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What is Additive Manufacturing?

Additive manufacturing is defined by the ASTM socliety as:
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model data, usually layer upon layer, as opposed to
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Parts are made @ddingmaterialin layers eachlayeris athin cross
sectionof the pariderivedfrom theoriginal CAD data
Thethinnereachlayeris, thecloserthefinal partwill be to theoriginal.

The major waysheydiffer are:

Ain thematerialsthatcan beused

A howthelayersarecreated

A howthelayersarebondedo eachother



Development of Additive Manufacturing Technology

The Use ofayers

A keyenablingprincipleof AM partmanufactureisthe use oflayersasfinite
2D crosssectionsof the 3D model.

AlmosteveryAM technologybuildsparts usinglayersof materialadded
together, primarilydue to thesimplificationof building 3Dobjects

Using 2Drepresentationgo representcrosssectionsof a morecomplex3D
feature hasbeencommon inmanyapplicationsoutside AM.

designed model fabricated object fabricated object
(layer thickness 2A) (layer thickness h)



Classification of AM Processes

Process Technology
Laser Fusion/Sintering Electron Beam Melting

Raw Material

Binder Jetting Powder + Laser

Powder

Light Projection
Poly merization

Filament /




Precision of Features!

(Resolution of features)

Classification of AM Processes

Powder Metallic Additive Manufacturing Processes
Bed

Blown Powder
Deposition

Laser Wire

Deposition
Laser Hot

Wire?2
Ultrasonic Friction Stir

Additive COId Spray AdditiVE/M EI_D2

Electron Beam ™

o Arc-based
Deposition w
Deposition

Deposition Rate



AM standards

ISO/ASTM 52910 _

General Design Guide

F2971 Reporting data on test

ISO/ASTM 52915 AMF specimens

ISO/ASTM 52911 Format

PBF Design Guides

F3122 Guide evaluation mechanical
properties of metals

Designer
ISO/ASTM 52901

ISO/ASTM 52922 DED Desi
/ esten Purchased AM Parts

Guide

F3213 Part Properties: Cobalt-28
Chromium-6 Mo

ISO/ASTM 52912 (TR) Design for /
i : F2924 Ti6Al4V
functionally Graded Materials 25 Themmel Hos . Processiie
: i ; ; F3001Ti6AI4VELI
izl Bdinsien Desizn CLls F3302 Part Properties: Titanium via
PBF
Design Guide for Post-Processing F3055 Inconel 718

ISO/ASTM 52902 Test artifacts,
geometric capability

F3056 Inconel 625

F3184 Stainless Steel

UNS S31603 ISO/ASTM 52921 Terminology for AM-

Coordinate System

Feedstock

F3049 Characterize
Powders F3318 Aluminum
\AISilO Mg




Additive Manufacturing Standards Structure

) Qualification System Performance § Round Robin

— hetaoi
Standards
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Feedstock Materials

et Powsers Cramepowders
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Metal Polymer

Rods Fllaments

Alg'yt%mz‘ers Steel Rods
Nickel-Based
Nl Paves
ABS Fllament
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Process / Equipment

Material Powder Bed Fusion
Jetting
Directed Energy
Binder etting
Material
Extrusion

Vat Photopolymerization

Powder Material
Bed Fusion Extrusion
with Nylon with ABS

Powder Bed
puecedery | vy S

Thaokasiaber I a1

Finished Parts

Mechanical Test Methods

NDE/NDT Post-Processing
Methods Methods

Bio-Compatibility Test Methods

Chemical Test
Methods
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General Top-Level
AM Standards

* General concepts

* Common requirements
* Generally applicable

Category AM
Standards
Specific to material
Category or process
category

Specialized AM
Standards

Specific to matenal,
process, or application




Powder Bed Fusion

AllPBRorocesseshare abasicset ofcharacteristics

Theseancludeone or morethermal sourcedor inducing

A fusionbetweenpowder particles

A amethodfor controllingpowderfusion to aprescribedregionof eachlayer,

A amechanismgor addingand smoothingpowderlayers
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3D

new applications







a) Laser Power (
P)

Scanning speed ( v)

I Layer
Thickness (t)

Powder bed

Hatch Spacing ( h)

Sintered layers



Scanning
direction
ﬁ
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Lack-el-Tesion

Thermal Muid convection
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COOL AIR CAUSES
CONTRACTION

WARP

HB

ANRRRNNRNRRNRNER - HEAT ELEMENT

In somecasesthe buildplatform is alsoheatedusingresistiveheatersaroundthe build
platform.

Thispreheatingof powderand maintenanceof anelevatedand uniform temperature
within the build platform are necessary

A to minimizethe laserpower requirementsof the process(with preheating lesslaser
energyisrequiredfor fusion);

A to preventwarpingof the partduringthe build due to noruniform thermal
expansiorand contraction(resultingin curling).



Main parametersinfluencingthe quality of L-PBFcomponents
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Main parametersinfluencingthe quality of L-PBFcomponents

- ==
—% == ==
l l
[
= o=
= = EE
1 =
==
= ==
e %

_E
]
B

Iy I

\«—w»a
|

A




Main parametersinfluencingthe quality of L-PBFcomponents
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Main parametersinfluencingthe quality of L-PBFcomponents
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Main parametersinfluencingthe quality of L-PBFcomponents
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Main parametersinfluencingthe quality of L-PBFcomponents
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Main parametersinfluencingthe quality of L-PBFcomponents
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Main parametersinfluencingthe quality of L-PBFcomponents
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Main parametersinfluencingthe quality of L-PBFcomponents
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Powders

A
A

The powder material properties affect the further selection of all other process parameters;

The chemical composition, thermal, optical, metallurgical, mechanical, and rheological
characteristics of the material play a key role {RBF.

Typically, tPBF systems use metal powders ranging in size from 5non60

Granulemorphometric properties, such as the particle size, particle shape, elongation,
roundness, specific surface area, particle size distribution (PSD), etc., affect the delivery of
the powder layer, its homogeneity, and the absorption coefficient of laser radiation;

Maximum

»"

Packing Density

T
|
|
|
|
|
|
|

Small X* Large
X, Fraction of Large —»



Powders

A The most suitable powders forRBF are those with spherical particle morphology that has a
high packing density, good flowability, and are evenly deposited to the substrate;

A Powders containing a significant fraction of small particles-»frin in size are easily
agglomerated and cannot be properly deposited to the substrate.

Cubic particle Cylindrical particle

Lamellar particle Rhombohedral particle Rounded particle

Spherical particle




Al-based

alloys AlSi10Mg, AlSi7Mg0.6, AlSi9Cu3

Ni-based Nickel alloy HX, IN625, IN718, IN939
alloys

Ti-based TiAl6V4, TiAl6V4 ELIL TA1S5, CP (commercially pure) Ti
alloys

Co-based CoCr28Mo6, CoCr28W9
alloys

Fe-based 304L, 316L, 15-5PH, 17-4PH, Maraging Steel 1.2709, Maraging Steel
alloys M300, H13, Invar 36, 20MnCr5 steel, Stainless Steel CX

Cu-based CuNi2SiCr, CuSnl0, CP Cu, CuCrlZr
alloys

Precious Gold (Au), Silver (Ag), Platinum (Pt), Palladium (Pd)
metals

Refractory Tungsten (W), Molybdenum (Mo)

metals




POWDER REMOVAL




D7.4 x500 200 um

TM3000_3566 2015/06/26 1533 H D8.0 x20k  30um




| Focus: thepowderbed

. Speed of the@ecoatingdevice.
. Layerthickness
. Shapeof therecoatingdevice.

!

. Powderbedsolidvolumefraction
. Effectivelayerthickness
- Materialshapesegregation

y, build direction

> X, roller direction
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Periodic

Non-spherical @@ Neutral Wall
. (no force on particles)
particles

roller

0 0 80 70 160
Vi (mm/s)

VI 4 =0.03, S potier=4D,
V oter=0:04, 8, =4D,
Vier=0-06, 8 ;. =4D,
V! 1 =0.03, B rotler=5D,
Vitade=0:03, 8yp,4.=5D,
Viiaae=0-04, 8y,4.=4D,



(b) to=diax0. rY=70/4.

(@) to=dpax0, ¥=0.
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| Discreteelementmethod

Update position
andvelocity

Contactdetection
andparticleoverlap

Applyb S ¢ ( geyofdaw
to calculatethe resultant
motion of the particle
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| PowderSpreadingimulation

A Materialsegregation A Velocityprofile

A Localpackingfactor anddensity
A Localvariationof the PSD
A Effectivdlayerthickness




| Experimentatievice

Control panel with @lifferent
0 f | BpSe@siandelectable
temperature for theplate

Removabldlade

Micrometricscrewso adjustthe layer

thicknessand powderfeedstock Set ofportablemicroscopesvith
differentlevesof magnification



| Experimentatievice

A3000_9477 2019/07112 11:48 HL D8.3 x500 200 um

Analysis of Sem images to stuc
variationsin the PSD and
characteristc®f the powders

DI

| C
Acquireimages on sitat differentlevels Extractsamples of the Ma
of zoom with gortablemicroscopdo powderbed tomeasure PT

perform analysisf the powderbed the localdensity



POWDER HANDLING: POWDER BED DEPOSITION

SPREADER GEOMETRY
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Powderremoval, gas supply, andiitration systems

A

A

Since the powder has a large specific surface area, to prevent the metal material from intense oxidatielBthe L
process takes place in an inert gas atmosphere;

For more inert (resistant to oxidation) metal alloys-dsed, Cdased, Feased, etc.), nitrogen is used, and for more
active metal alloys (Alased,Ttbased, etc.), argon is used,;

As a result of the interaction of laser radiation with metal powder, intensive evaporation and ejection of the material
occurs.

Particles entrained by the evaporatiahmiven protective gas flow are dragged into the melting pool or ejected.

The spatter ejection depends on protective gas flows, laser plume, and dynamics of the melt pool.

BALLING EFFECT
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Powderremoval, gas supply, andlitration systems

A To prevent contamination of the surface of the powder layer a filtration system is used.

A When changing protective gases, it is imperative to change filters:
0 nitrogen and argon have different physical properties and different gas permeability,

o0 various metals deposited on the filters can react chemically, which can cause the filters to ignite and destroy the
PBF system.

A A directional flow of shielding inert gas, which uniformly flows directly over the surface of the powder layer, removes
products of the process (metal condensate and spatter particles) from thepaseer interaction zone.



INERT GAS FLOW

Laser scanning Inert gas flow
direction

Condensate‘f

: ~Metal vapour I
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Melt-pool dynamics and trackormation

A Whenthe laserbeamscansover thesurfaceof athin powderlayer energyabsorbed
from the lasebeamheatsthe underlyingmateriat

|

Laser Power

W

][ Spot Size (0) ][
N\

Hatch spacing
(HS)

|

V)

(L)

Beam Speed } [ Vector Length

J

Intensity of a
pulse (/)

Duration of a
pulse (1)

Number of
pulses (N)

Delay between
Successive Pulse (td)

Energy Stored at
the Surface



Gaussian

D=80 um D=207 um

—— Gaussian laser
—— Ring laser
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Cozzolino,E., Tiley, A.J., Ramirez A.J., AstaritaA., HerderickE. (2024 Energyefficiencyof Gaussiarandring profilesfor LPBF of nickel alloy 718 Int J Adv Manuf Technol

https//doi.ore/10.1007s00170024-135110



Interaction between Laser Beam and

Laser
* type, power, frequency

& beam profile, diameter and offset | v
¢ substrate/laser relative speed \\, %f
* scanning pattern, idle time Y/
e laser-induced plasma & pressure 1

Blown Powder Dynamics
»  nozzle specifications Blown Powder Energy Transfer |

S Z I
Melt POOI Dynamics Laser Beam ——

e melt pool/powder interaction (splashing, mass addition) B L
e temperature distribution (superheat) o ®

e radiation transpaissio Powder ————» o .:
e wetting behated layers and gas (surface tension .0 g . 3

e profile stability (boiling, vapor re-coil) o *% o o0
e fluid dynamics (Marangoni convection, density-driven flows, body fc Melt Pool s .

Heat Affected Zone (HAZ) volume/depth ¢ convection to inert gas
high heat flux transport e radiation to surroundings .
Deposited Layer

sensible heating/thermal cycling © emission, absorption
substrate interaction (heat sinking effects)

?I E Microstructural Evolution Re-melted Zone

* dendritic solidification/growth
[ * dilution of chemical constituents

LR

Solidification
enthalpy of fusion (melt pool dissolution)
re-melting of previous layers
porosity/inert gas entrapment
heterogeneous nucleation of solid participate S

x*
mushy zone thermo/fluidics Resultant Mechanical ‘
A 4

® mass transfer ;

Previous Layers

Properties
* Deformation
®  Strength

SM. Thompsonet al. An overviewof Direct LaserDepositionfor additive manufacturing
Partl: Transportphenomenamodelingand diagnosticsAddit. Manuf 8 (2015 36-62.



