shape memory alloys
showed changes in the surface morphology such as increment in surface roughness and
decrement in lots of peak structures. The microstructures were closely bonded, and there
were no cracks formed on the surface due to LSP. The X-ray diffraction (XRD) graphs showed
amorphization of the samples and broader peak width is observed after LSP. Differential
Scanning Calorimetry (DSC) graphs also show that compositions were capable of producing
peaks, in both a heating and cooling curve. Further, LA was performed to overcome the
problem of amorphization and recrystallize the formed samples. The increase in grain size of
all samples was visible with Atomic Force Microscopy (AFM) and XRD results. The DSC graphs
showed peaks formed in them after LA. Thus, combination of LSP and LA is an exceptional
combination of two advanced techniques for post-processing of LAM components.
Femtosecond laser was employed for removing extra material, reducing surface roughness
and improving the geometrical quality of complex micro-scale topology features, such as holes
with a higher aspect ratio. A significant reduction in the surface roughness was observed. It
can be concluded that femtosecond laser radiation is suitable for post-processing of thermal
sensitive parts with complex features due to high spatial sensitivity and controlled energy
input.

Post-processing heat treatment is also applied for LAM components to adopt the properties
of the components to the working conditions or to reduce the thermal stress induced. Thus,
the desired microstructure and mechanical properties for service conditions can be achieved
by various heat treatment procedures. These treatments alter the grain size, grain orientation,
porosity and mechanical properties. Relieving of internal stress is another aspect associated
with heat treatment. As discussed earlier, LAM components have residual internal stress due
to a high thermal gradient. Thus, annealing is performed on LAM components for reducing
the internal residual stresses. Solution treatment and ageing procedures are common for
precipitation-hardened materials, such as nickel-based super alloys. Solution treatment helps
in dissolving the undesirable phases, while aging enables the formation and growth of
precipitation phases. These processes are usually done sequentially. The processing
conditions and time for solution treatment should be properly selected for dissolving the
precipitates. Once the solution treatment is done, aging is carried out to increase the hardness
of the material. The standard heat treatment procedures for Inconel 718 are as follows:

1. Solution treatment (980°C, 1 h/air cooling) and double aging (720°C, 8 h/furnace
cooling at 55°C/h to 620°C, 8 h/air cooling)

2. Homogenisation treatment (1080°C, 1.5 h/air cooling) and solution treatment (980°C,
1 h/air cooling) and double aging (720°C, 8 h/furnace cooling at 55°C/h to 620°C, 8
h/air cooling).

Another well-known solution that is used for experimental reasons, in order to examine
porosity and microstructure of Ti-alloys, is the Keller's reagent solution [6], which consists of:
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e 95 ml water,
e 2.5mlHNO;,
e 1.5 mlHCl,
e 1.0mlHF.

The hot isostatic pressing (HIP) process has been extensively used in the healing defects such
as cavities, voids and hot cracking. Enhancement and reduction of the scatter in the
mechanical properties was observed as compared to an untreated sample. This can be
attributed to the ability of HIP to heal the bulk and surface defects. Since HIP involves high
pressure and temperature, fracture surfaces of the cracks were closed mechanically by the
high temperature creep, then bonded together, and finally diffusion homogenized.

Property enhancements can be done with non-thermal techniques, such as shot peening. Shot
peening is a mechanical surface treatment technique in which small balls are impacted on the
surface of a component. The repeated impacts of the balls induce compressive residual stress
and refine the microstructure. This helps in delaying the crack initiation and hinders the crack
propagation. Thus, the mechanical properties and microstructure can be tailored as per the
requirement by shot peening. Infiltration is another post-processing technique used in laser-
sintered components. Porous LS part is heated in contact with the infiltrant to a temperature
at which the infiltrant is melted and will soak into the part through capillary action. The
infiltrant solidifies on cooling and produces the final part. The significant attention is on the
ability of the infiltrant to wet the solid preform and form the dense solid. The strength of the
structure after infiltration is a function of the time period of infiltration [5].

1.11 AM Applications

AM processes constitute an important class of manufacturing technology advancement. There
is a huge spectrum of applications of additively manufactured parts which can chiefly be
attributed to the development and improvement of AM processes. AM is particularly suitable
for applications in producing complex shaped geometrical components as compared to
conventional manufacturing techniques. From their initial applications as visualization tools,
the innovation of AM parts has witnessed tremendous growth and diversity. The applications
of AM processes have almost reached each industrial sector, which mainly includes aerospace,
defense, marine, automotive, medical, retail sector, etc. [1]

The most important AM applications are given below [7]:
1.11.1 Artistic

Artistic applications of 3D metal printing are leading the way toward exploration of entirely
new designs, shapes and processes. Some of these capture the essence of freeform, emotional
design. A design and part by Bathshiba Sculpture LLC is one example, shown in Fig. 1.32.
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As software and material become cheaper, artistic access to solid free form design tools will
allow a further expansion into the world of emotional design. As music, color, video, and other
forms of dynamic audio and visual 2D art can evoke emotional response or inspirational
experience, so will 3D virtual reality (VR) headsets and the 3D VR experience. Capturing
moments of 3D VR and bringing them back to the physical world will be enabled by AM. This
will include kinetic artwork and parts that change in time within the local environment of use.

3D printing machines designed for precious metals5 feature a powder management process
developed for the jeweler and watchmaking industries, ensuring full accountability of the
valuable powders and providing quick metal changeover through a cartridge-based system.
The 3D metal printing machines used to create jewelry can be smaller and relatively less
expensive than machines used to print automotive and aerospace parts. Artwork and jewelry
do not require the same levels of certification and control needed by aerospace, automotive
and medical devices, therefore making jewelry an attractive market for additive processing.
Artistic designs that cannot be produced in metal by any other method are made possible
while using less material and streamlining the production of custom made-to-order pieces.
Hollow structures with internal supports allow the fabrication of larger pieces with the desired
strength but without the weight or cost or a solid piece. AM systems such as shown in Fig.
1.33afeature small build volumes ideal for the rapid fabrication of small pieces such as jewelry
while minimizing the total volume of precious metal powder stock. They use a small laser focal
spot sizes, providing excellent detailed resolution, allowing the creation of fine features and
structures, as shown in Fig. 1.33b and c.

(a) P o (b)

a

Fig. 1.33 a) Direct Metal Laser Sintering machine for jewelry, b) Sculptural design printed in gold, c) 3D
printed gold watchcase.

1.11.2 Personalized

Renishaw and Empire Cycle teamed up to build the first design of the titanium bicycle as
described in an article from Engineering and Technology magazine, “First 3D printed bike
enters record books,” by Alex Kalinauckas. Fig. 1.34 shows the frame components as-
fabricated in sections within the AM machine build volume. Fig. 1.35 shows the assembled
frame with wheels and additional bicycle components. Technology demonstrations such as
this highlight the ability to pro-duce personalized designs out of specialty and lightweight
materials such as titanium. Complex shapes with lightweight internal strengthening structures
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and flowing organic forms allow the combination of engineering and artistic features to
produce unique one of a kind individualized object.

3D scanning and printing is now commonly used in the fabrication of custom-fit hearing aids
and other such personal devices. Although currently made in polymers, the hearing aid
example shows the potential for 3D scanning and printing to disrupt market places and
radically change products made specifically for you. Mass produced items have the appeal of
low cost but in some cases the benefit of a customized item made specifically for you will offer
the greatest value. As scanning and digital definition of our bodies becomes common place,
every human-to-object interface holds the potential for customization. As an example, a
mobile app may be used to order a personalized piece of jewelry. Personalized rings with the
initials of a loved one, can be printed in various precious metals as shown in Fig. 1.36. Custom
made and personalized items, such as golf club heads, are being produced by Ping. Although
out of the price range for many, these types of items can infer personal taste and passion for
the sport, as well as status (Fig. 1.37). Any sport, personal item or household fixture with a
high- end market can be a target of innovative and unique designs made possible using AM
metal.
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Fig. 1.36 Personalized jewelry.

Fig. 1.37 Custom golf club head.

1.11.3 Medical

“Disruptive” applications for AM are beginning to emerge into the manufacturing mainstream.
One such application is that of dental devices, where small custom-fit crowns and dental
implants are disrupting the historic methods for the fabrication of these components. Fig. 1.38
shows dental crowns and bridges produced by direct metal laser sintering (DMLS). In one
example, an EOS M 100 DMLS machine fuses Cobalt Chrome SP2 alloy, a medical material
using a certified and qualified process. Small lot size, high precision and high value products
such as these are seeing wide adoption.
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Fig. 1.38 Additively manufacturing dental hardware.




Another application soon to be widely realized is metal medical implants, as certifications for
medical use are being approved for human use in the European Union (EU) and US. Over
50,000 medical devices have been implanted for the medical industry as produced by the
electron beam melting (EBM) additive manufacturing process alone. The benefits provided by
AM are those of rapid production of personalized fit items for direct use, such as for implants,
or secondary uses, such as drill guides and fixtures using the patient’s own medical imaging to
create 3D models anatomically matched devices. The accuracy of direct AM parts is sufficient
for these applications, while the surface finish or porous structures offer advantages for bone
ingrowth. These complex engineered surfaces are cleaned and sterilized offering a biological
fixation intended to replace cemented fixation to optimize the implant—host interface. Fig.
1.39 shows a 3D printed titanium cranial implant on a 3D printed skull model.

Materials offering sufficient strength and biocompatibility are those currently used in medical
devices, such as cobalt chrome and titanium alloys, which are easily fabricated using AM.
Specialty metals such as tantalum may also see wider use in AM produced devices or AM
deposited surfaces. Such medical devices command a high price and fit well within the build
volume of powder bed fusion processes.

Fig. 1.39 Titanium skull implants.

1.11.4 Aerospace

Lockheed Martin and Sciaky have demonstrated the use of AM for the creation of a titanium
propulsion tanks using EBAM, as shown in Fig. 1.40. In this case, the EBAM process is used to
create a rough blank shape that can later be machined into a shape that would otherwise
need to be formed by obtaining commercially available titanium plate, pressing into shape,
then machining. Pressing would require a forming punch and die and a large hydraulic press.
Vessels of various sizes would require a costly punch and die for each shape.

Fig. 1.41 show a full-scale rocket engine part 3D printed out of copper by NASA. The additively
manufactured part is designed to operate at extreme temperatures and pressures and
demonstrates one of the advanced technologies NASA is evaluating for use in fabricating parts

54



for the mission to the planet Mars. In another application, Aerojet Rocketdyne has fabricated
and demonstrated the hot-fire testing of a rocket engine thrust chamber made using AM
deposition of a copper alloy. Fig. 1.42 shows a liquid oxygen/gaseous hydrogen rocket injector
assembly, built using additive manufacturing technology, being hot-fire tested at NASA Glenn
Research Center. The potential reduction in fabrication lead times and costs provides strong
motivation for evaluating the AM technology. Space and aerospace applications require strict
procedures and certification for processes and components. Significant saving may be realized
in the reduction of the number of certified parts and processes, such as joining, used to
produce a component. The reduction in weight can result in significant savings during the
launch into space escaping the gravity well of earth or fuel saving during commercial aircraft
flights. The reduction in material waste during fabrication of expensive specialty materials
such as nickel-based alloys or titanium is also an important factor in justifying the use of
additive manufacturing. Additional benefits in system efficiency and environmental factors
such as noise and emissions may also be realized.

In a business case study, the Airbus Group EADS Innovations performed an eco-assessment
analysis as applied to a standard Airbus A320 nacelle hinge bracket, shown in Fig. 1.43 and
strove to include detailed aspects of the overall lifecycle: from the supplier of the raw powder
metal, to the equipment manufacturer EQS, to the end-user, Airbus Group Innovations. An
entire lifetime assessment contrasted costs and savings of each method along the entire
manufacturing chain from cradle to grave, indicating a lifetime cost saving primarily due to
reduced weight (titanium versus steel, lightweight design).

Fig. 1.40 Titanium propulsion tank.
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Fig. 1.41 Copper rocket nozzle.

Fig. 1.42 Testing of an additive manufactured rocket

nozzle.

4

Fig. 1.43 A design for AM meeting lightweight target.
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EOS and Airbus Group Innovations Team (now the EADS Innovation Works) cites another study
associated with the weight reduction benefits of AM designs with respect to energy
consumption and the reduction of CO, emissions by nearly 40% over the full lifecycle of a
conventionally cast steel aircraft bracket in comparison to an additive manufactured direct
metal laser sintered titanium bracket with optimized topology. A savings of 25% in the
reduction of titanium scrap and a possible weight savings of 10 kg per aircraft was also cited.

1.11.5 Automotive

Formula 1 race car design teams are benefitting from the design freedom and rapid
prototype/testing to speed fabrication cycles to gain competitive advantage off the track. In
these cases, cost is a secondary consideration while weight reduction and design freedom are
paramount. These sorts of critical application components, made of plastics, metals, or
composites are not subject to the same testing and certification constraints as commercial
man-rated components, thus providing a high-performance test bed for these components.
As they say, racing improves the breed and this applies to the materials, designs, methods,
and machines here as well. Such applications provide a proving ground for AM technologies,
although the success stories and detailed methods will be tightly held as company confidential
information. A steering knuckle part for a race car fabricated by DMLS is shown in Fig. 1.44.
Two additional examples include a light twin-walled drive shaft and brake disks that are 25%
lighter, with better cooling. Fig. 1.45 shows an AM printed piston for automotive application.
While the big attraction of AM metal processing of automotive parts remains rapid
prototyping of functional test parts, the production of specialty and hard to find parts, such
as those used in vintage automotive restoration is actively being pursued. Mass production of
automotive parts is out of reach of current direct metal AM processes but AM methods
starting with a CAD model and resulting in a metal part such as by producing a sand mold or
plastic pattern is gaining wider acceptance.
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Fig. 1.44 Race car steering knuckle produced by DMLS.
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Fig. 1.45 AM produced automotive piston.

Casting of large complex components can be realized by directly 3D printing a sand mold and
then casting a partin metal can save development time, allowing for multiple design iterations
during the prototyping cycle. Fig. 1.46 shows a silica sand casting mold used to cast a Formula
1 race car transmission housing using aluminum alloy A356. ExOne provides a case study
where a batch size of five castings were produced at the cost of 1500 € per part compared a
lot cost of 15,000 €-20,000 € using conventional patterns, tools and lost foam casting
methods. This demonstrates that 3D printing technology can make sense for certain small lot

size casting applications.
‘_I
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Fig. 1.46 Binder Jet produced silica sand mold for casting
an aluminum Formula 1 transmission housing.
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1.11.6 Industrial Applications Molds and Tooling

Mold inserts can benefit from complex conformal cooling channels to speed the molding
process and improve part quality. Fig. 1.47 provides a view of a model part revealing complex
cooling channels made possible by 3D printing (right view) and the outer surface of the part
produced by the DMLS process in a finished and polished condition (left view). A case study
by GPI Prototype & Mfg. Services of the actual part, shows it was still in use after 190,000
shots resulting in a productivity increase of 48%. Applications such as these place an additional
reliance on the computer-aided engineering analysis of potential designs to fully optimize the
benefit of AM processing. In addition to conformal cooling, AM metal processing may be used
to repair or modify existing tooling to extend the life or increase the performance of existing
parts.

Fig. 1.47 DMLS fabricated part and model showing internal conformal cooling
channels.

1.11.7 Remanufacture and Repair

Maintenance, repair or overhaul applications can benefit from direct energy deposition to
apply coating for original parts or for repair.

Fig. 1.48 shows such an example where a forging tool for a connecting rod has been coated
using the directed energy deposition (DED) process. To overcome the heat checking and wear
damages during forging, the tool was built using low-cost steel and a high-temperature Co-
based alloy was applied in the heat checking areas. In contrast to the mechanical bonding of
the chemical vapor deposition (CVD) and physical vapor deposition (PVD) and thermal spray
coatings, DED material is bonded to the base steel and can withstand the thermal and fatigue
loading of the forging process without chipping of the coating material. DED built hard facing
material was about 6 mm thick to sustain severe forging pressure and also allow for machining
of the tool multiple times. DED applied tools had four times longer life over conventional
tooling and resulted in significant cost savings while reducing downtime. In another example,
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Fig. 1.48 Case study by DM3D Technology of a forging tool modified with cobalt-based alloy coating using the
DMD process; a) CAD model showing tool base and DMD coating, b) DMD process in action, c) MD deposited tool,
d) finish machined tool.

Optomec demonstrates repairing an impeller blade using laser beam directed energy
deposition (Fig. 1.49).

Fig. 1.49 Directed Energy Deposition Repair of Impeller Pump.

1.11.8 Scanning and Reverse Engineering

Scanning technology can use laser or photographs to capture an object’s shape and use
reverse engineering software to recreate a model of the object. That model can be used to 3D
print plastic patterns or sand molds of direct to metal parts.

Geomagic, owned by 3D Systems, provides hardware and software solutions to allow 3D
scanning and the creation of 3D models to be used in original and reverse engineering
applications. One example, in Fig. 1.50, demonstrates the ability to scan motorcycle engine
parts, process the point cloud data into a model that can be features and assembled into a 3D
model that can also be used to 3D print a plastic or metal component. The software can
interface with professional level computer-aided design (CAD) software such as Catia,
Solidworks, etc.
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Fig. 1.50 Directed Energy Deposition Repair of Impeller Pump
Example of scanned parts to CAD model.

1.11.9 Construction

In the construction industry, construction components or the entire buildings can be printed
using this technology. The recent growth of building information modelling (BIM) may
facilitate greater use of 3D printing. 3D printing allows faster and more accurate and complex
construction by lowering labor costs and wastage. It also enables construction in dangerous
environments like space where humans cannot work safely.

The printer prints the building blocks from melted plastic or metal. The building blocks that
are printed, are used to form component parts that can be arranged together like Lego to
create a complete building.

Metal can be used and structures like bridges can be printed. Huge 3D printers are used to do
this kind of jobs. Even the printing time is also very less, it is claimed that a house was printed
in less than 20 hours.

3D printing in this industry is helpful in constructions in areas such as off-Earth habitats like
on the Moon or Mars (Fig. 1.51).
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1.11.10 Defense

In military and defense manufacturing, customized equipment is vital and deadlines are non-
negotiable. In such an industry 3D printing gives freedom for the government and
manufactures, to design a single end-use part or to build complex and precise prototypes. 3D
printing enables design teams to rapidly produce high-quality precise and realistic prototypes,
which has moving parts at relatively less cost when it compared to other traditional machining
process. It can also reduce the outsourcing costs. The team can manufacture a part then and
there when it is required. 3D printed parts have less weight and high strength which increase
efficiency of the objects and reduces it carbon footprint.

During disasters, shelters can be printed on site. Special blend of cement is used in printing
the walls of this shelters, which has strength greater than conventional walls [2].

1.12 AM Forecast

Forecast is an essential tool, which helps industries plan their resources and shape their
business strategies. For researchers and government organizations, forecasting provides an
idea on the present status and future scenarios of technology and business for investment
decisions. It also helps researchers to understand futuristic technology developments and
actions required therein.

An AM forecast is given by Sriram V. et al. [2], where the data were collected from reports on
AM revenues and 3D printer units sold for a complete understanding of the important factors,
which helped in correlating the quantities. The factors considered are mainly year-wise
revenues generated for AM products, equipment and AM material, AM service revenue, units
of personal and industrial AM sold, etc. The objective has been to forecast the direct parts as
percentage of overall AM market (Diagram 1.4, up), the percentage of increase in AM parts
used in each industry (Diagram 1.4, down) and the number of industrial metal AM units to be
deployed for the next 10 years (Diagram 1.5).

The data and the forecast are given below (Table 1.3, Diagram 1.4, Diagram 1.5):

Table 1.3 AM market remarks.

Company Imp Remarks
name
Siemens Predicts that 3D printing will be 50% cheaper and up to 400% faster in the next

five years. Siemens is also predicting the global market for 3D printing will
reach €7.7B ($8.3B) by 2023

Boeing Already installed over 200 different types of flying production parts on 16
different aircraft

GE aviation Designed an entirely new nozzle that integrates 18 separate parts into one. The
new nozzle is 25% lighter and 5 times more durable

3D systems Sales into design and manufacturing increased 27% from 2013 to 2014,
growing to $609.8 M in sales. Sales into healthcare increased 80%, from
$71.7 M in 2013 to $129.3 M in 2014. The consumer segment of 3D systems
business grew by 26% in the last year, from

$34.8 M in 2013 to $43.8 M in 2014

Gartner Prototyping (24.5%), product development (16.1%) and innovation (11.1%)
are three most common reasons for companies (o pursue printing

PWC PwC estimates 67% of manufacturers are already using 3D printing. Of these,
28.9% are exploring how 3D printing can be optimally integrated into their
production processes. 24.6% are using 3D printing for prototyping
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2. Selective Laser Melting (SLM)
2.1 Definition

Selective laser melting (SLM) is an additive manufacturing (AM) technique to produce
complex three-dimensional parts through solidifying successive layers of powder materials
on the basis of a CAD model. SLM is associated with complete melting of the powder
material rather than sintering or partial melting of the powder particles which is the
dominant mechanism in the selective laser sintering (SLS) process.

2.2 SLM Basic Mechanism

Fig. 2.1 shows a schematic layout of the SLM process. In this process (carried out under a
protective atmosphere), a metal base plate is used to anchor the part during the building
process. A layer of powder (most commonly from metals) is spread on top of the base plate
and is subsequently melted by a laser beam projected from above. The laser scans the powder
bed according to the shape defined in a CAD file (that has been sliced into many different
layers). After each layer has been scanned, the powder bed is moved down over a distance of
one layer thickness, followed by an automated leveling system that distributes a new layer of
powder. The laser then melts a new cross-section. The process is repeated to form the desired
solid metal part (comprised of hundreds or possibly thousands of thin layers).

Laser
Mirror Scanner
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3D-CAD Model Slicing Feed Container 7 IZ
Base Plate 7
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Over ow Container

Fig. 2.1 Schematic diagram of the SLM process.

2.3 SLM Advantages and Disadvantages

Many advantages are associated with the SLM process, including (1) high density and strength
of the parts; (2) negligible waste of material (unused powders can be recycled); (3) possibility
of producing complicated shapes (e.g., a steel mold with curved internal cooling channels,
which is common to other AM methods); (4) ability to process a wide variety of metals and
their mixtures (due to the powder-based nature of SLM); and (5) no need for any distinct
binders or melt phases, so the process can directly produce single material parts (e.g., steel,
Ti, or Al alloys), rather than first producing a composite green part that requires such
secondary processing steps as debinding (Debinding is a secondary step to remove the binding
additives from the green compacts) and furnace sintering (as done with some other AM
methods).
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Selective laser melting is a newly developed process faced with various challenges. For
example, SLM suffers from melting pool instabilities leading to imperfections such as low-
quality down-facing surfaces, greater upper-surface roughness, and the risk of internal pores.
The resulting coarse and grainy surface finish may require a secondary machining or polishing
process. Additionally, high temperature gradients in SLM increase the risk of delamination and
distortion due to large thermal or residual stresses. From an economical aspect, the high cost
of a high-power laser source, long processing times, and a small palette of available materials
are the main obstacles. Despite these challenges, SLM is increasingly becoming a competitive
manufacturing alternative.

2.4 SLM Machine and Equipment
2.4.1 Basic Units and Process Layout

An SLM machine consists of three main units: (1) laser and scanner system, (2) controller
system, and (3) build chamber. The laser (Fig. 2.2A) consists of an elongated cavity with two
mirrors at its ends in which light oscillates back and forth between the mirrors. Between the
mirrors, there is a light-amplifying medium, where stimulated emission occurs. The mirrors
guide the light back into the amplifying medium repeatedly for continued growth of the
developing beam. After amplification, the emissions pass through a partially transmitting
mirror. The resultant beam is then guided to enter a scanning system. Most laser scanner
systems use a galvano scanner (In a galvano scanner, two electromechanical actuators rotate
two mirrors -deflecting the laser beam in the x and y directions-, in response to electric current
flowing through their coils in a magnetic field) to steer the laser beam, as shown in Fig. 2.2B.
The scanner guides the beam through focusing optics (to further focus the beam) to scan any
desired geometry on the powder bed (Fig. 2.2B). In addition to the machine, the scanning is
automated and controlled via a dedicated controller and computer unit.

Scanning the powder bed is carried out in a secured container called the build chamber (see
Fig. 2.3). The build chamber is designed to provide an inert/protective atmosphere (using
mostly N, or Ar gas circulation) and contains a build stage (Fig. 2.4). The build stage is a
platform to hold the build cylinder (in which the base plate is mounted), the feed cylinder
(holding the powder), the elevator systems (to bring the powder level up/down), and the
coating system (to uniformly distribute a thin powder layer onto the base plate).
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Fig. 2.2 Simplified schematic of a typical (A) laser and (B) scanner system.



1: Laser

2: Scanner

3: Controller

4: Build chamber

Fig. 2.3 In-house SLM machine developed at KU Leuven.

I

e Gas Outlet _p.“"""'

,'.17-— g
Coater e

I e "V

| Build Stage

AT

[l

l l \. |
Build Feed [
Cylinder § Cylinder ’

Fig. 2.4 An example of a SLM machine build chamber at KU Leuven.
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2.4.2 Preheating Stage

To increase the efficiency of the SLM process or to improve the quality of manufactured parts
(in case of specific alloys), a preheating system may be incorporated in the SLM machine. This
can be done by heating the base plate in order to mitigate the temperature gradient between
the base plate and the top layers. Fig. 2.5 shows an overview of a heating module. The heating
element itself (labeled 2 in Fig. 2.5) is installed underneath the building platform and enclosed
by insulation material. The temperature of the base plate can be monitored by a
thermocouple probe. A proportional and integral control loop (Pl-controller) controls the
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power to the heating element to achieve the desired temperature on the base plate within a
range of £2°C [8].

1: Baseplate 2: Heating Element 3: Insulation

Fig. 2.5 A customized preheating system developed by KU Leuven.

2.5 SLM Physical Phenomena
2.5.1 Laser beam

The invention of the laser more than a half century ago was a technical milestone in physics
that has found applications across a wide spectrum of material processing. Lasers, powerful
enough to melt metal, were developed early on and found wide application in laser cutting as
early as the 1970s, although equipment costs focused uses to high value, high payback
production operations. Although the prices have dropped considerably, high-powered lasers
used for AM systems can still cost hundreds of thousands of dollars.

Lasers generate a high energy density beam of photons and can be transmitted and focused
to produce a small spot size of energy capable of melting and vaporizing metal. Laser
equipment can generate beam powers of thousands of watts and focus to beam spot sizes of
fractions of a millimeter. These small spot sizes can result in very small melting pools capable
of melting at very high travel speeds on the order of many meters per second. There is a wide
range of laser technology used in AM with names such as Nd:YAG, disk lasers, and direct diode
lasers, but this discussion will focus on the newer fiber laser technology because most AM
systems now use fiber lasers due to their reliability, compact size, and low maintenance. The
basic principle of a fiber laser is shown in Fig. 2.6. Optical pump diodes are coupled onto an
active laser fiber with a special reflective coating and Bragg gratings that reflect the laser light
back-and-forth, along the length of the fiber, to create a coherent beam of light at the output
of the laser. Beam delivery is often accomplished using additional optical fibers that provide
a durable, flexible, fully enclosed beam path for delivery and containment of the light energy.
These fibers are safety interlocked to shut down the system in the event of a breach of the
delivery fiber. Final beam delivery includes optical elements and lenses to condition and focus
the beam after it leaves the optical fiber. Manipulation of the beam is often accomplished by
magnetically driven mirrors or CNC motion.
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Diodes Couplers Active Fibers Bragg Gratings Output
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@ Pump diode modules pump the light radiation into the active fiber

O Optical active fiber with a doped core (ytterbium) and
couble cladding, where the pumped light excites the core

C Transport optical fiber bringing out the power from the module

Fig. 2.6 Fiber laser principal.

The laser beam is directed toward the work and focused at or near the part surface at power
densities sufficient to achieve the desired degree of melting. Laser energy impinging on the
workpiece is either reflected away or absorbed into the part or filler material creating heating
and melting. Laser absorption or reflection may be significantly different for different metals.

Without getting into the complexity of laser material interactions, it is important to note that
different metals will absorb or reflect laser energy differently, such as titanium versus copper.
Aluminum or silver have very low absorption coefficients while titanium has relatively higher
absorption. The type or wavelength of laser energy affects the absorption as well. Yb:YAG
fiber lasers will pass through quartz optical elements, such as the window of an inert
processing chamber, a focusing lens or within a quartz fiber. In comparison, a CO; laser
wavelength will couple with and melt quartz making it impossible to transmit using a fiber and
difficult to deliver into an AM processing chamber.

In addition to the material and wavelength absorption dependence, the absorption of laser
energy by melted metal is often much greater than for solid metal. Plumes of vaporized metal
or plasma can form above a melting pool, absorbing laser energy and preventing it from
reaching the melting pool. If that is not enough, the pressure of the rapidly expanding cloud
of vaporized metal and superheated gas can create a depression in the melting pool trapping
laser energy and further enhancing absorption. This depression often called a keyhole creates
a vapor cavity that may extend deeply into the metal. This keyhole mode of melting (Fig. 2.7)
can produce deep penetration but also may create defects such as porosity, spatter (also
balling) or entrapped voids. These transitions in absorption and melting between heating,
conduction melting, keyhole melting and plume formation can be very abrupt and can result
from very small changes in laser power, travel speed, focal spot size changes, or other minor
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process disturbances. In AM processing, powder size, and layer thickness can also have an
effect.

Laser beam
and ray
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Fig. 2.7 Laser keyhole vapor cavity.

As mentioned earlier, laser absorption increases upon melting and may be of sufficient energy
to preferentially vaporize low melting point constituents of an alloy, such as aluminum,
magnesium or lithium, thus changing the chemistry of the deposit. Vaporized metal may
redeposit upon surfaces within the build chamber or nearby optical components. The
dynamics of laser material interactions are extremely complex (solid, liquid, gas and
sometimes plasma) and may be sources for process instability [9].

2.5.2 The Melting Pool

The many physical effects that occur during SLM processes influence the process stability and
the final component quality. Identifying and understanding these phenomena and their
interplay are crucial for successful manufacturing.

During heating, the powder bed is irradiated by a laser, whereby the photon is transformed
into thermal energy by absorption. Photons are generally absorbed within the first
nanometers at the surface of the material. In contrast to opaque continuous material, the
powder bed allows for deep penetration due to multiple reflections at the particle surface.
The absorbed thermal energy is distributed depending on the relative density and reflectivity
of the powder bed within the top powder layers.

Thermal radiation, thermal convection, and evaporation of volatile elements cause a heat loss,
which depend on the surface temperature of the material. During SLM, heat convection
between the material and the shielding gas occurs. Due to heat conduction, the absorbed
thermal energy is further distributed into the material, and temperature peaks at the surfaces
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are reduced. This effect depends mainly on the thermal diffusivity of the material and the
sintering grade of the powder bed.

If preheating is applied, the base temperature of the powder bed is elevated, simplifying
melting and reducing temperature gradients during manufacturing. If the preheating
temperature is higher than the sintering temperature of the material, the single powder
particles get interconnected by small sinter necks. These pre-sintered powder particles act as
support structures during the subsequent manufacturing and increase the thermal and
electrical conductivity.

During processing, the material melts and forms a melting pool. Convection depends on
viscosity and is driven by external forces like gravity, buoyancy, surface tension, capillarity,
Marangoni effects, and evaporation pressure. Depending on the process and the material,
these phenomena have different impacts. The melting pool lifetime is commonly short,
viscosities are low, and gravity plays a minor role compared with the roles of the other forces.
Thermal expansion induces buoyancy and exerts thermal stresses. The high surface tension in
combination with the wetting ability of metals results in a smooth surface for stable melting
pools. In contrast, unstable melting pools are split up, and the surface tension causes the
formation of single melt balls. Marangoni forces induce fluid motion away from the
temperature peak in the center of the melting pool and increase heat transport. Due to high
melting pool temperatures, the material evaporates, and the resulting recoil pressures
additionally drive the fluid motion. Especially in SLM processes, these pressures cause the so-
called keyhole formation, in which the laser beam penetrates into the material up to certain
layer thicknesses, forming a vapor capillary. Selective evaporation of volatile elements
additionally changes the local and global material composition.

After melting and consolidation of the material, the temperature decreases, and the material
solidifies. Material shrinkage during solidification induces stresses in the surrounding material
that can partially relax during successive layer processing. The residual stresses inside the
component are the main reason for distortions.

Depending on the temperature gradients and the processing temperature, a certain
microstructure evolves. Due to the layer-wise manufacturing, repeated heat treatment of the
heat-affected zone around the melting pool may change the microstructure by solid-state
phase transformations.

In the last step, a new powder layer is applied. Its characteristics are influenced primarily by
the powder properties and the previous layer surface. High flowability of the powder,
depending on powder properties such as surface topology, size distribution, and shape, is
necessary to achieve high relative density of the powder bed [10].

Specifically, the characteristics of the melting pool are given below [11]:

e Melting pool temperature: The maximum temperature significantly increases with a
general increase in laser or linear energy density, but it slightly decreases with an
increase in laser scanning speed.
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Temperature gradient: The temperature gradient in the melting pool increases
linearly with an increase in the applied laser power. The temperature gradient is more
pronounced in materials with low thermal conductivity.

Melt lifetime: The liquid lifetime is the duration from the time powder particles in the
local region start to melt until they eventually solidify. It is found to increase with an
increase in the laser power and a decrease in the laser scanning speed.

Melting pool dimensions: The melting pool dimensions including length, width and
depth increase with an increase in laser power. However, the melting pool length
increases and the width of the melting pool decreases with an increase in laser
scanning speed.

Melt viscosity: The viscosity of a melt decreases with an increase in linear energy
density as a result of the increase in the melting pool temperature. Dynamic viscosity
should be balanced so that its low enough that the melting pool can be spread
properly on a formerly processed layer and high enough to prevent balling
phenomena.

Melt flow: Mass transfer in the melting pool occurs as a result of the thermocapillary
flow; Marangoni convection occurs as the result of surface tension gradient. The
direction of the melt flow is determined by the sign of the surface tension gradient of

the melt, as shown schematically in Fig. 2.8. A shallow and broad melting pool is

YLV

produced if the flow is radially outward when —= < 0 (as for pure metals and many

alloys), as in Fig. 2.8(a). A narrow/deep melting pooI is formed if the flow is radially

dyry

inward when —= i 0 (as for alloys containing a sufficiently large number of surface-

active elements), as shown in Fig. 2.8(b). Surface tension at the edge of a melting pool
can be dramatically reduced by surface oxidation during SLM of iron and tungsten;
this changes the sign of the surface tension gradient and the melt flow from the cooler
melt at the edge (lower relative surface tension due to oxidation) toward the area
near the center of the melting pool (higher surface tension). The velocity of the melt
flow increases with an increase in laser scanning speed and powder layer thickness,
which results in melt splashing at high laser scanning speeds.
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Fig. 2.8 Schematic illustration of the effect of the surface tension gradient on Marangoni
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Stability of the melting pool: A melting pool is stable at a range of scanning speeds for
a given laser power. The range of the stable zone increases with an increase in laser
power, and it becomes narrower for materials with a higher thermal conductivity at a
given laser power and layer thickness. The melting pool stability is critical for the
quality of SLM-fabricated parts; melting pool instability results in an irregular and/or
discontinuous track, which leads to high surface roughness and volumetric porosity
due to balling in the fabricated parts.

Hydrodynamic instability of a melt is driven by the Marangoni effect and becomes
increasingly important with an increase in the Laser Energy Density (LED) because of
a relativity high laser power or a low scanning speed.

Capillary (Rayleigh) instability of a melt occurs when the total surface of the melting
pool is larger than that of a sphere with the same volume and when the viscosity is
too low.

Balling: Balling is a phenomenon where the melted track shrinks and breaks up into a
row of spheres to reduce the surface energy by the surface tension if the melted
material does not wet the underlying substrate. The balling effect can lead to high
surface roughness and porosity in the as-built parts, and it might even jeopardize the
powder-laying process if the size of the balls is large enough to obstruct the
movement of the paving roller. An ellipsoidal ball with a diameter of about 500 mm is
detrimental to the quality of the SLM-processed part. However, spherical balls with a
diameter of about 10 mm have no obvious detrimental effect on the quality of the
SLM-processed part.

Sputtering: Sputtering is caused by overheating the melting pool, and the intensity of
sputtering increases with an increase in input energy density. Liquid droplet and non-
melted powder particles around the melting pool are expulsed by the recoil pressure
generated on the melting pool as the result of the melt evaporating. The sputter
caused by melt expulsion is spherical and much larger than the particle size of the
feed powders. Oxides, a few micrometers in size on the sputter surface, are the result
of the oxidation of the most volatile elements in the alloys that are enriched on the
surface of the sputters. The sputter caused by the expulsion of non-melted particles
is also known as a satellite and has a microstructure similar to that of the feed powder
alloy.

Balling is attributed to (1) the capillary instability of a melting pool; (2) hydro-dynamic
instability driven by the Marangoni effect; (3) splashing of the melting pool as a result of a
high melting pool surface temperature, a high velocity of the melt flow and a turbulent liquid
solidification front; (4) high oxygen content in the atmosphere due to deteriorated wettability
at the interface, with the oxidation of the melting pool and the increasing tendency to the
larger radially inward Marangoni flow caused by the larger positive value of the surface
tension gradient of liquid, with higher dissolved oxygen content in iron and tungsten; (5) rapid
solidification before the melt is properly spread, driven by capillary flow when processing
materials with high thermal conductivity, such as tungsten; and (6) lack of contact between
the melted powder and the substrate because of insufficient melting of substrate.
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Balling occurs as a result of capillary instability (Fig. 2.9) to reduce the surface free energy.
Therefore, it is critical to control the ratio of the length of the melt to the width of the melt to
meet:

l
Z<21 (1)

Fig. 2.9 Balling caused by capillary instability as a half cylinder
transitioning to a sphere, depending on the dimensions of the melt
pool.

kL 260(2+co0s260)—3sin26 T
\/_\/ when 6 > - (2)

0(1+cos26)—sin26

where 6 is the contact angle. Hence optimal laser processing parameters are required to make

the length-to-width ratio of the melting pool as small as possible in order to eliminate the
balling effect.

Balling can be eliminated to a certain extent with surface remelting provided by a second laser
scan and proper selection of laser exposure time to achieve a balanced viscosity. The density
of SLM-processed parts can be improved by laser surface remelting after the first scan [11].

To sum up, the basic physical phenomena that take place in an SLM melting pool are visualized
in Fig. 2.10, left:

MELTING PHENOMENA
Ay 3 '
Phase ‘l D W Electron or Capillarity
transitions /{J R & laser beam &

SR/ =Me|tpoo| 5 Absorption : Powder layer
/4" \ad or,reflection :

Heat radiation
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Fig. 2.10 Physical phenomena in SLM (left) and EBM (right).
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2.6 Processing Aspects
2.6.1 Starting Powder

The apparent density of the powder, which influences the final density of the SLM parts,
depends on the powder size, shape, and size distribution (an example is shown in Fig. 2.11).
Generally, packing of spheres leads to a higher density than other shapes. The spherical
particles with smooth surfaces may also improve the powder flowability and deposition.
Moreover, finer powders may result in a higher apparent density (to some extent), indicating
a higher final density and mechanical properties. For mono-sized spheres, the highest
obtainable packing density is theoretically 74%. However, the apparent powder density can
be increased by mixing different powder sizes (see Fig. 2.11B). In fact, finer particles can fill
the voids between the larger powders and subsequently increase the powder density. It is
worth mentioning that higher packing density may also increase the cooling/solidification rate
(by increasing the thermal conductivity), resulting in finer microstructural features. Higher
mechanical properties may be achieved from these finer microstructural features.
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Fig. 2.11 Powder size distribution and micrographs of (A) titanium and (B) cobalt chromium powder.

2.6.2 Input Parameters (Laser Power, Scanning Speed, Layer Thickness, Scan Line Spacing)

The SLM process is set by adjusting various parameters. An optimal combination of laser
power, scanning speed, powder layer thickness, and scan line spacing (also known as hatch
spacing) is required to minimize the potential defects (by achieving optimal melting pools) and
to produce high-quality parts. In order to improve the precision, an offset (about the radius of
the laser beam) can be applied. A fill contour can also be used for a higher precision or an
improved outer boundary quality (Fig. 2.12). The effect of the process parameters can be
combined and presented as the energy density, which is an engineering parameter
representing the energy delivered to a unit volume of powder material. This is achieved by
combining the laser power, scanning speed, scan line spacing (or hatch spacing), and layer
thickness as shown below [12]:
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Fig. 2.12 Schematic representation of scanning parameters that can be altered to improve quality.
Boundary parameters (e.g. scan line offset, fill contour) increase precision and the quality of the
borders.

(3)

(4)

Accordingly, increasing the laser power and decreasing the scanning speed, scan line spacing,

or layer thickness increases the laser energy density.

2.6.3 Scanning Strategies

Different scanning strategies (Fig. 2.13) affect the thermal history during the SLM process and
consequently alter the material properties, including density, thermal and residual stress, and
microstructure. It has been reported, for example, that an alternating scanning strategy
(rotating the scanning direction in each layer) improves the density of Ti6Al4V parts. The
scanning strategy also influences the residual stresses and can be modified to mitigate quality

issues such as warpage, cracks, and delamination.

A B C L9 D L6 E £L45 F 430 G k_90°

B =
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Fig. 2.13 Schematic examples of possible scanning strategies: (A) unidirectional, (B)
bidirectional, (C-F) alternating bidirectional (with different angles at 90°, 60°, 45° and 30°) and
(G) chessboard scanning strategy.
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2.6.4 Laser Remelting and Laser Erosion

In SLM, the surface roughness is an important parameter of the overall quality of the part. A
number of surface modification technologies are commonly applied after the SLM process,
including mechanical methods (abrasive sandblasting and machining), chemical processes
(acid etching and oxidation), and thermal processes (plasma spraying). Because these
methods are applied after SLM, they require removing the part from the building platform.
This increases the overall production time, precision errors, and final cost; however, SLM itself
can be directly used to improve the surface quality through a controlled laser remelting of the
surface. For example, Fig. 2.14 shows a successful laser remelting experiment to smoothen
the surface without the use of any secondary treatment. This surface improvement can be
attributed to the surface shallow melting mechanism. In this mechanism, melting a thin
material layer fills valley in between the peaks and removes aggregated spheres of particles.

Only SLM LSR: 200 mm/s, 37 A

(B)

Fig. 2.14 Surface quality enhancement of 316L stainless steel with laser remelting: (A) before laser remelting
and (B) after laser remelting with 200 mm/s scanning speed and 95W laser power.

Fig. 2.15 The surface quality before and after laser erosion of the SLM
surface.

Another technique to directly manipulate the surface of SLM products (using the SLM
machine) is to evaporate the material by using an incident laser beam (pulse laser is usually
needed). This is called selective laser erosion (SLE) and is employed to improve the surface
(Fig. 2.15) or even to engrave a desired geometry on additive layers. In this method, the laser
beam can be narrowed to a dozen micrometers, allowing for very small internal radii and fine
details, thus giving SLE the capability of micromachining. The main challenge is to achieve an
appropriate adjustment when many parameters are involved. The parameters may include
scanning speed, pulse frequency, laser power, scan spacing, and number of eroded layers. Fig.
2.16 demonstrates an application of combining SLM and SLE to produce small internal and
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external features. Although SLM alone is limited to achieving holes or engravings below 400
to 500 um, SLE of additive layers allows very precise evaporation of material to make features
as small as 50 um (Fig. 2.16). Therefore, these techniques can be combined, such that dense
additive layers are first made using SLM and then the hollow features can be eroded in each
layer, to achieve the narrowest holes and engravings.
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Fig. 2.16 Comparison of the slits/ribs made by SLM without erosion and made
by SLM combined with SLE (after every layer) with nominal widths of the slits
and ribs on the right.

2.6.5 Single Track Scans

Single tracks (Fig. 2.17) can be used to explore the shape of the melting pool. The generated
knowledge is a shortcut to assessing the processing windows (i.e., the successful range of
scanning speeds and laser powers) for SLM of a specific material. The following factors are
considered to evaluate the quality of a single track:

e Being uninterrupted (see Fig. 2.17A,B for examples of good and bad tracks),
preventing pores and irregularities

e Controlled penetration (into the layer below), demonstrating good wetting and
bonding to the previous layer (Fig. 2.17C)

e Controlled height for building up layers of good height (Fig. 2.17C)

e  Optimum connection angle of about 90° between the scan track and the layer below
(Fig. 2.17C), which enhances the dimensional accuracy and density and minimizes the
required overlap between adjacent scan tracks [8].

Fig. 2.17 Important factors in single track experiments: (A) bad/interrupted track from top view, (B)
good/continuous track from top view and (C) side view factors demonstrated on a good track.

2.7 SLM Potential Defects

Similar to welding processes, residual stresses are produced in SLM-processed parts as a result
of high temperature gradients, large amounts of thermal expansion and shrinkage or non-
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uniform plastic deformation during the heating and cooling cycle. The substantial shrinkage
of the moving melting pool during cooling and solidification is constrained by the cooler
underlying previously processed layers.

The thermal shrinkage rate for a given powder material increases with an increase in laser
power or a decrease in laser scanning speed.

An SLM-built part is under tension, and the maximum stress is located at the surface of the
part and can reach the yield stress, as shown in Diagram 2.1. The final residual stress increases
with the number of layers that have been built.

Part produced + /

Base plate

i
' —
O yield or

Diagram 2.1 Distribution of residual stresses in a base plate
and built part along the building direction.

Residual stresses result in:

e Partdistortion.
e Cracking.
e Delamination of the part.

Crack density is more significantly dependent on laser power because the temperature profile
is more strongly dependent on laser power than laser scanning speed; hence steeper
temperature gradients produced at higher laser powers result in an increase in the magnitude
of thermal stress and therefore increase hot cracking.

Because the average residual stress in the laser scanning direction is about two times higher
than the stress in the direction perpendicular to the laser scanning direction, residual stresses
can be reduced by shortening the scan track using an island/checkerboard scanning strategy.
More homogeneous stress distribution can be achieved by changing the stress anisotropy
from one layer to the next, scanning with a rotating scan pattern.

Rescanning by the laser beam with the lower energy density is reported to effectively stop
crack propagation during SLM fabrication, probably as a result of part distortion.
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Distortion caused by internal stresses can be reduced by using elemental powders instead of
a pre-alloyed powder. The in-situ alloying of two or more elemental powdered materials
during manufacturing can lower the solidification temperature by forming various
combinations of eutectic/hypoeutectic/hypereutectic alloys. The processed alloy is able to
remain in a semi-solid or stress-reduced state throughout the build with the assistance of
powder bed being preheated at the elevated temperature. Much longer overhangs without
support can be built using a mixture of elemental powders.

Residual stresses and distortion of the SLM-processed part can be reduced by applying (1)
stress relief heat treatment, (2) re-scanning by the laser beam and (3) increasing in the powder
bed temperature. However, residual stresses are not always disadvantageous; the retention
of a reasonable level of residual stress in SLM-processed parts favors enhanced hardness.

Defects such as porosity, lack of fusion and cracks are often produced in additively
manufactured materials. These defects adversely affect the properties and performance of
these materials because the defects reduce the part density and act as stress risers. The
defects include:

e Gas pores: Gas pores are formed by trapped gases and are normally spherical. The gas
pores are inherited from a gas-atomized powder or moisture on the powder particle
surface and the dissolved hydrogen in the powder, which are the primary contributors
to the formation of porosity in SLM-processed aluminum alloys. These are not
significant contributors to the porosity of SLM-processed Ti6Al4V samples since the
porosity depends on the processing parameters.

e Keyhole pores: Keyhole pores are produced by the collapse of a steep and deep
melting pool that is formed at the start/end points of the scan tracks or when the
linear energy density is too high.

e Incomplete melting or lack of fusion: Some unmelted particles can be trapped inside
the pores if the energy is insufficient to melt all the powder, which has a statistically
geometric shape. This type of defect is located at the interlayers and is also known as
an elongated pore. The plane of this type of defect is perpendicular to the build
direction.

e Unstable melting pool: Irregular pores can be formed at low laser scanning speeds as
a result of hydrodynamic instability of the melting pool at a high energy density and
because of melt flow instability at a high laser scanning speed. The instability of melt
flow during SLM is attributed to the Marangoni force and recoil pressure produced by
the evaporation of the melting pool. The instability of melt flow, which increases with
anincrease in laser scanning speed and powder layer thickness, results in small liquid
droplets splashing onto the solid built surface.

e Lack of overlap: Intra-layer porosity is produced as a result of the large hatching space.

Porosity or relative density in the SLM-fabricated part is strongly dependent on linear energy
density. The velocity of gaseous bubbles in the melting pool increases with an increase in
linear energy density and reaches a maximum value at an optimal LED at which the highest
density of the part is achieved. Further increases in linear energy density result in the
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formation of a rotational pattern of the flow vortex, which tends to entrap gaseous bubbles
and reduce their velocity. This leads to the formation of high porosity in the consolidated

parts.
Four melting zones have been defined on a laser power versus laser scanning speed map for
SLM of Ti6Al4V: ‘fully dense’ (zone |), ‘over-melting’ (zone Il), ‘incomplete melting’ (zone Ill)

and ‘over-heating’ (zone OH), as shown in Diagram 2.2(a). Defects in the samples produced in
zone |l have a spherical shape, whereas the morphology of defects in the samples produced

in zone lll are irregular.

At a laser power, the density decreases/porosity increases with an increase in laser scanning
speed, as shown in Diagram 2.2(c).
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Diagram 2.2 (a) Four zones on a laser power versus laser scanning speed map, (b-c) Graphs of the dependence of
porosity on laser scanning speed at two levels of laser power in selective laser melting- fabricated Ti6Al4V.

It has been reported that the density of the SLM-fabricated part (p) increases with an increase
in energy density (E,), as described by:

p=Cy— Cre P (5)

where Cy, C,, K are constants.
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However, significant density variations can be found at the same level of energy density (as
shown in Diagram 2.3) because some combinations of laser power and laser scanning speed
may cause (1) incomplete melting of powder; (2) instability of the melting pool; (3)
overheating of the powders and (4) balling effects. At the same energy density level of
1202~
power and laser scanning speed and reaches a maximum value at the laser power of 165W; a
further increase in laser power results in a slight reduction in density. The porosity produced
at the combination of higher laser power and higher scanning speed is smaller and more
circular in shape and is attributed to the balling effect and high thermal stress cracking,
whereas the porosity produced at the combination of lower laser power and lower scanning
speed is filled with unmelted powders because of insufficient melting. However, the balling
effect has also been observed in a sample that was produced at a low laser power and
scanning speed [8], [11].

, the density of the additively manufactured part increases with an increase in laser
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Diagram 2.3 Effect of laser power on the relative density of selective
laser melting- fabricated commercially pure titanium at a constant
energy density of 120J/mm3.

2.8 Microstructural features

The microstructure of additively manufactured alloys is significantly different from that of
conventionally processed alloys because of the fast and directional cooling achieved during
the additive manufacturing processing. Several significant characteristics of additively
manufactured alloys via laser-based process are summarized in this section.

2.8.1 Texture

Because of the unidirectional heat transfer and cooling (heat is primarily conducted away
vertically through the previously built part to the platform), a strong morphological and
crystallographic texture has been observed in columnar structures in Ti6Al4V, nickel
superalloys, 1Cr18Ni9Ti stainless steel, NiCr alloy, AlSi10Mg, CoCrMo steel and Al-12Si (AlSi12)
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processed by layer-based additive manufacturing processes. The columnar structures are the
elongated grains that grow across the layers in the direction roughly parallel to the build
direction because of the epitaxial grain growth at the partially remelting grains on the

previously solidified layers and directional solidification.

The dominant {100} texture in the direction of grain growth is developed in SLM-processed
Inconel alloy as the result of the preferential {100} growth direction of cubic crystals, which
results in the columnar structure shown in Fig. 2.18.
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Fig. 2.18 Schematic illustration of columnar y grains formed by unidirectional
solidification, y” precipitate arrays and the melting pool/ layer structure in Inconel 718
processed by selective laser melting.

In the SLM-processed Ti6Al4V, the average length of prior B grains is in the order of
millimeters. This shows that prior B grains grow through tens of layers along a direction tilted
at an angle about 20 degrees from the build direction (z-axis). The inclined angle is attributed
to the rotation of the scan direction in each layer. The acicular martensite o’ laths,
characterized by high vanadium content and a high dislocation density, are primarily
orientated at inclinations of about 45 and 90 degrees to the build direction.
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The texture can be changed by applying different laser-scanning strategies. A reduction in
texture can be achieved by rotating a 90-degree laser scanning vector between the two
adjacent layers or rotating the scanning vector within one layer (the checkerboard or island
scanning method).

2.8.2 Non-equilibrium microstructure

An out-of-equilibrium microstructure is normally produced in the SLM process as a result of a
high cooling rate. The cooling rate in the SLM process is approximated within the range of 10°-
108 K/s which is fast enough to fabricate bulk metallic glass for certain alloy compositions.

Very fine acicular martensite (a’) is normally obtained in SLM-processed Ti6Al4V and
commercially pure titanium (cpTi) as a result of the phase transformation f — a’ at a high
cooling rate. In addition to defects, the hard and brittle nature of metastable martensite is
partially attributed to the higher strength and lower ductility of SLM-processed Ti6Al4V
compared with conventionally forged/annealed Ti6Al4V parts in which stable/ductile alpha
(a) plus beta (B) phases are produced. However, a + B phases have been reported in SLM-
processed Ti6Al4V with appropriate energy input and double laser scanning on each layer as
a result of the in-situ decomposition of the martensite o’ phase induced by heating and
cooling during the build of the subsequent layers caused by the following phase
transformations [11]:

a' - B during heating

B = a+f during cooling
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3. SLM State-Of-The-Art

Both experimental and theoretical papers, that try to estimate or predict the melting pool
geometry, are presented below:

Zhang Z. et al. [13] developed a 3D heat-transfer finite element model for Laser Powder-Bed
Fusion (LPBF) for accurately predicting melting pool dimensions and surface features. Eight
heat source models (Fig. 3.1, Table 3.1) were used for the numerical modeling of LPBF and can
be categorized as 1) geometrically modified group (GMG); and, 2) absorptivity profile group
(APG). Experiments were carried out to validate the simulation results. All the eight heat
source models lead to over 40% shallower melting pools compared with the experiments (for
the experiments, a Stainless Steel 17-4PH powder was used).

(a) (b)

a=09of1(z) q = qof(z) q = qofs(z) q = qofalz)

Fig. 3.1 The schematic of the heat source models, (a) cylindrical shape; (b) semi-spherical shape; (c)
semi-ellipsoidal shape; (d) conical shape; (e) radiation transfer method; (f) ray-tracing method; (g)
linearly decaying method; (h) exponentially decaying method.

Table 3.1 Summary of mathematial representations of laser beam heat sources.
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In order to improve the model performance, a mathematical model with varied anisotropically
enhanced thermal conductivity and varied absorptivity was proposed and applied to the heat
transfer simulation with the exponentially decaying heat source (APG4).

The main conclusions are listed as follows:

1. The expressions of varied anisotropically enhanced thermal conductivity and varied
absorptivity were linear algebraic equations. Good agreement between the
simulation and the experimental results was derived. The averaged error of melting
pool width and depth are 2.9% and 7.3%, respectively.

2. The proposed heat transfer model has been further validated by the surface features,
track stability and ripple angle. For the track stability, the predicted results are in good
agreement with the experimental results. In addition, the simulated ripple angles are
within the range of experimental results.

Lee K. et al. [14] developed a novel hybrid heat source model considering the different
absorption mechanisms for porous and dense state materials, and an effective absorptivity is
adapted to the proposed model to analyze the melting mode transition. The proposed model
can predict the melt pool characteristics including the melt pool dimensions and the melting
modes in the selective laser melting (SLM) process. The problem is formulated using the heat
transfer equation considering the phase transition and the degree of consolidation based on
the phase-field approach. The single-track scans of 316 L stainless steel for both the non-
powder case and the powder case are simulated to validate the model and the obtained
results are in good agreement with the experimentally measured melt pool dimensions (mean
error within 6%). Furthermore, the melting modes (conduction and keyhole) can be
distinguished based on the predicted melt pool morphology and the degree of vaporization
with the proposed model, which provides insight to define the optimized process boundary.
It is also found that the keyhole mode melting is more sensitive to the change of the process
parameter than the conduction mode melting.

However, during the melting process of SLM, a certain amount of volume shrinks due to the
void fraction of the powder layer. The location of the surface then gets lower after the void is
filled by the molten material. This volume shrinkage affects the morphology of the generated
melting pool because it affects the heat conduction in the surrounding powder layer.
Furthermore, the applied heat flux for each material point changes due to the variation of the
distance from the center of the laser beam. The proportion of volume shrinkage of the powder
layer is generally equivalent to the initial porosity of powder. To consider the volume
shrinkage in the simulation, a simplified method is used in this study which is deactivating the
shrunk element. After the powder layer is molten, the shrunk volume (Fig. 3.2) is treated as
an empty space with zero conductivity in the simulation.
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The main conclusions that can be drawn from the study are summarized as follows:

1. The analysis results show that the model achieved good agreement (mean error
within 6% for both the case without powder and the case with powder) when
compared to the experimentally measured melt pool dimensions. The predicted
melting modes based on the melt pool morphologies are also in good agreement with
the experimental results.

2. The different characteristics of the two melting modes (conduction and keyhole) are
discussed in the process optimization point of view with the degree of intense
heating. It is concluded that the keyhole mode melting is not preferred in terms of
energy efficiency and is more sensitive to the change of the laser power.

3. The performance of the proposed hybrid heat source model is also compared with
the conventional heat source models. The result shows that the combination of the
volumetric and the surface heat fluxes contributes to more realistic results
considering the different absorption mechanisms of the porous and dense materials.

Gu D. et al. [15] provide multiscale modeling and corresponding experimental verification of
the SLM processing of metals, alloys, and metal matrix composites, including an aluminum
(Al)-based alloy (AISi10Mg), a nickel (Ni)-based super-alloy (Inconel 718), and ceramic particle-
reinforced Al-based and Ni-based composites. SLM of metals typically involves multiscale
coordinated control principles, including microstructure development during SLM processing
(the microscale), the laser absorption and melting behavior of powder particles (the
mesoscale), and the stress and deformation of SLM-processed structures (the macroscale).

Multiscale computational numerical modeling has become an essential tool in predicting the
thermodynamic and kinetic mechanisms of the SLM process, and thereby efficiently
shortening the process optimization cycle of SLM-fabricated parts. In addition, the
guantitative data acquired from the numerical modeling provide insight into the scientific
problems existing in SLM processing. The basic conclusions of the present study are as follows:

1. Using mesoscale modeling and simulation, it was determined that for the SLM process

of an Al-alloy powder at a relatively high scanning speed or a low laser power, the
balling phenomenon, which is a typical metallurgical defect of SLM, tended to occur
under the activity of excessive shrinkage of the liquid track in both the transverse and
radial directions.
For the SLM of a Ni-alloy powder, when a relatively low laser power was applied,
porosity was distinctly presented both on the top surface and on the cross-section of
the SLM-processed composites, due to the reduced surface tension of the liquid and
the weakened migration of the melt between the current track and the neighboring
solidified track.

2. Using microscale simulation and understanding, it was determined that for the SLM
process of AIN/AISi10Mg nanocomposites, the thermal behavior, thermal-capillary
convection, and pressure distribution in the vicinity of the AIN reinforcing particles
were sensitive to the SLM processing parameters. Due to the combined effect of the
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convection vortex, the capillary force, and the gravity force, the pressure difference
and centripetal force acted on the AIN reinforcing particle, promoting sufficient
rearrangement of the AIN particles. A novel regular distribution of AIN reinforcing
particles in a ring-like structure was obtained within the finally solidified composites
under the optimized laser energy density. For the SLM of WC/Inconel 718 composites,
under the radiation from a high-energy laser beam, an in situ chemical reaction
occurred between the WC particles and the Inconel 718 matrix, leading to the
formation of a gradient interface with (W, M)C3 (M = Ni, Cr, Fe) carbide. The formation
of the gradient interface between the reinforcing particles and the matrix decreased
the tendency of crack and pore formation and improved the bonding coherence at
the interface.

Using macroscale modeling, the thermal mechanical coupling effect and the residual
stress distribution within an SLM-fabricated Al-alloy part were studied. SLM
processing of the current track efficiently provided a preheating effect for the
untreated neighboring powder bed and, meanwhile, provided the annealing effect for
the adjacent SLM-processed tracks. The combined effect of self-preheating and self-
annealing significantly alleviated the residual stress within SLM parts. The residual
stress located at the start and finish sides of the scanning track was much lower than
that located in other positions of the track. The residual stress distribution of the SLM-
processed layer varied along the depth of the layer. In the bottom of the scanned
layer, the residual stress located at the start/ finish side increased to the maximum
values.

Pang S. et al. [16] investigate the coupled keyhole and weld pool dynamics during deep
penetration laser welding with a comprehensive sharp interface keyhole welding model. The
coupling of transient keyhole evolution, heat transfer and weld pool dynamics was simulated.
The major findings of the present theoretical modelling study are listed below:

1.

The frequency of keyhole depth variation is shown to be in agreement with the
experimental values of keyhole oscillations, and the amplitude of keyhole depth
variation could qualitatively reflect the porosity content of the final weld bead.
Under certain low heat input welding conditions, the ablation recoil pressure could
withstand the restoring effect of the surface tension and fluid flow pressure exerted
on the keyhole wall, and a deep penetration laser welding process with a stable and
collapse-free keyhole could be obtained. Under this condition, the fluid flow
directions of the weld pool near the keyhole wall are upwards and approximately
parallel to the keyhole wall.

The processes of three-dimensional periodical keyhole oscillation and bubble
formation in the laser welding process of an unstable keyhole could be well simulated
by the present sharp interface model. The mechanisms of keyhole instability are
found to be closely associated with hump behaviour on the keyhole wall. The welding
speed and surface tension are shown to be closely related to the formation of humps
on the keyhole wall. The effects of recoil pressure, surface tension and impacting
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pressure of fluid flow periodically drive the humps downwards, collapse the keyhole
and may lead to the formation of pores near the central parts or tips of the keyhole.

4. Significant different weld pool dynamics during laser welding with an unstable
keyhole are found by comparing with the fluid flow in a welding process with a stable
keyhole.

5. Several characteristic flow patterns in the weld pool during laser welding with an
unstable keyhole, including the sideways flows around the keyhole, the upward flows
along the rear keyhole wall, the rapid downward flows near the keyhole wall, inner
vortex flows behind the bottom part of the blind keyhole as well as a type of periodical
wavy flow on the weld pool surface, are successfully predicated by the present model
and found to qualitatively agree with x-ray transmission imaging experiments.

6. The transient keyhole dynamics plays a very important role in some of the
characteristic flow patterns of the weld pool; therefore, modelling the keyhole and
weld pool in a self-consistent way is of significance to understand the physics of laser
welding.

7. Since many important flow patterns are closely related to the effects of recoil
pressure, surface tension and impacting pressure of fluid flow, it is essential to
incorporate these effects into a hydrodynamic keyhole welding model of laser
welding.

Khairallah S. et al. [17] demonstrate the effect of the recoil pressure and Marangoni
convection in laser powder bed fusion (L-PBF) of 316L stainless steel and how denudation,
spattering, and pore defects emerge and become part of a laser bed-fusion process. The
physics processes involved are intimately coupled to each other since they all have a strong
dependence on the temperature.

While radiation cooling scales as T#, the evaporative cooling is more efficient at limiting the
peak surface temperature because of its exponential dependence on T. This has a strong effect
on the magnitude of the recoil pressure since the latter also grows exponentially with the
temperature. The recoil force overcomes the surface tension, which opposes the compressive
effect of the recoil force, and therefore creates the depression and material spatter. Upon
cooling below the boiling point, the surface tension takes over and causes pores to form upon
depression wall collapse. The surface tension effects dominate in the transition region where
a strong flow (Marangoni effect) takes place. This flow helps with cooling of the depression,
creating the denudation zone, pulling in adjacent particles and creating side pores close to
partially melted particles. Eventually the transition zone thins out due to the melt flow
breaking up and forming the tail-end region. The latter is subject to irregular flow that is short
lived due to the drop in temperatures and solidification.

Deep and narrow depressions should be avoided in order to decrease pore formation due to
depression collapse. One should also note that, upon changing direction along a scan track,
the laser intensity should be decreased otherwise, extra heat deposited could lead to a deep
and narrow depression, which collapses and forms pores. An appropriate scan vector overlap
can increase the densification by eliminating partially melted and trapped particles and any
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associated shallow lateral pores. Also, a gentle ramping down of the laser power can prevent
end-of-track pores and side surface roughness.

Volpp J. et al. [18] present an analytical model of the keyhole including multiple reflections in
a subroutine during laser deep penetration welding. The influence of spatial laser intensity
profiles on the resulting keyhole geometry can be shown by observing keyhole shapes
resulting from a Gaussian-like and a top hat distribution. Calculation results show that
different spatial laser intensity distributions lead to similar keyhole shapes due to similar
energy distributions on the keyhole walls after multiple reflections but to different radial
pressure gradients. The top hat distribution leads to higher pressure gradient values leading
to higher back pressure to the quasi-static state and presumably to a more unstable process
Experiments for measuring keyhole diameters in different depths are conducted to estimate
keyhole shapes after welding Aluminum Alloy 6082 using tungsten inlays. Measured and
modeled keyhole shapes show similar tendencies.

D. Dai et. al in [19] carry out the simulation of the melting pool dynamics changing from the
heat conduction to the keyhole-mode of SLM-processed TiC/AISi10Mg parts, using a finite
volume method (FVM) and the following conclusions can be drawn:

1. The melting pool depth, namely laser penetration ability, gradually increases and
reaches a comparable fixed depth and then fluctuates as the SLM process proceeds.
The depth of the melting pool is controlled by the conduction of heat and the resultant
recoil pressure caused by the evaporation of the metal as the SLM process proceeds.

2. There is a significant difference in the fluctuation behavior of the melting pool using
different protective atmospheres. It seems that Ar protective atmosphere has the
stabilization ability to significantly decrease the keyhole melting pool fluctuation
(Diagram 3.1) and, therefore a dense SLM-processed part will be obtained (Diagram
3.2).
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Diagram 3.1 Typical melting pool depth variation
curves during keyhole-mode SLM process using
different protective atmospheres.
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3. The applied protective atmosphere plays a crucial role in determining the surface
quality of the SLM-processed part. For the application of Ar protective atmosphere, a
stable-state of the melting pool depth combined with a uniform recoil pressure forced
on the free surface of the melting pool is typically produced, leading to the formation
of a sound surface morphology.

4. The surface quality and relative density are experimentally obtained and have a good
accordance with the results predicted by the simulation. The physical issues
considered in the mathematical model are completely general. Therefore, the SLM
physical model established in this paper is completely suitable for other powder
system.

LeT. et al. [20] utilize a three-dimensional thermal-fluid FVM model to examine the effects of
the inverse Marangoni flow induced by the sulfur concentration of SS316 powder on the
dimensions of the melt-pool formed during SLM processing. The simulations have employed
a volumetric heat source with a Gaussian distribution and have evaluated the laser
absorptivity of the powder bed by means of mesoscopic ray-tracing simulations. In addition,
the surface tension gradient, which governs the direction and magnitude of the Marangoni
flow, has been approximated as a function of the sulfur concentration using a simple linear
regression approach. The major findings of this study can be summarized as follows:

1. The sulfur level of SS316 metal powder plays a critical role in governing the fluid flow
behavior of the melted metal within the melt-pool during SLM processing. In
particular, for a higher sulfur level (>60 ppm), the Marangoni flow changes from an
outward radial direction to an inward radial direction; thereby resulting in a deeper
and narrower melt-pool. Furthermore, the occurrence of inverse Marangoni flow
inside the melt-pool sweeps the gas bubbles away from the solidification front, and
therefore lowers the porosity of the scanning track.

2. The present simulation model focuses specifically on the effects of inward Marangoni
convection. In other words, it ignores the volume shrinkage and the recoil pressure.
Consequently, in comparing the simulation results for the melt-pool dimensions with
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the experimental results, the simulation model overestimates the melt-pool depth in
the conduction mode and underestimates the melt-pool depth in the keyhole mode.

Miyagi M. et al. [21] carried out in situ observation of the laser-melting portion using X-rays
under various laser-melting conditions for austenitic stainless steel.

The keyhole depth and width increases, and the fluctuation in keyhole depth tends to
decrease as the laser power increases. The fluctuation in keyhole depth tends to increase
when no shielding gas is applied.

The inclination angle of the keyhole decreases as the laser traverse speed becomes higher
than the keyhole-formation speed, keyhole width increases and the keyhole opening expands.

As the defocus distance increases, the inclination of the keyhole decreases, and the
fluctuation in keyhole depth tends to increase.

Heeling T. et al. [22] present a 3D numerical model for the selective laser melting process that
allows a detailed look into the process dynamics at comparably low calculation effort (coarse
mesh). It combines a finite difference method with a combined level set volume of fluid
method for the simulation of the process and starts with a homogenized powder bed in its
initial configuration. The model uses a comprehensive representation of various physical
effects like dynamic laser power absorption, buoyancy effect, Marangoni effect, capillary
effect, evaporation, recoil pressure and temperature dependent material properties. It is
validated for different process parameters using cubic samples of stainless steel 316L and
nickel-based superalloy IN738LC. The results show the significance of evaporation and its
related recoil pressure for a feasible prediction of the melting pool dynamics. Furthermore, a
possible way to reduce the times and costs for material qualification by using the simulation
model to predict possible process parameters and therefore to reduce the necessary
experimental effort for material qualification to a minimum is shown.

Wang H. et al. [23] have developed a coupled thermal-mechanical-fluid model to reveal the
microscale dynamic evolution of metal powders, particularly for Ti-6Al-4V, during laser
irradiation. Using different laser powers, layer thicknesses, and hatch spacings, they have
systematically compared powder evolutions in two typical processing modes — conduction
mode and keyhole mode. There is only one circular flow in the longitudinal section of the
melting pool in the conduction model, while two circular flows present in the keyhole mode
(Fig. 3.3).
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Fig. 3.3 Schematics of the circular flows in two typical modes. The red line
represents the boundary of the melting pool, while the blue arrow represents the
flow of melted metal. Metal in the melting pool flows along the direction of the
arrow, keeping the balance of heat and mass.



Gravity drives the melted metal to fill the gaps between the powders and contributes to the
formation of the molten pool. The simulation results demonstrate that a larger printable
powder layer thickness is achieved in the keyhole mode than that in the conduction mode.
The thermal distribution during the multiple-track melting in the conduction mode is more
uniform than that in the keyhole mode, leading to more uniform resulting microstructure. This
study presents opportunities to control the microstructure and defects at the microscale of
the AM products by modulating processing parameters and switching between conduction
and keyhole modes.

However, the limitation of this study lies on the fact that the evaporation process of the metal
is not considered in the simulation. Thus, the dynamic formation of the keyhole can’'t be
clarified.

King W. et al. [24] identify, through the analysis of single-track experiments, the existence of,
and conditions for, keyhole-mode melting in metal additive manufacturing of Stainless Steel
316L. Specifically:

1. The utility of using the normalized enthalpy to combine the effects of power, speed,
and beam size was validated experimentally. The relationship is useful up to the
keyhole threshold. Beyond the threshold, the normalized enthalpy does not include
the additional physics that exists in keyhole formation. However, the normalized
enthalpy is a reasonable scaling to allow data from different powers, speeds, and
beam sizes to be viewed in the same context. The normalized enthalpy can be used
to identify the keyhole threshold from experiments but appears to be missing some
physics particularly with regard to the dependence of melting pool depth on beam
size in the conduction mode.

2. There is a threshold for transition from conduction mode laser melting to keyhole
mode that depends on power, speed, and beam size for a powder layer thickness
of 50 m that can be expressed in terms of the normalized enthalpy, AH/h; = (30 % 4).
The threshold is expected to depend on layer thickness and possibly powder size
distribution. However, for powder sizes and layer thicknesses typically used in laser
powder bed fusion, we have experimental evidence from related work that the
change in the threshold will be within the error bar.

3. The threshold for keyhole mode melting can be used to help identify the optimum
region in power, speed, and beam size space for a good quality additively
manufactured part because going far below the threshold results in insufficient
melting and going too far above results in an increase in voids due to keyhole mode
melting.

Caprio L. et al. [25] present a methodology for the estimation of the melting pool penetration
depth in the SLM process. The monitoring system devised relies upon the measurement of
melting pool surface oscillations through reflections of a secondary probe light (Fig. 3.4)
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captured by means of a high-speed camera (Fig. 3.5). An image processing algorithm and
signal analysis procedure have been developed in order to extract an indicator representative
of the oscillation frequency of melting pool surface waves (Fig. 3.6).
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Fig. 3.4 Schematic representation of a transversal view of the melting pool during the LPBF.
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Fig. 3.6 Block diagram of the methodological approach developed.
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Melting pool surface oscillations ranging from 3.5 kHz to 5.5 kHz were measured. At higher
levels of emission power, the oscillation frequency of the melting pool decreased and may be
directly correlated to an increase in melting pool mass and penetration depth. At constant
process parameters, oscillation frequency did not show statistical difference between bead-
on-plate and SLM experiments (Stainless Steel 316L was the material). Both processes showed
analogous trends with shallower melting pools at increasing values of the oscillation
frequency.

Proof of concept testing of the devised methodology was conducted with both bead-on-plate
material remelting and SLM single track experiments. The monitoring equipment was
designed and implemented in order to have sufficient spatial and temporal resolution as well
as to obtain sufficient resolution in the frequency domain for the signal analysis procedure.

Bertoli U. et al. [12] discuss the use of Volumetric Energy Density (VED) as a key parameter for
SLM of 316L stainless steel. It was shown that:

1. The results confirm that decreasing VED to values below 100 J/mm?3 by either
decreasing laser power or increasing scan speed led to a degradation of track shape
that ultimately enters the balling regime. Furthermore, tracks deposited with
sufficiently high VED values (e.g., 242 J/mm?3), obtained with increasing laser power
and speed, show a transition from the continuous regime to the irregular and balling
regimes.

2. VED can effectively capture track width evolution. At the lowest VED values (e.g., 48
J/mm3), the track width reaches its minimum value, approaching the laser spot size
(55 um).

3. Depending on the peak temperature, SLM can be carried out in conduction or keyhole
mode. In keyhole mode, vaporization of the metal is achieved and the strong recoil
pressure creates a deep melting pool with high depth/width ratio and can lead to
keyhole porosity. VED is not an appropriate metric to quantify melting pool depth and
the threshold between conduction and keyhole.

4. VED is generally a thermodynamic quantity and is therefore not able to capture the
complex physics such as Marangoni flow, hydrodynamic instabilities and recoil
pressure that drive heat and mass transport in different portions of the melting pool
and that, in the end, will dictate final track morphology.

Qi T. et al. [26] investigate the melting mode transition and the characteristics between the
keyhole and the conduction mode. According to the research results, following conclusions
can be drawn:

1. Depending on the process parameters, three kinds of melting mode, e.g., keyhole
mode, transition mode and conduction mode can be found in SLM-processed Al7050
alloy. When the defocusing distance and other process parameters keep constant, the
melting mode varies from keyhole to conduction with the increase of scanning speed
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from 100 to 1200 mm-st. The mode changes from the conduction to transition at the
higher speeds, while it transforms from the transition to keyhole at the lower speeds
(Fig. 3.7).
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Fig. 3.7 Metallographic images on vertical section of samples with scanning sped of a,e) 100 mm/s;
b,f) 250 mm/s; c,g) 850 mm/s; d,h) 900 mm/s.

2. When scanning speed and other process parameters keep constant, with the
defocusing distance decreasing from 2.5 mm to -2 mm, the melting mode changes
from conduction mode, transition mode, keyhole mode to conduction mode in turn
(Fig. 3.8).

Decreasing defocusing distance

L —— 1
Conduction mode —> Transition mode——> Keyhole mode —> Conduction mode

Fig. 3.8 Metallographic images on vertical section of samples with constant scanning speed of 150
mmy/s and defocusing distances of: a) 2.5 mm; b) 0 mm; ¢) -1.5 mm; d) -2 mm.

3. The surface under keyhole mode shows metallic luster, while the surface under
conduction mode shows dull black. This is caused by the fact that the oxygen content
on the surface under keyhole mode is much lower than that under conduction mode.

4. Three types of cracks appear in sequence with the melting mode. The crack growth is
along the grain boundary. The crack density under keyhole mode is much lower than
that under conduction mode due to fine and irregular grains under keyhole mode. The
account of cracks of the SLM-processed samples increases when the scanning speed
increases.
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Due to the changing of the thermal gradient and growth rate from border to
centerline of the melting pool, the solidification morphology is different between the
two melting modes. Moreover, under keyhole mode the convention effects occupy
the dominant position on the bottom of the melting pool, resulting in the formation
of V-shaped striations along the flow pattern.

The nano-hardness of melting pools under conduction mode is slightly higher and
more uniform than those under keyhole mode due to the high evaporation of Zn and
Mg elements under keyhole mode. The nano-hardness in different regions of the
melting pools under keyhole mode is not uniform. The nano-hardness on the bottom
is higher than that from other regions.

Zhang D. et al. [27] establish a three-dimensional finite element model including laser
penetration and Marangoni effect and use it to study thermofluidic field in the melting pool
and its influence on the shape of the melting pool during selective laser melting of Inconel 718
alloy. The following conclusions can be drawn:

1.

A heat source considering the characteristics of thermal physical properties of powder
bed with porosity and multi-reflection of powder bed to laser beam was implemented
in simulation, which results were in agreement with the practice;

Marangoni effect driven by surface tension during SLM process makes fluid flow state
in melting pool mainly an outward convection (namely Marangoni coefficient dy/0T is
negative);

The effects of convective and conductive heat flux on melting pool shape were
investigated during SLM process with fixed-point heat source. The results showed that
the convective heat flux in melting pool is dominant, which is one order magnitude
larger than conductive one, and accelerates flow rate of the melt in the weld, benefits
to heat transfer. The convective heat flux makes the melting pool wider and the
conductive heat flux makes comparably the melting pool deeper and wider;

The effects of convective and conductive heat flux on melting pool shape were
investigated during SLM process with a moving heat source. The results showed that
thermofluidic field of melting pool and the effects of convective and conductive heat
flux on melting pool shape were same as that with fixed-point heat sources.

The effects of heat accumulation on heat flux and melting pool shape were
investigated during SLM process with a moving heat source different comparing with
fixed-point heat source. The process of multiple scanning with moving heat source led
to heat accumulation, which increases the magnitude of convection and conduction
heat flux, and the length, width and depth of the weld.

However, the evaporation process hasn't been taken into account in the model and the effect

of heat accumulation on the melting pool shape and grain morphology with different scanning
strategies isn't explored.
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Papazoglou E. et al. [28] present a complete and robust methodology for modeling the
evolution and final shape of melting pool, as well as other thermal phenomena occurring
during conduction mode SLM process. At first the effective absorption coefficient of the laser
beam incident is calculated using the Fresnel equations, taking into account the multiple
scattering that the laser beam undergoes as it interacts with the powder material. For the
melted phase of the material, the absorption coefficient was determined based on the
electron-phonon dominated optical conductivity and the Drude theory. Then, the thermo-
physical properties of the powder bed were calculated; in order to determine the thermal
conductivity of the powder bed, the Zehner and Schliinder model was used, while for the
other material properties, analytical relations from the literature were adopted, both
temperature and phase-dependent. The convection coefficient was calculated based on the
Nusselt number, according to the process parameters. Moreover, the energy loss due to
ablated material was estimated, while the latent heats of melt and evaporation were taken
into consideration. Finally, a moving volumetric Gaussian heat source was used, to simulate
the laser beam.

Three simulations were run, for different volumetric energy densities, and the simulation
results were compared and validated with experimental ones. The melting pool shape, and its
geometrical characteristics were calculated, the total heat losses owing to material ablation,
radiation and convection were estimated, as well the heating and cooling rates. In brief, from
the described study it was deduced that:

1. The absorption coefficient of the powder bed, while the material remains in a solid
state, and taking into consideration the multiple scatterings of the laser beam, was
calculated as 58.66%. The coefficient increases gradually as the material melts,
reaching up to 82%.

2. In numerical models of the SLM process, thermo-physical properties of the powder
bed have to be calculated in respect to the powder characteristics, as they
significantly differ from those of the solid material. Specifically, the thermal
conductivity of the powder bed was found to be an order of magnitude lower than
this of the solid material.

3. The melting pool formation, as well the track shape can be simulated by the presented
model with a significant degree of accuracy. For different VED values, the track
acquires different geometrical characteristics. For VED value of 97 J/mm?3 a uniform
melting pool was formed, while for 81 J/mm?3, the melted pool developed ellipsoid
formations and instabilities. For a VED value of 48 J/mm3, the melting pool was
narrow, with a small zone of ellipsoid formations connected to the track. The above
results were in line with experimental findings.

4. The nominal depth and width of the melting pool were estimated and it was found
that they were in accordance with the experimentally measured values.

5. The heat losses due to material ablation are the highest, followed by the radiation
losses which are almost constant, while the convection losses are, in all cases,
considerably low.
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6. From the obtained results, it is found that temperature rates of the order of 106 K/s
occur during the SLM process at the time when laser beam is turned off, being in
agreement with the relative literature.

Conclusion:

Keyhole mode has been studied extensively for laser welding ([16], [18]). However,
bibliography is limited for SLM-processed keyhole mode. SLM specific papers ([12], [13], [15],
[20], [22], [25], [27], [28]) focus more on the melting pool and the conductive mode dynamics,
rather than the keyhole dynamics.

Moreover, the limited SLM-keyhole specific papers study the keyhole effect only via indexes
and coefficients (such as normalized enthalpy) ([24]) or with models that don’t take into
consideration the very important phenomenon of metal evaporation ([17], [19], [23]), which
leads to inaccurate results.

The materials used in the most papers above are Stainless Steel, Al- alloys and Ni- alloys. Very
few studies ([23]), use Ti- alloys (such as Ti6Al4V) in their keyhole simulations. Furthermore,
the most simulations consider constant values for the material properties, whereas the truth
is that these properties have a strong dependance on temperature ([22], [28]).

In order to reduce the gap or the limitations of the existing bibliography, this diploma thesis
studies the keyhole effect for SLM- processed Ti6Al4V (with temperature-dependent material
properties), taking into account the heat transfer and metal evaporation phenomena that take
place.
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4. Model and Simulation

In the current study, a model to simulate and predict the SLM melting pool geometrical
characteristics is developed. The aim is to attain accurate and realistic results by using a
general method, which avoids the extensive utilization of semi-empirical coefficients or
complex and case driven heat source models. In specific, a heat transfer finite element model
coupled with deformed geometry was developed. The heat transfer consists the main core of
almost every SLM simulation, while the deformed geometry was adopted in order to model
and simulate the material ablation during SLM. Material ablation and the consequent
enthalpy transfer during SLM is a key mechanism which significantly impact the melting pool
characteristics, however it is often neglected or modeled partly. For certain machining
conditions combinations, namely where keyhole is formed, this material ablation is crucial in
forming that particular melting pool geometry, hence, it should be considered and modeled.
Moreover, a number of additional features have been adopted. Material thermophysical
properties are temperature dependent and distinct for the porous and the bulk material,
while the latent heats of phase transformation, melting and vaporization were also taken into
account. Furthermore, the heat losses due to convection and radiation have been also
calculated and considered, whilst, the mass and enthalpy loss due to ablation was modeled
simultaneously by the utilization of deformed geometry limiting that way the model’s DOFs.
Finally, the validation of the proposed model was done through comparison with
experimental results acquired by the literature, a blind type testing methodology that is
extensively adopted by similar studies.

4.1 Model Description
4.1.1 Size and Shape

The model used for the simulations is a 3D-geometry rectangular block (Fig. 4.1) with the
following dimensions:

e  Width: W=1mm or 1.5mm

e Depth: D=0.25mm

e Height: H=0.3mm
Specifically, 0.27mm is the height of the substrate layer and 30um is the height of the
powder layer.
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4.1.2 Position

The initial point O (0,0,0) of the coordinate system is placed at the front-bottom-left corner of
the block given in Fig. 4.1.

4.2 Material Properties
In this study, the model utilizes three “materials”, which are the following:

e Nj; (the shielding gas),
o Bulk Ti6Al4V,
e Porous medium (combination of Ti6Al4V and N,).

Moreover, all the material properties are temperature-dependent.
4.2.1 N, Properties

In [29], the values of nitrogen density, specific heat capacity, viscosity, thermal conductivity
and thermal expansion coefficient, for different temperatures are given (Table 4.1).

Table 4.1 N; properties.

T(K] p (kg/m3} Cp (KI/kg K} U (upas) k (w/mK) B {1/K)
Temperature Density Specific Heat Capacity Viscosity Thermal Conductivity Thermal Expansion Coefficient
200 1.7108 1.0429 12.947 0.01824 0.005
300 1.1421 1.0408 17.84 0.0262 0.003333333
400 0.8538 1.0459 21.98 0.02335 0.0025
500 0.6824 1.0555 25.7 0.03984 0.002
600 0.5687 1.0756 29.11 0.0458 0.001666667
700 0.4334 1.0969 32.13 0.05123 0.001428571
300 0.4277 1.1225 34.84 0.05609 0.00125
900 0.3736 1.1464 37.49 0.0607 0.001111111
1000 0.3412 1.1677 40 0.06475 0.001
1100 0.3108 1.1857 42.28 0.0685 0.000909091
1200 0.2851 1.2037 44.5 0.07184 0.000833333

In this study, it is considered that for temperatures below 200K, the value of the property is
constant and equals to the value of the same property for 200K. Furthermore, values for
temperatures above 1200K, are constant and equal to the values of 1200K.

With interpolation to the data above, the following piecewise temperature-functions are
calculated for the above properties (Diagram 4.1, Diagram 4.2, Diagram 4.3, Diagram 4.4):

N, density: py,(T) (%) =
1.7108, 0 < T(K) < 200
3.048-10712- T4 —-1.105-1078 - T3 + 1.521-1075- T2 — 0.009876 - T + 3.007, 200 < T(K) < 1200 (6)
0.2851, 1200 < T(K) < 10000

With R?=0.9997.

N, heat capacity: Cpy,(T) (kgLK) =
10429, 0 < T(K) < 200
1.844-10710- T4 - 8.533- 107 - T3 + 0.001322 - T? — 0.6131- T + 1128, 200 < T(K) < 1200 (7)
1203.7, 1200 < T(K) < 10000

With R%=0.9997.
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N, viscosity: Ky, (M)(Pa-s) =
12.947-107%, 0 < T(K) < 200
—4.72-107*%-7* 42246 - 107 - T3 - 4.531- 1071 - T? + 6.599 - 1078 - T + 1.541 - 107, 200 < T(K) < 1200
44.5-107%, 1200 < T(K) < 10000

With R=1.

N, thermal conductivity: ky,(T) (%) =
0.01824, 0 < T(K) < 200
—4.006-10715 - T* + 1.837- 10711 - T3 — 5.027 - 107® - T? + 0.0001006 - T + 8.439 - 105, 200 < T(K) < 1200
0.07184, 1200 < T(K) < 10000

With R%=1.
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Diagram 4.1 Nitrogen density to temperature.
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Diagram 4.2 Nitrogen heat capacity to temperature.
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Diagram 4.4 Nitrogen thermal conductivity to temperature.

All the other properties and characteristic numbers of N;, can be calculated as analytic

functions of the above piecewise functions. Specifically (Diagram 4.5),

N, thermal expansion coef ficient: By, (T) (%)

. ()
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Diagram 4.5 Nitrogen thermal expansion coefficient to
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temperature.

(10)
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Moreover, in [30], the formulas for the dimensionless Prandtl (Pr), Grashof (Gr), Rayleigh (Ra)
and Nusselt (Nu) numbers are given. Eventually, and the Convective Heat Transfer Coefficient
of nitrogen (hy,) can be calculated. Specifically (Diagram 4.6, Diagram 4.7, Diagram 4.9,

Diagram 4.8, Diagram 4.10),

CoN,(T) N, (T)
Pr(T) = —2——2— 11
r(n === (11)
9PN, (T) B, (T)(T—Too) L?
Gr(T) = —= MIVNZZ(T) (12)
2
where:

> g (sz) is the gravity acceleration.

» T, (K) is the ambient temperature.
» L (m) is a characteristic length of the specimen. It must be chosen carefully,

so that 10* < Ra < 107.

In this study, g = 9.81= ,T,, = 293.15K, L = 0.1m, so:
S

_ 9.81-pn, %(T) BN, (T)(T—-293.15)-0.13
Gr(T) = T (13)
Ra(T) = Gr(T) - Pr(T) (14)
Nu(T) = 0.54 - Ra'/*(T) (15)
Nu(T)ky., (T)
hy,(T) = ——"= (16)

In this study, L = 0.1m, as referred above, so:

Nu(T) ko, (T)
— (17)

th (T) =

Pr—T

T
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Diagram 4.6 Nitrogen Prandtl number to temperature.
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4.2.2 Bulk Ti6Al4V properties
Ti6Al4V consists of four phases: a, B, liquid and gas. The transitional temperatures are:

o T(a—-pB)=1268.15K
o T(liquid) = 1923.15K
e T(gas) =3315K

Ti6Al4V properties are temperature-dependent. For each property and for each phase, a
different polynomial fit.

In [31], values for the Ti6Al4V properties for different temperatures are given (Table 4.2).

Table 4.2 Bulk Ti6Al4V properties.

8 (degrees C) T(K) plkg/m3) CplJ/kgK) k{W/mK)
Temperature Temperature Density Thermal Heat Capacity Thermal conductivity
25 298.15 4420 546 7
100 373.15 4406 562 7.45
200 473.15 4395 584 8.75
300 573.15 4381 606 10.15
400 673.15 4366 629 11.35
500 773.15 4350 651 12.6
600 873.15 4336 673 14.2
700 973.15 4324 694 15.5
800 1073.15 4309 714 17.8
900 1173.15 4294 734 20.2
995 1268.15 4282 753 22.7
996 1269.15 4282 641 19.3
1100 1373.15 4267 660 21
1200 1473.15 4252 678 22.9
1300 1573.15 4240 696 23.7
1400 1673.15 4225 714 24.6
1500 1773.15 4205 732 25.8
1600 1873.15 4198 730 27
1650 1523.15 4189 759 284
1651 1924.15 3920 831 334
1700 1973.15 3886 831 34.6

With interpolation of the above data, for each interval [0, 1268.15K], [1268.15K, 1923.15K],
[1923.15K, 3315K], [3315K, 10000K], the temperature-dependent piecewise functions of
Ti6Al4V properties are calculated. It is considered that the polynomials for [1923.15K,
1973.15K] are applied and at the [1973.15K, 3315K] interval. For temperatures above 3315K,
the values of the properties are constant and equal to the corresponding values of 3315K.

Specifically, the bulk Ti6Al4V properties are described by the following piecewise functions
(Diagram 4.11, Diagram 4.12, Diagram 4.13):

Bulk Ti6Al4V density: prigaiay (T) (%) =

—0.1419 - T + 4461, 0 < T(K) < 1268.15, with R? = 0.9993
—0.1427 - T + 4463, 1268.15 < T(K) < 1923.15, with R? = 0.9958
—0.6939 - T + 5255, 1923.15 < T(K) < 3315, withR? = 1
3081.0113, 3315 < T'(K) < 10000

(18)
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Bulk Ti6Al4V heat capacity: Cprigaiay(T) (L) =

kgK
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Bulk Ti6Al4V thermal conductivity: krigaiay (T) ( ) =
0.0157 - T + 1.257, 0 < T(K) < 1268.15, with R* = 0.976
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Diagram 4.12 Bulk Ti6Al4V heat capacity to temperature.
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Another, very important, parameter for SLM is emissivity. Emissivity (€) is the ratio of the
radiance of an object or surface to the radiance of a blackbody (Planckian radiator) at the
same temperature. It is therefore dimensionless and can assume values between 0 and 1 for
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thermal radiators at equilibrium. Spectral emissivity €(A) is the emissivity at a given
wavelength. If a radiator is neutral with respect to wavelength, with a constant spectral
emissivity less than unity, it is called a graybody [32].

In [33] and for Ti6Al4V, emissivity is a function of both wavelength and temperature (Table
4.3).

Specifically,

Table 4.3 Emissivity as function of wavelength and temperature.

Wavelength (um) Linear fit

1.5 1.1-1073T — 0.634
1.6 1.14-1073T — 0.658
1.7 1.26 - 1073T — 0.744
1.8 1.35-1073T — 0.832
1.9 1.53-1073T — 0.991

2 1.69-1073T — 1.780
2.1 1.56-1073T — 0.975
2.2 1.56-1073T — 0.970

In order to calculated the functions above as only-temperature functions (Diagram 4.14), the
process below is followed:

All the linear functions above are like:
So, Table 4.4 can be created:

Table 4.4 Values of c; and c; for different wavelengths.

Wavelength A (um) ¢, (A(um)) c,(A(um))
1.5 1.1-1073 —0.634
1.6 1.14-1073 —0.658
1.7 1.26-1073 —0.744
1.8 1.35-1073 —0.832
1.9 1.53-1073 —0.991
2 1.69-1073 —1.780
2.1 1.56-1073 —0.975
2.2 1.56-1073 —0.970

A linear interpolation to the c; data, gives that:
c;(A(um)) = 0.8083 - 1073 - 1 — 0.09667 - 10~3, with R?> = 0.8269 (22)
A linear interpolation to the ¢, data, gives that:

¢,(A(um)) = —0.8576 - A + 0.6386, with R? = 0.8275 (23)
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In this study, A = 1.080 um, so ¢;(1.080) = 0.0007763 and ¢,(1.080) = —0.2876.

Eventually, 44y (T) = 0.0007763 T — 0.2876. For temperatures below 800K, emissivity
is constant and equals to the emissivity of the 800K. For temperatures above 1000K, emissivity

is constant and equals to the emissivity of the 1000K.

So,
0.1782, 0 < T(K) < 800
erenar (T) = {0.0007763 - T — 0.2876, 800 < T(K) < 1000 (24)
0.7493, 1000 < T(K) < 10000
Ericaav — T
T(K)

Diagram 4.14 Bulk Ti6Al4V emissivity to temperature.

4.2.3 Porous Ti6Al4V
In this study, it is assumed that for SLM, the Ti6Al4V powder has abruptly the same porosity

as the 316L powder. From [34], the average of apparent and tapped density for powder 316L
is 4.695 g/cm3. On the other hand, from [31], the density of the bulk 316L is 7.950 g/cm?.

So, the porosity (¢) for 316L equals to:

(316L) =1 1695 _ 0.41
¢ =T 7950

In this study, it can be assumed that the porosity of the Ti6Al4V powder is:
@(Ti6Al4V) = 0.45

However, porosity is applied only for temperatures below melting point (1923.15K). Above
the melting point there is no porosity. Furthermore, in order to have a smooth transition from
0.45 to 0 porosity (for computational reasons), it is assumed that in the [1923.15, 1933.15]
interval the porosity reduces linearly. Specifically, for Ti6Al4V powder (Diagram 4.15),
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0.45, 0 < T(K) < 1923.15
@(T) = {—0.045 - T + 86.99175, 1923.15 < T(K) < 1933.15
0, 1933.15 < T(K) < 10000
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Diagram 4.15 Powder porosity to temperature.

(25)

This porosity means that for temperatures below melting point, the powder consists of 55%
(=1- @ricaar) bulk TiBAI4V and 45% N, (shielding gas). This idea is used in order to calculate
the porous density and the porous heat capacity via the mixture rule. Specifically (Diagram

4.16, Diagram 4.17),

Ppowder (T) = o(T) - Pn, T+ (1 - (p(T)) * pricatav (T)

Cppowder(T) = ¢(T) ' CpNz (T) + (1 - (P(T)) ' CpTi6A14V (T)

kg
m3

ppowder (

/
kgK

Cppowder (

Ppowder — T

3900 F
3800
3700
3600
3500
3400
3300
3200
3100
3000
2900
2800
2700
2600
2500

2400
2300
2200

2000 4000 6000 8000

T(K)

Diagram 4.16 Powder density to temperature.
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Diagram 4.17 Powder heat capacity to temperature.
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In order to calculate the porous emissivity and the porous thermal conductivity, the process
described in [35] is followed.

The emission of radiation to ambient from a hot porous surface, such as the powder bed, can
be assumed to be caused by emission from the heated particles and emission from the cavities
in the powder bed, all at the same temperature. Although the walls of the cavities are made
of the same particles, the emissivity of the hole is a function of its geometry. The hole
emissivity is always higher than that of the material comprising the cavity. Consequently, it is
expected that the emissivity of the powder is higher than that of the solid and it follows the
expression:

Epowder(T) = Ay(T)ey (T) + (1 — Ag(T))ericarav (T) (28)
Where:

ey (T) is the emissivity of the hole. It is described by the expression:

1—<p(T))2]
o(T)

_ 2
sTiGAMV(T)[1+3.082(—1(p((p7§)n) ]+1

8TisAz4V(T)[2+3.082(

ey (T) = (29)

Ay is the area fraction of the surface that is occupied by the radiation-emitting holes. It is
described by the expression:

0.908¢2(T)

A(T) = 1.908¢2(T)—2¢(T)+1

(30)

Because eri6414v(T) changes only into the interval 800 < T(K) < 1000, so and the
gpowder (T) only changes into the same interval.

For this reason, for temperatures 800, 900, 1000K, the wvalues of
Ay (T), ey (T) and gpowaer(T) are calculated and presented in Table 4.5.

Table 4.5 Calculation of Ay(T), ey (T) and epowaer(T) for different temperatures.

Temperature (K) Ay (T) ey (T) Epowder (T)
800 0.3780 0.7676 0.4976
900 0.3780 0.8217 0.5663
1000 0.3780 0.8632 0.6303

With interpolation of the &4y qer(T) data and given that for temperatures below 800K or
above 1000K, &popwger(T) is constant and equals to &,aer (800K) 07 £poywaer (1000K),
accordingly, the &,oyqer (T) function (Diagram 4.18), eventually, is:

spowder(T)
0.4977, 0 < T(K) < 800
=4{-5.181-10"13-T*+2.248-107°-T3 - 3.782-107%- T2 4+ 0.003515 - T — 0.8322, 800 < T(K) < 1000, withR?> =1
0.6302, 1000 < T(K) < 10000
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Diagram 4.18 Powder emissivity to temperature.

Moreover, the thermal conductivity for powder is calculated by the following equation:

kpowder(T) _ @ R( )
ORRICEE )<”k (T))

1 - ) 2 B ( kN, (M ) (kTi6A14V(T)) _B+1
1o BNy ™ ( __Bkn, (™ )2 krieatav (T) Bkn,(T) 2
kTieAlav(T) kriealav(T)
B-1 kr(T) kcontact(T)
—m,m |t v () | qb—sz o (32)
kricA1av(T)
Where:

kpowder(T) ( ) is the effective thermal conductivity of the powder bed.

kg(T) ( ) is the thermal conductivity part of the powder bed owing to radiation, denoted

by Damkohler’s equation below:

45powder(T)0'BT3xR (33)
1-0.132¢epowder(T)

kr(T) =

Where:
_ -8_W
og = 5.67 %10 — K
Xxg (M) is the median particle diameter of the powder. In this study, xp =
30 X 10 %m.

is the Stefan—Boltzmann constant.

@ is the flattened surface fraction of particle in contact with another particle; @ = 0 when
there is no contact for the particles; @ = 1 when there is complete particle contact. In this
study, it is considered that @ = 0.0003.
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B is the deformation parameter of the particle; B = 1 when the particle surface is that of a
sphere; B < 1 when itis a prolonged needle; co > B > 1 when it is a barrel-like body; B may
be approximately calculated from the porosity ¢ of the powder bed:

10

~ 1-¢Y\o
B ~125( . ) (34)
In this study, ¢ = 0.45,s0 B = 1.5622.

w . .
keontact(T) (ﬁ) = 18Pkriea1av (T), for & < 0.0003; keontact (T) is near to krigaiay (T) in
value only when @ is greater than 0.01. In this study, @ = 0.0003, so it is considered that:

kcontact(T) = 0.00054 k76414 (T) (35)

Using the equation above, thermal conductivity for powder is calculated for temperatures
100, 200, ..., 2000K. The results are given in the Table 4.6 below:

Table 4.6 Calculation of kyowaer (T) for different temperatures.

w
Temperature (K) kpowdaer(T) (ﬁ)
100 0.1532
200 0.1713
300 0.2420
400 0.3075
500 0.3686
600 0.4258
700 0.4793
800 0.5295
900 0.5770
1000 0.6218
1100 0.6636
1200 0.7026
1300 0.7041
1400 0.7161
1500 0.7278
1600 0.7394
1700 0.7510
1800 0.7626
1900 0.7743
2000 0.8176

With interpolation to the data above:

kpowder(T) =2131-107% - 7% —8811-107" - T° + 9.916 - 1077 - T? + 0.0001841 - T + 0.1183,
with R* = 0.9986
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However, melted or evaporated powder has no porosity, so for temperatures above
1923.15K, kpowder(T) = kricatav (T).

Eventually (Diagram 4.19),

w
kpowder(T) (ﬁ)
{2.131 -10713.74-8811-10"1°-T3+9916-1077 - T? + 0.0001841 - T + 0.1183, 0 <T(K) <1923.15

0.02449-T — 13.72, 1923.15 < T(K) < 3315
67.4616, 3315 < T(K) < 10000

kpowder =T
65 / o
60 /”
55 /
50 /
as /
§ E a0 /
~ 35

§ 30

=

5 25+

sx

2 20l
15
10
5

~
or r— . . . . .
0 2000 4000 6000 8000 10000
T(K)

Diagram 4.19 Powder thermal conductivity to temperature.

4.2.4 Model’s material properties

The model used in this study consists of 0.27mm of solid Ti6Al4V substrate and 30um of
Ti6Al4V powder on top of the solid substrate. In the solid substrate, the bulk Ti6Al4V
properties are applied, whereas in the powder, the Ti6Al4V porous properties are applied. So,
the combined properties of the full model are functions of temperature, but also and of the
model height (expressed on the z-coordinate) and are given below:

pricaay (T), 0 < z(mm) < 0.27

kg _
pmoaer(T) (15) = {ppowder(T), 0.27 < z(mm) < 0.30 37
Comoaet(D) () = ey 7 o = 0.5 (38)
Pmodel kgk) ~ |CPpowder(T), 0.27 < z(mm) < 0.30
w\ _ { Kricaav(T), 0 < z(mm) < 0.27
kmodaei(T) (ﬁ) = {kpowder(T), 0.27 < z(mm) < 0.30 (39)
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4.2.5 Phase Change

This node is used to specify the properties of a phase change material according to the
apparent heat capacity formulation, when modeling heat transfer in solids, fluids and porous
media. In this formulation, latent heat is included as an additional term in the heat capacity.
Specifically,

( p(T) = pmoaer(T)
h h _ dam' ._) .
Cp(T) = (ZNP ases g Cpmodel](T)) (2?’1’1 ases 1Lj—>j+1 dJT 1+1)
16j+1-6;
1 am1_>]+1 291+91+1 (40)
k(T) — ZNphases 0. kmodel,j (T)
ZNphasesg =1

j=1

Where:

Nphases is the number of phases of the material. In this study, for Ti6Al4V, Nphases = 4.
Specifically, the phases are: @, (3, the liquid phase and the gas phase.

p(T) (%) is the model density, which considers the latent heat and the phase change
properties of Ti6Al4V.

C,(T) ( ) is the model heat capacity at constant pressure, which considers the latent heat

and the phase change properties of Ti6AI4V.

k(T) ( ) is the model thermal conductivity, which considers the latent heat and the phase
change properties of Ti6Al4V.

The parameters for the definition of the transition temperature intervals are described with
the following Diagram 4.20:

e o 1 .
Tpe jmj+1 = 54T jj*1 TF'CJ".H-I TS AT jujsl

Each transition it een:

Diagram 4.20 Phase change parameters. 114



AT jj AT jj . .

Tpejoji1 — —=2—and Tpejojy1 + JT]H, releasing a total heat per unit volume equal to
Ljmjsr-

The Phase change temperature between phase j and phase j+1, T} j_j+1, should be set to
define the center of the j-transition interval. In this study, Ty, = 1268.15K (a — f),
Tpe2-3 = 1923.15K (melting temperature), Ty 3.4 =

3315K (evaporation temperature).

The Transition interval between phase j and phase j+1, 4T;_, 4, should be set to define the
width of the j-transition interval. In this study, AT, _,, = AT,_3; = AT;_,, = 10K.

The Latent heat from phase j and phase j+1, L;_,;.4, should be set to define the latent heat
per unit mass released during the j-phase transition. In this study, L, = 48:—;,L2_,3 =
282 :—;,L3_,4 = 10382 :—;. The calculations to find out the latent heats are demonstrated in
the ‘Deformed Geometry’ section.

AT jsjv1

The material properties of phase j are valid when T < T,¢ i, j4q — , while the material

AT, ; . -, .

properties of phase j+1 hold for T > Ty 41 + ’2“1. Within the transitional interval
AT jj+1 ATjsj41 . “ ” . .

(Tpc,]-_,jﬂ - % <T < Tpejojrr + %), there is a “mushy zone” with mixed

material properties.

4.3 Physical Model Governing Equations

4.3.1 Heat Transfer in Solids

The heat equation to model heat transfer in solids is given below:

{ P(DICH(T) 5+ q(T) = Q(T) 1)
q(T) = —k(T)VT (Fourier's law)

With the following material properties, fields and sources:

q(T) (ﬂ) is the heat flux vector, so q(T) = q15(T) + Gcony(T) + Graa(T) (these heat

mZ
fluxes are analyzed in following sections).

Q(T) (%) is the heat rate per unit volume. In this study, Q(T) = 0.

4.3.2 Initial Condition
The initial value of the temperature T is room temperature, 293.15 K (20°C).
4.3.3 Boundary Condition

Heat transfer symmetry is used here as boundary condition and it means that there is no heat
flux across the boundary.

The equation that describes this boundary condition is given below:
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-n-q=0 (42)
Where n is the perpendicular vector of the boundary surface.

In this study, y-plane is the boundary surface, in order to reduce at half the model dimensions
and eliminate the computational time.

4.3.4 Deposited Beam Power

The heat source model brought by narrow beams, such as a laser beam, to a given boundary,
is given by the following equation:

len|

—n-qp="r"f(0,e) (43)

llell

Where:
q.B (%) is the heat flux due to the laser.

P, (W) is the deposited beam power.

e is the beam orientation vector.

0 (m) is the beam origin point.

f (0, e) is the beam distribution type function.
4.3.4.1 Surface perpendicular vector n

The laser beam is applied on the top surface of the model, so n, in these simulations, is
perpendicular to the z-plane.

4.3.4.2 Deposited Beam Power P,

Deposited beam power is given below:

P =a-P (44)
Where:

a is the material absorptivity.

P (W) is the laser power.

Fundamentals of transmission, absorption and reflection:

When radiant flux is incident upon a surface or medium, three processes occur: transmission,
absorption and reflection. Fig. 4.2 shows the ideal case, where the transmitted and reflected
components are either specular or perfectly diffuse. Fig. 4.3 shows the transmission and
reflection for actual surfaces.
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Fig. 4.2 Idealized reflection and transmission.
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Fig. 4.3 Actual reflection and transmission.

Transmission (7) is the term used to describe the process by which incident radiant flux leaves
a surface or medium from a side other than the incident side, usually the opposite side.

Absorption () is the process by which incident radiant flux is converted to another form of
energy, usually heat. Absorption is the fraction of incident flux that is absorbed.
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Reflection (pf) is the process where a fraction of the radiant flux incident on a surface is
returned into the same hemisphere whose base is the surface and which contains the incident
radiation. The reflection can be specular (in the mirror direction), diffuse (scattered into the
entire hemisphere), or a combination of both [32].

However, during SLM, the radiant flux isn't incident upon a flat surface, but upon the spheres
of the metal powder. The absorptivity of the spheres is noticeably higher than the normal-
incidence value. This enhancement is due to multiple scattering. So, in the powder, a ray can
scatter repeatedly, leading to additional absorption relative to the case of a flat surface. The
scattering of multiple rays is demonstrated in Fig. 4.4 and Fig. 4.5 [36].

Fig. 4.5 Detail showing multiple scattering from spheres. 118



In this study, the absorbance coefficient for Ti6AI4V is considered constant and equals to 0.77,

according to [37].
4.3.4.3 Beam orientation vector e
The laser beam is downwardsso,e =[0 0 —1].

4.3.4.4 Beam origin point O

The laser beam is moving on the x-direction, so the x-coordinate of O must be time-
dependent. Moreover, the laser beam shouldn't start from or end to the edges of the model,
because this often leads to computational errors. In this study, the x-coordinate of the starting

point of the laser beam is 0.25[mm)].

So, the time-dependent x-coordinate of O, is given below:
mm
0, = 0.25(mm) + U(T) t

Where v (?) is the laser scanning speed.

On y-direction, the laser beam is moving on the y=0-line of the model, so 0, = 0 mm.

Furthermore, the laser beam is incident upon the top surface of the model, so 0, = 1 mm.

To sum up:
0 = (0.25(mm) + v(=") *t, 0(mm), 1(mm))
4.3.4.5 Beam distribution type function (0, e)

In this study, the laser beam intensity is modeled as a gaussian distribution, so:

1 ng
= —— _p 202
f(0,€) =—e
llex(x=0)]|
d, = e ol
g llell
Where:

o (m) is the standard deviation of the gaussian distribution.

(45)

(46)

x (m) is the position, where the laser beam intensity is calculated via the gaussian

distribution.

dg4 (m) is the distance demonstrated in Fig. 4.6, below:

Fig. 4.6 Demonstration of distance d.
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4.3.4.6 Standard deviation o

The beam diameter or beam width of a laser beam is the diameter along any specified line
that is perpendicular to the beam axis and intersects it. Since beams typically do not have
sharp edges, the diameter can be defined in many different ways. One of the most common
definitions of the beam width is 4c. This is the laser beam definition considered in this study.
The beam width can be measured in units of length at a particular plane perpendicular to the
beam axis.

In this study a 40- laser beam with a 100um diameter is used, as demonstrated in Fig. 4.7:

99,7% of the data are within
3 standard deviations of the mean
95% within
2 standard devistions
6E% within
+— 1 standard —*
daviation

= 3a = 2a H=o I n+a u+ da i 3a

< 100pm >

Fig. 4.7 Laser beam gaussian distribution.

__laser beam diameter __ 100um
4 4

So, from Fig. 4.7, ¢ = 25um.
4.3.5 Convective heat flux

Convection occurs between the shielding gas (in this study is N2) and all the surfaces of the
model. Convective heat flux (qcony) is given below:

N qconv = th (T —T) (47)
4.3.6 Surface-to-Ambient Radiation

This node accounts for radiation from model boundaries to the ambient. The net inward heat
flux (q,qq) from surface-to-ambient radiation is:

N Grad = Epowder (T)og (Too4 - T4) (48)
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4.4 Deformed Geometry
4.4.1 Deformed Geometry vs Moving Mesh

Mesh deformation can be set up in two different ways, depending on the intended behavior
of the model: either the deformation represents a fundamental change in the shape of the
geometry, or it represents the shape change induced by deformation of solid materials. The
former is referred as Deformed Geometry and the latter as Moving Mesh functionality.
Technically, the difference is that Deformed Geometry functionality deforms the material
frame mesh relative to the geometry frame mesh, while Moving Mesh functionality deforms
the spatial frame mesh relative to the material frame mesh. Both types of deformation can be
used at the same time, one on top of the other.

When using Deformed Geometry functionality, the material does not follow the change in
shape. Deformation of the geometry boundaries therefore corresponds to addition or
removal of material. When using Moving Mesh features, solid materials follow the mesh
deformation and deform in the same way as the mesh. Fluids and gases, however, are added
or removed so as to always fill the current shape of the domain. Any effects of compression
or expansion must be introduced explicitly into the equations.

Deformed Geometry features are used to study the behavior of different shapes of an original
object. In a model with Deformed Geometry, the material never follows a perturbation of the
shape. The total mass of the first shape is not the same as the mass for the second, perturbed
geometry. Any deformation can be regarded as removal or addition of material.

Moving Mesh features are used to study how a solid object deforms as the results of physical
load, and how fluids in adjacent domains react to displacement of the domain boundaries. In
a model with Moving Mesh, a solid material follows the mesh deformation. A movement of a
boundary can therefore be regarded as bending or punching the original object. Undeformed
and deformed solid objects have the same mass, but the total amount of fluid in a domain
whose boundaries deform can change.

4.4.2 Deforming Domain

A deforming domain node specifies that the shape of the selected domains of the model
should be governed by the domain boundaries, which are in turn controlled either by explicit
deformed mesh boundary condition nodes, or by implicit continuity constraints requiring that
a deforming domain must follow the shape of adjacent domains, or stay fixed if there is no
adjacent domain. Explicit boundary conditions take precedence over implicit constraints.

In the interior of the domains, the mesh is controlled by a smoothing equation.

4.4.3 Smoothing

There are four types of mesh smoothing: Laplace, Winslow, Hyperelastic and Yeoh.

To see how these smoothing methods differ, let x and y be the spatial coordinates of the

spatial frame, and let X and Y be the reference coordinates of the material frame.
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e Laplace smoothing: In the static case, it solves the equation:
2

and in the transient case, it solves the equation:
§29x 20%

Zot %o _
%z T vz 0 (50)
Similar equations hold for the y coordinate.

e Winslow smoothing: The following equation is solved:
Similar equations hold for the Y coordinate. Equivalently, X and Y satisfy Laplace
equations as functions of the x and y coordinates.
e Hyperelastic smoothing: The hyperelastic smoothing method searches for a minimum
of a mesh deformation energy inspired by neo-Hookean materials:
Winesn = [5 (I =3) +5( = D%V (52)
Where v and « are artificial shear and bulk moduli, respectively, and the invariants J
and |, are given by:
{ J = det(Vxx)
Iy = J723tr((Vxx) TV x)
e Yeoh smoothing: The Yeoh smoothing method is also inspired by hyperelastic
materials, in this case the three-term Yeoh hyperelastic model, which is a

(53)

generalization of a neo-Hookean material. It uses a strain energy of the form:

Winesn = 5 J C1(ly = 3) + Co(Iy — 3)2 + C3(Iy — 3)* + x(J — 12dV (54)
Where K is an artificial bulk modulus, as above, while C;, C, and C5 are other artificial
material properties. The values of C; and C5 are by default 1 and 0, respectively. The
value of C, controls the nonlinear stiffening of the artificial material under
deformation. As C, increases, mesh transformations do not transmit easily through
the mesh. As C, reduces, mesh transformations transmit easily through the mesh.

The Laplace smoothing is the cheapest option in terms of computations because it is linear
and uses one equation for each coordinate direction, which are not coupled to each other.
However, there is no mechanism in Laplace smoothing that prevents inversion of elements.
Therefore, this method is most suitable for small deformations in a linear regime — for
example, when computing the sensitivity of some quantity to virtual deformations around the
initial shape.

The Winslow, hyperelastic, and Yeoh smoothing methods are increasingly nonlinear and
create a single coupled system of equations for all coordinate directions, which makes them
more expensive to solve. They also share the theoretical property that continuous solutions
to these equations always have positive volume everywhere. Unfortunately, this is not
necessarily true for the discrete finite element solutions. In addition, a positive volume is not
sufficient for maintaining element quality.

In compression, the three nonlinear methods show similar behavior, while in extension, the
Winslow smoothing tends to allow elements to be stretched too far. The main difference
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between the simpler Hyperelastic method and the more advanced Yeoh model is that the
latter responds to element distortion by sharply increasing the stiffness of distorted elements.
This, to some extent, prevents further distortion in those regions and effectively acts to spread
the mesh deformation more evenly over the domain, away from moving boundaries.

Yeoh smoothing generally produces the best results and allows the largest displacement of
boundaries before mesh elements become inverted. However, because of its strong
nonlinearity, it can cause convergence problems, in particular for the time-dependent and
segregated solvers.

In this study, a Hyperelastic smoothing type mesh, according to [38], is used.
4.4.4 Symmetry

A symmetry node is applied on flat boundaries of deforming domains, in order to prevent
boundary nodes from moving out of the plane. This allows the mesh to move tangentially to
the symmetry plane, but not in its normal direction.

In this study, symmetry is applied to all the surfaces of the model, except from the top surface.
4.4.5 Prescribed Normal Mesh Velocity

The Prescribed Normal Mesh Velocity node specifies the velocity of the boundary in the
current normal direction. In this study, Prescribed Normal Mesh Velocity is applied on the top
surface of the model and expresses the velocity that the nodes with temperature over 3315K
“evaporate”. In this study, it is considered that evaporation velocity for temperatures over
6000K is constant and equals to the evaporation velocity of 6000K. Specifically,

{_Vevap(T: ﬁR)v 0< T(K) < 6000
Vv, =

~Vipap (600K, Br), T(K) > 6000 (55)

Where:

v, (%) is the prescribed normal mesh velocity.

“-“in front of 5,4, function means that the “evaporated” nodes “disappear” from the mesh.
Vevap (T, Br) (%) is the velocity that the nodes with temperature over 3315K “evaporate” and
is calculated according to [39], as follows:

Total mass flux from the metal surface due to the evaporation can be expressed as:

1 1
Vesap (T, ) = 5 (1= ) (5 ) e ()

) (56)

mL,,( T

Psat(T) = poe(kBTv r

—————

)) (saturated vapor pressure at a temperature T, expressed with the Clausius — Clapeyron's relation)

Where:

po (Pa) is the ambient pressure. In this study, p, = 1.01 - 10° Pa.
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kg = 1.380649 - 10723 é is the Boltzmann constant.

T, (K) is the boiling point. In this study, T,, = 3315K.

Br is the ratio of the atoms that recombine to the surface to the atoms that evaporate from
the melt surface.
kg

m (m) is the mass per atom of metal. It is calculated by the following procedure:

e The atomic mass numbers of Ti, Al and V are found. Specifically, Ar; =
47.867 %, 4, = 269815399 4, = 50.9415-L
mol mol

g
mol
e The weighted average atomic mass number of Ti6Al4V is calculated. Specifically,

SAri+tAat AV _ 4055178691 %

Avisaiay =
Ti6Al4V 11

e The mass per atom of Ti6Al4V is calculated as following:

— ATicAlav (46)
Na

m

3 atoms .

Where N, = 6.0221407 - 10? — s the Avogadro number.

Eventually, m = 6.733782641 - 10-23%.

tom

IR : N . AN
L, (E) is the Ti6Al4V latent heat of vaporization. In this study, L, (mﬁ) =

max{LYl, L4, 1V} = max {421 % 293.4%, 0.452 %} =421 % Moreover, Ti6Al4V
molar mass is:  Mpigaay = 6 Ap; + 4 Ay + Ay = 446.069656 ﬁ So, L,=

421X

——mol__ — 1038178665 = 10.38178665 -
446.069656-" g kg

For T=3330, 3340, ..,, 5000K and Bz=0.1, 0.2, ..., 1, the V4, (T, Br) values are calculated into
the following Table 4.7:
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Table 4.7 Calculation of Vgyap(T, Br) for different temperatures
and bg,

0.1

0.2

Temperature (K]

0.01526
0.01595
0.01666

0.0174
0.01817
0.01897
0.01979
0.02065
0.02154
0.02247
0.02342
0.02441

0.02651
0.02761
0.02875
0.02993
0.03115
0.03242
0.08372
0.03508
0.03847
0.03792
0.03942

0.04256

0.0442
0.04551
0.04766
0.04348
0.05135
0.05328
0.05528
0.05734
0.05946
0.06164

0.0639
0.06622
0.06862
0.07109
0.07363
0.07825
0.07895
0.08173
0.08459
0.08753

0.01356
0.01417
001481
0.01547
0.01615
0.01686
0.01759
0.01836

0.05727
0.05931
0.06141
0.06357
0.06579
0.06808

0.0490%
0.05083
0.05263
0.05448
0.05639
0.05835

0.08273
0.03389
0.03509
0.03632
0.03759

0.0383

0.02287

0.0237
0.02454
0.02542
0.02632
002724

0.0282
0.02918

0.01636
0.01e94
0.01754
0.01816

0.0188
0.01845

C O 00000 o000 O00000O0000O000000000000000000000060 0|k

Temperature (K)

0.09056
0.09368
0.09588
0.10018
0.10357
0.10706
0.11085
0.11434
0.11813
0.12202
0.12602
0.13013
0.13435
0.13869
0.14314
014771

0.1524
0.15721
0.16216
0.16723
0.17243
0.17776
0.18324
0.18885

0.1346

0.2005
0.20655
0.21274
0.21909

0.2256
0.23226
0.23909
0.2450%
0.25325
0.26058
0.26809
0.27578
0.28364
0.29169
0.29993
0.30836
0.31698

0.3258
0.33483
0.34405
0.35349
0.36313
037299

0.0805
0.08327
0.08612
0.08505
0.09207
0.08517
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With interpolation to the data above and for T>3315K,

Vevap (T, Br) = —27.91 + 0.02325T + 27.91B; — 6.501 - 1076T% — 0.02325T B + 7.696
1071382 + 6.109 - 1071973 + 6.501 - 107°T2?B; — 2.987 - 10716T B3
—7.238-10"1B3 — 6.109 - 1071°T 3B, + 3.05 - 1072°T2B32 + 6.115
-10718TB2 4+ 5.808 - 1071584

So, eventually,

V;avap(T' .BR) =
0, T<3315KorfBr=1
—27.91 + 0.02325T + 27.918; — 6.501 - 107°T2 — 0.02325T By + 7.696
1071382 + 6.109 - 1071°T3 + 6.501 - 107°T2B; — 2.987 - 10~ 16TBZ (57)
—7.238-10"™B3 — 6.109 - 1071°T38, + 3.05 - 10729T2B3 + 6.115
107 18TB3 +5.808- 107584, T = 3315K and Br # 1

The diagram that describes the above function is given below (Diagram 4.21):

Material ablation velocity

velocity [m/s]
velocity [m/s]

modest ablation
conditions

Diagram 4.21 Vg, as function of temperature and 6.

The velocity of each mesh element is visualized in Fig. 4.8:
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Fig. 4.8 Visual representation
of mesh element velocity.



4.5 Numerical Computation:
4.5.1 Mesh

The Finite-Element-Method (FEM) has become the most popular mesh-based numerical
method for the calculation of structural and thermal models and therefore also for physical
phenomena as residual stresses and distortions during the AM process. The main idea behind
the FEM is that a complex geometry can be discretized in a finite number of much simpler
objects, the elements. Those elements form a mesh representing the actual geometry
reduced to a finite number of unknowns. The finite number of unknowns leads to a finite
number of equations to be solved, either in an explicit or implicit way. Explicit methods can
run into numerical instability, if the time step is too large. However implicit solutions might
fail to converge for heavily non-linear calculations.

Simulations of the additive manufacturing process are split into two separate systems. A
thermal and a mechanical simulation. These simulations can run simultaneously as coupled
calculation or in sequence as uncoupled calculations. Coupled simulations are more accurate,
but at the same time more computational expensive. As input for both systems material
properties, the parts geometry, which later has to be meshed, as well as initial and boundary
conditions have to be specified. At the moment there are two different meshing options:

4.5.1.1 Cartesian meshing

Cartesian or voxel meshing is the most commonly used mesh type for current additive
manufacturing simulations. The mesh consists of cubes (voxels) with a, for the whole model
consistent, specified size. This leads to a layered mesh, which is necessary to mimic the part
generation in layers like in powder bed fusion processes using element birth and death. Due
to the voxel elements with identical edge length on each side of the cube, the representation
of the geometry is only an approximation. Depending on the size of the elements, tiny features
are either not expressed in detail, leading to an inaccurate simulation, or the computational
cost of the simulation model highly increases. In order to cope with the inaccurate
representation of the geometry using hexahedron elements, a so-called projection factor is
used. This factor ranges from zero to one and describes the level of representation with zero
as no adaption of the elements. With an increasing value of the factor, the elements get more
and more distorted to fit the actual geometry of the part. The resulting skewness and uneven
aspect ratio lead to a worse element quality. Nevertheless, more accurate simulation results
are possible using this meshing method. Cartesian meshes can use linear, quadratic or even
higher polynomial approaches. The hexahedron shaped elements then have eight (linear) or
twenty (quadratic) nodes per element.

4.5.1.2 Tetrahedral meshing

Its aim is to simplify the representation of the small detailed geometry of AM parts without
increasing the level of complexity of the model. The tetrahedral shape of the elements allows
the meshing algorithm to achieve a better fitting mesh with only small element distortions.
Despite the higher number of elements in the simulation model using this meshing method,
accurate results can be achieved in less time than with Cartesian meshes.
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The tetrahedron shaped elements of a tetrahedral mesh commonly have five (linear
approach) or ten (quadratic approach) nodes per element. As there are less nodes per element
than with the hexahedron shaped ones, more elements are required to reach the same result
accuracy [40].

The following parameters control the tetrahedral mesh element size:

Maximum element size: This parameter limits the allowed element size.

Minimum element size: This parameter is used to specify the minimum allowed
element size. This value is used to prevent the generation of many elements around
small curved parts of the geometry. If some details of the geometry are smaller than
the minimum element size, the mesh will contain elements of a smaller size in order
to resolve the geometry.

Maximum element growth rate: This parameter is used to determine the maximum
rate at which the element size can grow from a region with small elements to a region
with larger elements. The value must be greater or equal to one. For example, with a
maximum element growth rate of 1.5, the element size can grow by at most 50%
(approximately) from one element to another.

Curvature factor: This parameter is used to determine the size of boundary elements
compared to the curvature of the geometric boundary (that is, the ratio between the
boundary element size and the curvature radius). The curvature radius multiplied by
the curvature factor, which must be a positive scalar, gives the maximum allowed
element size along the boundary. A smaller curvature factor gives a finer mesh along
curved boundaries.

Resolution of narrow regions: This parameter is used to control the number of layers
of elements that are created in narrow regions (approximately). The value must be a
non-negative scalar. A higher value gives a finer mesh in narrow regions. If the value
of this parameter is less than one, the mesh generator might create elements that are
anisotropic in size in narrow regions.

In this study, a tetrahedral mesh is used. In order to reduce computational time this mesh
consists of two sub-meshes, one finer (at the top surface of the model) and one coarser (at
the rest model). Specifically, the element sizes of each sub-mesh are given below:

Finer mesh:

» Maximum element size: 0.025mm

»  Minimum element size: 0.015mm

» Maximum element growth rate: 1.3

» Curvature factor: 0.9

» Resolution of narrow regions: 0.4
Coarser mesh:

» Maximum element size: 0.0905mm
Minimum element size: 0.0192mm
Maximum element growth rate: 1.4
Curvature factor: 1

Y V VY
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> Resolution of narrow regions: 0.3

Visually, the mesh used in this study is given in the following Fig. 4.9:

Fig. 4.9 The mesh used in the simulation.

The interaction of the mesh with the laser beam is visualized in Fig. 4.10:

Ay
laser beam
1
1
€059 p¢

ablated material

Fig. 4.10 Visual representation of the laser beam interaction with the mesh

4.5.2 Mesh Refinement

elements.

In the keyhole mode, there is a large mesh deformation, which leads some elements to fall
below the minimum element size value, resulting in singularity or inverted element errors. In
order to handle these errors, a mesh refinement occurs in this study. Mesh refinement at the
deformed area can not only bring out the geometrical characteristics of the deformation site
but also perform a highly realistic simulation of the deformation process [41].
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4.5.3 Study

The simulation occurs for a length appropriate to reach the steady state. The maximum length
is Imm, starting from 0.25mm and ending to 1.25mm (according the x-coordinate) of the 1mm
or 1.5mm specimen.

To sum up, the full model is visualized in Fig. 4.11:
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eat Transfer 3
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Fig. 4.11 Visual represntation of the full model used in the simulaton.

4.5.4 Visual Representation

In the end of the simulation and in order to present the solution of all time steps at once, the
following mathematical equation is applied:

T, T > Toax

Trnax = Nojac {Tmax' T<T, . (58)

Where Ty, gy (K) is the maximum temperature of each element.

This equation means that if the temperature at the previous time step is greater than T4,
set Trhax €qual to temperature. Otherwise, leave Ty, unchanged. The nojac() operator is
needed, in order to prevent the contribution of this equation to the Jacobian (the system)
matrix.

Over this mathematical equation, the following filter: T > 1923.15K is applied, so that only
the melting pool of all time steps is shown in the visual representation of the simulation’s
results. Finally, these results are mirrored by the y=0 plane, so that the whole melting pool is
appeared.

4.5.5 Results Validation

The results of this simulation were validated with the experimental results estimated by Dilip
J.etal. [42].
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5. Results and Discussion

5.1 Basic physical fundamental mechanisms used for the analysis of the results

Some very useful theoretical and experimental fundamental mechanisms are given below, in
order to help with the understanding of the results analysis:

5.1.1 Conduction mode vs transition mode vs keyhole mode

Depending on processing conditions, SLM is known to have two operational regimes:
conduction mode and keyhole mode. Heat conduction is the dominant heat transfer
mechanism for conduction mode melting, whereas heat convection is the dominant heat
transfer mechanism for keyhole mode melting. In addition, there exists a transition mode,
which lies between the conduction and keyhole mode, wherein the dominance of conduction
or convection depends upon the processing conditions. When the power density is lower than
a certain threshold value, heat conduction is the dominant heat transfer mechanism,
particularly for determining the depth of the melting pool created; this regime is called the
conduction mode of laser melting. The cross section of melting pools created in conduction
mode is generally semicircular (i.e. the melt pool depth is lesser than or equal to its half-
width). The vaporization of metals in conduction mode melting is considered to be negligible.
In contrast, keyhole mode melting is observed when the energy density exceeds a threshold
value such that a deep vapour cavity forms within the molten metal due to intense localized
heating and vaporization of alloying element. In keyhole mode of laser melting, the depth of
the molten pool is controlled by the recoil momentum pressure (also known as recoil
pressure) generated by the vaporization of the melt pool materials. Convective heat transfer
(due to thermo-capillary convection, also known as Bénard—Marangoni convection) is the
dominant mode of heat transfer within the melting pool. The top region of a keyhole mode
melting pool resembles an hourglass and is wide due to the radially outward Marangoni flow,
whereas the bottom of the melt pool is narrow and resembles the shape of a keyhole. The
melt pool depth in keyhole mode laser melting is typically greater than the half-width of the
melt pool defined at the top of a given melting pool [43].

5.1.2 Definition of melting pool steady-state

In conduction mode, where balling and discontinuities may occur, the steady state is more
time or track length dependent. Specifically, for the 50W-1200mm/s, a track length of 1.5mm
was used, which was sufficient for the observation of all the phenomena and characteristics
of the melting pool.

On the other hand, the keyhole melting pool steady state is considered to be the combination
of the evaporation steady state and the heat transfer steady state. Usually, the evaporation
steady state comes first and is defined by the formation of a horizontal “evaporation” line (Fig.
5.1).
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Time=2.2267E-4 s Temperature field of the melting pool for 195W - 750mm/s
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Horizontal “evaporation” line

Fig. 5.1 The keyhole evaporation steady state.

The heat transfer steady state is defined by the formation of a “tail” behind the laser source
(Fig. 5.2).

Time=3.1951E-4 s Temperature field of the melting pool for 195W - 750mm/s

z "taiI"

Y-i_.x

Fig. 5.2 The keyhole heat transfer steady state.

5.1.3 The Br determination

In this study, the trial-and-error method used to determine the Br coefficient, so for each set
of processing parameters, five to six simulations, approximately, have been run, in order to
find out the correct value, which leads to results that resemble the experimental ones.
Moreover, the accuracy of this value is limited to the first decimal, as the target of this study

is to propose a fast way to predict the width and depth of the melting pool, without an
extensive need for calibration.
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5.2 Simulation results and discussion

The results of this simulation were validated with the experimental results estimated by Dilip
J. etal. [42].

Table 5.1 Simulation results

Laser power (W) | Scanning speed (mm/s) | VED (J/mm3) | Br | Depth error (%) | Width error (%)

50 1000 13.88 1 -10% 8.47%
195 750 86.66 0.55 -15% -16%
195 500 130 0 -1.7% -14.6%

In Table 5.1, depth error and width error have been calculated according to the following
formulas:

Experimental depth—Simulation depth

Depth error (%) = (59)

Experimental depth

. Experimental width—Simulation width
Width error (%) = =2 (60)

Experimental width

From Table 5.1, it can be observed that the simulation results are in a good agreement with
the experimental data, as the error in all the cases is below 16%. These errors occur, mainly,
because of the consideration that the absorbance coefficient is constant and equals to 0.77.
In reality, as discussed in section 4.3.5.2, the absorbance coefficient is temperature
dependent and is calculated via the Fresnel equations and the Drude theory [28]. However,
Fresnel equations and Drude theory, insert nonlinearity, leading to a complex model with high
computational cost and time. For this reason, the temperature dependence of the absorbance
coefficient, in this study, is ignored. Secondarily, another reason which may lead to the errors
is the difference between the theoretical material properties, given in [29], [31] and the real
properties of the material used in the experiment.

Another very important observation from Table 5.1 is the relation between VED and Bk (see
Diagram 5.1, Diagram 5.2). Specifically, as the VED increases, the Bgr decreases and vice versa.
This phenomenon can be explained according to the ablation theory. When VED increases,
which means that the laser power increases and/or the scanning speed decreases, a bigger
area of the model reaches or exceeds the Ti6Al4V evaporation temperature (3315K), so there
is a bigger mass ablation. Bigger mass ablation means that less atoms (which were
evaporated) recombine to the surface of the model. This low atom recombination is modeled
in the simulation as a low Br.
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The VED and Br values are an indication that a polynomial relation between VED and Br could
exist. Linear (Diagram 5.1) and 2"%-polynomial (Diagram 5.2) relations are proposed above.
However, the only three VED and (g values are not enough to give an accurate tendency line,
so further investigation is required to ensure which specific relation exists.

5.3 Comparison between simulation and experimental results

In Fig. 5.3, a direct comparison between experimental and simulation results occurs. It is
observed that all the simulation results are in a good agreement with the experimental data,
as they all have a less than 16% error.

The 50W-1200mm/s represents a conduction mode simulation, whereas the 195W-750mm/s
and the 195W-500mm/s represent the keyhole mode.

In conduction mode, the cross section of the melting pool is generally semicircular. The
vaporization of metals in conduction mode melting is considered to be negligible. In the
specific case of 50W-1200mm/s, the melting is improper, because balling and discontinuities
appear and no bonding with the substrate exists.

Balling is a phenomenon where the melted track shrinks and breaks up into a row of spheres
to reduce the surface energy by the surface tension if the melted material does not wet the
underlying substrate. The balling effect can lead to high surface roughness and porosity in the
as-built parts, and it might even jeopardize the powder-laying process if the size of the balls is
large enough to obstruct the movement of the paving roller. Balling, in this simulation, is
attributed to splashing of the melting pool as a result of a high melting pool surface
temperature and to lack of contact between the melted powder and the substrate because of
insufficient melting of substrate [42].
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The balling effect could happen for two main reasons. One is the formation of the balls due to
inadequate laser energy input with little liquid content. And the other due to melting pool
splashes induced by high scanning speed. Consequently, the laser power and scanning speed
have a direct influence on balling effect [37].

It has been reported that higher scanning speed leads to an increasing length to diameter ratio
in a melting pool. Such a melting pool with length to diameter ratio greater than mt will cause
balling effect. The balling effect can be characterized by the break-up of the melting pool into
balls, which degrades surface integrity of the final components. Therefore, to achieve the
optimal surface integrity, the range of the optimal scanning speed is limited by the balling
effect. It has also been reported that a higher laser power can expand the range for the
optimal speed [44].

In Fig. 5.3, balling appears (in both experimental and simulation results) spherical in shape and
bulging upwards which is a result of the aforementioned mechanism.
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Fig. 5.3 Comparison between simulations and experiments.




When such a set of parameters is applied to fabricate the bulk parts, it may result in a
significant amount of porosity.

Moreover, the discontinuities (Fig. 5.3, experimental and simulation results of 50W-
1200mm/s) are evident that the laser power is insufficient to melt the powder since the laser
scans at a faster rate, hence lower energy input [45].

Furthermore, as observed in Fig. 5.3 for 50W-1200mm/s, the depth of the melting pool is
below 6um for the experimental and the simulation results, which is lower than the powder
height (30um), so the new layer created cannot be bonded with the substrate layer.

All in all, the significance of this case study is to prove that the model used in this simulation
is useful not only to predict the width and depth of the melting pool, but also to predict and
the possible defects that each set of processing parameters may appear.

In keyhole mode a deep vapour cavity forms within the molten metal due to intense localized
heating and vaporization of alloying element. In keyhole mode, the depth of the melting pool
is controlled by the recoil pressure generated by the vaporization of the melting pool
materials. The top region of a keyhole mode melting pool is wide, whereas the bottom of the
melt pool is narrow creating a V-shape. The V-shape of the 195W-750mm/s and 195W-
500mm/s resembles the experimental ones, accordingly, so the model proposed in this study
can accurately enough predict the geometry of the keyhole.

Moreover, it can be observed that for constant laser power, the depth of the melting pool
increases when the scanning speed decreases. That happens because for low scanning speeds,
each region of the model is affected for more time from the laser power, so the temperature
of each region goes higher, affecting and the deeper layers. This increase of the depth for low
scanning speeds is also predicted by the simulation of this study.

In SLM material addition takes place due to layer-by-layer melting and solidification of a thin
layer of spread powder. In this process, the laser beam also re-melts some portion of the
layers beneath to ensure good bonding between the layers. The solidification of the alloy
begins with the formation of a B nucleus, and the pre-existing B grains partially undergo
melting and serve as heterogeneous sites for nucleation. Thus, newly formed B will grow
epitaxially in the build direction or opposite to the heat extraction. In close similarity to the
weld solidification, the solidifying B grains tend to orient towards the moving heat source
(laser beam), resulting in a slightly tilted grain structure. Further, the B grain orientation in the
deposit highly depends on the laser power, scanning strategy and scan speed applied. They
define the amount of time available for the melt to solidify at any particular instance of time.
The solidified high-temperature B (bcc) phase is unstable at lower temperatures and will
transform to a metastable phase, martensitic a’ (hcp) phase. Hence, the final resultant
microstructure will have coarse columnar grains, which are highly oriented towards the build
direction with martensite o’ inside the grains. Due to the inherent layer-by-layer deposition
method, as a new layer is being deposited a narrow region (heat affected zone) close to the
melt pool boundary will reach temperatures above the transformation temperature (995 °C),
and martensite (a’) transforms back to the high-temperature B phase. As the laser beam
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traverses away, the high-temperature  phase, under faster cooling conditions will transform
to martensite (a'). The martensite formed from re-heating of primary martensite (a') to B
phase and transformed back to martensite will be from here on referred to as a'(secondary)
and the heat affected regions (areas colored in blue in Fig. 5.4) result in a’(tertiary). In other
words, as the build progresses, the layers will experience multiple thermal cycling effects
which lead to the formation of alternate areas of martensite a’(primary), a’(secondary) and
o'(tertiary) in the entire part. Diagram 5.3 illustrates the evolution of microstructure in the
selective laser melted Ti6Al4V alloy. Although it is difficult to draw a clear line between the
three martensites (a'(primary), a'(secondary) and o'(tertiary)) in the as-built part
microstructures it is important to understand the microstructural evolution of the alloy during
the SLM process. In summary, the part will have preferentially-oriented epitaxial grains with
high aspect ratio, with martensite [42].

Single-track Multi-layer

Layer thickness

HAZ Melt pool

boundary
= o (primary)
B o (secondary)

. o' (tertiary)

Fig. 5.4 A schematic illustration of microstructural evolution in a single-track, multi-layer, and multi-track, multi-layer Ti-6Al-4V SLM
deposit
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In this diploma thesis, only single tracks are studied, so the martensite o’ (tertiary) is given
only theoretically in Fig. 5.4 and does not appear in the simulation or the experimental results
of Fig. 5.3. On the other hand, a’ (primary) and o’ (secondary) are visible in both the simulation
and experimental results, which resemble to each other, accordingly, which means that the

model developed in this study can accurately predict the melting pool microstructure of the
SLM-processed Ti6Al4V.

5.4 50W-1200mm/s analysis
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Fig. 5.5 50W-1200mm/s melting pool evolution.



Given that the set of the parameters used in this case (50W-1200mm/s) is invalid, the melting
pool is irregular even from the beginning of the process (Fig. 5.5a). The width and depth of
the melting pool and the temperature distribution in the molten material are rather unstable.
For this reason, at Fig. 5.5b, the fragmentation of the melting pool occurs which leads to the
accumulation of more heat in the center of the molten material. This accumulated heat leads
to very high temperatures in this region, which results in the excessive enlargement of the
depth and width of this area (Fig. 5.5c) and eventually, at the balling formation (Fig. 5.5d).
However, at the same time with the balling formation, the laser melts a “new area” in front
of the balling, with constant depth and width, which is evident of the steady state (Fig. 5.5c).
Nevertheless, because of the high scanning speed-to-laser power ratio, this steady state is
very difficult to be maintained and immediately discontinuities start to appear (Fig. 5.5d).
Lastly, in Fig. 5.5e, a direct comparison of the experimental and the simulation defects occurs,
which proves the ability of the model to predict possible irregularities.

5.5 195W-750mm/s analysis

In the beginning of the process, the laser “digs” the material in order to create the keyhole,
so the mass ablation velocity is only downwards (Fig. 5.6a). As the keyhole increases, the
velocity gets more diagonal, in order not only to dig the material, but also to move the keyhole
forwards (Fig. 5.6b, c). Once the evaporation steady state is reached, the velocity has mainly
a horizontal direction, which means that the digging stops (and the depth of the melting pool
does not change) and the keyhole only moves forwards (Fig. 5.6d, e). Furthermore, in this
state, the velocity is evenly distributed to the forward side wall of the keyhole, because by this
time the laser comes very close to this region. Finally, when and the heat transfer steady state
is reached, so the model is fully steady, the velocity continues to be mainly horizontal (Fig.
5.6f). However, here the velocity is not evenly distributed, but the ablation is greater to the
upper part of the side wall than to the lower parts. This happens because by this time, the
laser has overtaken this region and the laser power cannot reach the whole side wall. It is also
useful to observe that a small downwards velocity is developed to the abrupt edges that have
been remained on the bottom of the keyhole. This means that the SLM system tries by its own
to dig and correct any abrupt defects, leading to a smooth keyhole surface. In Fig. 5.6g the
fully mirrored model is given, where the martensite o’ (primary) and o’ (secondary) regions
are visible.
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5.6 195W-500mm/s analysis
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In the beginning of the process, the laser “digs” the material in order to create the keyhole,
so the mass ablation velocity is only downwards (Fig. 5.7a). As the keyhole increases, the
velocity gets more diagonal, in order not only to dig the material, but also to move the keyhole
forwards (Fig. 5.7b). Once the evaporation steady state is reached, the velocity has mainly a
horizontal direction, which means that the digging stops (and the depth of the melting pool
does not change) and the keyhole only moves forwards (Fig. 5.7c, d, e). Furthermore, in this
state, the velocity is evenly distributed to the forward side wall of the keyhole, because by this
time the laser comes very close to this region. However, this even distribution is disrupted in
a small abrupt region and then appears again after this region (Fig. 5.7c). Taking a closer look
to this region, an approximately 90° edge is observed, where the surface of the side wall in
this region is vertical (parallel to z-axis). As a result, the free surfaces of the mesh elements of
this region of the side wall are also vertical, which means that these mesh elements can only
be tangent to the periphery of the “laser cylinder” and they are never intersected by the laser
beam. Moreover, the periphery of the laser cylinder has no power (due to the Gaussian
distribution of the laser intensity), so there is no heat transfer in this region (Fig. 5.8). In order
to move this region forwards, this abrupt edge should firstly be digged. When this region is
digged (Fig. 5.7d, e) the horizontal velocity developed there is greater than the velocity of the
rest side wall, in order for this region to catch up with the forward move of the rest side wall.
Finally, when and the heat transfer steady state is reached, so the model is fully steady, the
velocity continues to be mainly horizontal (Fig. 5.7f). However, here the velocity is not evenly
distributed, but the ablation is greater to the upper part of the side wall than to the lower
parts. This happens because by this time, the laser has overtaken this region and the laser
power cannot reach the whole side wall. It is also useful to observe that even at the full steady
state, an abrupt edge in the middle of the side wall can be developed, which disrupts the
horizontal velocity of this region till it is digged. In Fig. 5.7g the fully mirrored model is given,
where the martensite o’ (primary) and o’ (secondary) regions are visible.

-

laser beam

Fig. 5.8 There is no interaction between the laser beam and
the vertical surface of a mesh element.
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5.7 Percentage reduction of maximum power intensity

. . W\ . . .
Laser intensity ( ) is defined as the laser power per surface unit.

mm?

When a laser beam with an initial beam area A; is incident to a surface, then the laser beam
area that “contacts” the surface is given by the following relation:

1

1 cosYinc

Where A4, A, and 9;,,. are described by Fig. 5.9:

Ay

Fig. 5.9 Laser beam “contacts” a surface.

As observed by (61), for 9;,, = 0, where the surface is horizontal (which represents the initial
surface that is incident to the laser beam), A, = A;. On the other hand, when 0° < ;. <
90° (which represents the inclination of the keyhole surface), A, > A;. Of course, as the
keyhole becomes deeper, the inclination increases, so the A, increases and the laser intensity
decreases.

This phenomenon is quantified in Diagram 5.4:
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Diagram 5.4 Percentage reduction of maximum power intensity.
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In the beginning, where the keyhole becomes deeper and deeper, the percentage reduction
of maximum laser intensity increases. When keyhole reaches a steady state, and its depth
does not change, the percentage reduction of maximum laser intensity oscillates around a
constant value.

5.8 Material removal rate
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Diagram 5.5 Material removal rate.

As observed in Diagram 5.5, material removal rate is not constant, but it depends on the
relative position between the laser beam and the melting pool. Specifically, the peaks of the
diagram represent the moments when the laser beam is over the melted material (material
with temperatures over 1923.15K) increasing further the temperature of this region, which
increases the evaporation of the material. On the other hand, the lows of the diagram
represent the moments when the laser beam moves forwards to a “new” solid region (with
temperatures below 1923.15K). In this case the material needs to be melted, firstly, so the
evaporation rate here is lower.

Moreover, for constant laser power and scanning speed, the values of the material removal
rate seem to be independent from the keyhole depth and width. On the other hand, for same
laser powers and different scanning speeds the average material removal rate changes.
Specifically, for lower scanning speeds, more heat is absorbed by each region of the model,
so the temperature increases more and more mass is ablated. This leads to greater average
material rate in 195W-500mm/s than in 195W-750mm/s.
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6. Conclusions

In this study, a heat-transfer model is developed in order to predict the width and the depth
of SLM-processed Ti6Al4V single tracks with temperature dependent properties, using only
one unknown coefficient which needs calibration. Material evaporation and mass ablation,
via the mesh deformation, have also been included in order to simulate the keyhole effect.
The simulations done are the following: a) 50W-1200mm/s (conduction mode), b) 195W-
750mm/s (keyhole mode), c) 195W-500mm/s (keyhole mode).

The results showed that:

o The predicted width and depth in all the cases above are in a good agreement with
the experimental data from bibliography, as the errors are all below 16%.

e The high scanning speed-to-laser power ratio used in conduction mode leads to
invalid bulk parts with defects, such as balling and discontinuities. However, the
model proposed in this study is able to predict these irregularities.

e In keyhole mode, the material evaporation is included and the mass ablation is
predicted. Furthermore, the model proposed in this study is able not only to predict
the width and depth of the keyhole, but also to simulate the martensite a’ (primary)
and o’ (secondary) regions.

Future research

In order to reduce the computational time and cost, this model does not include fluid
dynamics, such as melting pool flow and Marangoni effect, thus the collapse of the keyhole
side walls inside the cavity, when the keyhole starts to cool, cannot be predicted. So, for a
future research, the present model could be complemented with fluid dynamics, in order to
fully simulate the SLM process.

145



(1]

(2]

(3]

(4]
(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

References

T. Srivastava, M.; Rathee, S.; Maheshwari, S.; Kundra, Additive Manufacturing
Fundementals and Advancements. CRC Press; Taylor & Francis Group.

L. Jyothish Kumar, P. M. Pandey, and D. I. Wimpenny, 3D printing and additive
manufacturing technologies. 2018.

H. Wang, Y. Fu, M. Su, and H. Hao, “A novel method of indirect rapid prototyping to
fabricate the ordered porous aluminum with controllable dimension variation and
their properties,” J. Mater. Process. Technol., vol. 266, no. 2, pp. 373—-380, 2019, doi:
10.1016/j.jmatprotec.2018.11.017.

A. Gebhardt, Understanding Additive Manufacturing. 2011.

L. Jyothish Kumar et al., Additive Manufacturing: Applications and Innovations, vol.
10, no. 3. 2018.

G. Vander Voort, “Metallographic etching of aluminium and its alloy.” pp. 1-49, 2006,
[Online]. Available:
https://www.google.co.kr/%5Cnpapers3://publication/uuid/EDC9CDCA-8112-413D-
80E6-1FF029414226.

Z. Prevorovsky, J. Krofta, and J. Kober, NDT in additive manufacturing of metals, vol.
2017-Octob. 2017.

M. LaMonica, Additive Manufacturing-Innovations, Advances, and Applications, vol.
116, no. 3. 2013.

J. Milewski, Additive Manufacturing of Metals From Fundamental Technology to
Rocket Nozzles, Medical Implants, and Custom Jewelry. 2017.

M. Markl and C. Kérner, “Multiscale Modeling of Powder Bed-Based Additive
Manufacturing,” Annu. Rev. Mater. Res., vol. 46, no. April, pp. 93-123, 2016, doi:
10.1146/annurev-matsci-070115-032158.

M. Brandt, Laser Additive Manufacturing Materials, Design, Technologies and
Applications. Elsevier Ltd., 2017.

U. Scipioni Bertoli, A. J. Wolfer, M. J. Matthews, J. P. R. Delplanque, and J. M.
Schoenung, “On the limitations of Volumetric Energy Density as a design parameter
for Selective Laser Melting,” Mater. Des., vol. 113, pp. 331-340, 2017, doi:
10.1016/j.matdes.2016.10.037.

Z.Zhang et al., “3-Dimensional heat transfer modeling for laser powder-bed fusion
additive manufacturing with volumetric heat sources based on varied thermal
conductivity and absorptivity,” Opt. Laser Technol., vol. 109, no. July 2018, pp. 297-
312, 2019, doi: 10.1016/j.optlastec.2018.08.012.

K. H. Lee and G. J. Yun, “A novel heat source model for analysis of melt Pool evolution
in selective laser melting process,” Addit. Manuf., vol. 36, no. August, p. 101497,
2020, doi: 10.1016/j.addma.2020.101497.

146



(15]

[16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

(24]

[25]

(26]

D. Gu, C. Ma, M. Xia, D. Dai, and Q. Shi, “A Multiscale Understanding of the
Thermodynamic and Kinetic Mechanisms of Laser Additive Manufacturing,”
Engineering, vol. 3, no. 5, pp. 675-684, 2017, doi: 10.1016/J.ENG.2017.05.011.

S. Pang, L. Chen, J. Zhou, Y. Yin, and T. Chen, “A three-dimensional sharp interface
model for self-consistent keyhole and weld pool dynamics in deep penetration laser
welding,” J. Phys. D. Appl. Phys., vol. 44, no. 2, 2011, doi: 10.1088/0022-
3727/44/2/025301.

S. A. Khairallah, A. T. Anderson, A. Rubenchik, and W. E. King, “Laser powder-bed
fusion additive manufacturing: Physics of complex melt flow and formation
mechanisms of pores, spatter, and denudation zones,” Acta Mater., vol. 108, pp. 36—
45, 2016, doi: 10.1016/j.actamat.2016.02.014.

J. Volpp and F. Vollertsen, “Analytical modeling of the keyhole including multiple
reflections for analysis of the influence of different laser intensity distributions on
keyhole geometry,” Phys. Procedia, vol. 41, pp. 460-468, 2013, doi:
10.1016/j.phpro.2013.03.102.

D. Dai and D. Gu, “Effect of metal vaporization behavior on keyhole-mode surface
morphology of selective laser melted composites using different protective
atmospheres,” Appl. Surf. Sci., vol. 355, pp. 310-319, 2015, doi:
10.1016/j.apsusc.2015.07.044.

T.N. Leand Y. L. Lo, “Effects of sulfur concentration and Marangoni convection on
melt-pool formation in transition mode of selective laser melting process,” Mater.
Des., vol. 179, p. 107866, 2019, doi: 10.1016/j.matdes.2019.107866.

M. Miyagi and J. Wang, “Keyhole dynamics and morphology visualized by in-situ X-ray
imaging in laser melting of austenitic stainless steel,” J. Mater. Process. Technol., vol.
282, no. October 2019, p. 116673, 2020, doi: 10.1016/j.jmatprotec.2020.116673.

T. Heeling, M. Cloots, and K. Wegener, “Melt pool simulation for the evaluation of
process parameters in selective laser melting,” Addit. Manuf., vol. 14, pp. 116-125,
2017, doi: 10.1016/j.addma.2017.02.003.

H. Wang and Y. Zou, “Microscale interaction between laser and metal powder in
powder-bed additive manufacturing: Conduction mode versus keyhole mode,” Int. J.
Heat Mass Transf., vol. 142, p. 118473, 2019, doi:
10.1016/j.ijheatmasstransfer.2019.118473.

W. E. King et al., “Observation of keyhole-mode laser melting in laser powder-bed
fusion additive manufacturing,” J. Mater. Process. Technol., vol. 214, no. 12, pp.
2915-2925, 2014, doi: 10.1016/j.jmatprotec.2014.06.005.

L. Caprio, A. G. Demir, and B. Previtali, “Observing molten pool surface oscillations
during keyhole processing in laser powder bed fusion as a novel method to estimate
the penetration depth,” Addit. Manuf., vol. 36, no. March, p. 101470, 2020, doi:
10.1016/j.addma.2020.101470.

T. Qi, H. Zhu, H. Zhang, J. Yin, L. Ke, and X. Zeng, “Selective laser melting of Al7050
powder: Melting mode transition and comparison of the characteristics between the
147



(27]

(28]

[29]
(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

keyhole and conduction mode,” Mater. Des., vol. 135, pp. 257-266, 2017, doi:
10.1016/j.matdes.2017.09.014.

D. Zhang, P. Zhang, Z. Liu, Z. Feng, C. Wang, and Y. Guo, “Thermofluid field of molten
pool and its effects during selective laser melting (SLM) of Inconel 718 alloy,” Addit.
Manuf., vol. 21, no. 100, pp. 567-578, 2018, doi: 10.1016/j.addma.2018.03.031.

E. L. Papazoglou, N. L. Karkalos, and A. P. Markopoulos, “A comprehensive study on
thermal modeling of SLM process under conduction mode using FEM.”

V. Holman, Heat Transfer (10th edition), vol. 15, no. 3. 1999.

J.R. Zhuang, Y. T. Lee, W. H. Hsieh, and A. S. Yang, “Determination of melt pool
dimensions using DOE-FEM and RSM with process window during SLM of Ti6Al4V
powder,” Opt. Laser Technol., vol. 103, pp. 59-76, 2018, doi:
10.1016/j.optlastec.2018.01.013.

K. C. Mills, Recommended Values of Thermophysical Properties for Selected
Commercial Alloys. 2002.

M. Bass, E. Stryland, D. Williams, and W. Wolfe, Handbook of Optics- Devices,
Measurements and Properties, Second. McGraw-Hill, 1377.

L. Li, K. Yu, K. Zhang, and Y. Liu, “Study of Ti-6Al-4V alloy spectral emissivity
characteristics during thermal oxidation process,” Int. J. Heat Mass Transf., vol. 101,
pp. 699-706, 2016, doi: 10.1016/j.ijjheatmasstransfer.2016.05.069.

J.Yan, Y. Zhou, R. Gu, X. Zhang, W. M. Quach, and M. Yan, “A comprehensive study of
steel powders (316L, H13, P20 and 18Ni300) for their selective laser melting additive
manufacturing,” Metals (Basel)., vol. 9, no. 1, 2019, doi: 10.3390/met9010086.

S.S. Sih and J. W. Barlow, “The prediction of the emissivity and thermal conductivity
of powder beds,” Part. Sci. Technol., vol. 22, no. 4, pp. 427-440, 2004, doi:
10.1080/02726350490501682.

C. D. Boley, S. A. Khairallah, and A. M. Rubenchik, “Modeling of powder absorption in
additive manufacturing,” Opt. InfoBase Conf. Pap., no. June, pp. 10-12, 2014, doi:
10.1364/cleo_at.2014.am1l.5.

E. Mirkoohi, D. E. Seivers, H. Garmestani, and S. Y. Liang, “Heat source modeling in
selective laser melting,” Materials (Basel)., vol. 12, no. 13, pp. 1-18, 2019, doi:
10.3390/ma12132052.

M. Courtois et al., “The numerical challenges in multiphysical modeling of laser
welding with arbitrary Lagrangian-Eulerian method,” COMSOL Conf., no. 1, p. 8, 2018.

K. Hirano, R. Fabbro, and M. Muller, “Study on temperature dependence of recoil
pressure near the boiling temperature - Towards better modeling and simulation,”
ICALEO 2012 - 31st Int. Congr. Appl. Lasers Electro-Optics, no. December 2017, pp.
678-684, 2012, doi: 10.2351/1.5062526.

P. Cirp, S. Weber, J. Montero, M. Bleckmann, K. Paetzold, and A. Siadat, “Study of
Layered Tetrahedral and Cartesian meshing in Additive Manufacturing Simulation A

148



new methodology to analyze the functional and physical architecture of Cartesian
meshing in Additive Manufacturing Simulation Web,” Procedia CIRP, vol. 91, pp. 522—
527, 2020, doi: 10.1016/j.procir.2020.02.209.

[41] L.AQi, C. Guo-Dong, and W. Shu-Zhen, “Softness-based adaptive mesh refinement
algorithm for soft tissue deformation,” BioSystems, vol. 191-192, no. February, 2020,
doi: 10.1016/j.biosystems.2020.104103.

[42] J.).S. Dilip et al., “Influence of processing parameters on the evolution of melt pool,
porosity, and microstructures in Ti-6Al-4V alloy parts fabricated by selective laser
melting,” Prog. Addit. Manuf., vol. 2, no. 3, pp. 157-167, 2017, doi: 10.1007/s40964-
017-0030-2.

[43] S. Patel and M. Vlasea, “Melting modes in laser powder bed fusion,” Materialia, vol.
9, no. November 2019, 2020, doi: 10.1016/j.mtla.2020.100591.

[44] Y. Fu, C.;Guo, “3-Dimnsional Finite Element Modeling of Selective Laser Melting
Ti6Al4V Alloy,” p. 283, 1386.

[45] J.).S. Dilip, M. A. Anam, D. Pal, and B. Stucker, “A short study on the fabrication of
single track deposits in SLM and characterization,” Solid Free. Fabr. 2016 Proc. 27th
Annu. Int. Solid Free. Fabr. Symp. - An Addit. Manuf. Conf. SFF 2016, pp. 1644-1659,
2016.

149



5

¢

\

tn,

U ‘- !
] T o)
7 rnporHOEY S
X
nvpgopos

EONIKO METzZOBIO NOAYTEXNEIO
2XOAH MHXANOAOIQON MHXANIKQN

Ektetapévn nepidndn Suthwpotikne epyaoioc ota EAANVIKA

MeA£Tn Kal povtehomoinon tng petapaong anod conduction os keyhole popdn kata

™ SLapkela TnG SLM katepyaoiog

(Study and modeling of the transition from conduction to keyhole mode during SLM

process)

Baohkn E. AAe§omoUAou (02116097)

2020-2021

Convection
Heat Transfer

powder bed

BRUSNK v, 7\
= ' SravsVan ""w% am"“'ii" " v
3 i’ﬂq;nﬁ#’ﬁjﬂfﬁ}!&'@g‘ﬁ%’ﬁ ""{&A“v“""
G e
£ [SROKBE Vi
1] L e A=

Topéac: Texvoloyiac twv Katepyaolwwv

EruBAénwv: A. Mapkomoulog, Av. KaBnyntng, EMMN

coarser mesh

N
o



Ewcaywyn otig NpooBetikég Katepyaoieg (MK)

OL NK mapouaotdlouv paydaio e€EAEN TIC TeAeuTaisg Sekaetieg. Zekivnoav amno toug Kodama
(1980), Hull (SLA, 1987), Deckard (SLS, 1987) kat Crump (FDM, 1989) kal oTn GUVEXELL
uLoBeTNBnkav eeAixBnkav amno peydAeg staipeieg, omwe EOS GmbH, Helisys, Z Corp, Object
Envision Tec kat EBW/Exone.

'OAec ol MK mephapPfavouv oxtw Prpata: 1) Anptoupyia CAD poviéAwy, 2) LETATPOTN TWV
apxelwv CAD oe apyeia .stl, 3) petadopd twv apxeiwv .stl otnv pnxavn MK, 4) puBduon Twv
TAPAPETPWV TNG LNXAVAGC, 5) Kataokeur tepayiou, 6) e€aywyn tepayiov amo tnv unxavn MK,
7) dwiplopa tepayiou, 8) edpappoyn Tou Tepayiou.

Ou MK Slakpivovtal oe apeoeg kal EUpeces Slepyaoiec. Apeoeg ival ol Slepyacieg mou
o6nyouv oe TeAKA TPoidvTa, evw EUUETES elval ol Slepyaocieg mou odnyolv og mapaywyn
KOAOUTILWY, TOL omola gv ouvexela xpnolpomololvtal ylo GAAEG Katepyaoieg. Mwa GAAn
Slakplon eivat: taxelo mpotumonoinon, Taxeio mapaywyr Kol Toxeia kataokeun epyalelwv.
Me Ttnv Toxela mpotumomnoinon SnuloupyolVIdL HOVIEAQ, TIOU XpnOoLUOTIoloUvVTIaL yLa
ETOTTIKOUG AGYOUG, yLa eTSELEN KATIOLOC SOWNG I} LNXAVAC 1] YLOL TOV EAEYXO CUYKEKPLUEVWV
WOlOTATWY Ot WIKPOTEPN KAlpaka. Me tnv taxeio mopaywyrn katackeudlovtal TEAKA
TPoioVTA, EVW HE TNV Taxela KOTOOKeUn epyaleiwv, mapayovtal epyadeia pe Wdlaitepa
oxnuata kot popdoAoylec.

H Baowkn apxn mavw otnv omola otnpilovtat oAeg ot MK eival n dnuloupyla Tepaxiwv oe
OTPWOELG KOLL N €Vwon KABs TPpWoNG LE TIG YELTOVLKEC TNG. ZNUEPA, UTIAPXOUV TTAvVW amno 100
£i6n unxavwv MK, ol onoieg emetepydlovral PETAAQ, TTAAOTIKA, KEPAULKA 0 popdn oKOVNG,
dUN WV, AdoTiywv.

'OAec oL MK pmopouv va xwpLotolV oTLS €€ G OLKOYEVELEG KaTepyaolwv: 1) NMoAuueplopog (n
ETUAEKTLKI) OTEPEOMOLNCN UYpWV HOVOPEPWY Yyivetal amd aktwofoiia UV), 2)
YtepeoliBoypadia (Sivel Tepdxia e Kan moloTnTa entdpaveiog KoL EEALPETIKEG ASTITOUEPELEG,
TIPAYLOTOTIOLE(TAL LECW TOU TIOAUMEPLOUOU UYpoU HOVOUEPOUC amod aktiva Aéllep UV kat
XPNOLUOTIOLE(TAL OTNV Ttapaywyr Tepayxiwv pe Aemtotolxeg Siatopég), 3) Ektumwon
TIOAUEPWV (TIPAYUOTOTIOLEITAL UE TIOAUUEPLOUO PWTOEVALCONTWY UYPWV HOVOUEPWY OTIO
Te{oNAEKTPLKA EKTUTTWTLKA KEDOAN Tou amoteAsital amd dvo UV Adumeg mou Kwvouvtal
TOUTOXPOVO KOL UITOPEL va SWOEL TEUAXLA TTOU amoTteAoUvTaL and TOAAG SLadOpETLKA UALKA),
4) Katepyaoia Yndrakol ¢pwtdg (160G dwTOMOAULEPLOLOU TIOU XPNOLLOTIOLEL TTpOTLEKTOPA
DLP w¢ ninyn ¢wtog UV, n pntivn amoBnkevetal oe yuaAvn Se€apevr otnv kopudn Kol N
nipoPoAn yivetal amd kAtw Tpo¢ Ta Tavw), 5) Katepyaoieg ovvinéng katl tRéNg (supeia
katnyopia rou meplhapBavel tnv EMAeKTIKA ZUvTNEn e Aélep -SLS-, tnv Emthektikn TAEN pe
Néllep -SLM- kat tnv TAEn pe Aktiva HAektpoviwv -EBM-), 6) E€wBnon- Ektimwon
CUVTNYUEVWY ETUMESWV (TO UALKO €XEL Hopdr VALOTOG Kal ival amoBnkeupévo os dpuoiyyla,
TO TILO YVWOTO €ldo¢ eival n Exktumwon uvtnyuévng Evamobeong -FDM-), 7) Katepyaoia
OKOVNG e CUVOETIKA ouoia (KABe oTpwWon OKOVNG EVWVETAL LE TIG YELTOVLKES TNG LECW UYPNG
OUVSETIKAG oUOLaG, N KATEPYAOLa auTh £XEL ETUKpATHOEL va Aéyetal Tplodldotatn Ektunwon
-3D Printing-), 8) Katepyacia otpwoswv PpUAWVY (xpnolpomolovvtal GUAAD HETAAAWY,
TMAQOTIKOU 1 Xaptiol), 9) ANAe¢ katepyoaoleg (ektUTwon He Xprion aepolOA, eKTUTIWON
BLoAoyKwV UALKWV).



JUVOTTTIKA, OAgG oL MK Sivovtal mapakatw (Mivakag 1):

Mivakag 1 Katnyopieg kot teyvoloyiec twv K.

\ —
\..
&
<=3 VatPhoto- Material Material o . .. PowerBed Direct Energy Sheet
< ,'-';' polymersation Extrusion Jetting 9 Fusion Deposition Lamination
S
Selective
Laser
Sintering
0 (SLS) Laser
w Fused i ¢
o Deposition : ) Direct Metal Englneer_ed Laminated
9 Stereolithography M(;’geling Polyjet / Inkjet direct Inkjet iy Net Shaping Object
9 (SLA) (FOM) Printin Fiiwiting Sinlesing (LENS) Manufacturin
£ 9 (Binder 3DP) (DMLS) Electronic 9
@] Contour Selective ~ Beam Weldin (LOM)
i} Crafting . g
= Laser Melting (EBW)
(SLM)
Electron Beam
Melting (EBM)
=z Polymer-, Polymer-, .
% Photopolymer Thermoplastics, Photopolymer, Metal- or Metal- or Metal powder MPIast_lc film,
= Ceramics  Ceramic slurries. Wax Ceramic Ceramic or wire etalllci sheet,
> ! Ceramic tape
g Metal pastes powder powder
+ High - Inexpensive  + Multi- + Full-color + High + Repair of + High surface
building extrusion material + Wide Accuracy damaged/ finish
speed machine printing material and Details worn parts + Low cost
+ Good part - Muilti- + High surface  selection +Fully dense  + Functionality — Decubing
%) resolution material finish - Require parts graded issues
g — Overcuring, printing — Low- infiltration + High specific material
O  scanned - Limited part strength during post- strength & printing
g line shape resolution material processing stiffness - Bad
@ - High cost - Poor surface - High — Powder resolution
o for supplies finish porosities on handling & - Expensive
and finished recycling
materials parts — Support and
anchor
structure

Ta Baowka mAeovektpata twv MK eivat:

e EukoAia oTnv mapaywyn £EATOULKEUUEVWY TIPOIOVIWV.

e Auvatotnta enefepyaciag OAWY TWV UALKWV.

e Amatteital Hovo pia pnxovn yla Thv mapaywyr tou TeAkol mpoiovtog (o avtiBeon
LLE TLG CUMPOTIKEG KATEPYAOLEC).

e EivalaBopuPeg.

e  MmopoUv va ipaypatonotnBouy and Tnv aveon Tou ypadeiou 1) Tou omttiou.

e Mewwpuévn onatdain UAKoU.

e Kataokeun TepaylwVv pe cUVOETEG yEWUETPLEC.

e Aev amattouvtol kaAoUTLa, epyaAsia, KOMTIKA.

Ta Baowka petovektipata Twv MK givat:

e XapunAotepeg TaxUTNTEG KATAOKEUNC.

e XaunAn mowotnta emudaveiag.

e Anauteital npo-enefepyaocia kal ueta-eneéepyacia.
e AvIOOTPOTILKY cupTeptdopd Twv MK-tepayiwv.



e Toapouoia tng atéAelag okalomatio (stair-stepping).
e XaunAotepn avroxn.

Ol Baolkég atéleleg Twy MK eivad:

o Idalpikég atéleleg (balling).
e [l6pot

e Pwyueg

e MNopapopdwaon emibavelag.
o  Doawdpevo okahomatiou.

OL MK £€xouv edappoyn o MoANOUC TOUELG:

o KaAALTEXVIKEG KOTAOKEVEG.

e [opaywyn EEATOUKEUUEVWV TIPOIOVTWV.
o latpikn (odovtiatpikn, opBomedikn).

e AgpodlaoTnuikn.

e Autokivnon.

e KahoUmua, epyalsio yia tn Bropnyavia.
o OWKOSOULKA, AUUVTLKA €pya.



Ertldektikn TAEN pe Aélep (SLM)

H SLM eival éva eibog¢ MK mou mapdysl oUvVOeTo TPLOSLAOTATO TEUAXLA HECW TNG
otepeomnoinong dLadoXIKwV OTPWOEWV oKOvNG, Le Baon éva CAD povtélo. H SLM oxetiletal
ME OALKN THEN TNG OKOVNG KOl OXL LE GUVTNEN 1 €V LEPEL TAEN, TTOU €lval 0 KUPLOG UNXOLVLIOUOG
™¢ EmAektikng 20vtnéng pe Aélep (SLS).

O Baolkog pnxaviopog tng SLM oakoAouBel tnv e€ng Swadikaoia: pia otpwon okovng
QIMAWVETOL 0T BACH TNG UNXAVAG KL OTN CUVEXELD TAKETOL ATO WLo akTiva AéLlep, avaloya
UE To oxnua mou opiletal oe apyeio CAD. Itn cuvéxela n BAcn TNG KLNXAVAC KLVELTAL Tpog Ta
KOTW KoL €va VEO OTPWHA OKOVNG AMAWVETAL OTN HNXavr wote va enavainddel n idla
Stadikaoia, onwg paivetal otnv Ewkova 1:

Laser
Mirror Scanner

Protective
Atmosphere

e

. . X
3D-CAD Model Slicing Feed Container Y
Base Plate

Build Cylinder
Over ow Container

Ewkova 1 Synuatiko Staypauuc Tou unyoviouou tne SLM.

H SLM eival pla o0vBetn katepyaoia kabBwg StEmetal and moAAAd GuaIKA GalVOPEVA, OTIWG
elval n amoppddnon Kot n avakAaon tng aktivag Tou A€Wep, N akTvoBoAia, n aywyn Kat n
cuvaywyn Bepuotntag, n efatuion tou UAWKOU, n Tieon umoxwpenong, to $alvopevo
Marangoni, n AavBdvouoca Beppotnta kat n aAhayn ¢aonc (Ewova 2).

MELTING PHENOMENA

Electron or . Capillarity
laser beam
Absorption Powder layer

or, reflection

Heat radiation

Sintering

Gravity

Ewova 2 Quotka pawvoueva mou AauBavouv ywpa ato triyua te¢ SLM (apiotepa) kat tou EBM (beéia).



Ol apapeTpoL oU eMmIdpouv otnv SLM elval n woxug tou Aélep, n TaxLTNTA 0Apwong, To
TAX0C OTPWONG Kol To Slakevo odpwong. Ol TapAUETpOL aUTol Unmopouv va cuvduactouy
OTOUG TIAPOAKATW SELKTEC:

VED' = = () ()
1

VED = vlfbt (min3) (2)
Omou:

VED' WVED = oykousetpiky TukvOTnTA EVEPYELAS ( / 1 / ),

mm3
P = woyV¢ Aélep (W),

, , mm
v = tayVmnta cdpwong (T)

s = didkevo odpwaong (mm),
t = mayog otpwang (mm).

Dy, = dSiauetpog axtivag Aélep (mm).



ANMOoLEVCELG OXETLKEG ME TNV SLM

Mapakdtw mopouclalovial TEPAPATIKEG Kol BewpnTIKEG €pyacie¢ Mou Tpoomabouv va
uTtoAoyiloouv 1| va TpoBAEPOUV TNV YEWUETPLA TOU THYUATOC.

OLZhang Z. et al. [1] avéntu€av £va TpLoSLACTOTO BEPLKO LOVTENOD TIEMEPACUEVWV OTOLXELWV
yla TV Katepyaoio Laser Powder-Bed Fusion (LPBF) yiwa va mpoPAépouv pe akpiPela tn
YVEWUETPLA TOU TAYMOTOC KOL TA XAPAKTNPLOTIKA TNG eMmdAvelag. Xpnolpomnotndnkav oxtw
povtéha Bepuikwy mnywyv (Ewkdva 3, Mivakag 2), ta omola avrikouv e SUo Katnyopieg: 1)
YEWUETPLKA TPOTOTOLNUEVN Katnyopia (GMG) kat 2) katnyopia mpodiA anoppodntikoTnTOg
(APG). Ta amoteAéopaTo TWV MPOCOUOLWOEWV CUYKPIONKav e melpapatikd dedopéva. Kot
oLOXTW TNY£C 08nyoLV o 40% pnYXOTEPA THYLLOTO CUYKPLTIKA E TA TIELPAATO O avoéeldwTo
XGAuBa 17-4PH.

(a) (b)

(g) (h)

q=09ofi(z) q =qof(z) q = qofs(z) q = qofalz)
Ewkova 3 ZxYnUaTikn avanapaotaon twv Jeputkwy nnywv, (a) kuAtvépiko oxnua, (b) nuio@atptko

oxnue, (c) nuieAdwpoeldég axnua, (d) kwviko oxnua, (e) uédodog uetapopac aktivoBoliag, (f)
uedodbog aviyveuonc aktivwy, (g) uéGodog ypauuiknc ueiwonc, (h) uédodog ekGetikng ueiwong.

Mivakag 2 MaSnuatikn avanapaotacn twv JEPULKWY TTNYwWV.

GMG1 Cylindrical shape 06y, 2) = BP
I S —T )

GMG2 Semi-spherical shape 25/25.p 2,.,2,.2
ey, 2) = —_:jexp[,z%]
T

GMG3 Semi-ellipsoidal shape 25p 2 2
; =f— ] [
Iy, 2) = ff pC e)cp[ 2{512 +tat cz)
2572 2 2 g2
z) = f PP 0, R
Fy. 2) = e exp[ 2(5,2 +orH cl]]
GMG4 Conical shape & 2.2
T P L, _p Xy = E .
Ix,y.2)= e exp[ 2 P ], Fo="F + H(rg ri)
APG1 Radiation transfer equation method » 2yl a
Ix, y, ) = —5exp| -2 5" '(*’1'7}-
wr? 7 df
q= ﬁ‘(l—}’:) exp[—A]-[(1—as) exp[—2asf] + (1 + as) exp|2asf] ]
= (3 + yexp[-24]) x {[1 + ag—y(1-ay)] exp[2a,(A-£)]
+ [1—ag—r (1 + as)] exp[2as(E-A)]}}
_ 30 —yiexp[—£] - yexp[f - 24D
-3
APG2 Ray-tracing method 2.2 e
16y, 2) = Hexp| 2250 |8
arf rt dz
APG3 Linearly decaying equation 2P x2 432 2 -
;. = = === | =p5z(1-=
Ix,y,z) ?E\p[ L—q_r]f(z.L flz)=8 ﬂ.(l 5)
APG4 Exponentially decaying equation 12

160y,0) = %’a\p[_zé]m), f@=pgen]-2
0 (1]




Mo va BeAtlwOel n anodoon tou povtélou, oto APG4 cuumep\ndOnKe Kal n avicotporia
TOU UALKOU.

Ta kUpLa cupmepaopata ivat ta akoAovba:

1. Haviootponia peiwoe 1o opaipa mAdtoug kal Baboug o 2.9% kat 7.3%, avtictolya.
2. To amoteAéopata tng MPocouoilwong cUPWVOUV LE TA TIELPAMATIKA WG TPOG TNV
otaBepOTNTA TNG TPOXLAC KAL TNV YWwVia KUUATIOHOU.

Ot Lee K. et al. [2] avéntuéav éva MPWTOTUTIO UBPLOKO HOVTEAD AauBavovtag uroyn toug
SLapopeTIKOUC pUNXaVIoHoUC amoppodnong HeTaty mopwdoug Kal cupmoyols UAWKoU. To
MOVTENO pTtopel va TpoPBAEPEL TA XAPAKTNPLOTIKA TOU TAYUOTOC, CUMMEPLAAUBAVOUEVOU TWV
SlooTdoswv Tou Kot Twv popdwv Tou otnv SLM. To povtélo amoteAeital amnod tnv efiowon
petadopdag Beppotntag, AapBdavoviag umoyn tnv alayr twv ddcswv kal tov Badbuo
otepeomnoinong. XpnolUomoLloUvTal capwoelg amAng Tpoxtdag 316L tepoxiwv avoeidwtou
XGAUBa KAl yla TNV TEPLMTWON KN XProNG oKOVNG KAl yla TNV TEPIMTWGN XPoNg okovng OAa
aUTA T amoteAéopata elval oe cupdwvia Pe MElpaUOTIKA deSopéva. EmmA£oy, oL popdEg
tou Ttypotog (keyhole kot conduction) pmopolUv va SiakpitomoinBolv Bdacesl NG
popdoroyiog kot tou Babuol e€atuiong, mpdyua mou Bonbd otov opLopd Twv BEATIOTWY
ouvBnkwv katepyaoiag. Emiong, Bp£Onke otL To keyhole gival o evaiodnto o aAlayEg Twv
TIOPOUETP WV KATEPYATLAG OUYKPLTIKA Ue To conduction.

Mapola autad, katd tnv dlepyacia ¢ THENG otnv SLM, pia cuykekpluévn TOCOTNTA OYKOU
OUPPLKVWVETAL AOYW TWV KEVWV TOU OTPWHATOG OKOVNG. H emudavela toOTe mnyaivel
xaunAotepa adol To Kevd YeUIleL he TNYUEVO UALKO. AUuTH N cuppikvwon Tou OyKou ennpedlel
v popdoloyio Tou TAYHATOC €eMeLSn emnpedalsel TNV aywyrn Oeppdtntag pe TV
nieptpaAlovoa okovn. Akopa, n pon Beppdtntag yia k&Bes onpeio tou UALkOU aAldlel Aoyw
TwV OSLUPOPETIKWY ATIOOTACEWY ONMO TO KEVIPO Tou Afulep. Na va AndBel umoyn n
oUPPLKVWON TOU BYKOU OTNV TPocopolwan, Xpnotpomnoleital pio amdomnotnuévn péBodog mou
OUTIEVEPYOTIOLEL TO CUPPLKVWHEVO oToLXELD. AdoU TNXOel TO OTPWHA OKOVNC, O CUPPLKVWHUEVOG
oykog (Elkova 4) ekAapBAavetal wg KeEVOS XWPOG LE UNOEVLKN aywyLULOTnTa.

Liquid state

Solid substrate ~——————__/ | [] shrinkage

D Vaporized

Ewova 4 Zuppikvwan oykou AOyw Tou
apxLkoU TopwEoUG TOU OTPWUATOG OKOVNG
KoL apaipean UALkoU A0yw e€dTuLong.

Ta KUPLO CUUTIEPACHATA ATIO QUTH TN MEAETN €lval Ta akoAouBa:

1. To amoteAéopaTa TOU HOVTEAOU elval og KaAr cupdwvia (odpaApa evtog tou 6%) pe
TOL TIELPOAUATIKA SESOUEVAL.



2. H popodn tou keyhole 6ev mpotipdartal emeldn Sev eival evepyeloKkd amodoTIKA Kal
elval evalodntn o aAAayeg tng LoxLog Tou AéLlep.

3. H amodoon tnc uPBplOIKNG TNYNC CUYKPLVETAL HPE TG TApadoolakeg mnyec. Ta
anoteAéopata Seixvouv OTL 0 CUVOUOOUOG XWPLKWVY KOl ETMLGOAVELOKWY POWV
BepuodtnTag odnyel og Lo peAALOTIKA LOVTEAQL.

OL Gu D. et al. [3] mopéxouv pia moAMamAng KAlpakag povtedomoinon Kol Ta avtiotolya
TELPALATIKA amoTteAéopata yla tnv SLM katepyaoia pHetdAAwY, KPAUATWY Kal cUVOETWV
METAAALKAC UATPOC, CUMMEPLAAUPBAVOUEVOU KPOUATWY AAOULLVIOU, VIKEAIOU Kol cuVOETWY
OAOUHLVIOU KOl VIKEALOU EVIOXUUEVWV PE KEPAULKA cwpatidia. H SLM twv peTtdA\wv SLéEmetat
arnd apx€G MOAANATIAN G KALHLOKAG, CUMTIEPIAALBAVOUEVNG TNEG AVATTTUENG TNG LKPOS O G KOTA
v Sldapkela t¢ OSlepyaoiag (MKpokAlpaka), TG amoppodnong kalL ¢ TAENG Twv
owHaTdlwy TNG OKOVNG (UECOKALMOKA) KOl TWV TACEWV KOl TAPAUOPOWOEWV TwV
KOTAOKEVWV e SLM (pakpokAipaka).

Ou Khairallah S. et al. [4] mapouaotdlouv tnv emidpacn TG TMEONE UTOXWPNONG KAl TOU
dawopévou Marangoni otnv LPBF tou 316L avoésibwtou xaAupa.

Evw n aktwvoPolia sival moAvwvupo 4°° BaBuol wg pog tn Beppokpacia, n eEdtuion ivatl
TILO QTOTEAECUATIK OTn Pelwon tng avwtepng Bepuokpaciag tng empavelag Aoyw tng
ekBeTIKAG TNG €€dptnong amo tnv Bepuokpacia. Autd €xel peyaAn emibpoon otnv mieon
uroxwpnong kabwg kat authy efaptdtal ekBetikd amd T Oeppokpoacio. H Suvapn
UTIOXWPNONG UTIEPVLKA TNV TAon emidaveiag, mou avittiBetal otnv BAuTTiKn enibpoon g
Suvaung umoxwpnong. Otav to tepdyto YuxOei n tdon emudaveiog kuplapyel kot mpokaet
nopou¢ Otav To Tolwuota ocuvOAiBovtal. Mo outd, oL UEYAAEC TILECELG TPEMEL VA
anodelyovial Wote vo HEwBel 0 OXNUATIONOC Twv TOPWV. TETOLEC HUEYANEC TIEOCELS
SnuloupyolvTal otnv anotopun aAlayn kateuBuvong Kivhong Tou AELWep, OMOTE OE QUTEG TLG
TIEPUTTWOELG TIPOTEIVETAL VA LELWVETAL Alyo N évtaon Tou AéLep.

Ou Dai D. et al. [5] mpayuatomoloUv TPOCGOUOIWGCN TNG SUVAUIKAG TOU TAYUOTOG
petaBaivovrag amnd conduction os keyhole popdr twv SLM-katepyaocpévwy TiC/AISi10Mg
TEpa)lwV, xpnolponowwvtag uEBodo memnepacpévou oykou (FVM). Ta cupnepdaopata mou
T(POKUTITOUV SlvovTal MapaKATW:

1. To BdBog tou trypatog otadlakd aufavetal kol ¢ptavel éva otabepo BABoC Kal PeTd
TOAQVTWVETAL YUpw ard autd to Baboc kabwg mpoxwpd n katepyaocia. To BaBog tou
TNYHOTOG EAEYXETAL QMO TNV aywyn BeppodtnTag Kal TV Tleon umoxwpenong mou
TPOKOAELTAL OTTO TNV €EATULON TOU UETAANOU.

2. Ymdpxet onpavtiky Sladopd otnv TAAavtwrtiky cupmnepidopd tou Pdaboug tou
TAYHOTOG Yl SLadOPETIKEC TIPOOTATEUTIKEG atuoodatlpec. Daivetal otL n xprion Ar
WG TIPOOTATEUTIKN aTuoodalpa €XEL OTAOEPOMOLNTLKN LKOVOTNTO TIOU HELWVEL TLG
ToAQVTWOELG Tou BaBoug tou keyhole (Aldypapua 1) Sivovtag mukva SLM tepadylo
(Aaypappa 2).
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Aaypappa 2 SYETIKN TUKVOTNTA TwV SLM-
KOTEPYAOUEVWY TEUAXIWV XPNOLULOTIOLWVTAS
SLOPOPETIKEC TPOOTATEUTIKEC ATUOCPALPEG.

3. H mpootateuTikn aTHoodhalpa EXEL ONUAVIIKO POAO OTOV KABOPLOUO TNG MOLOTNTOC
™¢ emupdavelag tou SLM-kotepyaopévou Ttepayiou. Me tnv edappoyn tng Ar
atpoodalpag, TPOKUTITEL E€va otabepd Pdabog THYUOTOG OUVSUAOMEVO e
opolopopdn mieon empavelag otnv eEAsUBepn eMIPAVELD TOU THYUATOC, 08NYWVTAS
OTOV OXNHUATIOMO KOANG emibaveLlakng popdoioyiog.

4. H mowotnta emipavelag KoL N OXETIKH TTUKVOTNTA LETPOUVTAL TIELPAMOTIKA KAl Eival
o cupdpwvia pe Ta amoteAéopaTta TG MPOooUoiwaonc.

Ot Le T. et al. [6] xpnolpomnotloUv €va TPLOSLAOTATO BEPUOPEVCTOUNXAVIKO LOVIEAO yla VO
gfetdoouv TNV emibpacn NG avaotpodng pornc Marangoni, TOU E€lOAyETOL QMO TNV
OUYKEVTpwON Tou Belou otnv okovn 316L avoeldwtou YAAuPa, oOTLC SLOOTACELS TOU
THYHOTOG. ITNV MPOCOUOiWwaoNn XPNOLUOTOLELTAL XWPLKN TINYH YKOOUGGLOVAG KATAVOUNG KOL N
anmoppodNTIKOTNTA TNG OKOVNG afLoAoyE(TaL LECW TIPOCOUOLWOEWY AVIXVEULONG aKTWVWV. ETti
MpooBeTa, N emudpavelakn TAon, OU eAEyXEL TNV pory Marangoni, meplAapfavetol we pia
QAN YPOUULKA CUVAPTNON TNG CUYKEVTPpWONG Beiou. Ta KUPLA EUPAHATA QUTAC TNG LEAETNG
Slvovtal mapakdtw:

1. Ta enineda Beiou TNG OKOVNG £XOUV CHUAVTLKO POAO OTOV KABOPLOUO TNG POrG TOU
peuoTtol oto THyuHa. Mo uPnAdtepa enineda Beiou (>60ppm), n kateuBuvaon TG PONG
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Marangoni aAAdlel and eEwotpedng oe eowotpedrg, odnywvtag os Babutepo Kal
oTevOTeEPO TRYHA. EutAéov, n avaotpodn pory Marangoni amopaKpUVEL TIC OEPLEG
HOUOKAAEC, HELWVOVTACG TO EAATTWHA TWV TTOPWV.

2. H mapoloa HEALTN EMIKEVIPWVETAL OTNV €midpacn TnG £0wotpedolC PONG
Marangoni, ayvowvTtag TNV cuppikvwon Tou Oykou Kal TNV Tieon umoxwpnong. Mo
QUTO TO AOYW N pooopoiwaon divel peyahltepeg TIHEG BaBouc atnv opdn conduction
KOl HKpOTEpPEC otnv popdn keyhole oe oUykplon pe avtiotolyo TELPAUATIKA
Sebopéva.

OL Miyagi M. et al. [7] 6ie€nyayav mapatnprosl oe SLM-KOTEPYAOHEVO WOTEVLTLKO
avoéeidwto xahuPa. To Baboc kat to mAdtog Tou keyhole auv€avovtal, kot n Stakvpavon Tou
BaBoug tou keyhole pewwvetal, kaBwg n oxug tou Aéllep avldavetat. H Staklpavon Tou
BaBoug tou keyhole aufavetal otav Sev UTIAPYXEL TIPOOTATEUTIKO aéplo. TEAoG, KaBwe n
£0TLaKN amootaoh Tou Aéillep aufavetal, n Stakbuovon tou Baboug tou keyhole av€avetal.

Ot Heeling T. et al. [8] mapoucialouv éva TpLoSLAoTATO APLOUNTIKO HOVTEAD yla TNV SLM-
Slepyaocia, mou emTpENEL pial AEMTOUEPT OTTIKA TNG SUVAULKNG TNG KATEPYACLAG e XOUNAO
UTIOAOYLOTIKO KOOTOG (XovOpoeldég mAEyua). To POVIEAO Xpnolomolel T HEBoSO Twv
TMeENepAoPEVWY Sladopwv Kal meplhappavel duolkad dawvopeva onwe amoppoddnon Tou
AéWep, Marangoni, e€atuion, mieon umoxwpnong Kal OEPUOKPACLOKA EEAPTWUEVES LOLOTNTEG
TOU UALKOU. TO LOVTENO CUYKPIVETAL e TIELpapaTIKA SeSopéva avoleidwTou xaAuBa 316L kot
UTEPKPAPOTOG VikeAiou IN738LC. Ta anoteAéopata Selxvouv TNV onuacia tng e€ATULONG Kal
NG Tieong umoxwpnong yla tnv akppn mpoPAsdn tng SUVOULIKAG TOU THyHOTOC. TEAOG,
TapoucLaleTal €vag TPOMog TMPOPAeYdNG TwV TAPAUETPWY TNG KATEPYAOLOC ME XAUNAO
UTTOAOYLOTLKO KOOTOG.

OutWang H. et al. [9] avémtuéav éva culeuyUEVO BEPULKO-INXOVLIKO-PEUCTOUNXAVIKO LOVTEAO
yla v LEAETACOUV TNV SUVOLLLKY HUKPOKALMOKAG UETAAALKAG OKOVNG KL CUYKEKPLUEVO TOU
Ti6Al4V kata tn Sldpkela tng SLM. Xpnotlpomolwvtog SladopeTIkEG TLUEC LoxUog AELep,
TLAXOUC OTPWONG Kot eVOLAPECWY SLAOTNUATWY, CUYKPiLvouv tnv g£€ALEN tn¢ conduction kat
keyhole popdng. Ymapxel povo pia KukAkr por] otn Slapnkn Slatoun Tou THYUATOog oTnv
conduction popdn, evw 800 KUKALKEG pogg epdavilovtal otnv keyhole popdn (Etkdva 5).

(1)
Boundary of
molten pool

Flow of (2)
melted metal

<z

Conduction mode Keyhole mode

Ewkova 5 Zxynuatikn avamapaotaon t¢ KUKALKNG pori¢ o€ conduction kat keyhole
uopepn.
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H Baputnta 06nyel to Tnypévo LETAANO VA YEULOEL TA KEVA TNG OKOVNC. TA aMOTEAECUATA TNG
Tipocopoiwong Selyvouv OTL emtuyyavetal peyaAltepo mayog tunwong otnv keyhole popon
o oxéon e tnv conduction popdn. H Stavour) tg BepudTNTAC O TUMWOELC TTOAATIANG
TPOXLAC otnv conduction popdn ival mo opolopopdn os ouykplon pe tnv keyhole popdn,
odnywvtag og To opolopopdn Uikpodopr. AUt n UEAETN MOPOUCLALEL TPOTIOUC YLla TOV
£AeyX0 TNG HIKPOSOUNG KOL TWV QATEAELWV, HECW TNG PUBUONG TWV TOPAUETPWV TNG
KOTEPYAOLAG.

Mapoha autd, n aduvapia autng TG LEAETNG OXeTIlETAL e TO YEYOVOC OTL N €€ATULON TOU
UVALkoU &gv AapBavetal umtoyn.

OLKing W. et al. [10] avaintolv pHéow MEPAPUATWY ATIANG TPOXLAG TIG ouVONKeg UTTAPENC TNG
keyhole popdn¢ oe petaAikec MK avoleidwtou xaAuPa 316L. IuyKeKpLUéva:

1. H xprion ¢ Kavovikomolnpévng evBaAmiag mou cuvdEeL TNV oYU, TNV TaXUTNTA KoL
To HéyeBog tnc aktivag afloAoyeital melpapatikd. H oxéon autn eival xpnolun Lexpt
1o KatwdAL tou keyhole. Mavw amnoé 1o katwdAl, n kavovikomolnpévn evoaAria Sev
niepthappavet tnv duotkn ou epdaviletatl otnv keyhole popdn.

2. Ymdpxet éva katwdAl petdPaong amd tnv conduction otn keyhole popdn mou
gfaptdtal amoé v oxy, TV ToxUTNTa Kol To péyeBog tng aktivag Aélep mou
ekdpaletal os 6poug Kavovikomolnpevng evBalmiag wg AH/hs = (30 £ 4). To KaTtwdAL
OVAUEVETAL VA €€0PTATAL ATIO TO TTAXOG TNG OTPWONC.

3. To katwdAt yia tnv keyhole popdr umopel va xpnolpomnotnBet yla tv gvpeon g
BEATLOTNG MEPLOXNG LOXVOG, TOXUTNTOG, HEYEBOUG OKTIVOC KAL TNV TIOpOywyn KAANG
TOLOTNTOC TPLOSLACTATWY TEPO)LWV.

Ou Caprio L. et al. [11] mapouctalouv pia peBodoloyia yla Tov uMoAoyLlopO tou BaBoug
TyHatog tn¢ SLM. To olotnua mapakoAouBnong otnpiletal otnv MPETpNON TWV
EMLGAVELNKWY TOAOVTIWOEWV TOU TNYHOTOG HECW TWV avakAdoswv piag S€oung ¢wtog
(Ewova 6) tou kataypddovrat os pio uPnAng taxltntag kapepa (Ewkova 7). Evag alyoplduog
enefepyaoiag elkovag Kal avaluong onuatoc £xel avamntuxBel wote va e€ayel évav Seiktn
OVTLUTPOCWITEUTLKO TN CUXVOTNTACS TNG TOAGVTWONG TNG eMLdAvELOC TOU THYHATOC (Elkova 8).

Reflected light to camera Incoming light

A © Powder bed

Ewkova 6 ZYnuatikr avamapaotaon ToU THYUATOG Katd T Stapkela tne LPBF.
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Ewova 7 Mepauatikn Siataén (a) oxnuatikn avanapdaotaon, (b) mpayuartikn Siataén.

Lun(®) P3DUyun)

T oo U e

In-situ Extraction of

monitoring Image processing oscillation indicator Signal processing

Ewkova 8 Aouiko Staypauua tne puedodoloyiag mou avttuydnke.

MetpnBnkav taAavtwoelg anod 3.5kHz éwg 5.5kHz. MNa peyaAltepn oYL, N ouxvotTNTA TWV
TOAQVIWOEWV UELWVOTAY, evw aufavotav to Pabog tou tRypotog. AvtiBeta, avénon tng
oUXVOTNTAG TWV TAAAVTWOEWY 08NYOUOE GE PNXOTEPO THYUO.

Ou Bertoli U. et al. [12] pelAetolv tnv ¥pnon tng OyKoUeTplkAC Mukvotntag Evépyelag
(Volumetric Energy Density- VED) wg¢ kUpla mopapetpo tn¢ SLM Katepyaociog Ttou
avogeidwtou xaAuPa 316L. Ta cupnepaocuata sivat ta €€n¢:

1. Meiwon tou VED og tipég kdtw twv 100 J/mm?3 o8nyel oe odalpikd elattwpoTa
(balling). EmuriAéov, moAU uPnA£g TLpEG Tou VED 08nyolv o doUVEXELEG.

2. To VED pmopei moAU anotedecpatikd va tpoBAEY L TO MAATOG TOU THYUATOC.

3. To VED &ev eivat katdAAnAog Seiktng mpoPAedng tou Baboug Tou tHyUaTog, el8IKA
otnv keyhole popon.

4. To VED eival évag Bepuoduvapikog Seiktng, mou dgv Unopel OUWE va oMOTUTIWOEL TAL
duaolkd patvopeva ou oxetilovral pe to SLM.

OLQiT. etal. [13] peAetolv tnv petapoon petafy conduction kat keyhole. Ta cuunepdopata
OQUTAC TNG HEAETNG SlvovTal MopaKATW:
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1. T otaBepn eotiakn andéotacn tou Aélep, Pe avinon tng taxlTNTAG 0APWONG N
nopdn petatpémnetal and keyhole oe transition kot petd oe conduction popdn
(Ewkova 9).

Increasing scanning speed

A

EE— e ]
Keyhole mode ——> Transition mode —— > Conduction mode

> %
-

k‘ A U, =]

Ewkova 9 Mop@ég Triyuatos yla auéavouevn TaxUTnTo capwong.

2. TN otaBepr toxutnTa O0dpwong, Melwon TNg €0TlaknAG amootacng odnyel amo
conduction o€ transition og keyhole kat @At oe conduction popdn (Etkova 10).

Decreasing defocusing distance

. — 3
Conduction mode —> Transition mode—> Keyhole mode —> Conduction mode

100 pm

Ewova 10 Mopen thyuato¢ kadwe n €0TLOKN QIOOTAC UELWVETAL.

Ot Zhang D. et al. [14] dnulolpynoav £va TPLOSLACTATO HOVTEAO TIEMEPACHEVWY OTOLXELWV
mou meptlapPavel tn Sleloduon Ttou Aéllep koL To dawopevo Marangoni Kal To
XPNOLLOTIOLOUV YLA TN HEAETN TOU BepuLkoU KOl PEUCTOMNXAVIKOU TIESlOU TOU THYUOTOG OE
SLM katepyaoia tou kpdapoatog Inconel 718. MpoékuPav Ta MAPAKATW CUUNEPACHATA:

1. Xpnowomnoteitat Bepuikn mnyn mou AapPBavel umtodn tig OepuodUCIKES LOLOTNTEG TNG
OKOVNG ME TO TOPWOEG Kal TIG TIOAAATIAEG OKeSAOELG. Ta OMOTEAECHATO TNG
npocopoiwong eival og cupdwvia pe Ta melpapatika dedopéva.

2. OLembpAoEelg TNC cUVAYWYNG KOL TNG Aywyng 0TO OO TOU TAYHUATOC HeAETAONKaAV
otnv SLM katepyaoia pe xprion otabepng mnync. Ta anoteAéopata £6€lav OTL OTO
THYHO KUPLOPXEL N ouvaywyn EVavTL TNG AYWYNE KAl EMTAXUVEL TNV por, BonBwvtag
™ petadopd BepuodtnTag. H cuvaywyn KAVEL TO THYHA MAATUTEPO KOL N aywyn To
Kavel BaButepo.

3. OLemdpaceLg TNG cUVAYWYNG KaL TNG QYWY O0TO OXN KA TOU TAYHATOC LEAETHONKAV
otnv SLM katepyaoia kat pe xprion Kwntng mnyne. Ta amoteAéopata ival ta (Sla pe
Tn otaBepn mnyn.
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4. H e€atpion tou uAkoU dev Aappavetal umodn o AUTO TO LOVIEAO.

Ou Papazoglou E. et al. [15] mapouoialouv pia peBodoroyia yla tnv povtehomoinon tng
€€ENLENG KOL TOU TEALKOU OXLATOG TOU THYUATOG, OTWG EMIONG KAl TWV BgpUIKWV GalVOUEVWY
TIOU TpaAyUaTomnolouvTal Katd tnv conduction SLM katepyaocia. ApXlKd, O OUVTEAEOTAC
anoppodnaong tn¢ aktivag Aéllep umoloyiletal Baocel Twv eflowoswv Fresnel, Aaupavovtag
umoyn tig moAMamA£G okeSAoeLg TG aktivag Aéllep kaBwg aAnAemdpd pe Tn okovn. Mo thv
yuévn ¢don, o cuvteleot amoppodnong kabopiletal and tnv Bewpia Drude. Itn
OUVEXELQ, uTtoAoyilovtal ol BepodUGCLKEC LBLOTNTEC TOU UALKOU. MPpOoKELUEVOU VA UTIOAOYLOTEL
N BepUIKA AYWYLLOTNTA TN OKOVNG, XpNOoLUomoleital To poviého twv Zehner-Schliinder, evw
YLOL TLG UTTOAOLTIEG LBLOTNTEC XPNOLUOTOLBNKaY avaAUTIKEG oxEaelg amd tn BLBAloypadia, ot
omoleg eCaptwvtal Kal amo tn Bepuokpacia Kal ano tn ¢aocn tou VALKOU. O CUVTEAECTHG
ouvVaywyng umtohoyiotnke Paocel tou aplBuou Nusselt. AKOUQ, N AMWAELD EVEPYELAG AOYW
adaipeong uAwol umoloyiotnke, evw n AavBavouoa Beppdtnta KATA TNV TAEN KAl TNV
g€atuwon ANdOnkav umoyn. EmumAéov, plo KIVOUMPEVN OYKOWETPLKH yKaouaaolavr Tmnyn
BepudTNTAG XPNOLUOTIOLNONKE YLO VO TIPOGOUOLWOEL TNV aKTiva Tou AéLlep.

Eywvav TpEelC MPOCOUOLWOELG e SladopeTikd VED Kal To amoteAéopata cuykpibnkav pe
TEPAPATIKA SeSopéva. T CUUMEPACUATO QUTAG TNG MEAETNG elval:

1. O ouvteAeotig amoppodnong tTng okovng oe otepen popdn UTMOAOYLOTNKE OTO
58.66%. O cuUVTEAEOTNC AUTOC oTadLaKkd auEAveTal KABwWE TO UALKO THKETAL Kal GTAVEL
10 82%.

2. Ita aplOpnTKA povtéAa tng SLM, ol Beppoduatkég LBLOTNTEG TNG OKOVNG TIPETEL Va
umoloyilovtal Bacel Twv LBLOTATWYV Tou Mopwdoug, kabwg StadEpouv and autég Tou
GUMTayoUG UALKOU.

3. Ta ovopaoTik@ BAOn kal MAATN TOu TAYMOTOG umoAoyiotnkav kal Bpébnkav oe
oupdwvia PE TO TELPAUATIKA SeS0UEvVA.

4. OuL anwAeleg Bepupodémnrag Adyw adaipeong UAkoU eivat ol uvPnAdtepsc,
akoAouBouUpeveg amnod Ti¢ anwAele¢ Adyw aktivoBoAiag mou eival oxedov otabepec,
EVW OL ANMWAELEG AOYW cuvaywyng lvat xapnAEc.

JUUMEPAOUATA:

H popdn keyhole €xel pehetnBel extevwg yla Tic cuykoAAnoelg pe Aéwlep ([16], [17]). NapoAa
outd, n BLBAloypadia sival meploplopévn yia to keyhole tng SLM katepyaciog. Ol OXETKES
pe tnv SLM énuootevoelg ([1], [3], [6], [8], [11], [12], [14], [15]) eotidlouv ePLOGOTEPO OTNV
conductive popdn tou TRyHaToc Kat oxL otnv keyhole popodn.

ErutAgov, oL meplocoTtepeg SNUOCLEVCELG LEAETOUV TO TNYHO LECW SELKTWVY KL CUVTEAECTWV
(6mwg eival n kavovikomotnuévn evBaAmia) ([10]) 4 ue povtéAa mou dev AapBavouv unodn
10 TMOAU onpavTiko ¢atvdpevo g e€atuong vhikov ([4], [5], [9]), mpdyuo ou odnyel os
Aydtepo akplBr anoteAéopara.

Ta UALKA TTOU XpNOLUOTIOLOUVTAL OTIC TTapamavw dnUooleloeLg sival avoéeidwTog xaAuBag,
Kpdpota aloupviou kot kpapata vikeAiou. MoAU Alyeg HEAETEG XPNOLUOTIOLOUV KpAuoTa
aAoupviov (omwg to Ti6AI4V). AKOPQ, OL TTEPLOCOTEPEG SNUOCLEVOELS BewpolV oTaBEPEC
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TWEG TWV LOLOTATWY TWV UALKWY, EVW OTNV TMPAYHOTIKOTNTA Ol LBLOTNTEG AUTEG e€apTWVTAL
amo tn Bepuokpaocia ([8], [15]).

Mpokelpévou va pelwBolv To KeVO Kal Ol TEPLOPLOMOL TG uTtdpyoucac BLBAloypadlag, n
napovoa SUTAWUOTIKY epyacia peletd tnv keyhole popdn os SLM-katepyoouévo Ti6AI4V (ue
LLOTNTEG UALKOU TIoU efaptwvtal and tn Bepuokpacia), Tnv petadopd BepuodTnTAC KAL TNV
g€atpLon tou petaAAou.
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Movtelomnoinon kat Mpocopoiwon

TNV Tmapouod HEAETN, QVATITUCOETOL £VA LOVTEAO TIOU TIPOOOMOLWVEL KAl TIPOPAETEL T
VEWMETPLKA YOUPAKTNPLOTIKA TOU TAYUATOC TNG SLM. Itd)x0¢ gival va cuAlexBouv akplBn Kot
PEOALOTIKA QTTOTEAECUOTO XPNOLUOTIOLWVTAC Hia yevikn pEBodo, mou amoduUyeL TNV gupeia
XPNON NULEUTELPIKWY CUVTEAECTWV I CUVOETWY Kal EEELOIKEVUEVWV LOVIEAWV BEPUKWV
TINYWV. ZUYKEKPLUEVO, QVOMTUXONKE £€va HOVTEAO TIEMEPACUEVWY OTOXELWV HETADOPAS
BepuodtnTag kot moapapopdwpévnG YeEWUETplag. H petadopd Oespuotntag amoteAel tov
TupnRva yla kabe npooopoiwaon SLM, evw n mapapopdwpévn yewpetpia uloBetrBnke ya va
OVTEAOTIOLROEL KAL VO TIPOCOUOLWOEL TNV adaipeon UAKoU katd tn Stdpkela tng SLM. H
adaipeon UAKOU Kol KATA CUVEMELA n petadopd evBaAmiag katd tn Sdldpkela g SLM
amoteAel KUPLO UNXAVIOUO TIOU EMNPEATEL ONUOVTLIKA TO XOPAKTNPLOTIKA TOU THYUATOC Kol
mapoAa aUTA cuxva TapaBAETETAL 1] HovTeAomoleital ev PépeL. Mo OpLOPEVEG OUVONKEG
KOTEPYAOLAC, OTWE 0 OXNUATLOMOG Tou keyhole, auth n adaipeon vAwol eival onpavtiki
OTOV OXNUATIOUO TNG YEWHETPLOC TOU THYUATOC, YLa auTo Ba mpémel va AapBavetal untoyn
KOL va povtehomole(tatl. AKOpa, €vag aplOpog amd emmpOoOeTa XOPAKTNPLOTIKA €XOUV
uLoBeTNnBel. OL Beppoduoikég BLOTNTEC TOU UAKOU efapTwvtal amod tn Bepuokpaocia kot
Sladopormnolovvral PeTafl mMopwdoug Kol cupmayouc UALKOU, evw n AavBavouca Bepudtnta
KOTA TN HETABOAN Twv dpacswvy, N tEN Kat n e€ation AndOnkav kat autég umoyn. EmmAoy,
oL BepUIKEC amwAELEG AOYyWw TNG cuVAYWYNG KOL TNG aKTWVOBOALOG £XOUV UTIOAOYLOTEL, EVW N
anwAela palog kat evlaAmiag Aoyw g adaipeong UAKOU poviehomoldnkav PECW TNG
TapapopPWUEVNG YEWUETPLaG, Tteplopilovtacg £Tal Toug Babuoug eAeuBepiag Tou povtéAou.
Téhog , n afloAdynon Tou MOVTEAOU Yivetal HECW OUYKPLONG TWV QTOTEAECUATWY HE
nepapatika Sedopéva anod tnv BLBAloypadia, uebodoAoyia mou xpnolponoleital eupvtata
oo TMOANEG UEAETEG.

To LOVTEAO TTIOU XPNOLUOTIOLONKE YLa TNE TIPOCOMOLWOELC Elval £va TpLodlaotato opBoywvio
urhok (Ewova 11) pe tic akoAouBec SlaotaoeLg:

e [Adtog: W=1mm or 1.5mm

e [laxog: D=0.25mm

e Ygog: H=0.3mm
Juykekplpéva, 0.27mm eival to VP og Tou UTIooTPWHOTOC Kal 30um ival to UPog
TOU OTPWHUATOC OKOVNC.

mrm

0

Ewova 11 To povtéAo mou xpnotuomnoljBnke otig TPOCOUOLWOELC.
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To apyké onueio O (0,0,0) TOU CUOTHUOTOG CUVTETAYUEVWY TOMOBETEITAL OTNV UMPOOTLVA -
KATW-aPLOTEPN ywvia Tou UITAok, Ttou Sivetat otnv Ewkova 11.

2TV napouca PEAETN, TO LOVTEND Xpnotomolel Tpla «UALKAY», TTou gilval Ta akoAouBa:

e N, (TO MPOOTATEUTIKO A£PLO),
e Juumayéc TibAl4V,
o Mopwdeg péco (ocuvduaouodcg TibAI4V kat Ny).

ErutA€ov, OAEC OL LBLOTNTEG TWV UALKWY e€apTwvTal amo tn Bepuokpacia.

1616tNTEG allwtou

Jto [18], &ilvovtal oL TIHEG TNG TWUKVOTNTAG, TNG E£WOIKAGC BepUOXWPNTIKOTNTAG, TNG
OUVEKTIKOTNTAG, TNG OEPUIKAG ayWYLLOTNTAG KOL TOU OUVTEAEOTH BepUIknG SLACTOANRG TOU
alwtou yla dtadopeg Bspuokpacieg (Mivakacg 3).

MNivakac 3 16t6tntec alwtov.

T (K] p (kg/m3) Cp (/kg K) u (uPas) K (W/mK) B (1/K)
Temperature Density Specific Heat Capacity Viscosity Thermal Conductivity Thermal Expansion Coefficient
200 1.7108 1.0429 12.947 0.01824 0.005
300 1.1421 1.0408 17.84 0.0262 0.003333333
400 0.8538 1.0459 21.98 0.03335 0.0025
500 0.6324 1.0555 25.7 0.03984 0.002
600 0.5687 1.0756 293.11 0.0458 0.001666667
700 0.4534 1.0969 32.13 0.05123 0.001428571
200 0.4277 1.1225 34.84 0.05609 0.00125
900 0.3796 1.1464 37.49 0.0607 0.001111111
1000 0.3412 1.1677 40 0.06475 0.001
1100 0.3108 1.1857 42.28 0.0685 0.000909091
1200 0.2851 1.2037 44.5 0.07184 0.000833333

JTnv mapouoa UEAETN, £xel BewpnBel OTL yia Bepuokpaciec KATw Twv 200K Kot Avw Twv
1200K, n T tng kabe WdLotnTag napapével otabepn Kat ion pe tnv T otoug 200K kat
1200K, avtiotowxa.

Me napepupfoln ota mapandvw dedopéva, umtoAoyilovtal oL cuvapTHoELS Bepuokpaciog Twy
TAPATAVW WBLoTATWY (Aldypappa 3, Ataypappa 4, Aldypaupa 5, Alaypappa 6):

Ivkotnta Ny: py,(T) (%) =
1.7108, 0 < T(K) < 200
3.048-10712-74 -1.105-1078-T3 + 1.521-107%- T2 — 0.009876 - T + 3.007, 200 < T(K) <1200 (3)
0.2851, 1200 < T(K) < 10000

With R?=0.9997.

Ewsuc Beppoywpntucdtnta No: Cpy, (T) (L) =

kgK
10429, 0 <T(K) < 200
1.844-10710.74 -8.533-1077 - T3 + 0.001322 -T2 — 0.6131- T + 1128, 200 < T(K) < 1200 (4)

1203.7, 1200 < T(K) < 10000
With R?=0.9997.
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JUvekTIKOTNTA Nyt Ky, (M (Pa-s) =
12.947-107%, 0 < T(K) < 200
—472-107%.T* + 2246 - 107 - T3 — 4.531- 10711 - T2 + 6.599 - 1078 - T + 1.541 - 1075,
44.5-107%, 1200 < T(K) < 10000

200 < T(K) < 1200

With R=1.

Oeppuxcty aywypdtnra Ny: ke, (T) (%) =
0.01824, 0 < T(K) < 200
—4,006 1071 - T* +1.837- 1071 - T3 = 5,027 - 1078 - T? + 0.0001006 - T + 8.439 - 1075,
0.07184, 1200 < T(K) < 10000

200 < T(K) < 1200

With R?=1.

pn, =T
T T T T T T
-
Lsf 8
14l | 1
13k | e
12| g
—~ | ‘ 1
< ‘ - 11 ‘
= g 1t | R
S——
S 0.9 \‘ e
QU 08l ‘I 4
|
07} | g
|
0.6 \\ 1
\
05| \ 1
0.4f \\ 1
03| A o
0 2000 4000 6000 8000 10000
T (K)

Awaypauua 3 Zuvaptnon mukvotntac alwtou.

CpNz T
T T T T T ———
1200 [
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1180 - |
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~—~ 150 |
— i 1140 ‘\l
=2 11301 I‘
~ 11201 [
é 11101 |
© 1100 - |
1000 - ‘\‘
1080 |
1070 |
1060 - ‘\'
|
1050 —— |
1040 - ; v i ; ; i ;
0 2000 4000 6000 8000 10000
T (K)

Awaypauua 4 Suvaptnon e16ikn¢ SepUoxwpnTLKOTNAG
alwrtou.

(5)

(6)
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Alaypauua 5 Suvaptnon cuvekTikotnTog alwtou.
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T (K)
Awaypauua 6 Suvaptnon GepULKNG aywyLUOTNTHG alwTou.

'OAec oL UTIOAOLTTEG LOLOTNTEG KAL OL XOPOKTNPLOTIKOL aplBpol Tou alwtou, Umopouv va
UTIOAOYLOTOUV WC AVOAUTIKEC CUVOPTHOELC TWV MOPATIAVW KAASIKWY GUVAPTACEWV.

JUuyKekpLéva (Aldypappa 7),
. (7)

Jvvredeotiis Oeppuucnc StaotoAng Ny: By, (T) (%) =7

Bn, =T

0.9+

0.7~

o b

0.4

0.2

6000 8000

T (K)

0 2000 4000

Awaypauua 7 Suvaptnon ouvteAeotn Geputknc StaotoArnc
alwrtou.
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Akopa, oto [19], Sivovtal oL TUTIOL yLO TOV UTIOAOYLOMO TWwV adldotatwy aplBuwv Prandtl
(Pr), Grashof (Gr), Rayleigh (Ra) kat Nusselt (Nu). TeAwkd, uTtoAoyleTal KoL 0 CUVTEAEDTHG

ouvaywync tou alwtou (th). Juykekplpéva (Aldypappa 8, Atdypappa 9, Atdypappa 10,
Aldypappa 11, Atdypappa 12),

Con, (T)un,(T)
Pr(T) = ———2—
r(T) = == (®)
9PN, 2(T) B, (T)(T—Teo) L3
T — 2 2
Gr(T) i, 2(T) ©)
Orou:

> g (sz) elvat n emtdyuvon tng Baputnrag.

» T (K) eivaln Beppokpaocia meptpailovroc.

» L (m) sival éva YapaKktnpLoTiko UfKog tou tepayiou. Npemet va Staléystat

TIPOCEKTIKA, étoL wote 10* < Ra < 107.

' y m '
ZTnv mopouca UeEAETN, g = 9.815—2 ,Too = 293.15K, L = 0.1m, ondte:

(11)

(12)

_9.81pN,%(T) BN, (T)(T-293.15)-0.13
Gr(T) = T (10)
Ra(T) = Gr(T) - Pr(T)
Nu(T) = 0.54 - Ra'/*(T)
Nu(T)-ky., (T)
hy,(T) = ———2= (13)
Ytnv napovoa pehétn, L = 0.1m, onore:
Nu(T)ky, (T)
hy,(T) = TNZ (14)
Pr—T
0.75"—‘ I
¢ |
o | |
T (K)

Awaypauuoa 8 Suvaptnon aptSuou Prandt! alwtou.
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Awaypauua 9 Suvaptnon aptduou Grashof adwtou.
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Awaypauua 10 Suvaptnon aptduov Rayleigh alwtou.
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Awaypauua 11 Suvaptnon aptduou Nusselt alwtou.
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Awaypouua 12 Zuvaptnon OUVTEAEDTH) oUVOYwWYNG alwTou.

1618tnTEG oupnayoug Ti6AlI4V

To oupmnay£g Ti6AI4V anoteAeital ano téooeplg GACELS: a, B, Lypn Kat agpta. Ot
peTafatikég Bepuokpaoieg eivat:

e T(a—-pB)=1268.15K

e T(liquid) = 1923.15K

e T(gas) =3315K
O dLotNnTEC TOou cupmayoug TibAI4V e€aptwvtal and tnv Beppokpaocia. MNa kaBe LWBLOTNTA Kot
yla kaBe daon, éva SladpopeTikd MOAUWVUUO uTtoAoyileTal.

210 [20], Sivovtal ot TLUEC yia To cupmayEg TibAI4V yia Siaddopeg Bepuokpacieg (Mivakag 4).

Mivakac 4 1610tnteg ouunayoug Ti6AI4V.

B (degrees C) T(K) plkg/m3) Cp{J/kgK) k{w/mK)
Temperature Temperature Density Thermal Heat Capacity Thermal conductivity
25 298.15 4420 546 7

100 373.15 4406 562 7.45
200 473.15 4395 584 8.75
300 573.15 4381 606 10.15
400 673.15 4366 629 11.35
500 773.15 4350 651 12.6
600 873.15 4336 673 14.2
700 973.15 4324 694 15.5
800 1073.15 4309 714 17.8
900 1173.15 4294 734 20.2
995 1268.15 4282 753 22.7
996 1269.15 4282 641 19.3
1100 1373.15 4267 660 21

1200 1473.15 4252 678 22.9
1300 1573.15 4240 696 23.7
1400 1673.15 4225 714 24.6
1500 1773.15 4205 732 25.8
1600 1873.15 4198 730 27

1650 1923.15 4189 759 284
1651 1924.15 3920 831 334
1700 1973.15 3886 831 34.6

Me napepfoln ota napanavw dedopgva, yla kabéva ano ta dtaotrpata [0, 1268.15K],
[1268.15K, 1923.15K], [1923.15K, 3315K], [3315K, 10000K], urmtoAoyilovtal ot
Bepuokpaclakd e€apTWHEVEG KAOSIKEG CUVAPTHOELG TWV LBLOTATWYV Tou cupmayoug TibAl4V.
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‘Exel BewpnOel 6Tt oto Stdotnua [1973.15K, 3315K] toxUel To (510 MOAUWVU O LE AUTO TOU

Slaotiparog [1923.15K, 1973.15K]. MNa Beppokpaocieg dvw twv 3315K, oL TLUEG TwY

SlotATwy eival otabepég Kat Loeg e TNV avTioTolyn TLun otoug 3315K.

JUYKEKPLUEVQ, OL LBLOTNTEG TOU cupmayoug TibAl4V Sivovtal mapakdtw (Aldypoppa 13,

Aldypappa 14, Aldypappa 15):

Mvkvotnta ovumayovs Ti6AIAV : pricaiav (T) (%) =

—0.1419 - T + 4461, 0 < T(K) < 1268.15, with R? = 0.9993
1—0.1427 -T + 4463, 1268.15 < T(K) < 1923.15, with R? = 0.9958
—0.6939 - T + 5255, 1923.15 < T(K) < 3315, withR?> =1

l 3081.0113, 3315 < T(K) < 10000

Ew5tkn Bepuoywpntikdtnta ovurayols Ti6AlAV: Corigaiay (T) (L) =

kgK
0.215-T + 483, 0 < T(K) < 1268.15, with R? = 0.9994
0.1802 - T +412.4, 1268.15 < T(K) < 1923.15, withR* =1
—1.567-107%> - T + 831, 1923.15 < T(K) < 3315, withR?> =1
831, 3315 < T(K) < 10000

w
mK
( 0.0157 - T + 1.257, 0 < T(K) < 1268.15, with R?> = 0.976
0.01274 - T + 3.492, 1268.15 < T(K) < 1923.15, with R? = 0.9847
0.02449 -T — 13.72, 1923.15 < T(K) < 3315, withR?> =1
67.4616, 3315 < T(K) < 10000

Oepurn aywyotnta ovurayoVs Ti6AlAV: kricaiay (T) ( ) =

Pricas —T

4500
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Awaypauua 13 Suvaptnaon mukvotntag cuunayouc Ti6AI4V.

(15)

(16)

(17)

24



Coricaiay — T

800 |
750 1 /J
—_— 700 / ,f"
~ < 650 -“"l
~— 600 - /
3 /
= 5501 /
b /
S 500 /
Q
450 .’
a0l /
/
asor /
300+ c"
/
0 2000 4000 6000 8000 10000
T (K)
Aaypauua 14 Suvaptnon €0tkn¢ JepUoxwpnTkOTNTAS
ouurntayoug Ti6AI4V.
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Awaypauua 15 Suvaptnon SepuLknc aywyuotntac CUUTTAyoUs
Ti6AlI4V.

Miat GAAN TOAU OnNUAVTIKA TIAPAPETPOC ylo TNV SLM €ilval 0 OUVTEAEOTHG EKTTOUTNAG.
JUVTEAEOTN G eKTTOUTAG () elval o Adyog TNG akTVOBOALOC TTOU EKMEUTIEL éva cwua N pia
emudpAvela TPoC TV akTvoPolia ou ekMEUTEL €va Lehavo ocwpa ot bla Bepuokpacia. MNa
aUTo, eival adldotatog Kat AappBavel TIHEC amod 0 £wg 1, OTav emépyetal Bepkr) LoopporTtia.
O ouvteleoTn g kMo ¢ (M) e€apTdtal Kal amo To pAKOG KUMATOC TNG akTvoPBoAiag. Av évag
EKTIOUTIOC akTvoPoAiag eival oudétepog 6oov adopd To prKog KUpatog, SnAadn AapBavet
otaBepn TN UIKPOTEPN Ao 1, TOTe ovoualetal ykpL cwia [21].

210 [22] kot yia to TibAl4V, 0 CUVTEAESTAG EKTIOUTTN G VOl CUVAPTNGCN TOU UNKOUG KUUOTOG

KoL tng Beppokpaciag (Mivakag 5).

JUYKEKPLUEVQ,
Mivakac 5 ZUVTEAEOTIC EKTTOUTTNG WG CUVAPTN O TOU UNKOUG KUUATOC Kot TG Jepuokpaoiag.
Wavelength (um) Linear fit
1.5 1.1-1073T — 0.634
1.6 1.14-1073T — 0.658
1.7 1.26 - 1073T — 0.744
1.8 1.35-1073T — 0.832
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1.9 1.53-1073T — 0.991

2 1.69-1073T — 1.780
2.1 1.56-1073T — 0.975
2.2 1.56-1073T — 0.970

o ToV UTTOAOYLOUO TWV MAPATIAVW CUVAPTHCEWY WG CUVOPTACELG LOVO TG Beppokpaciog
(Araypappa 16), akoAouBeital n mapakatw dtadikaoia:

'OAeg oL TOPATIAVW YPAULKES CUVOPTHOELC ElvVaL TG LopdnC:
c1(A) T+ cy(1) (18)
Ondte, punopei va dnuovpynBei o Nivakag 6:

Mivakac 6 Ot TIUES TWV €1 KAL C; Lot SLAPOPA UNKN KUUATOG.

Wavelength A (um) ¢ (A(um)) c,(A(um))
1.5 1.1-1073 —0.634
1.6 1.14-1073 —0.658
1.7 1.26-1073 —0.744
1.8 1.35-1073 —0.832
1.9 1.53-1073 —0.991
2 1.69-1073 —1.780
2.1 1.56-1073 —0.975
2.2 1.56-1073 —0.970

H ypappikn mapepBoAn twy dedopévwy ¢ Sivel otL:
¢ (A(um)) = 0.8083 - 1073 - 1 — 0.09667 - 1073, with R? = 0.8269 (19)
H ypapuikn moapepuBoAn twv Sedopévwv ¢, Slvel OtL:
c;(A(um)) = —0.8576 - 1 + 0.6386, with R?> = 0.8275 (20)

Jtnv mapovoa pelétn, A =1.080um, so c¢,(1.080) = 0.0007763 and c,(1.080) =
—0.2876.

Tehkd, Epipaay (T) = 0.0007763 - T — 0.2876. la Beppokpaocieg kdtw twv 800K, o
OUVTEAECTIC EKTIOUTTAG Elvol 0TOOEPAC KOl (0O UE TOV CUVTEAEDTH EKTIOUTINC oTouC 800K. MNa
Beppokpaocieg¢ avw twv 1000K, o cuvteAeoTAG ekMOUNAG eivol otaBepdg Kal (0o¢ pe tov
OUVTEAEDTH) EKTIOUTIN G oToug 1000K.

Onote,

0.1782, 0 < T(K) < 800
eronar (T) =40.0007763 - T — 0.2876, 800 < T(K) < 1000 (21)
0.7493, 1000 < T(K) < 10000
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Aaypouua 16 Zuvaptnon CUVTEAECTI) EKTTOUTTIG
ouurtayoug Ti6AI4V.

1818TNTEG OKOVNG
ITnv napouoa HeAETn, Bewpeital 0Tl n okovn TibAI4V éxeL mepimou to (610 mopwdeg pe TNV
okovn 316L. Antd o [23], n mukvoTnTa Thg okdvng 316L eival 4.695 g/cm3. AkOpa, oo To

[20], n mukvoTnTA TOL cupTayoU¢ 316L eival 7.950 g/cm3.

Omnorte, to mopwdeg (@) Tou 316L elval:
4.695
— =041

p(316L) =1 - 7950

Y€ AUTA TN LEAETN, uopel va BewpnBel 6tL To mopwdeg tng okovng TibAI4V eival:
@(Ti6Al4V) = 0.45

Mapoha autd, To MopwWAEEC LOXUEL LOVO YLa BEPLOKPACIEG KATW TOoU onpeiov THENG
(1923.15K). Navw amo to onueio TENG, dev untdpyel mopwdec. EMUTA£oy, yla va UTIAPXEL
opoAn petdpoaon amod to mopwdeg 0.45 oto 0 (yla urmtoAoyLotikoUg Adyouc), Bewpeital otL
oto dldotnpa [1923.15, 1933.15] 1o MOPWAEEG PELWVETOL YPOUULKA. ZUYKEKPLUEVA, YLOL OKOVN

Ti6Al4V (Alaypaupa 17),
0.45, 0 <T(K) < 1923.15

@(T) =4—0.045-T +86.99175, 1923.15 < T(K) < 1933.15 (22)
0, 1933.15 < T(K) < 10000
o—T
s 0.25
T(K)

Awaypouua 17 Zuvaptnon mopwdoug okovng.
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To mopwdeg onpaivel OTL yla Beppokpacieg KATw Tou onpeiou tENG, N okovn amoteAeital
amo 55% (=1- Qrigaiay) CUMTAYEG TiBAIAV KaL 45% N, (TPOCTATEUTIKO 0EPLO). AuTH N LOEA
XPNOLLOTIOLELTAL VLA TOV UTIOAOYLOUO TNG TIUKVOTNTOG KOL TNG ELOLKAG BEPUOXWPNTIKOTNTAS
TOU MOPWSEOUE HECW TOU KOWVOVO TWV UELYUATWY. JUYKEKPLUEVA (Aldypappa 19, Aldypappo
18),

ppowder(T) =@(T) "Pn, (T) + (1 - (p(T)) 'pTL'6Al4V(T) (23)
Cppowder(T) = §0(T) ' CpNz (T) + (1 - (P(T)) ’ CpTi6A14V (T) (24)
Ppowder — T
o
T(K)

Awaypauua 19 Suvaptnan mukvoTnTaG oKovng.
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Aaypauua 18 Suvaptnan €L6iknN¢ JepUOXWPNTIKOTNTAS OKOVNG.

o Tov UTTOAOYLOUO TOU GUVTEAEDTH EKTTOUTING KOL TNG BEPULKAG OAYWYLHLOTNTAG TNG OKOVNG,
akoAouBeital n Stadkacia mou neplypadetal ato [24].

H exmounn aktwvoBoliag oto meptBarlov amnod pia Bepun mopwdn emidavela, OMWG AUTAG
TOU OTPWHATOC OKOVNG, UIoPEl va BewpnBel 6TL mpokARBNnKe armd TNV EKMOUN)
aktwvoBoAilac amnod Ta Bepud cwpaTidla Kot TG KOWOTNTEG TOU OTPWUATOC OKOVNG, OAQ 0TV
1610 Beppokpacia. MapoAo MO Ta TOLXWHATA TWV KOWAOTATWV £lval pTiayuéva amo ta idla
owpatidla, n ekmoumn aktivoBoAiag Twv onwv ival cuvaptnon TG YewUeTpiag Toug. H
EKTIOUTIN TWV OTtwV €ival tavta uPnAoTEPN ATIO TNV EKMIOUTTH TOU UALKOU TNG KOWAOTNTOG.

28



Katd ouvénela, eival avapevoUeVo OTL N EKTIOUT aKTWVOBOALAG TNG oKOVNG elval
uPNAGTEPN QMO AUTH TOU CUMTIOYOUG UALKOU Kal Sivetal amd tn oxéon:

Epowder (T) = Ay(T)ey (T) + (1 — Ag(T))ericarav (T) (25)
Omou:
ey (T) elvau n ekmoumnn g omng. Alvetal amo tnv oxéon:

£Ti6Al4V(T)[2+3-082(%%D)2] (26)

SH (T) = _ 2
eTiGAMV(T)[1+3.082(—1(p?7§;n) ]+1

Ap glval 1o mooootd tou guPadou g empavelag mou KataAapBAavouv oL onég. Alvetal ano
™ oxéon:

_ 0.908¢2(T)
A(T) = 1.908¢2(T)—2¢(T)+1 (27)

Eneldn 10 eriga14v (T) petafarietal poévo oto Sidotnua 800 < T(K) < 1000, tote kal to
Epowder (T) uetaBdMetal povo oto ibto Staotnpa.

Ma auto, yia tig Beppokpaocieg 800, 900, 1000K, ot tueg Twv Ay (T), ey (T) and &powaer (T)
umoloyilovtal kat mapouatdlovtat otov Mivakog 7.

Nivakag 7 YroAoyiouog twv Ay (T), ey (T) kat €powger (T) via Sidpopes Feppokpaoics.

Temperature (K) Ay (T) ey (T) Epowder (T)
800 0.3780 0.7676 0.4976
900 0.3780 0.8217 0.5663
1000 0.3780 0.8632 0.6303

Me rapepBoAr TwV GES0UEVWV Epowaer(T) Kat SeSopévou OTL yia Bepuokpaoieg KATW Twv
800K 1/ mdvw twv 1000K, n  epowaer(T) elvar otaBepy kav {on ue
Epowder (800K) 1 powaer (1000K), avtictolya, T0Te N oUVAETNON Epowaer(T) (Aldypappa
20) Sivetal amno ) oxéon:

Spowder(T)
0.4977, 0 < T(K) < 800

={-5181-10"13-T*+2.248-107?-T3 - 3.782-107%- T2 + 0.003515 - T — 0.8322, 800 < T'(K) < 1000, withR?> =1
0.6302, 1000 < T(K) < 10000

Epowder — T

0.62
0.61- ‘
0.6 ‘

0.59 |

057

Spowder

0.56 ‘
0.55- |

0.54

052
0.51+ ‘
05—

0 2000 4000 6000 8000 10000
T(K)

Awaypouua 20 Zuvaptnon eKmounic aktivoBoAiac okovng.
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AKOUOQ, N BEPULKN AyWYLLOTNTA TNG OKOVNG UTIOAOYLIETAL OO TNV TTAPAKATW CXEON:

kpowder(T) _ _ — pkr(T)
o~ V1 "’)<1+kN2(T)>+

2 B kn, (T) ) kricatav(T) B+1
-9 (1-9) - Bk, (T) Bkp, (T) 2(1 krisatav(T) In Bky,(T) 2
krisalay (T) (_kTi6Al4V(T))
B-1 kr(T) kcontact(T)
Bk, (D) +kN2(T) + @ kn, (T) 29)
kricA1av(T)
Onou:

wy . . . .
kpowaer(T) (ﬁ) glvat n Bepuikn aywyLLOTNTA TOU CTPWHATOG OKOVNC.

kr(T) (%) glval n Bepuikn AYyWYLLOTNTO TOU OTPWHOTOE OKOVNG, TIou odeileTal otnv
oktwoBoAia kat divetal amo tnv e€icowon Damkohler:

45powder(T)UBT3xR
1-0.132¢epowder(T)

kg(T) =

(30)

Omou:

og =5.67 x 1078 — xa Evaun otabepa Stefan—Boltzmann.
xg (M) elvaL n peon SLApeTpog TwV ocwpatdiwv okdvng. ITnv mapoloa

HeNéTn, xg = 30 X 10~ %m.
@ elval TO MOCOOTO TNG AVOLYUEVNC EMLPAVELAG EVOG CWHATLO0U TTou €pyeTal o emadn Le

aAo cwpoatidlo. @ = 0 otav Sev umdpxel emadn cwpatdiwy, evw @ = 1 otav umapyet
MANPNG enadn cwpaTdiwy. ITNV Mapovoa pHeAéTn Bewpeital 6Tt @ = 0.0003.

B elval n mapauetpog napapdpdpwong tov cwpatidiov. B =1 étav 1o cwpatidlo eivatl
odaipa, evw B < 1 otav 1o owpatiblo poldlel e empunkupévn BeAova kat co > B > 1 otav
1o owpatiblo eival Bapeloeldéc. To B umopel va umoAOyLOTEL TPOOEYYLOTIKA PE BAon TO
TIOPWSOEG ¢ TOU OTPWUATOG OKOVNG:

10

~ 1-¢)o
B ~ 1.25( . ) (31)
Itnv napouoa peAétn, ¢ = 0.45, omote B = 1.5622.

keontact (T) (%) = 18Pkrigaiay (T), yia @ < 0.0003. To k.ontact(T) €lval oxedov ico pe

10 krigaay (T) povo Otav to @ eival peyahtepo amod 0.01. Stnv mapoloa pehétn, @ =
0.0003, ondte Bswpeital otL:

kcontact (T) = 0.00054k7i6a14v (T) (32)

XpNOLUOTIOLWVTOC TIG TIAPATIAVW EELCWOELC, N OEPILKI AYWYLLOTNTA TNG OKOVNG
urtohoyiletal yia T Beppokpaociec 100,200,...,2000K. Ta anoteAéopata divovtal oTov
Mivakog 8:
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Mivakag 8 YroAoytopos tou kpowaer (T) via Sidpopes Osppokpaoics.

w
Temperature (K) kpowder(T) (ﬂ)
100 0.1532
200 0.1713
300 0.2420
400 0.3075
500 0.3686
600 0.4258
700 0.4793
800 0.5295
900 0.5770
1000 0.6218
1100 0.6636
1200 0.7026
1300 0.7041
1400 0.7161
1500 0.7278
1600 0.7394
1700 0.7510
1800 0.7626
1900 0.7743
2000 0.8176

Me napepfoln ota mapanavw dedopéva:
kpowder(T) =2131-107"-7* —8811-107" - T° + 9.916 - 10~ - T* + 0.0001841 - T + 0.1183,
with R? = 0.9986

Mapoha autd, 6tav n okovn TAKeTAL N e€atpiletal Sev £xel MOPWEEC, OMOTE YL
Bepuokpaocieg dvw Twv 1923.15K, kyowaer (T) = krigarav (T).

TeAwka (Alaypappa 21),
w
kpowder(T) (W)
2.131-107%3-74-8.811-1071°-T34+9.916-10"7 - T? + 0.0001841- T + 0.1183, 0 <T(K)<1923.15
= 0.02449-T — 13.72, 1923.15 < T(K) < 3315 (33)
67.4616, 3315 < T(K) < 10000
kpowder =T
65 l/' T
60 /
55+ /
50+ /
— s /
> E 40 /
L
Ry 20
T(K) 31

Awaypauua 21 Suvaptnon JepULKC aywyIUOTNTHG OKOVAG.



1616TNTEC LoVTENOU

To povtélo mou xpnotuomoleital otnv mapoloa PeAETN amoteAeitot armd 0.27mm CUUMAYEG
Ti6Al4V untdotpwua Kot artd 30um okovn TibAl4V navw and To UNMOOTPWHA. 2TO
UTIOOTPWHA, epoppolovtal oL LBLOTNTEG ToU cupmayoug TibAl4V, evw otnv okdvn
edapuolovral ot LLOTNTEC Tou Topwdoug TibAl4V. OnoTe, 0L CUVSUOOUEVEG LOLOTNTEG
0AOKANpPOU TOU HOVTEAOU elval cuvapTnoelg tng Beppokpaciag, ala eniong kot Tou UPoug
TOU HOVTEAOU (ekdPAOHEVO WE TTPOC TNV Z-CUVTETAYHEVN) KOl SlvovTal Top akATw:

kg _ { Pricaav(T), 0 < z(mm) < 0.27
pmodel(T) (m3) - {ppowder(T); 027 < Z(mm) < 0.30 (34)
_( Cpricaav(T), 0 < z(mm) < 0.27
CPmoder(T) (kgK) - {Cppowder(T); 0.27 < z(mm) < 0.30 (35)
w\ _ ( krieawv(T), 0 <z(mm) < 0.27
model(T) (_) B {kpowder(T): 0.27 < z(mm) < 0.30 (36)

ANAayn dpdong

AUTOG 0 KOUPBOG XPNOLUOTIOLELTAL YL VA LOVTEAOTIOLNOEL TNV aAAayr) $AonG Tou UALKOU, HECW
TOU TUTIOU TNG €LOLIKNAG BEPHOXWPNTIKOTNTAG. Z€ QUTOV TOV TUTIO, N AavBavouoa Bepuotnta
nepAapBaveTal we eMUTAEOV 0p0OG TNG ELOIKNC OEPUOXWPNTLKOTNTAG. ZUYKEKPLUEVO,

P(T) = pmoaer(T)

Nphases Nphases—l dam,jj+1
Cp(T) = (2} 2% 6 Chmoderj (T)) + (BN Ly jg =it
1841765
] Am,j-j+1 = 204641 (37)

k(T) - ZNphases 0; kmodel,j (T)

Nphases
yIrresete =1

Omou:

Nphases elval o aplBpog Twv ¢AcEWV TOu UAKOU. Z€ autn tn MeAETN, yla to Ti6Al4V,
Nphases = 4. Luykekpéva, oL ddoelg eivat: a, S, uypn kat agpla daon.

p(T) ( ) glvat n ukvotnTa Tou povtélou, mou mepAapPBavel tnv AavBdavouca Bepuotnta

kot tTnv alhayn daong tou TibAI4V.

C,(T) (kg]—K) glval n edikn BeppoxwpnTIKOTNTA TOU HOVTEAOU ot otabepn mison, mou

neptAapBavel tnv AavBavouoa Bepudtnta kat tnv alhayn ¢aong tou TibAl4V.

k(T) ( ) glval n Bepuikn aywylpotnta, mou nepthappavet tnv AavBavouoa Beppdtnta Kat

v aAayn ¢daong tou Ti6AI4V.

Ol TOPAUETPOL YlO TOV OPLOMO TwV BOeppokpaclakwv Slactnudatwyv aAiayng ¢aong
neplypadovtal pe to Ataypappa 22:
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21 o . 1 .
Tpe jmj+1 = 58T jmjs1 Tpcrj-ﬁl T3 AT jujs1

Awaypauua 22 Mapdauetpot aArayng paong.

KaBe alayn paong Bewpeitat 0Tt yivetal opoAd evtog evog Beppokpactakol SLaoTHUOTOS
peTaEL:

AT jsj+1

T AT jsj4+1
2

pCj—j+1 — Kat Tpejojpr + , arneAevBepwvetal ouvoAlky Bepupotnta ava

Hovada oykou ion e Lj,j41.

H Beppokpacio alayng tng ¢aong petagd daong j kaw daong j+1, Ty jjr1, TPEMEL VA
OPLOTEL OTO KEVTPO TOU j SLCTAUATOG. ITNV tapovod HeAETN, Tpe 12 = 1268.15K (a — f),
Tpc2-3 = 1923.15K (Peppoxpacia tiing), Tpez—qa =

3315K (Oepuokpacia e&dtuionc).

To Sudotnua petaBolig petaft ddong j kaw ddong j+1, ATj, 11, TpEMEL va opileL To MAGTOG
Tou j Slaotnpatog. Itnv napovoa pehétn, 4T, = AT, 3 = AT;.,, = 10K.

H AavBavouoa Beppotnta and tnv ¢don j kat v daon j+1, L, j,q, TpeneL va opilet tnv
AavBdavouoa BeppdtnTa ava povada Halog mou ansAeuBepwveTal Katd TV SLapKeLa TN j-

aMayhc bdonc. STy tapolod peAétn, Ly, = 48;5—;,L2_)3 =282 :—;,L3_)4 = 10382 :_;

ATjsj+1

OL 1816TNTEG TOU UALKOU NG daong j toxvouv otav T < Tpe jje1 — , EVW oL LBLOTNTEC

AT 14]+1

Tou UAKoU NG ddong j+1 wxvouv ywa T > Ty jmsjpr + EVTOg TOU SLAOTAUOTOG

ATP}H ATjoj+1

petaBoAng ( D, joj+1 — <T <Tpejsj+1+ ) UTLAPYXEL Uia «evdlapeon {wvn»

LE QVAUELKTEG LOLOTNTEC U)\LKOU.

Metadopd OepudtnTag oTa OTEPEQ

H petadopd Bepuodtntag ota oteped Sivetal and tnv e€icwon:

{ p(T)C(T) 52+ V- (T) = Q(T) (38)
q(T) = —k(T)VT (Fourier's law)

Orou:
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w , B . . ,
q(T) (ﬁ) elvaw n pory Beppotntag, onote q(T) = qrp(T) + qeonv(T) + Graa(T) (aVTEG 0L
POEC BepuoTNTAC AVOAUOVTOL TTAPAKATW).

Q(T) (%) gival n Beppdtnta ava povada dykou. Itnv napovoa peAétn, Q(T) = 0.

ApXtki cuvonkn

H apyikn T tng Bepuokpaciag T eival Bepuokpacia Swuatiou, 293.15K (20°C).

Oplakr) cuvOnkn

H ouppetpla xpnolpomoleital otnv mapoloa LEAETN WG oplakr cuvenkn Kal onuaivel 0tL dev
UTIAPXEL por) BepudtnTag SLapécou auTol Tou opiou.

H eflowon mou meplypddel auth TV oplakn cuvonkn divetal mopakaTw:
-n-q=0 (39)
'Omnou n elval To KABETO SLAvVUCHA TN OPLAKNC ETLDAVELAG.

Jtnv mopovoa HeAETn, To emimedo y elval n oplakr embdAveld Kol XpnolUOToLEiTal
T(POKELUEVOU VA LELWOEL OTO PILOO TO LOVTEAO KL VO TIEPLOPLOTEL O UTTOAOYLOTIKOC XPOVOG.

Nnyn Aélep

OL BepULKEC TINYEC TTOU TIPOEPXOVTOL OO AKTIVEG AELlEp LOVTEAOTIOLOUVTAL E TNV TTOPOKATW
elowon:

len|

—n-qp="r"f(0e) (40)

llell

Onou:

qLs (%) elvat n pon BepuodtnTag e€attiog tou Awlep.

P, (W) ivai n woxVg mou anoppoddrat arnod To Hovtélo.

e elval to SLavuopa pooavatoAlopoU tou AELep.

0 (m) eival n apxr Tou SLAVUOPUOTOG TNG aKTivag Tou AELEp.

f (0, e) ivaL n ouvdptnon KATavoung TNG aktivag AéLep.

KdBeto Sidavuopa os emidpaveia n

H aktiva AéWep mMPooKpoUel otnv Gvw empAVELD TOU HOVTEAOU, OMOTE OE QAUTA THV
Tipocopoiwon to n eival kaBeto oto z-eminedo.
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loxUg mou anoppodatat anod to povtélo P,

H 1ox0¢ mou amnoppodatal amno to povtélo Sivetol amd Tov mopoKATw TUTO:

P=a-P (412)
Omou:

a elval o ouvteleotr) anoppodnong tou UALKoU.

P (W) eivaw n 1ox0¢ tou Aéwlep.

ZTnv mapouoa PEAETN, N LoXUG Tou Awlep AapBavel Tipég 50W, 100W, 150W kat 195W kat o
ouvteleotr ¢ amoppodnaong yia to TibAl4V Bewpeital otabepocg kat ioog pe 0.77, cuudwva e
To [25].

Awdvuopa npocavatoAlopol tou Aéulep e

H aktiva tou Aéwlep sival kotakopudn pe opd npog ta Katw, ordte e = [0 0 —1].

Apx1 Tou SLavuopatog TG aktivag tou Aéwlep O

H aktiva Aélep kveital otov afova X, omote N X-cuvtetaypévn tou O faptdtal and tov
Xpovo. Akoua, n aktiva Aéllep Sev MPEMEL va EeKLVA 1 VO TEAELWVEL 0T AKPOL TOU HOVTEAO,
eneldy autd ouxvad odbnyel oe UTOAOYLOTIKA odAApata. TNV mapoloa HEAETN, N X-
CUVTETAYUEVN TOU apXLKOU onuelou TNG akTivag Aéwlep eivat 0.25[mm]

Omndte, N XPOVIKA EEAPTWEVN X-CUVTETOYHUEVN ToU O SiveTal TTAPAKATW:
mm
0, = 0.25(mm) + U(T) 't

Omou v (?) glval n tayvutnta tou Aélep.

Ytnv mapovoa PeAETN, N TaxUTNTa tou Afwlep AapPavel Tipuég 500 mm/s, 750 mm/s, 1000
mm/s kat 1200 mm/s.

Q¢ mpog Vv katevBuvon tou afova y, n aktiva Tou Aéllep Kiveital mAvw otn ypouun y=o0,
onote 0y = 0 mm. EmumAéoy, n aktiva TPOCKPOUEL 0TNV TAVW eTLGAVELA TOU HOVTEAOU,
omnote 0, = 1 mm.

Yuvoyilovtag:
0 = (0.25(mm) + v(ms—m) -t, 0(mm), 1(mm)) (42)
Zuvaptnon tumnou katavouns £(0, e)

Ytnv mapovoa PeAETN, N £viaon TNg akTivag tou AélWep HOVIEAOTIOLEITAL WG YKAOUGOLAVH
KOTAVOUN, OTmoTE:

35



2
1 dg

f(0,€) = —e 27 (43)
g = lexG-0)i
g llell
Onou:

o (m) sivol n TUTIKE ArtOKALON TNC YKOLOUOOLOVHG KATOVOUNAC.

x (m) elval n Béon otnv omola umoAoyileTal n €viaon TG aktivag tou AEWep HEOW TNG
YKOLOUOOLAVA G KATOVOUNG.

d4 (m) elvat n andéotacn nou amneikoviletat otnv Etkéva 12:

Ewova 12 Anewkévnon tne¢ anootaons dg.

Turki andkAion o

H S1apetpog tng aktivag i aAA WS To TAATOC TG akTivag evog Aéwlep sival n SLAUETPOC KATA
UNKOG Hiag ypappng mou eival kABetn otov dfova tng OKTVOC KoL TOV TEPVEL AsSopévou OTL
oL OKTlveg ouvnBwg dev €Xouv aLXUNPES OKUEG, N SLAUETPOG UMopEel va PpoadloploTel pe
oA oUG SladopeTikoug Tpomouc. Evag amd Toug 1o KowvoUG oplopouc sival o 46. Autog o
0PLOUOG ULoBeTelTaL KOL 0TV TTOpoUoa LEAETN. H SLAUETPOG TNG aktivag pumopel va petpnBet
0€ HOVASEC HNKOUG O€ £va eTtinedo KABeTO oTOV Afova TNG aKTivac.

Jtnv mapoloa HeAETn, Xpnolpomoleital oktiva Aélep 40 Stapétpou 100um, OMwG
napouaotaletal mapakatw (Ewkova 13):

99.7% of the data are within
3 standard deviations of the mean

—_—

95% within
1 standard deviations

68% within
+— 1 standard —*
daviation

4 I — 1

] 3a i 2 o= 1] ot u+ 2o g & Ja

<«——100pm———>»

Ewova 13 Mkaouaatavr) Katavoun tne akTivag tou AELep.
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__laser beam diameter _ 100um
4 4

Onote ano tnv Ewova 13, o = 25um.

Zuvaywyn

H ocuvaywyn yivetal peTatl Tou MPooTATEVUTIKOU aEpPiov (Og autr) Tn HeAETN elval To alwTo)
KoL OAWV Twv emibavelwv Tou povtélou. H pony Bepuotntag Adyw ocuvoywyncg Sivetol
TOPAKATW:

N qconv = hNZ (T —T) (44)

AktwofolAia

210 povtélo meplhapBavetal n por Bepuotntag Adyw akTtivoBoAilog amo To TEUAXLO TTPOC TO
nieptBaiAov. H pon Bepuodtntag Adyw aktivoBoliag Sivetal amo tn oxéon:

N Grad = Epowder (T)og (Too4 - T4) (45)

Omnou 10 N eival kKABeto otnv Mavw emidpAveld TOU HOVTEAOU, €MELSN N OKTWoPoAia
EKTIEUTIETAL ATIO TNV OKOV.

Nopapopdwpévn yeEwHETpia

H napapopdwaon tou mMAEypatog unopel va povtelomnotnOei pe Vo Sladopetikolg tpdmoug,
™V MopopopdWUEVN YEWUETPLA KOL TO KWVOUWEVO TIAEypa. H mapapopdwpévn yewuetpia
povtehomolel TV poadnkn r amofoAr] uAkol (6nAadn Ttnv mpoodnkn i amoBoAn kat palog
KOLL EVEPYELOC) OTTO TO TEUAXLO, EVW TO KLVOUUEVO TAEYLOL LOVTEAOTIOLEL TOV EDEAKUGUO 1) TNV
BAlPN Tou tepayiov (LOvo dnAadn tnv mpooBnkn N tnv adaipeon evEpyeLag) Tou Tepayiou.

YTnv mapovoa LEAETN EXEL XpNoLomoLnBei n mapapopdwuévn yewEeTpia.

KaBe otowxelo tou mAéypatog eléyxetal and pia eficwon eéopdluvong. H eficwon mou
Xpnolgormoleital otnv mapovoa PeAETn eival n Yrepehaotiki e€opdiuvon, clpdwva Pe To
[26].

H uébodog tng Ymepehaotikig eéopdAuvong avalntd €va eAAXLOTO amd TNV EVEPYELD
TAPOUOPPWONC TOU TMAEYUOTOC:

Winesn = [,5 (I = 3) +5(J = D2av (46)

omou v and Kk elval TeEXVNTEC MOPAUETPOL SLATUNONG Kol ePEAKUGHOU, avTioTolya Kal oL
avalhoiwteg J kat |; Sivovtal mopakatw:

{ J = det(Vyx)

I, = J723tr (Vyx)"Vyx) (47)
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Tayutnta MAEYpaToq

H tayvtnta mAéypatog ebapudletal otnv mavw emdAVELD TOU HOVTEAOU Kol EKPPAleL TNV
TaxVTNTA Me TNV omola Ta otolxeio Tou TMAEyuotog e Bepuokpacia avw twv 3315K
«efatpilovraly. Itnv mopovoa PeAETn Bewpeital OtTL yio Beppokpaocieg avw twv 6000K n
TaxVTNTA TOU MAEYUATOG elval oTaBepr| Kat ion He Tnv taxutnta otoug 6000K. TuyKEKPLUEVQ,

~Vevap(T, Br), 0 <T(K) < 6000
o= {—Vevap(60001<.ﬂR), T(K) > 6000 (48)
Ormou:
Uy (%) glval n taxyuTnTa ToU MAEYHATOG.
To “-“ pmpootd amd v ouvdptnon Vg, Onpaivel Tl ta otoleia Tou mAéypatog mou

«etatpiotnkavy», «e€adavilovral» amno to MAEyua.

m N . ’ v Il I
Vevap (T, Br) (?) glval n TaxVTNTA KE TNV OTtola T OTOLXELA TOU TIAEYHOTOC HE Beppokpaoia
avw Twv 3315K «efatpilovtaw kat umoAoyilovtal cUpdpwva pe to [27], onwg daivetal
TOPOKATW:

H oAwr) pon pafog amod tnv emidpAvela ToU HETAAAOU AOYW €EATULONG, UMOPEL va eKppaoTel
€6 €A G:

. m \z
Vevap(T’ BR) = ﬁ (1 - ﬁR) (%) psat(T) (49)

mLV( T,

(k T\ 7))
psat(T) =p,e By (saturated vapor pressure at a temperature T, expressed with the Clausius — Clapeyron’s relation)

Onou:

po (Pa) sival n mieon meptBaAAovog. Tnv napovoa peNétn, po = 1.01 - 10° Pa.
kg = 1.380649 - 10723 é eivain otaBepd Boltzmann.

T, (K) eivai to onpeio Bpacpou. Itnv napovoa peAét, T,, = 3315K.

Br €lval o AOyog Twv aTOpWV MoU avacuvtiBevtol otnv emdpavela mPog To ATOUA TOU
gfatuilovral anod Tnv tNyUEvN endpaveLa.

kg ’ ’ ;g , ’ , ,
m (——) eivar n H&lot avd Atopo peTAAAOL. YTOAoylletal amd TNV MAPAKATW

Stadkaoia:

e FEUpeon twv atopkwv palwv tou Ti, Al kat V. Zuykekplueva, Ap; = 47.867%,
Ay = 269815392 A, =50.9415-L.
mol mol

e Ymoloyiletal n otaBulopévn péon oatoplkn pala tou Ti6Al4V. Iuykekpluéva,
_ 6ATi+4A 1+ Ay _

Arigaay = A=Y = 40.55178691 %

e Hpala ava atopo TibAl4V Sivetal amod tov mapakdtw TUTo:

m = ATicAlav (50)

Na
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Onou Ny = 6.0221407 - 10?3 % elvat o apOpoc Avogadro.

TeAwd, m = 6.733782641 - 10723 —2—,

atom
L, 3 elval n AavBavovoa Bepudmrta efatuiong tov Ti6Al4V. Tty mapovoa ueA€T,

i 1 k k k k ,
Ly (0e 2L = max {L', L3, Ly} = max {421 L 293.4-% 0.452-L} = 421 5L Axbpa, 7

mol I
poplaxy péda tov TibAl4V eivar Mrjgaay = 6 Ap; + 4+ Agy + Ay = 446.069656 %
A

42
Omote, L, = % = 10.38178665 LI 10.38178665 L.
446.069656 g kg

' T=3330, 3340, ..., 5000K kat Br=0.1, 0.2, ..., 1, umoAoyiovtat oL THEG TNG Vyep (T, Br) oTOV
Mivakag 9:

Mivakag 9 YIoAoyiopog toU Vayay (T, Br) yvia Sidpopeg
Jepuokpaoiec kat B,

01 0.2 03 04 05 0.6 07 08 09
3330| 001526 0.01356 001187 0.01017 000848 0.00678 0.00509 000339 0.0017
3340| 0.01585 0.01417 00124 001063 0.00886 0.00708 (00532 0.00354 0.00177
3350| 0.01e66 0.01481 0.01296 0.01111 0000926 00074 000555 0.0037 0.00185
3360 00174 0.01547 0.01353 0.0116 0.00967 0.00773 0.0058 0.00387 0.00193
3370| 001817 0.01615 001413 0.01211 001009 0.00807 0.00606 0.00404 0.00202
3380| 001897 0.01686 001475 001264 001054 000843 000632 000421 000211
3390| 0.01979 0.01759 0.0154 0.0132 0.011 00088 0.0065/ 0.0044 0.0022
3400| 0.02065 0.01836 0.01606 0.01377 0.01147 0.00918 (.00688 0.00458 0.00229
3410| 0.02154 0.01915 0.01676 0.01436 0.01197 0.00957 0.00718 0.00479 0.00239
3420| 002247 001997 001747 001498 001248 000998 000749 000499 00025
3430| 002342 002082 001822 001561 001301 001041 000781 0.0052 0.0026
3440| 002441 0.0217 001899 001628 0.01356 0.01085 0.00814 0.00543 0.00271
3450| 0.02544 (02261 0.0197%9 0.016% 0.01413 0.01131 0C.00B48 0.00365 0.00283
3460| 0.02651 0.02356 0.02062 0.01767 0.01473 0.01178 0.00884 0.00589 0.00295
3470| 0.02761 0.02454 0.02147 00184 001534 0.01227 0.0092 0.00613 0.00307
3480| 002875 0.02555 002236 0.01917 001597 001278 0.00958 0.00639 0.00319
3490| 002993 00266 002328 0.01995 001663 00133 000998 0.00665 0.00333
3500| 0.03115 0.02769 0.02423 0.02077 001731 0.01384 (01038 0.006%2 0.00346
3510| 0.03242 0.02881 0.02521 0.021e1 001801 0.01441 001081 0.0072 0.0036
3520| 0.03372 0.02998 0.02623 0.02248 0.01874 0.01499 001124 0.00749 0.00375
3530| 003508 0.03118 002728 002338 001949 001559 001169 000779 0.003%
3540| 003647 003242 002837 002432 002026 001621 001216 000811 0.00405
3550| 0.03782 (.03371 0.0294% 002528 0.02107 0.016E5 001264 0.00843 0.00421
3560| 0.03942 0.03504 0.03086 0.02628 0.0219 0.01752 0.01314 0.00876 0.00438
3570| 0.04096 0.03641 0.03186 0.02731 0.02276 00182 0.01365 0.0091 0.00455
3580| 004256 0.03783 0.0331 002837 002364 001891 001419 000346 0.00473
3590| 00442 003929 003438 002947 002456 001965 001473 000982 0.00491
3600| 0.04581 (.04081 003571 00306 0.0255 00204 00153 00102 0.0051
3610| 0.04766 0.04237 0.03707 0.03178 002648 0.02118 001589 0.01059 0.0053
3620| 0.04948 0.04398 0.03848 0.03299| 0.02749 0.02199 0.01649 0011 0.0055
3630| 005135 0.04565 003994 003423 002853 002282 001712 001141 0.00571
3640| 005328 0.04736 004144 0.03552) 0.0296 002368 001776 001184 0.00592
3650| 0.05528 0.04914 0.04299 0.03685 0.03071 0.02457 0.01843| 0.01228 0.00614
3660| 0.05734 0.05097 0.04458 0.03822 003185 0.02548 (.01%11 0.01274 0.00637
3670| 0.05946 0.05285 0.04624 0.03964 0.03303 0.02043 0.01982 0.01321 0.00861
3680| 006164 00548 004795 00411 003425 00274 002055 00137 0.00685
36090 00639 00568 00497 00426 00355 00284 00213 00142 00071
3700| 0.06622 0.05887 0.05151 0.04415 0.03679 0.02943 0.02207| 0.01472 0.00736
3710 0.06862 0.061 0.05337 0.04575 0.03812 0.0305 0.02287 0.01525 0.00762
3720| 0.07109 0.06319 0.05529 0.04739 003949 00316 0.0237 00158 0.0079
3730| 0.07363 0.06545 0.05727 0.04909 0.04091 0.03273 0.02454 0.01636 0.00818
3740| 007625 0.06778 005931 005083 004236 003389 002542 001694 0.00847
3750| 0.07895 0.07018 006141 0.05263 004386 003509 002632 001754 0.00877
3760| 0.08173 0.07265 0.06357 0.05448 0.0454 0.03632 (02724 0.01816 0.00%08
3770| 0.08459 0.07519 0.06579 0.05639 0.04699 0.03759 0.0282 0.0188 0.0094
3780| 0.08753 0.0778 0.06808 0.05835 0.04863 0.0389 0.02918 0.01945 0.00973

Temperature (K]

COD OO0 OO0 ODD00RDD00CDND00ED000D000D0000000 0 alk
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Temperature (K)

3790| 0.09056
3B00| 0.09368
3810| 0.09688
3820| 0.10018
3830| 0.10357
3B40| 0.10706
3850( 0.11065
3860 0.11434
3870| 0.11813
3880 0.12202
3890| 0.12602
3900| 0.13013
3910( 0.13435
3920| 0.13869
3930| 0.14314
3940| 014771
3950 0.1524
3960| 0.15721
3970| 0.16216
3980| 0.16723
3990( 017243
4000| 0.17776
4010| 0.18324
4020 0.18885
4030| 0.1846
4040|  0.2005
4050| 0.20855
4060| 021274
4070| 0.21909%
4080| 02256
4090| 0.23226
4100| 0.23909
4110| 0.24609
4120| 0.25325
4130| 0.26058
4140| 0.2680%
4150| 0.27578
4160| 0.28364
4170 0.2916%
4180 0.29953
4190 0.30836
4200| 031698
4210| 03238
4220| 033483
4230 0.34405
4240 0.3534%9
4250 0.36313
4260| 0.37299

0.0805
0.08327
0.08512
0.08905
0.09207
0.08517
0.09835
0.10163

0.105
0.10846
0.11202
0.11567
0.11942
0.12328
0.12723

01313
0.13547
0.13975
0.14414
0.14865
0.15327
0.15801
0.16288
0.16786
0.17298
0.17822

0.1836'

0.1891
0.18475
0.20053
0.20646
0.21253
0.21874
022511
0.23163

0.2383
0.24513
0.25213
0.25928
0.26661

0.2741
0.28176

0.28%6
0.29762
0.30582
0.31421
0.32278
0.33155

0.07044
0.07286
0.07535
007792
0.08056
0.08327
0.08606
0.08893
0.09188

0.0949
0.09802
010121
0.10443
0.10787
0.11133
0.11488
0.11853
012228
0.12612
0.13006
0.13411
0.13826
0.14252
0.14688
0.15136
0.15594
0.16065
0.16547
0.17041
017547
0.18065
0.18596

01914
0.19697
0.20267
0.20851
0.21443
0.22061
0.22687
023328
0.23984
024654

0.2534
0.26042

0.2676
0.27493
0.28244
0.29011

0.06037
0.06245
0.06459
0.06673
0.06905
0.07138
0.07377
0.07622
0.07875
0.08135
0.08401
0.08675
0.08957
0.09246
0.09542
0.09847

0.1016
0.10481

0.1081
011148
0.11435
011851
0.12216

0.1259
0.12973
013367

01377
014183
0.14606

0.1504
0.15484

0.1594
0.16406
0.16883
0.17372
0.17873
0.18385
0.18909
0.19445
0.19995
0.20557
0.21132

0.2172
022322
0.22837
0.23566
0.24208
0.24866

0.05031
0.05204
0.05382
0.05366
0.05754
0.05%48
0.06147
0.06352
0.06563
0.06779
0.07001
0.07229
0.07484
0.07705
0.07952
0.08206
0.08467
0.08734
0.09009
0.0929
0.09579
0.09876
0.1018'
0.10491
0.10811
0.11139
0.11475
0.11819
0.12172
0.12533
0.12%04
0.13283
0.13671
0.14069
0.14477
0.14854
0.15321
0.15758
0.16205
0.16663
0.17131
01761
0.181
0.18601
0.18114
0.19638
0.20174
0.20722

0.04025
0.04163
0.04306
0.04453
0.04603
0.04758
0.04918
0.05082

0.0525
0.05423
0.05601
0.05784
0.05971
0.06164
0.06362
0.06565
0.06773
0.06987
0.07207
0.07432
0.07663
0.07901
0.08144
0.08393
0.08649
0.08911

0.0918
0.09455
0.09737
0.10027
0.10323
0.10626
0.10937
0.11255
0.11581
0.11915
0.12257
0.12606
0.12564

01333
0.13705
0.14088

0.1448
0.14881
0.15291

0.1571
0.1613%
0.16577

0.03019
0.03123
0.03229
0.0333%
0.03452
0.03568
0.03688
0.03811
0.03938
0.04067
0.04201
0.04338
0.02478
0.04623
0.04771
0.04924

0.0508

0.0524
0.05405
0.05574
0.05748
0.05925
0.06108
0.06295
0.06487
0.06683
0.06885
0.07091
0.07303

0.0752
0.07742

0.0797
0.08203
0.08442
0.08686
0.08936
0.09193
0.09455
0.08723
0.09998
0.10273
0.10566

0.1086
011161
0.11468
0.11783
0.12104
0.12433

0.02012
0.02082
0.02153
0.02226
0.02302
0.02378
0.02459
0.02541
0.02625
002712
0.028
0.02892
0.02986
0.03082
0.03181
0.03282
0.03387
0.03494
0.03803
0.03716
0.03832
0.0395
0.04072
004197
0.04324
0.04456
0.0459
004728
0.04863
0.05013
0.05161
0.05313
0.05468
0.05628
0.05791
0.05958
0.06128
0.06303
0.06482
0.06665
0.06852
007042
0.0724
007441
0.07640
0.07855
0.0807
0.08289

0.01006
0.01041
0.01076
0.01113
0.01151
0.011%
0.01229
0.0127
0.01313
0.01356
0.014
0.01446
0.01493
0.01541
0.0159
0.01641
0.01693
0.01747
0.01802
0.01858
0.01916
0.01975
0.02036
0.02098
0.02162
0.02228
0.02295
0.02364
0.02434
0.02507
0.02581
0.02657
0.02734
002814
0.02895
0.02979
0.03064
0.03152
0.03241
0.03333
0.03426
0.03522
0.0362
0.0372
0.03823
0.03928
0.04035
0.04144

Temperature (k)

Temperature (K}

4270| 038307
4280| 0.38337
4290| 0.4039
4300| 041466
4310| 042365
4320| 043688
4330| 044834
4340| 0.46006
4350 047202
4360| 048424
4370| 049671
4380| 050944
4350| 052244
4400|  0.5357
4410| 0.54%24
4420| 056306
4430| 057716
4440| 058154
4450| 0.60622
4460| 0.62118
4470| 063645
4480| 0.65202
4490| 066789
4500| 0.68408
4510| 0.70059
4520| 071741
4530| 0.73456
4540| 075204
4550| 0.76986
4560| 0.78301
4570| 0.80651
4580| 0.82535
4580| 0.84455
4500| 0.86411

4660 098925
4570| 101145
4680| 1.03405
4690| 105706
4700| 1.08047
4710| 110429
4720| 112854
4730| 11532
4740 11783
4750| 1.20383
4760| 12298
4770| 1.25621
4780| 1.28308
4790| 13104
4800| 133818
4810| 136643
4820| 1.39515
4830| 142435
4840| 145404
4850 148421
4860| 151488
4870| 1.54604
4880| 157772
2890 16099
2900| 1.64261
4810| 167584
4920| 170859
493p| 1.74389
4840| 177872
4950 1.8141
4960| 1.85003
4970| 188653
4980| 192358
4990| 196121
s000| 1.99842

0.34051
0.34966
0.35902
0.36858
0.37835
0.38833
0.39853
0.408594
041957
0.43043
044152
045284
0.48435
047618
0.48822

0.5005
051303
052582
0.53880
055216
0.56573
057957
0.59368
0.50807
0.62274

06377
0.65294
0.66848
0.68432
0.70045
0.71683
0.73365
0.75071

0.7681

0.7858
0.80384

0.8222
0.84091
0.85995
0.87933
0.89907
091916
0.93961
0.96042
098159
1.00314
1.02507
1.04738
1.07007
1.09315
1.11663
1.14051

11648

11895
1.21481
1.24014
1.2660%
1.29248

13193
1.34656
1.37426
140242
1.43103

14801
148963
151964
155012
1.58108
161253
164447
167691
1.70985

17433
177726

025794
0.30586
031414
0.32251
0.33106
033979
0.34871
0.35782
0.36713
0.37663
0.38633
0.39623
0.40634
0.41666
042719
043794

0.4489
0.46009

04715
0.48314
0.49502
050712
0.51947
0.53206

05445
0.55799
057132
0.58492
059878

06129
0.62728
0.64154
0.65687
0.67209
0.68758
0.70336
0.71943
073579
0.75245
076942
0.78669
0.80426
0.82216
0.84036
0.85889
0.87775
0.89654
0.91645
093831
0.95651
0.97705
0.99795

1.0192
1.04081
1.06278
1.08512
1.10783
1.13002
1.15438
1.17824
1.20248
122711
1.25215
1.27758
1.30343
1.32968
1.35636'
138345
1.41087
143881

1.4673
1.49612
152539

1.5551

0.25538
0.26225
0.26927

0.6595

0.6743
0.68937

0.7047
0.72031
073619
0.75236

0.7688
0.78353
0.80255
0.81987
0.83748
0.85539

08736
0.88212
0.91095

09301
0.34857
0.96936
098947
1.00992

1.0307
1.05181
107327
1.09507
111722
113973
116259
1.18581

12094
123336
125788
128239
130748
133285

021282
0.21854
0.22439
0.23037
0.23647
024271
0.24508
0.25559
0.26223
0.26902
0.27595
0.28302
025024
0.28761
0.30514
0.31281
0.32064
0.32863
0.33678
0.3451
0.35358
0.36223
0.37105
0.38005
0.38921
0.39856
0.40809
04178
0.4277
043778
0.44806
0.45853
0.4692
0.48006
049113
0.5024
051388
0.52557
0.53747
0.54958
0.56192
057447
0.58725
0.60026
06135
0.62696
0.64067
0.65461
0.66879
068322
0.6979
0.71282
0728
0.74343
0.75913
0.77509
0.79131
0.8078
082456
0.8416
0.85891
087651
0.89439
0.91256
093102
084977
0.96883
098818
1.00783
1.0278
1.04807
1.06866
1.08956
111078

0.17025
0.17483
0.17951
0.18429
0.18918
015417
0.19526
0.20447
0.20979
0.21522
0.22076
0.22642
023219
0.23808
0.24411
0.25025
0.25651
0.26291
0.26943
0.27608
0.28287
0.28979
0.29684
0.30404
0.31137
0.31885
0.32647
0.33424
0.34216
0.35023
0.35845
0.36682
0.37536
0.38405

03929
0.40192

0.4111
0.42045
0.42997
0.43967
0.44853
0.45958

0.4658
0.48021

0.4908
0.50157
051253
0.52368
0.53503
0.54658
0.55832
0.57026

0.5824
0.59475

0.6073
0.62007
0.63305
0.64624
0.65965
0.67328
0.68713
070121
0.71551
0.73005
0.74482
0.75982
0.77506
0.79054
0.80627
082224
0.83840
0.85493
087165
0.88863

012769
0.13112
0.13463
0.13822
0.14188
0.14563
0.14945
0.15335
0.15734.
0.16141
0.16557
0.16981
017415
0.17857
0.18308
0.18769
0.19239
019718
0.20207
0.20706
021215
0.21734
0.22263
0.22803
0.23353
023914
0.24485
0.25068
0.25662
0.26267
0.26884
0.27512
028152
0.28804
0.29468
0.30144
0.30833
0.31534
032248
0.32975
033715
034468
0.35235
0.36016

03681
0.37618

03844
0.38277
0.40128
0.40993
0.41874
042789

0.4368
0.44606
0.45548
0.46505
0.47478
0.48488
048474
0.50496
0.51535
052591
0.53663
0.54754
0.55861
0.56986

05813
059291

0.6047
0.61668
0.62884
0.64119
065374
0.66647

0.08513
0.08742
0.08976
0.09215
0.09459
0.09708
0.09963
0.10224
0.10489
0.10761
0.11038
0.11321

01161
0.11805
0.12205
012512
0.12826
013145
0.13471
0.13804

0.26752
0.27329
0.27816
0.28513

02912
0.28737
0.30365
0.31003
0.31652
032312
0.32982
0.33664
0.34357

0.3506
0.35776
0.36502
0.37241
0.37991
0.38753
0.39527
0.40313
041112
0.41823
042746
0.43583
044432

0.04256
0.04371
0.04488
0.04607
0.04729
0.04854
0.04582
0.05112
0.05245

0.0538
005519

0.0566
0.05805
0.05852
0.06103
0.06256
0.06413
0.06573
0.06736
0.06902
0.07072
0.07245
007421
0.07601
0.07784
0.07971
0.08162
0.08356
0.08554
0.08756
0.08961
0.09171
0.09384
0.09601
0.09823
0.10048
0.10278
0.10511
0.10749

0.13376
0.13664
0.13958
0.14258

0.1456
0.1486%
0.15183
0.15502
0.15826
0.16156
0.16491
0.16832
0.17178

01753
0.17888
0.18251

0.1862
0.18995
019377
0.19764
0.20157
0.20556
0.20%61
0.21373
0.21791
0.22216
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40



Me napepBoln ota napanavw dedopéva kat yio T>3315K,

Vevap(T: ﬂR)

—27.91 4 0.02325T + 27.918; — 6.501 - 107°T2 — 0.02325T By + 7.696
1071382 + 6.109 - 1071973 + 6.501 - 107°T 2B, — 2.987 - 10716T B3
—7.238-1071B3 — 6.109 - 1071°T38, + 3.05 - 10~2°T2B3 + 6.115
—7.238-1071B3 — 6.109 - 1071°T38, + 3.05 - 10~2°T2 B3 + 6.115

OmoTte TeEAKQ,

Vevap(T! BR)
0, T<3315K or Br =1
—27.91 4 0.02325T + 27.91B; — 6.501 - 107°T2 — 0.02325T B + 7.696
={ 1071382 +6.109-1071°T3 4+ 6.501 - 107°T 2B, — 2.987 - 10~ 16T B3
—7.238-1071B3 — 6.109 - 1071°T38, + 3.05 - 1072°T2B3 + 6.115
-10718TB3 +5.808- 1071568, T =3315K and Br # 1

To SLaypappa mou mMepLypAadEL TNV Mapamavw cuvaptnon Sivetal oto Aldypappo 23:

Material ablation velocity

velocity [m/s]
velocity [m/s]

modest ablation
conditions

Awdypappa 23 Voo we ouvdptnon the 9epuokpaociag kat tou Bg.

H toyutnta tou kABe otolyeiou Tou MAEYUATOG UIMOPEL va omtikomolnBel, onwg divetal otnv
Ewkova 14:

Ewkova 14 Ontikn
aVamapaoTAo TNE TAXUTNTAS
TWV OTOLXELWV TOU MAEYUATOG. 41



YnoAoyLotikr Stadikaoia:
MAgéypuos:

H péBobog¢ twv MNemepacpévwy Itoelwv eival oA SnNUOGIARG Kal OTOV UTIOAOYLOUO
BepUlkwV HOVTEAWV. MEXpL OTLYUNG uTapXouv SUO0 TIAOYEC TTAEYUOATOG: TO KOPTECLAVO
TIAEYHA KOL TO TETPAESPIKO TMAEYUO. TNV Topouoa HEAETN XpnOLUOTOLEiTtal TETPAESPLKO
TAEY QL.

JTOX0G TOU TepaeSPLKOU TAEYUATOC €ilval vo OMMAOTIOOEL TNV QVATAPACTOCN TNG
AETITOUEPELWV TNG YEWMETPLOG TWV Tepayiwv Twv MK xwpig va auvfnoet tnv ouvBeTdTNTA TOU
pHovTéAOU. To TETpaeSPLKO OXNUA TWV OTOLXELWV ETUTPETEL OTOV OAYOpLOUO TOU TTAEYUATOC VO
TIETUXEL KOAUTEPO OMOTEAECUATA HE HIKPEC HOVO TAPAMOPOWOEL TwV OTOoLXElwv Tou
TAéypatoc. Mapd tov peyoAUtepo aplBUd OTOLXEIWY O QUTO TO HOVTEAD, auth n HéBodog
Slvel akplBéotepa amoteAéopata Kal o AlyOTepo XPOVO Ot OXEON HE TA KOPTEOLAVA
mAéyparta [28].

OL TTOPAUETPOL TIAPAKATW EAEYXOUV TO HEYEDOG TWV OTOLXEIWV TOU TETPAESPIKOU TTIAEYLOTOG:

o Méyloto péyeBog atolyeiou: AuTH N MOPAUETPOG TTEPLOPLLEL TO EMLTPETOUEVO HEYEDOG
TwV oToLxeiwv.

e FEAdyloTO upEyeBOG oTolxeElou: AUTH n TAPAUETPOC TPoadlopilel To €AAXLOTO
ETUTPETOUEVO HEYEBOC TOU OTOLXELOU. AUTA N TLUI ATOTPENEL TNV SnLoupyia ToAAWY
OTOLXELWV YUPW OO PLKPEC KAUTIUAEG TIEPLOXEG.

o Méylotog Babuog avantuéng otolyxeiou: AuTr N MOPAUETPOG XPNOLUOTIOLELTAL YLO TOV
KaBoplopod Tou péylotou Babuou otov omoio to pEyebog Tou otolyeiou pmopel va
auénBel amod pia meploxn He HKPA otolxelo mpog pio meployn He peyaAltepa
otolyeia. H TR autn mpémnel va eival ion A peyoaAltepn tou 1.

e [lapdyovtag KaUmUAwaong: Autr n mapapetpoc kabopilel to péyebog Twv opLakwv
oTolyelwv 0g oUYKPLON E TNV KAUTIUAGTNTO TWV YEWUETPLKWVY OKUWV.

e Avdluon otevwyv MepLOXwV: AUTH N MOPAUETPOG EAEYXEL TOV OPLOUO TWV OTPWOELWY
TIOU SNULOUpPYELTAL OE OTEVEG TEPLOYEG.

TNV MopoV o LEAETN, XPNOLULOTIOLELTOL TETPAESPLIKO TAEYHA. A va LelwOel 0 UTIOAOYLOTLKOG
XPOVOG, AUTO TO MAEYHA amoteAeital amo SUo UNo-TAEyATA, £va AEMTOTEPO (OTNV MAVW
EMLPAVELN TOU HLOVTEAOU) Kol €val TILo XOVOPOELSEG (0TO UTIOAOLTTO LOVTEAD). JUYKEKPLUEVAL

o AemMtOTEPO MAEY AL
» Méyloto péyeboc otoleiou: 0.025mm
» EAayloto péyebog otolyeiou: 0.015mm
» Meéylotog Babuog avamntuéng otolyeiouv: 1.3
» MNapdyovtag kopnvAwong: 0.9
» AvdAuon otevwy mieploywv: 0.4
e XovSpoeldeotepo MAEY AL
» Meéyloto péyebocg otolyeiou: 0.0905mm
» EAayloto péyebog otolyeiou: 0.0192mm
» Meéylotog BaBuog avantuéng otoleiou: 1.4
» MNapdyovtag kopnvAwong: 1
» Avaluon otevwv meploywv: 0.3

Omntika, to mAéypa Sivetal otnv Ewkéva 15:
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Ewkova 15 To mAEyua tou xpnoLuomotidnke atnv mpooouoiwan.

H aAAnAsmiSpacon Tou MAEYUATOG e TNV aKTiva Tou AéLlep omTiKomoleital otnv Elkdva 16:

Ay
laser beam
1
€059y,

A2 :A1

ablated material

Ewova 16 Onttikn avamapaotacn te aAAnAenibpaong tng aktivag tou
Aé1lep ue Ta aTolyeia Tou MAEYUATOG.

EKAEmTUVON TTAEYUOTOC

JTnv mpocopoiwon tou keyhole, yivetal peydin mapapopdpwaon tou TMAEYUATOC, TTOU 0dnyel
TIOAAG oTolxeia va MEPTOUV KATW Ao TO EAAXLOTO ETIUTPENTO UEYEDOG TOUC, LE AMOTEAECOL
va TIPOKOAOUVTOL UTIOAOYLOTIKA opaApata. MNa TNV OVTILETWIILON QUTWV TwV ohaAUATWY,
TPAYUATOTIOLE(TAL EKAEMTUVON TOU TAELYHOTOG. H eKAEMTUVON TWV TAPAUOPPWUEVWV
TIEPLOXWV OXL MOVO OVASEIKVUEL TA YEWUETPLKA XAPAKTNPLOTIKA TNG Mapapdpdwons Kot
emniong va Swoel peaALOTIKEG TPOCOUOLWOELS TNE Ttapapopdwong [29].

YrtoAoyLoTLKr emtiAuon

H mpooopoilwon mpaypatomnoleitol ylo KOTAAMNAO HAKOC HEXPL VO ETUTEUXOEl HOVLUN
Kataotoon.

Yuvoyilovtag, To TMANPEC LOVIEAO TIOU XPNOLUOTIOLONKE OTNV TPOCOUOLWON OTTLKOTIOLELTOL
otnv Ewkéva 17:
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Radiation

Density
[kg/m?]

powder bed x103
=300 0a 4.4
4.2

=y T X "'ﬁvﬁw wﬁ‘%‘;‘ e L

st 3 \/ .

\ i ""vwf i A %ﬁ o |lae
E’ 5 4‘ A"“‘ A‘ﬁﬁ‘ﬂ- y 1.5 3.4
2 \‘ VA ' 3.2

8 : =
A 0.5 15 s

mm 12.
w 2.6
Ewkova 17 OTikn avamapaotaa Tou TANPoUc HOVTEAOU ToUXPNatUoToLINKe atnV mpooouoiwaon.

Otk ovarmapaotaon

210 TENOG TNG TPOCOUOLWaNC KO TIPOKELEVOU VA TIAPOUCLACTOUV TAUTOXpOVA OL AUCELG OAWV
TWV EMUUEPOUG XPOVIKWV BnUdTwy, Xpnolpomoleital n akoAoubn pabnuatikn e€liocwon:

T, T > Toax

Tna = mojacly, L 1)

Omnou Ty (K) elval n péylotn Bepuokpacia kdBe ototyeiou.

Auth n etiowong onuaivel OotL av n BepuoKpacia OTO MPONYOUHEVO XPOVIKO Brua eival
peyaAltepn and Ty, gy, OpLlETOL OTL TO Typpqy Elval ioo pe auth TNV. AAWG, TO Thpypy HEVEL WG
£xelL. To nojac() amotpenel tnv cuvelohopd aUTAG tn¢ e€icwaonc otov lakwpLavo mivaka (oTov
TlvaKa TOU CUOTHUOTOG).

Madll pe autn T pabnuatikn e¢iowaon, edapuoletal kat to pidtpo: T > 1923.15K, €toL wote
va gudaviletal povo n Alpvn Tou TRYHOTOG. ITo TEAOG, yla KABE OTOLElO TOU TAEYUATOC
g avileTal KoL TO CUMMETPLKO TOU W¢ Tpog to eninedo y=0, £T0L WOTE va mapoucLaleTal
oAOKANpN n Alpvn Tou TRYHATOC.

‘EAEyX0OC QMMOTEAEOUATWY

To AMOTEAECOTA TWV TIPOCOUOLWOEWY EAEYXOVTAL BACEL TWV TELPAUOTIKWY OMOTEAEGUATWY
twv Dilip J. et al. [30].
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Zultnon aANoteAECHATWY
OpLOUAG YLA TV HOVLHN KATAOTAGH TOU THYHOTOG

2tnv conduction popdr, 6mou pnopet va epdaviotolv odatplkd EAATTWHLATO KAL OUVEXELEG,
N MOVLUN KOTAOTAOoN £€0PTATOL QMO TOV XPOVO N eVAANAKTIKA Ao TO TIEPAUATIKO UAKOG.
JUYKEKPLUEVQA, Yo To 50W-1200mm/s, xpnotpomotifnke pnkog 1.5mm, mou emapkei yia tThv
napatnpnon OAwv Twv GoLVOUEVWY KoL TWV XOPAKTNPLOTIKWY TOU TAYHUATOC.

AvtiBeTa, w¢ poOvVIUN Katdotaon Tou TRypatog os keyhole popdn Bewpeital o cuvduacuog
NG MOVIUNG KATAOTAONG €EATULONG KOL TNG UOVIUNG KATAoTtaong petadopds Bepudtnrag.
JuvABwg, N povLUN Katdotaon e€ATULONG TponyEeiTal Kal opilleTol w¢ 0 OXNUATIOUOG piag
0pL{OVTLOC VPN «eEaTong» (Elkova 18).

Time=2.2267E-4 s Temperature field of the melting pool for 195W - 750mm/s
x10°

4.5

y
Yo x 2

Horizontal “evaporation” line

Ewkova 18 H uoviun kataotaon tng éatutong.

H poviun kataotaon petadopdg Bepuotntag oplletal and tov oXNUATIONO HLOG «OUPAGH
Tilow amo tnv aktiva tou Aéilep (Etkova 19).

Time=3.1951E-4 s Temperature field of the melting pool for 195W - 750mm/s

x103
45
4
35
3
25
Z ”tail”
Y\I__.x 2

Ewova 19 H puoviun kataotaon HETHPOoPAs FEPUOTNTAC.

O tpocSLoPLOAG TOV Br

Jtnv mopouoa UeAETn xpnolporoleitat n péBodog Soklung Kal odpAApaTtog yla Tov
T(POGSLOPLOUO TOU Bg, OTIOTE yLa KABE CUVEUACUO TAPAUETPWY ETPEEQV TIEPLTIOU TIEVTE LE £EL
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TIPOCOUOLWOELG PEXPL VA BpeBel n owaoTr T, TIou 08nyel o MAPOLOLA ATIOTEAECUOTA LE TA
TELPAPATIKA. ETAéoV, N akpiBela TNG TLUAG AUTAG teplopileTal oto mpwto dekadiko Ynolo,
KaBwg 0TOX0G TNG MapoUcag Epyaciog ival n mpdtacn evog ypryopou tpomou npoPAedng
TOU TAATOUC KAl TOU BAB0OUG TOU TYUATOG, XWPLG EKTETAMEVN AVAYKN VLo KOALUTIPAPLOUAL.

AmtoteA£oaTO TPOCOOIWONG

To AMOTEAECHLOTA TWV TIPOCOUOLWOEWY EAEYXOVTAL BACEL TWV TTELPAUOATIKWY OUMOTEAEGUATWY
twv Dilip J. et al. [30].

Mivakac 10 AmoteAéouarta mpooouoiwong

Laser power (W) | Scanning speed (mm/s) | VED (J/mm3) | Br | Depth error (%) | Width error (%)
50 1000 13.88 1 -10% 8.47%
195 750 86.66 0.55 -15% -16%
195 500 130 0 -1.7% -14.6%

Ytov Mivakag 10, to odpaipa Baboug (depth error) kat to odpalpa mAdtoug (width error) éxouv
uTtoAoyLoTel BACEL TWV MOPOKATW TUTIWV:

Hepapatikd BdBoc—Babog mpooouoiwong

Zoddua faBovs (%) =

52
Hepapaticd f&bog (52)

Hewpapatikd mAdtog—IAdtog mpooouoiwang

Zpb&iua mAdtovg (%) = (53)

Hewpapatikd TAGTog

Ao tov MNivakag 10, pmopet va mopatnpnBel OTL Ta AMOTEAECUATA TG TPOCOOiwaNng elvat
o€ oupdwvia pe Ta Melpapatikd Sedopeva, KabBwe To oPAApa o OAEG TIG TIEPUTTWOELG ElvaLL
KAtw amo 16%. Autd ta odpalpata sudavidovral Aoyw tng umdBeonc OTL 0 GUVTEAECTNAG
anoppodnong eival otabepog kal ico¢ pe 0.77. ITNV MPOAYHATIKOTNTA, O CUVTEAECTHG
anoppodnaong e€aptatat amno tn Beppokpaacio Kal urtoAoyiletat amnod tig Elowoelg Tou Fresnel
ko tn Bswpia tou Drude [15]. NapdAa autd, ol e€lowaoelg tou Fresnel kat n Bewpia tou Drude
£l0AYOUV WN YPAUULKOTNTO, odnywvtag o éva oUVOETO PoVTEAO pe UPNAO UTTOAOYLOTLKO
KOOTOG Kot Xpovo. Ma autd tov Adyo, n efdptnon amo tn BepUOKPAoia TOU CUVTEAEDTH
anoppodnaong, otnv mapoloa HEAETN, ayvoesital. AsUTEPEVOVTWG, €vag GAAog AOyog mou
oényel oe opalpata sival n Stadopd peTofl Twv OeWPNTIKWV LELOTATWY TOU UALKOU, TTou
AdOnkav amd ta [18], [20], KAl TWV TPAYUOTIKWY LSLOTATWY TOU UALKOU TIOU
XpNOLUOmoLBnKe ota MElpApaATa.

Mia aKOPOL ONUAVTLKA Ttapathpnon amno tov Mivakag 10 sival n oxéon petagv tou VED kal
Tou Br (6eg Aldypappa 24, Alaypappa 25). Juykekpiuéva, kabwg to VED aufavetal, to Br
MELWVETOL KOl To avtiotpodo. Auto To dpalvouevo pmopei va e€nynbel Baoel tng Bewpiag
adaipeong vAkou. Otav to VED aufdvetal, mou onpaivel 0tL n .oxUg tou Aéwlep avgdavetatl
kat/A n taxVTNTa odpwong HeLwveTal, pio peyaAUTtepn TePLOXn Tou HOVTEAOU ¢TAVEL )
Eemepva tnv Beppokpacio e€atuiong tou TibAl4V (3315K), omote yivetal peyalutepn
adaipeon uAkkoU. Meyalltepn adaipeon UAKOU onpailvel OtL Alydtepa dtopa (mou
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efatplotnkav) avaouvtiBevtal otnv emPAVELA TOU LOVTEAOU. AUTH N (KPR avacUvBeon Twy
OTOUWY LOVTEAOTIOLE(TAL OTNV TPOCOUOLWaN WG XAUNAO Br.

By - VED

09
0.8
0.7
0.6

& 05
0.4
03
0.2
0.1 :

0 °
0 20 40 60 80 100 120 140

VED (J/mm?) y =-0.0084x+1.1591
R?=0.9593

Awaypauua 24 Mpoupikkn oxéon UeTaél Bg kat VED.

By - VED

09
08
07
06

& 05
04
03
02
0.1 _

0 ‘o
0 20 40 60 g0 100 120 140

VED (J/mm?3)  y=-6E-05x*-0.0005x+1.0184
RE=1

Aaypopua 25 2° Baduou moAvwvuuikn oyxéon Bg kat VED.

Ot TLpég Twv VED Kal Br amotedolv €vEelén OTL Umopel va UTTAPXEL it TOAUWVUULKN GX£on
peTafl Twv VED kat Br. M ypapptkn (Atdypappa 24) kat po 2°° Babpol moAUWVUULKA
(Atdypappa 25) oxéon mpoteivovtal mapandavw. MapoAa autd, oL LOVo TPELG TIHEG Twv VED
Kot Br 6ev emapKoUV yLa va SWooUV pia akpLBr YPOUUY TAONG, OIOTE AMALTELTOL TTEPALTEPW
£PEUVA YLOL TO TIOLOL CUYKEKPLUEVN OXEON LOYUEL.

Z0YKpPLON TIPOCOOLWOEWYV ME TIELPAOATIKA OIOTEAEGHATA

Jtnv Ewova 20, yivetal dpeon oUyKplon HETOED TMEIPAUOTIKWY OTOTEAECUATWY KOl
npocopoiwong. Mapatnpeital OTL OAa T ATOTEAECHOTA TWV TIPOCOOLWOEWV CU P WVOUV PE
Ta MELPAPATIKA Sebopéva, kaBwg epdavilouv opaipa KaTw and 16%.
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To 50W-1200mm/s amotelei mpooopoiwaon tng conduction popdng, evw to 195W-750mm/s
KoL to 195W-500mm/s eival popodng keyhole.

2TNV CUYKEKPLUEVN Tieplmtwon Tng conduction popdr¢ tou 50W-1200mm/s, n tnén dev eival
EMOPKAG, KaBwe eudavilovial odalplkd eAOTTWUOTA KAl OOUVEXELEG KOl SeV UTIAPXEL

oUVOEQN LIE TO UTIOOTPWHUAL.

50W - 1200mm/s (VED=13.88 J/mm?3) and recombination factor B,=1

Time=8.2917E-4 s Accumulative melting pool for 50W - 1200mm/s

mm

Time=8.2917E-4s  Melting Pool Cross-section

54 um

195W - 750mm/s (VED= 86.66 J/mm?3) and recombination factor B,=0.55 ]

Time=3,378E-4 s Temperature field of the melting pool and HAZ for 195V - 750mmys
x10"

[K]
45

Time=3.378E-4 sMelting Pool and HAZ Cross-section

Time=4,01E-4 s Temperature field of the melting pool and HAZ for 195W - 500mm/s

x10*
(K]
45

05
mm

Time=4.01E-4 s Melting pool énr:'t‘i HAZ Cross-section
-0.2 0

L 266 pm il

Ewkova 20 ZUyKkpLON TTPOCOUOLWOEWY LUE MEPAUATA

Ta odatpkd ehattwpata propei va cupPaivouv yia 0o Adyoug. O £vag ival 0 oxNUATIOROC
Twv odalpwyv Adyw avemapkoUl¢ evépyelag amod To AEWlep HE XAUUNAO TEPLEXOLEVO OE UypH
kataotaon. O &A\og eival Aoyw otayovidiwv mou odeihovtal ot UPnAEG TaxUTNTEG
0ApWONG. ZUVETWG, N LoXUG Tou AELep Kal N ToxUTNTA 0APWONG €X0UV AUECH EMISpAOH oTa

odalplkd eAattwparta [25].

E€aA\ou, oL uPnAég taxltnteg odpwong odnyolv oe UeYAAOUG AOYOUC MAKOUG TIPOG
SLAUETPOC TOU TAYHATOC. TETOLO TAYHATO UE AOYO LNKOUC TTPOC SLAUETPOG PEYOAUTEPN A0 TT
Ba npokaléoel odatpika eAattwpata [31].
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Itnv Ewova 20, espdavidovial odalplkd eAattwpata (Kol otnv Tpocopoiwon Kol ota
TEPAPATIKA Sedopéva) TTOU TIPOEEEXOUV TIPOG TA TIAVW KAl €lval ATOTEAECHO TWV TACEWV
emupaveiag Tou TNYUEVOU KPAUATOC.

‘Evag T€Tolo¢ cUVOUAOUOC TOPAUETPWY KATEPyaoiog odnyel o Tepdyla pue peydho MOCoOOTo
TOpWV.

AKOpO, oL acuvEXeleg (Ewova 20, tpooopoiwon Kal MELPOUATIKA Tou 50W-1200mm/s) sival
£v6el€n OtLN LoxV g Tou AéLlep elval avemapkng yla va thEeL tn okovn, KabBwg To AéLlep capwVeL
UE TaxUTepo pubuo.

ErunpooBeta, 6nwe mapatnpsitat otnv Ewkova 20 yia to 50W-1200mm/s, to PdBog tou
TNYUOTOG £lval HKPOTEPO ATO 6LLM KOl OTLC TIPOCOUOLWOELG KAl OTA TELPAUATA, TToU lval
ULKPOTEPO amo to UYPog TG okovng (30um), omote n véa otpwaon Tou Snuioupyeital Sev
umopel va cuveBel e To UTIOCTPW .

JUUMEPAOUOTIKA, N onpoaoia TNG HEAETNG AUTNE TG Mepimtwong elvat va avadeifel OTL To
MOVTEAO TIOU XPNOLUOTIOLEITAL OTNV MPOCOUOIWoN €lval XpAoLHo 0L Hovo va TPoBAEYeL To
TAATOG Kol To BAB0o¢ Tou TyHATog, aAAd emiong Kal va mpoBA£Pel Ta mbava ehattwuata
TIou KAOe cUVSUOUOC MAPAUETPWY KATEPYAOLOC Umopel va epdavioet.

J1c meputtwoelg tou keyhole, to oxfua-V mou oxnuatiletal oto 195W-750mm/s kat oto
195W-500mm/s elvol TIOVOUOLOTUTIO HE TOL OVTLOTOLXOl TIELPOUATIKA, OTIOTE TO HOVTEAO TNC
napoloag LEAETNG UTtopel va poPAEPEL Ue apKeTH akpiBela tnv yewpetpia tou keyhole.

Akopa, propeil va mapatnpnBel otL yio otabepn woxy Aéllep, To BABOC TOU TAYHATOG
auéavetal otav n TaxlTNTO 0ApWONG HELWveTAl. AutO ocupPaivel emeldn ywo XapnA€g
TOXUTNTEG 0ApWOoNG, KAOE MEPLOXN TOU LOVTEAOU EMNPEALETAL YLO. TIEPLOCOTEPO XPOVO AT
TNV oYL tou ALlep, omote n Bepuokpaacia tnNg kKABe Teploxng avéavetal, emnpealovrag Kot
ta Babutepa otpwpata. Autr) n avgnon tou Babouc yla xapnA£g TaxUTNTEC 0APWOoNG Uopel
eniong va mpoPAedOel and tnv mpooopoiwaon TNG mapoloag LEAETNC.

TéAog, otnv Tapoloa PEAETN, OMOU MPOCOUOLWVOVTAL UOVO SOKiULa UOVOoU TEPACHOTOC
(single tracks), epdavilovtol TOC0 OTIC TPOCOUOLWOELG 00O KOl OTO TIELPAPOTIKA deSopéva,
oL SopEC Twv paptevoltwy o (mpwtelwv), o’ (Seutepevwy) (Etkdva 21). Autd onuaivel OTL TO
MOVTEAO TNG mMapoloag MeAETNG Mmopel va TpoBAEPEL Kal tnv HKpodour) tou SLM-
katepyaopévou Ti6AI4V.

Single-track Multi-layer

Layer thickness

Melt pool
boundary

ﬁ o (primary)
(secondary)

. o (tertiary)

Ewova 21 H g€€Aién tng utkpobdourig ae Stapopa €idn dokuiwv Ti6AI4V.



AvdAuon tou 50W-1200mm/s

AeSopévou OTL 0 CUVSUOOUOC TWV TIOPAUETPWY TIOU XPNOLUOTIOLELTOL O QUTH TNV Tiepimtwon
elvat akatd@AAnlog, To Tyua mapouctalel eAattwpota Adn amd Tnv Evapén TN katepyoaoiag
(Ewova 22a). To mAdToc Kol To BaBog Tou THYUOTOG Kal N KATavopr Thg Bepuokpaciag oto
TNYHEVO UALKO eival aotabn. MNa autd tov Adyo, oto Ewkova 22b, yivetal BpuHATIONOE TOU
THYHOTOG ToU 08NYEel 0TNV CUGCWPEUON TTEPLOCOTEPNG BEPUOTNTAC OTO KEVIPO TOU THYUEVOU
UAWKOU.

Time=2.2917E-4 Accumulative melting pool for 50W - 1200mm/s Time=4E-4 Accumulative melting pool for 50W - 1200mm/s
x10° x10°
a) - b) -
0.04 3.4 ; 34
3.2 -0.05 3.2
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702713 027 3
I m 0.24
2.8 2.8
0.6
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2.4 24
- 03 22 22
z ;. mm z i
Yulox 0.25 2 Yd.x 2
Time=6E-4 Accumulative melting pool for 50W - 1200mm/s Time=7.25E-4 Accumulative melting pool for 50W - 1200mm/s
x10° x10°
mm mm
c) 34 d) 01 34
: 01 [32
024 f3
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Time=8.2917E-4 Accumulative melting pool for 50W - 1200mm/s

e)
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0.24

Ewkéva 22 EEEAEN Tou Tryuatoc oto 50W-1200mm/s.
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AUt n cucowpeupévn Bepuotnta obnyel oe mMoAU udnAéc Bepuokpaoiec os auth tnv
TEPLOXN), HE QTMOTEAEOMO TNV UTeppey€Buvon tou BABou¢ Kal Tou TAATOUG AUTAC TNG
mieploxns (Ewkova 22c¢) Kot TEAIKA, 0TOV OXNUOTIORO adatpikol shattwpotog (Ewtkova 22d).
MapoAa auTd, TAUTOXPOVA LE TOV OXNMATIONO ToU odalplkol EAATTWHATOC, TO AELlep THKEL
pla «véa meploxn» UMPootd amo 1o odalplkd eAATTWUA, e oTaBepo Babog kat MAGTog, mou
amodEeLKVUEL TNV HOVLIUN Katdotaon (Eltkdva 22c). Opwe, Adyw tou uPnAol Adyou TaxutnTag
oapwaong-loxVoc AéLlep, auTr N LOVLUN Kataotaon ivatl SUokoAo va dlatnpnBel katl apéowg
apxilouv va gpdavitovral acuvexeleg (Ekova 22d). TéAog, otnv Elkova 22e, yivetal ocUyKpLon
METAEU TNG Mpooopoiwong Kol TwV TEWPAUATWY, TOU aAmodelkVUEL TNV LKAVOTNTA TOU
povtélou va poPAEPel uBava eAaTtwuaTa.

AvdAuon tou 195W-750mm/s

TNV apxn g Katepyaoiag, to Aélep «okdBeL» to UAKO wote va Snuoupyriost to keyhole,
omote N taxVTNTa adaipeong tng nalag sivat katakopudn pe popd mpog ta KATw (Elkdva
23a). Kabwg to keyhole auv€avetal, n taxutnta £xeL meplocoTEPO Slaywvia KatelBUvon, Wote
OXL LOVO va oKAPeL To UAKO, aAAd Kal va Kivel To keyhole mpog ta epmpog (Ewkova 23b, c).
Otav emutevxBel n UoOvVIUn katdotoaon e€AToNng, n TaxUTNTa £xel Kupiwg oplloviia
KaTeLOUVON, TTIOU CNUALVEL OTL TO oKAWY Lo oTapatd (kal to Babog Tou TyHatog dev aAlalel)
kot To keyhole kivettat povo mpog ta umnpoota (Ewova 23d, e). EmumAéov, oe autr tnv
KOTAOoTAON, N TaXUTNTA Elval opolopopda KATAVEUNUEVN OTO UITPOCTLVO TUAMO TOU TTAQivoU
Tolywpatog Tou keyhole, emeldr) g auTr TN XPOVIKN OTLYUN To A£LleEp TEPVA aKPLBWG MAVW
and auth v meploxn. TEAOG, OTOV EMLTUYXAVETOL KAl N HOVIUN KATAoToon METAPOPAS
BepuodtnTag, n taxvtnta cuveyilel va gival kuplwg oplovtia (Etkova 23f). Nopoia autd, edw
n taxvtTnta dev eival opolopopda Katavepunuevn, oAAd n adaipeon UAKOU eival peyaAltepn
OTO MAVW UEPOG TOU TAAIVOU TOLXWHOTOG OO OTL OTO KATW PEPOC. AUTO cupPaivel emeldn
QUTI TN XPOVLKA OTLYUN, TO AEL{EP €XEL TPOOTIEPACEL QUTH TNV TIEPLOXNA KAl N LoXUG Tou AéLlep
Sev unopei va dptdoel oe oAOKANPO TO TTAQIVO Toixwua. Elval emiong xprowo va mopoatnpnOel
OTL L0 LLKPH KATakOpudn Kot e $opd mpoc Ta KATW ToxUTNTA avOmTtUCOETOL OTLG OTOTOEG
OKUEG TIOU €XouV Ttapapeivel otov mubpéva tou keyhole. Autd onpaivel 6tL to SLM clotnpa
nipoomaBel amod povo tou va okdPel kot va SLopBwoel andToua EAATTWUATA, 08NYWVTAG O
pio opaAn emiddvela tou keyhole. 2tnv Ewkova 23g Sivetal to mMARPeg HOVIEAD, OTOU €lval
OPATEC OL TIEPLOXEG TWV PapTevoLlTwY o’ (MpwTelwv) Kat o’ (deutepelwv).
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Time=2.4E-5 Temperature field of the melting pool for 195W - 750mm/s Time=7.4665E-5 Temperature field of the melting pool for 195W - 750mm/s
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Ewkéva 23 H e&€Aién tou keyhole ato 195W-750mm/s.
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AvdAuon tou 195W-500mm/s

Time=3E-5 s Temperature field of the melting pool for 195W - 500mm/s Time=1.4E-4 s Temperature field of the melting pool for 195W - 500mm/s
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Ewkéva 24 H eé€Aién tou keyhole ato 195W-500mm/s.
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Itnv apxn g Katepyaoiag, to Aélep «okaBeL» to UAKO wote va Snuloupyriost to keyhole,
OmoTe N taxVTNTA adaipeong tng nalag sivat katakopudn pe popd mpog ta KATw (Elkdva
24a). KaBwg to keyhole auéavetal, n taxutnta £xeL meplocotepo Slaywvia Katevbuvaon, wate
OXL LOVO va oKABEL To UAKO, aAAd Kal va Kvel To keyhole mpog ta epmpdg (Etkova 24b). Otav
gmteuxBel n poviun kotaotaon e€ATULONG, N TOXUTNTA £XEL KUPLWE opllovTia katevBuvan,
TIOU ONUOLVEL OTLTO OKAY O oTapatd (Kot to Babog tou typatog Sev aAhalel) kat to keyhole
Kweltal povo mpog ta pnpootd (Ewkova 24c, d, e). EmutAéov, o€ auth TtV KAataotaon, n
TaxVTNTA €lval OpOLOPOPdA KATAVEUNUEVN OTO UMPOOTIVO TUAMA TOU TIAQIVOU TOLXWLATOG
tou keyhole, emeldn og autr T Xpovikn oTlyun To Aéllep mMepva akpLBWES Avw anod auth TV
neploxn. MapoAa autd, auth n opolopopdn KAatavour SLAKOMIETAL O L0 LUKPH amoToun
TiepLloxN Kol PETA gpdaviletol Eavd petd amo auth tnv meploxn (Ewkova 24c). e autn tnv
Tieploxn Umopei va nmoapatnpnBel 6tL oxnuatiletal pia ywvia oxedov 90°, 6mou n emipavela
ToU MAQivoU TOLYWUOTOG O QUTH TNV MEPLOXA lval Katakopudn (mapdAAnAn pe tov afova
z). AUTO €)Xl WG aMOTEAECUA OL EAsUBEPEC ETUPAVELEC TWV OTOLXELWV TOU TTAEYUATOCG QUTNAG
NG MEPLOXNC VA Elval eMioNG KATAKOPUGDEG, TTIOU CUAIVEL OTL AUTA TOL OTOLXELO TOU MAEYHATOC
UIopoUV Hovo va ehATTovVTaL e TNV TiepLPEPeLa Tou «KUAIVEpou Tou A€Llep» Kal TTOTE Sev
pmopoUV va tunBolv amnod tnv aktiva Tou Aéwlep. EmumAéov, n nepldpEpela Tou KUALvEpou Tou
AélWlep Sev €xel kaBoOAou Loxy (AOYyw TNC yKAOUGLAVHG KATAVOUNG TNG €vtaong Tou Aéllep),
OmoTe eV UTApPXEL petadopd Bepudtntag os autr TtV neploxn (Elkdva 25). Mpokelpuévou va
UETAKIVNBEL auUTA n TEPLOXN TPOG TO EUTPOC, AUTH N OMOTOUN YWVIO TIPEMEL TTPWTA Va
okadptel. Otav n meploxy avt okadtel (Ewova 24d, e) n opulovtia toxuTnTA TOU
avantOooETOL EKEL elval peyaAUTepn amd TV TaxUTNTA TOU UTIOAOLTIOU TTAQVOU TOLXWHOTOC,
£T0L WoTE va To podTAoel KaBwC KVelTAL TTPOG T EUMPOC. TEAOG, OTAV ETUTUYXAVETAL KAL N
UOVLUN KatdoTtoon petadopdc Bepudtntag, n taxutnta cuveyilel va sival kuplwg opllovtia
(Ewkova 24f). NapoAa autd, edw n taxvuTnta Sev gival opoldpopda Katavepnpuévn, oAAd n
adaipeon UALKOU eival peyaAUTeEPN OTO MAVW HEPOG TOU TAQIVOU TOLXWHATOG oo OTL OTO
KATW HEPOC. AUTO cUpPalveLl ETTELSH AUTHA TN XPOVLKA OTLYUN, TO A£llep £XEL TIPOOTIEPAOEL AUTA
TNV TEPLOXN KaL N LoxUg tou Aéllep Sev umopel va dtdoel oe oAOkAnpo to TMAAivO Tolywua.
Elval emiong xpriowo va mapatnpnBel OtL akopo Kol otnv TARPN HOVIUN Katdotaon,
OMOTOUEG OKMEC Mmopel va SnuioupynBolv oto HéGO Tou TAdiIvoU TOLXWHATOC, TOU
SLOKOTTOUV TNV 0pL{OVTLO TaXUTNTA O AUTH TNV MEPLOXN HEXPL Vo okadTel. 2tnv Ewova 24g
Slvetal To AN PeG HOVTEND, OTIOU €lval OpOTEC OL TIEPLOXEG TWV HOPTEVOLTWVY o (MPWTEVWV)

KoL a’ (deutepelwv).

laser beam

Ewkova 25 Aev untapyet aAAnAenibpaon UeTaEU TNG akTivac
AEL{EP KL TNG KATAKOPUPNC ETILPAVELXG EVOC OTOLYEIOU TOU 54
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MNoocooto peiwong Tng LEYLoTNG Evtaong Tou Aéwlep
H évtaon tou Aéilep (mﬂ) opietal w¢ n LoXUG Tou AéLlep ava povada enipaveiag.

m2

Otav pia aktiva Aéllep pe apxLk eMdAVELA AKTIVOG A1 TIPOOTILITTEL O€ pia eMLpAvELQ,

TOTE TO EUPASOV TNE AKTIVAG TTOU E€PXETAL O€ «emadn» Ue TNV emipavela divetal anod

TNV MAPAKATW OXEOoN:
1

cosVpc

Az = A1 (54)
Onou ta A4, 4, kat 9y, neplypadovtal and v Ewova 26:
Al

laser beam —>

Ewkova 26 H aktiva A€lep o€ «emopn» Ue pio
ETTLPAVELQ.

Onwg napatnpeitat and tnv (54), ya 9, = 0, 6mou n emudavela eival opl{oviia (to onolo
QVTUTPOOWTEVEL TNV APXLKN ETILGAVELA TIOU €PXETaL OE emadn e TNV aktiva Tou Aélep), A, =
A;. AvtiBeta, 6tav 0° < Ui, < 90° (to omolo aviutpoowreVel TNV ETKALVY €TLPAVELD TOU
keyhole), A, > A;. Duowkd, kabBwg to keyhole yivetal BaButepo, n kKAion audavetatl, ondte n
A, auéavetal Kal n €vtacon Tou AEWEP PELWVETOL.

AUTO T0 PALVOLEVO TTOOOTLKOTIOLE(TAL OTO Aldypappa 26:

Percentage reduction of maximum power intensity
60%

50%
40%
30%

—195W - 500mm/s
20% —195W - 750mm/s

Percentage reduction

10%

0%
0 0.0001 0.0002 0.0003 0.0004

Time [s]

Aaypauua 26 [Nooooto Ueiwong TNG UEYLOTNC EVTAONC ToU AELep.
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ZTnv apxn, omou to keyhole cuvexwg yivetal kat BabButepo, To MOCOOTO HelwanG TNG LEYLOTNG
€vtaong tou Aéwlep avéavetat. Otav to keyhole ¢ptavel otn poviun kataotaon Kot to Bdbog
Tou Sev aAAALEL, TO TTOCOOTO HELWONC TNG MEYLOTNC £vToonG Tou A£lep TOAQVTWVETAL YUPW
amo pio otabepn Tun.

PuOua¢g anofoAng uAtkol

Material Removal Rate

60
)
B
50
E
3
g 40 Average 17.11 mgr/s
g 30
g —195W - 500mm/s
& 20 —195W - 750mm/s
©
5 10
= Average 16.48 mgr/s
=
0
0 0.0001 0.0002 0.0003 0.0004
Time [s]

Aaypoauua 27 Puduog anoBoAng uAtkou.

Onw¢ napatnpeitat oto Atdypappa 27, o pubuodc amoPfoAng uAkouU Sev eival otaBepog, aAla
gfaptdtal amd TNV OXETIKA B€on Hetafly TG oktivag tou AEWep KoL TOU TNYHOTOG.
JUYKEKPLUEVQ, Ol KOPUGDEC TOU SLOYPAUUATOC QVATTAPLOTOUV TIC OTLYUEG TIOU N aKTiva Tou
AéWlep elval mavw amd To TNYHEVO UAKO (UALKO pe Beppokpaocieg avw twv 1923.15K)
au&avovtag akOpa TIEPLOCOTEPO TNV DepUOKPACIO O QUTH TNV TEPLOXH, TIOU AUEAVEL TNV
g€atpon tou UALKoU. AvtiBeTa, Ta eAdxLoTa TOU SLayPAMOTOG OVTLTPOCWITEU OUV TLG OTLYUES
TIOU N aKTiva Tou AELZEP KIVELTOL UTTPOOTA TIPOG i «vEa» oTepeN TiEPLOXN (e BEpUOKPAOLEG
KATw Twv 1923.15K). & autr tnv nmepintwon to UALKO xpelaletal mpwta va tnxOel, onote o
puBuoc e€atulong edw elval xapnAdtepog.

Akopa, ywa otaBepn Loyl Aélep Kal TaxUTNTA 0APWONG, OL TIMEC TOU puBpol amoBoAng
UALkoU daivetal va eival avefdptnteg amno to fabog kat To Adtog tou keyhole. AvtiBeta, yla
161e¢ LoXUG Aéllep Kal SLOPOPETIKEG TAXUTNTEG CAPWONG 0 HECOG pUBUOG amoBoAnG UALKoU
oANGTEL. JuyKeKplUEVA, yla YOUNAEC TaXUTNTEC OAPWONG, TEPLOCOTEPN Oepuotnta
amoppodatal and TNV KAOe TEPLOX TOU HOVTEAOU, omodte n Bepuokpacia auEavetal
TEPLOOOTEPO Kal peyoaAUtepn palo adatpeital. Autd odnyel os peyalltepo péco pubuo
amoBoAng uAkol oto 195W-500mm/s amd 6tL oto 195W-750mm/s.
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Tuunepaocpato

2Tnv mapovoa SUTAWHATIKA epyacia, avantioostal éva Bep ko LOVTEAO yLla TNV TpOBAedn
TOU TTAGTOUC Kol Tou BaBoug SLM-katepyaopévwy tepayiwv TibAl4V povol mepdopatog e
1810TNTEC TIOU €€apTWVTAL OO TN BEPUOKPACLO KOl XPNOLUOTIOLWVTOC HOVO £VaV AYVWOTO
ouvTeAEOTH oL ammattel KaAtumnpaplopa. H e€dtuion Tou uAKoU Kal n adaipeon palag, HEow
™MC¢ TapapopPwonc Tou TAEYHOTOG, £XOUV E£miong ocupmeplAndBel mpokewwévou va
npocopolwBei To patvopevo tou keyhole. OL TPOCOUOLWAOELG TTOU TTpaAyUATOTOLOnKav eival
oL €€nc: a) 50W-1200mm/s (conduction popdn), B) 195W-750mm/s (keyhole popdn), v)
195W-500mm/s (keyhole popdn).

Ta amoteAéopata £€8eL€av OtTL:

H np6BAedn tou MAATOUG Kat Tou BAB0oUG 0g OAEG TIG TIEPUTTWOELG Elval o€ cupdwvia
UE Ta Telpapatika dedopéva amnod tn BiBAoypadia, kabwg oAa ta opaApata sival
KATW oo 16%.

O uPnAdg Adyog TaxuTNTOG OAPWONC TPOG LoXU A€Lep TIOU XpnoLUoToltiBnke otnv
conduction popdn odnyel oe akatdAnAa TeAKA TpoiovTa e odaLlPLKA EANTTWHUATA
KOl OOUVEXeEleG. MopoOAa auTd, TO MOVIEAO TNG Mapoucds epyaciag Umopsl va
TipoBAEPEL aUTA T EAATTW AT,

Ytnv keyhole popdr, cupnepappavetal n €dtuion tou UAIKOU Kol n adaipeon
pafog. EmutAéov, to povtélo TOU TpoTelveTal otnv mapoloa epyocia OxL HoOvV
TipoPAETEL TO MAATOG Kal To BaBoc tou keyhole, aAAQ emiong MPOCOUOLWVEL KAl TLC
TEPLOXEC TWV HOPTEVOLTWY ' (MpwTelwV) Kal o’ (Seutepelwv).

MNpotaon yo LeAAOVTLKA £pEuva

MPOKELUEVOU Va HELWOEL 0 UTTOAOYLOTIKOG XPOVOG KOl TO KOOTOC, TO TOPWV UOVTEAD Sev
nepAapBAveL peuoTounXavika ¢alvopeva, OMwE €ivol n por Tou TAYUOTOC Kal TO
dawvopevo Marangoni, pe anotédeoua va pnv pnopel va mpoPAEPeL tnv cOVOALPN Twv
mAaivwy Tolywpatwy tou keyhole. Omote, wg peAAOVTIKNA €pEUVA, TO TTAPWV UOVTEAD Ba
UTOpoUCE va CUUMANPWOEL HE TO PEUCTOUNXAVIKA GALVOUEVA, TIPOKELUEVOU VA
TIPOCOUOLWOEL TTARPWG Thv SLM katepyaoia.
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