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Introduction

Additive  Layer  Manufacturing  (ALM)  is  a  

production  process based  on  a  processing  

idea  called  “Material  Incremental  Manufacturing”

(MIM) in  which  a  component  is created, starting 

from a 3D model, by deposition material layer by layer   
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Parte I: Generalità sul processo di produzione additiva
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ADDITIVE MANUFACTURING OF METALS

CLASSIFICATION BASED ON FEEDSTOCK MATERIAL

- WIRE

- POWDER
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WIRE ARC ADDITIVE MANUFACTURING



antonello.astarita@unina.it DCU, 06/09/2018

DIRECT METAL DEPOSITION
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COLD SPRAY DEPOSITION ADDITIVE MANUFACTURING
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POWDER BED FUSION ADDITIVE MANUFATURING
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2. What You See Is What You Build
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3. Weight Reduction
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5. Customization
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6. DLD: repairing
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Sandblasting

Sandpapering

Vapor smooth

Polishing
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CNC MACHINING Chemical Polishing
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8. Application
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POWDER BED FUSION ADDITIVE MANUFATURING

SOME FUNDAMENTAL ASPECTS

POWDERS

PROCESS

POST TREATMENTS

• HANDLING

• RE-USE

• CHOICE (SIZE, SHAPE, DISTRIBUTION, FABRICATION)

• MIX (TO TAILOR THE PROPERTIES OF THE COMPONENT

• PARAMETERS (POWER, SCAN SPEED, LAYER 

THICKNESS, GAS)

• REPETEABILITY (DIRECTION OF GROWTH, POSITION 

WITHIN THE BUILDING CHAMBER, ANISOTROPY)

• MAXIMUM DIMENSIONS 

• DEFECTS (POROSITIES, RESIDUAL STRESSES, 

SURFACE ROUGHNESS)

• HOT ISOSTATIC PRESSING (REDUCE POROSITIES)

• HEAT TREATMENT (TAILOR MICROSTRUCTURE AND 

STRESS RELIEF)

• SURFACE TREATMENTS (IMPROVE SURFACE 

FINISHING)

MATERIALS • DEVELOP THE PROCESS FOR MORE MATERIALS
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TOPICS COVERED IN THIS PRESENTATION

POWDERS

• CHOICE

• MIX

• HANDLING

• RE-USE

PROCESS

• PARAMETERS CHOICE FOR NEW MATERIALS

• SOLID JOINING OF ADDITIVELY MANUFACTURED PARTS

TREATMENTS

• CHEMICAL TREATMENTS

• HEAT TREATMENTS

• FLUIDIZED BED TREATMENTS



antonello.astarita@unina.it DCU, 06/09/2018

POWDERS

CHOICE: FABRICATION METHOD AND SHAPE

GAS ATOMIZED 

POWDERS

MECHANICAL 

PRODUCED 

POWDERS
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POWDERS

CHOICE: FABRICATION METHOD AND SHAPE
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POWDERS

CHOICE: FABRICATION METHOD AND SHAPE

• CONTROL THE GAS ATOMIZATION PROCESS

• CHECK THE POWDERS THAT YOU USE
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POWDERS

CHOICE: HANDLING AND RE-USE
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POWDERS

CHOICE: HANDLING AND RE-USE
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POWDERS

CHOICE: HANDLING AND RE-USE

1 mm
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POWDERS

CHOICE: HANDLING AND RE-USE
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POWDERS

CHOICE: HANDLING AND RE-USE
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POWDERS

CHOICE: HANDLING AND RE-USE
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POWDERS

CHOICE: HANDLING AND RE-USE
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POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL

INCONEL 718

P
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R
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POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL

1% CU

LEAF SHAPE
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5% CU

LEAF SHAPE

POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL
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POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL

1% CU

LEAF SHAPE
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5% CU

LEAF SHAPE

POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL
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POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL

5% CU

SPHERE SHAPE
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POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL

20% CU

SPHERE SHAPE
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POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL

5% CU

SPHERE SHAPE
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POWDERS

MIX: TAILOR THE PROPERTIES OF THE MATERIAL

20% CU

SPHERE SHAPE
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POWDERS

POWDER HANDLING: POWDER BED DEPOSITION
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| Additive manufacturing: how does it work ?
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| Additive manufacturing: Issues
• Repeatablity

• Variation of mechanical properties in the chamber

• Defects (keyhole, lack of fusion, porosity etc.)

Powder bed 
deposition

Laser melting 

Cooling and solidification
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| Focus: the powder bed

⚫ Speed of the recoating device.

⚫ Layer thickness.

⚫ Shape of the recoating device.

⚫ Powder bed solid volume fraction.

⚫ Effective layer thickness.

⚫ Material/shape segregation.
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| Literature 
Layer thickness
[1,2,3]

A ratio between the layer thickness and the particles’ diameter close to 1 can hinder the spreading
process leading to the formation of voids and jamming phenomena
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| Literature 
Speed of the recoating device
[4,2] 

A lower spreading speed gives better results in term of void fraction and roughness of powder bed. 
However this impact is strongly related to the shape of the recoating device and to the characterisics of 
the powder.
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| Literature 
Cohesive effects
[5,6] 

An incorrect modeling of the cohesion effects can compromise the results and lead to anti 
physical bheaviour
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| Literature 
Experimental analysis
[7,8] 

Most of the works are still focues on developing a reliable strategy to obtain the powder bed 
characteristics at the loose state. Usually focused on one characteristic.
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| Literature 
Numerical Experimental

• Not calibrated
• Does not faithfully reproduce the process

(i.e. gemoetry, only considers one part of 
the process etc.)

• Mostly not validated

• General scarcity of data
• No reliable strategy to acquire the 

characteristics of the powder bed 

Open questions

Experimental analysis of 
the loose powder bed Mix of heterogeneous

powders

Interaction with the 
previous layer

Parameter optimizationInteraction with 
geometrical features
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| Discrete element method
Contact detection

and particle overlap

Force-displacement

law applied to each

contact

Apply Newton’s second law

to calculate the resultant

motion of the particle
Force

Update position 
and velocity

Δt

Force-displacement law:

𝐹 = 𝑘𝑛𝛿𝑛𝑖𝑗 − 𝑦𝑛𝑣𝑛𝑖𝑗 + 𝑘𝑡𝛿𝑡𝑖𝑗 − 𝑦𝑡𝑣𝑡𝑖𝑗

𝑘𝑛 =
4

3
𝐸′ 𝑅′𝛿𝑛

Overlap δ

Nonlinear Hertz-Mindlin Additional cohesive force simplified
Johnson-Kendall-Roberts

𝐹 = 𝑘𝐴
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| Powder Spreading simulation
• Material segregation • Velocity profile

• Particle size 

• Local packing factor and density
• Local variation of the PSD
• Effective layer thickness
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| Experimental device

Micrometric screws to adjust the layer
thickness and powder feedstock

Removable blade

Control panel with 6 different
blade’s speeds and selectable
temperature for the plate

Set of portable microscopes with 
different leves of magnification
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| Experimental device

Extract samples of the 
powder bed to measure
the local density

Analysis of Sem images to study 
variations in the PSD and 
characteristcs of the powders

Acquire images on situ at different levels
of zoom with a portable microscope to 
perform analysis of the powder bed 
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POWDERS

POWDER HANDLING: POWDER BED DEPOSITION
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POWDERS

POWDER HANDLING: POWDER BED DEPOSITION

A force chain can 

occur during the 

fabrication process. 

The resultant forces

can damage the  

fabricated part
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POWDERS

POWDER HANDLING: POWDER BED DEPOSITION

INFLUENCE OF LAYER THICKNESS ON PACKING DENSITY



antonello.astarita@unina.it DCU, 06/09/2018

INFLUENCE OF POWDERS FLOWABILITY

POWDERS

POWDER HANDLING: POWDER BED DEPOSITION
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POWDERS

POWDER HANDLING: POWDER BED DEPOSITION

Ar= ASPECT RATIO OF THE PARTICLES

V = SPREADING VELOCITY OF THE POWDERS
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POWDERS

POWDER HANDLING: POWDER BED DEPOSITION

SPREADER GEOMETRY
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TAKE CARE OF THE POWDERS!!!
THEY RULE THE PROCESS!!!
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Interaction between Laser Beam and Powders

S.M. Thompson et al. An overview of Direct Laser Deposition for additive manufacturing;
Part I: Transport phenomena, modeling and diagnostics, Addit. Manuf. 8 (2015) 36-62.
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Interaction between Laser Beam and Powders

S.M. Thompson et al. An overview of Direct Laser Deposition for additive manufacturing;
Part I: Transport phenomena, modeling and diagnostics, Addit. Manuf. 8 (2015) 36-62.
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COPPER CONTENT (0%; 1%; 5%; 20%)

COPPER PARTICLES SHAPE (SPERICAL, COMPLEX SHAPE)

LAYER THICKNESS (30 MICRONS; 45 MICRONS)

SCAN SPEED (20 DIFFERENT VALUES)

LASER POWER (20 DIFFERENT VALUES)

SCAN STRATEGY KEPT CONSTANT

Island size = 5 mm

EXPERIMENTAL PLAN

MEASURED OUTPUT
PROCESS PARAMETERS

MICROSTRUCTURE

MICROHARDNESS

DENSITY

THERMAL CONDUCTIVITY

POROSITY ANALYSIS

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX
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1 mm

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE



antonello.astarita@unina.it DCU, 06/09/2018

Upskin –

IN1; 

P=170 W; 

Vs = 530 

mm/s;

1 mm

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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Upskin –

IN10; P= 

210 W; Vs 

= 655 

mm/s;

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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Upskin –

IN20; P= 

220 W; Vs 

= 820 

mm/s;

1 mm

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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Upskin –

IN20; P= 

220 W; Vs 

= 820 

mm/s;

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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Core – N1; 

P=350 W; 

Vs=1700 

mm/s;

1 mm

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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Upskin–

N1; P=350 

W; Vs=1700 

mm/s;

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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Core – N10; 

P=372 W; 

Vs=930 

mm/s;

1 mm

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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Upskin –

N10; P=372 

W; Vs=930 

mm/s;

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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N1; 

P=350 

W; 

Vs=1700 

mm/s;
% CU

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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N10; 

P=372 W; 

Vs=930 

mm/s

% CU

PROCESS

PROCESS STUDY FOR INCONEL 718/COPPER MIX

MICROSTRUCTURE
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ADDITIVE MANUFACTURING: MULTILEVEL MICROSTRUCTURE

PROCESS

SOLID STATE JOINING OF AM PARTS
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ADDITIVE MANUFACTURING: MULTILEVEL MICROSTRUCTURE

100 µm

PROCESS

SOLID STATE JOINING OF AM PARTS



antonello.astarita@unina.it DCU, 06/09/2018

PROCESS

SOLID STATE JOINING OF AM PARTS
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PROCESS

SOLID STATE JOINING OF AM PARTS
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LINEAR FRICTION WELDING OF TI6AL4V PARTS MADE THROUGH ELECTRON 

BEAM MELTING

PROCESS

SOLID STATE JOINING: LINEAR FRICTION WELDING
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(a) 

 
(b) 

 

PA
Z 

BM 

WCZ 

BM 

TMAZ 

TMAZ 

1 mm 

0.5 mm 

 
(a) 

 
(b) 

 

P
A

Z
 

BM 

WCZ 

BM 

TMAZ 

TMAZ 

1 mm 

0.5 mm 

Oscillation frequency [Hz]

40 45 50

P
re

ss
u
re

[M
P

a]

55 0.70 W/mm2 0.79 W/mm2 0.87 W/mm2

75 0.95 W/mm2 1.10 W/mm2 1.19 W/mm2

PROCESS

SOLID STATE JOINING: LINEAR FRICTION WELDING
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(a) 

 
(b) 

 

30 µm 

30 µm 

 layer 

 
(a) 

 
(b) 

 

30 µm 

20 µm 

30 µm 

Deformed  layer 

PROCESS

SOLID STATE JOINING: LINEAR FRICTION WELDING
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Distance from the weld centre [mm]
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PROCESS

SOLID STATE JOINING: LINEAR FRICTION WELDING
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Distance from the weld centre [mm]
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PROCESS

SOLID STATE JOINING: LINEAR FRICTION WELDING
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FRICTION STIR WELDING OF ALSI10 PLATES MADE THROUGH SELECTIVE 

LASER MELTING

PROCESS

SOLID STATE JOINING: FRICTION STIR WELDING
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PROCESS

SOLID STATE JOINING: FRICTION STIR WELDING
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PROCESS

SOLID STATE JOINING: FRICTION STIR WELDING
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PROCESS

SOLID STATE JOINING: FRICTION STIR WELDING
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PROCESS

SOLID STATE JOINING: FRICTION STIR WELDING
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Surface finishing 
treatments

Laser re-melting
Hybrid AM-

CNC machining
Shot peening

Chemical 
polishing

Electrochemical 
polishing

Abrasive Jet 
Machining

TREATMENTS

RECAP



antonello.astarita@unina.it DCU, 06/09/2018

TREATMENTS

FLUIDIZED BED SURFACE FINISHING



antonello.astarita@unina.it DCU, 06/09/2018

TREATMENTS

FLUIDIZED BED SURFACE FINISHING
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TREATMENTS

FLUIDIZED BED SURFACE FINISHING

Internal pipe finishing

(Tagliaferri et Al., 2006)
Finishing di Thermally-Sprayed Coatings

(Barletta et Al., 2008)

Finishing additively manufactured plates

(Barletta et Al., 2016)
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TREATMENTS

FLUIDIZED BED SURFACE FINISHING
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TREATMENTS

FLUIDIZED BED SURFACE FINISHING: AL-SI10 AM PART
UNTREATED ANGLE 0°

ANGLE 90° ANGLE 150°
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UNTREATED ANGLE 0°

ANGLE 90° ANGLE 15°

TREATMENTS

FLUIDIZED BED SURFACE FINISHING: AL-SI10 AM PART
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TREATMENTS

FLUIDIZED BED SURFACE FINISHING: AL-SI10 AM PART
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POTENZIALITÀ TRATTAMENTI CHIMICITREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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20 ml HF,

50 ml 𝐻𝑁𝑂3,

930 ml 𝐻2𝑂.

150 ml 𝐻2𝑃𝑂4,

34 ml 𝐻2𝑆𝑂4, 

12 ml HF,

12 ml 𝐻2𝑁𝑂3.

0,106 g  Cu S𝑂4.

CHEMICAL MACHINING: CHEMICAL BRIGHTENING:

TREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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PROCEDURA PROVE SPERIMENTALITREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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UNTREATED PRE - TREATED

TREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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TREATED

TREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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TREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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TREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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UNTREATED TREATED

TREATMENTS

CHEMICAL FINISHING OF ALSI10 PARTS
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Core – 500x Core – 5000x

TREATMENTS

HEAT TREATMENT OF IN 718/CU SAMPLES
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Core – 500x Core – 5000x

TREATMENTS

HEAT TREATMENT OF IN 718/CU SAMPLES
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Core – 500x Core – 5000x

TREATMENTS

HEAT TREATMENT OF IN 718/CU SAMPLES
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Experimental vs Johnson Cook model fitted

curve for (a) EBM Ti-6Al-4V, (b) Conventional

Ti-6Al-4V
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Processing condition

Material constants

A B n C

m Tref ሶ𝜀𝑜

Massive Ti-6Al-4V 930 1106 0.6225 0.02977

1 303 K 0.01 /s

EBM Ti-6Al-4V 949 1093 0.6515 0.02419

0.85 303 K 0.01/s
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