¢ LIEGE

Microstructure prediction in universite
additive manutacturing

(TAGYV, AlSi10Mg, AlSI M4 materials) M S

- AM Habraken,Anne Mertens,Laurent Duchéne, Jérome Tchuindjang, /” /t/,, 5
T ran Son Hoang, Ruben Jardin, Jocelyn:Delahaye, Olivier Dedry,

Hakan Paydas, Raoul Carrus 4'etallic Materials Science

\
\
\
\
A
) N
\ /f\\ o o
AY AR
N ’/ \\
3
N ’// ™
i 56 - ~
PO ,” \\
_____ 3
&
2
2
¢
2
X

AM Habraken 6/12/2019 1




j

# BELGIQUE

FRANCE

PAYS-BAS

ANOVIANITIV




Ty
=

PUIT L LUk
-.:..---:'
] pppapaBEl

s g ey
,. ‘-E— L R w3 AR
eI _ | e R AL
SeaekuanEASEE




University campus

is up hill
in Sart-Tilman
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Materials and microstructure

Macro=Scale Structure
Engine Block
= upto 1 meter

Performance Criteria

= Power generated Microstructure

(] Efﬁciency = Grains Unit Cell
= Durability =1 = 10 millimeters
= Cost . %
Properties affected Microstructure 0 LA
* High cycle fatigue = Dendrites & Phases —
* Ductility = 50 — 500 micrometers
Nano=structure
Properties affected - Precipitates
* Yicld strength = 3=100 nanometers
* Ultimate tensile strength
» High cycle fatigue . :
* Low cycle fatigue Pr(fp erties affected .
. ‘ * Yield strength Atomic-scale structure
Thermal Growth : ;
Askeland, Fulay, Bhattacharya « Ductility + Ultimate tensile strength = 1100 Angstroms
. . . . . * Low cycle fatigue < '
Essentials of Materials Science and Engineering, + Ductility Properties affected
= Young’s modulus
2010 = Thermal Growth
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Si rich

Materials and microstructure phase

& Additive Process

network

What is the scale of interest 2

Fatigue cracks
linked to void

What are you looking for 2 Choice size up to 50U
Static cracks
i . Of fhe more linked to
Static rupture, fatigue rupture? .
microstructure

model (MP)

Where is the weak point 2

Cracks
in
MP fine
Santos Macias et al. Scripta Materialia 170 (2019)
< MP coarse
Delahaye et al. Acta Materialia (2019) | HAZ 222
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Directed Energy Deposition ‘“‘Easiest’ case

For solid Finite Element modelling = - Casel bearispeed
For Computational Fluid Dynamics < Py ﬁ
< &
] 2
o © @ ;
Reflexion: Laser [Reflexion
attenuation
Liquid pool
Gas R
Solidified part A\ Radiation
Radiation .
Convection
liquide/gaz
Convection
solid/gas Q ;
k—-——‘_—" Ab IQon):jjctlon Base
Surface tension gUIgas Radiation
Gravity cinectic Convection
solid/gas

Conduction
Liquid pool / base

R A !

Buoyancy Q
/

Conduction
Substrate powder bed / base

Marion et al.2015
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Surface tension, Marangoni, Recoil pressure

Variable surf. Tension =
+ Recoil pressure effect

Marangoni effect

Constant surface tension - - ¥ s ARecail + Marangon
30 ... ‘,..*'.'o A LI
Need to
model melt
pool fluid 60 80 100 120 110 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240 G0 80 240 180 180 200 220 260
behavior to
predict 4000K 293K Predictions of Temperature field
porosity - - + fluid free surface

S. A. Khairallah, A. T. Anderson, A. Rubenchik, and W. E. King. Laser powder-bed
fusion additive manufacturing: Physics of complex melt low and formation mechanisms
of pores, spatter, and denudation zones. Acta Materialia, 108:36-45, 2016.

—> convection-related terms can not be ignored

in calculations of the energy balance in the interaction zone

in calculations of the thermal field in the melt pool in the vicinity of the melt pool
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. . . e TERAREN During
Evolution of the microstructure predictions | H8E cooling
PhD (A.M.Habraken, 1989) V

Coupled thermo mechanical metallurgical analysis during the

cooling process of steel pieces (A.M.Habraken, M. Bourdouxhe,
Eur.). Mec A/Solids11(1992)

Microstructure = % phases

Finite element simulations
Phenomenological models based on Johnson-Mehl-Avrami-
Kolmogorov (JMAK) Deflection

[

9a0
L]

.
a b

Kinetics of Phase transformation explains depth of martensite and
curvature during cooling

0.4
700.0
T

Defl. M
Temperature

0.2

5000

-

0.0

L L i 1 L i 1
10 30 50 70 90 0
Time MIN, Time MIN.
AV HdD I daKer 0, UlY




» High temperature

rates
Totally coupled thermo metallurgic mechanical | . own materials

» Thermal history with

finite element simulations remelting, re-heating

Lack of data,
of knowledge

(DPhase transformation

N
Cd

Temperature |< Metallic structure
@ Latent heat

@ Transform.
strain &

plasticity

©

Mechanical induced transformation
kinetic modification

Charact.

Why is it not Heat generation :
mmlx'rure

easily transposed due to

. def ti
to additive etormation
manufacturing ? Stress and strain

law
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Evolution of the microstructure predictions ﬁ;‘;igrymon"tonous thermal

still lack of data..

Still effective for some cases

Experiments = TTT, often CCT oo T
. , . SN I E—Re I 1T i
JMAK model = isothermal simulations | NS NN Ree 11T Capacity to recover
NN KN A N N ‘
, , o S NN NS I TTT from CCT
Extension towards anisothermal case NN — e e
AR . then to model any

Tp® (1)
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Current Evolution of the microstructure predictions

Thermodynamic models and commercial softwares “able” to generate TTT

-2 Equilibrium diagrams (Calphad,...)

Crespo’s model
- by minimization of Gibbs energy (each contribution ...) for Ti6Al4V
IntechOpen 2011

- with extended JMAK at anisothermal case =2 kinetics

-2 Kinetics of phase transformations and phase morphology

- by Phase Field approach or Finite elements (slower) Aziziet al
. ) . ) for AlSi10Mg
Knowledge of chemical potentials derived from Gibbs energy of the phases, i TMS 2019
the nucleation force, phase interface velocity, diffusion equations, Keller et al.
chemical balance... (Tioual PhD 2019 TITAN application # Ti alloy) | For Ni-based
superalloys
Acta Mat 2017

‘ Finite elements =2 Tp°(t),
Dictra // Phase Field
— Microsegregation predictions - Machine learning 7?7

AM Habraken 6/12/2019 14
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Challenges about Additive High

Manufacturing (simulations) temperature Residual
robust stress
Long process camera - measurements

in depth

big data

> length of CPU time finite element simulation

— which tricks 2

—> heterogeneity & complex history of the temperature field

Lack of Mult1
Mixture of liquid and solid state material disciplinary

> CFD + solid FE 2 data field
- PI FEM... (Terrapon - Ponthot Bobach PhD ongoing )

3D PI FEM
High temperature gradient Tiquid-
solid
- microstructure mechanisms not well identified rerETe
- mixture of length scales mechanic

- lack of material data

AM Habraken 6/12/2019




Contents

Evolution of the microstructure predictions

Challenges about Additive Manufacturing

About Ti6Al4V and phase predictions

What is the goal with AlSi10Mg?

Why is AlSI M4 case so challenging and

interesting?

Contents lists available at ScienceDirect

Materials and Design

journal homepage: www.elsevier.com/locate/jmad

Laser cladding as repair technology for Ti-6A1-4V alloy: Influence of @mmk
building strategy on microstructure and hardness

H. Paydas **, A. Mertens 2, R. Carrus °, ]. Lecomte-Beckers ?, ]. Tchoufang Tchuindjang 2

2 University of Liege (ULg), Faculty of Applied Science, Department of Aerospace and Mechanics, Metallic Materials Science Unit, Chemin des Chevreuils, 1 B52/3, B 4000 Liége, Belgium
Y Sirris Research Centre (Liége), Rue Bois St-fean, 12, | £ Belgium

Contents lists available at ScienceDirect

Materials & Design

journal homepage: www.elsevier.com/locate/matdes

3D thermal finite element analysis of laser cladding processed Ti-6Al-4V @Cmm
part with microstructural correlations

H.-S. Tran®, J.T. Tchuindjangb, H. Payclasb, A. Mertens®, R.T. Jardin®, L. Duchéne®, R. Carrus®,
J. Lecomte-Beckers”, A.M. Habraken®*

2018
35;595 Microstructure prediction of Ti6AI4V
processed by Laser Cladding

Master Thesis

2020 PhD thesis J. Tchuindjang Elena Esteva Fabrega
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About Ti6Al4V and phase predictions

Eléments

Al

\

Fe max.

C max.

O max.

Composition %mass.

5.5—-6.5 3.5—-4.5

0.25

0.08

0.13

Parent

P hase So]uuon Treat 1050°C-30 min.

B

Temperature °C

\
\.\410°Cf S

.\.

T. Ahmed, H.J. Rack, Materials Science and Engineering:

Time sec (s)

A 243 (1998) 206-211.

Microstructure

evolution

1998

Toward a
Continuous
Cooling
Transformations

CCT

Habraken 6/12/2019



. o ge R. Dgbrowski, Archives of Metallurgy and
About Ti6Al4V and phase predictions Materials 56 (2011) 703-707.

: - . Ti |Al| V]|Fe|C |O, [N H e
TiGAI4V G oomposntpn. e 65 | 44 | 0.15 [0.023 o.mlsolomlr p.oozlf e
| | HEIIIC | |
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About Ti6AlI4V and phase predicﬁons J.Sieniawski et al. Intech Open 2013
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About Ti6Al4V and phase predictions

Diffusional transformation (a’'—a+ B, <> a): JIMAK Model + additivity rule
f (T+dT)=1—[l-exp[—k(t/ + At)"]](1 = fr®?)

f phase fraction

k,n IMAK coefficients (depending on T)
tf = fictious time which would have resulted in fraction f of previous timestep at T + dT

Att F % |
! I—exp :‘—a[?}-”) (Tj+1)) I—-exp [_a(}':r.) iTj) )
\ T(T) (T _.fJ

]
I

P. Carlone et al.
Computers and
Mathematics with
Applications (2010)

1] fiet

L
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About Ti6Al4V and phase predictions

Displacive transformation (B—>a’): Koisitinen — Marburger model

f (D= f Ty ro, - fp)[1-exp[—y (M, = T)]I

T, temperature at which the martensitic transformation starts defining the quantity of parent
phase. If the transfo. end tp° known M then y is known

Effect of T T

For additive simulations values vary in the literature, for cooling: of composition of

parent phase

* (Tan et al. 2015) M,=1073 K S Need of

* (Kelly SM 2004) M, = 848 K thermodynamics

* (Charles Murgau C et al. 2012) M_= 898 K —> Difficult in all

e (Crespo A, et al. 2010) M.=923K M, = 673K integration points of
a FE mesh

(Jovanovic et al. 2006) M: =298 K

AM Habraken 6/12/2019




About Ti6Al4V and phase predictions

JMAK for diffusional transf.

Koistingen-Marburger
1st Cycle 2nd Cycle . .
for displacive transf.
Cooling from liquid Re-heating Cooling No am
dTidt € 410 °Cls o
N No Reverse Diffusive transf. of a’
Tliq < >
:::I)d:&s :Iéd:c;s Transformation #1
P |l WP e dws """ m """"" AU Martensitic transformations at fast
——P-transus 7 t t> % ,
- 7 R VU cooling rates (dT/dt > 410 °C/s)
7 Vel [ 1zv.| [0 ] | [ '
Y 27 7% A1 © - a
dTidt s dTidt > 4 W % M,
< | o cls 4}3’5 7 / ' 7 _ Transformation #2
2 %% Z 7 % Z . . . .
0 Troom {% 2% . 4 7 1~ Diffusional transformations during
K ) % J \ \ .
heating
dT/dt > 410 °Cls a sa+f
Tliq
Transformation #3
R Diffusional transformations at slow
—p-transys = W b-lralsuUsS . .
| cooling rates (dT/dt < 410 °C/s)
—M, o a
M;
Crespo, A.,2011 Modelling of Heat Transfer and Phase
T % B 7 Transformations in the Rapid Manufacturing of Titanium
room 7/ room
\ ) .

Components (IntechOpen)
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Experiments

Laser cladding for Ti6AlI4V alloy: influence of building strategy on microstructure and hardness.
Paydas,et al. Materials and Design 2015.

39mm

> -—
5mm EDm'r/

@=80mm

- €

15mm

$ 11—

100mm

Constant Track Length (CTL) strategy

Tran et al.
Materials &
Design 2017
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Experimental data Final microstructure in CTL

L

Etendue de la ZAT=1100um ST v Etendue de la ZAT~4500um
g (sur la mesure horizontale)
1mm

Etendue de la ZAT=1200um
(sur les 5 mesures verticales)

RER

Profondeur de Profondeur de

la ZAT=1500pm la ZAT=1600um
4

Paydas et al. Materials and Design 201 5.
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Results of indentation campaign

@ Decrease Track Length (DTL) ® ©)

HV4
00

375

350
325

0N O G A WN

300

d)

HV,
400

375
1350
325
300

Hardness maps and corresponding hardness indentation grids

Paydas et al. Materials and Design 201 5.
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Temperature measurement

» > ﬂF————————4.

 ~—

B —
Lo g—

Odd layer Even layer

Geometry of the machined substrate

1100 [

Path of laser beam (7 tracks/layer)

1000

I

900 -

800

700

600 -

500

Temperature (K)

400~

[ [ l [ [

Deposit cycles with constant track

length and time duration (10 Layers) N

300 :]

200

1

TTTTTT 7"

j
100

[
200 300 400 500 600
Time (S)
Temperature measured at the thermocouple

AM Habraken276/12/2019
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Constant Track Length strategy

FE inverse modelling to identify convection coefficient Sensitivity analysis: T° at thermocouple

[ [ [ [ [
1200~ p: 5, 52, or 100 W/m2K Set 1 Set 2 7
1100 .
~~ 1000 ) \ A\
< f \ A\ 7
N’ ~ 4
o 900 - - Experimental
=
= 800 - 7
©
o 700 |
GE) ( Set 3
— 600 - .
500 — AT end_set1:169K -
400 e AT end see=4K ¢ 7350 Solid Elements E;;gg?ﬂe
f AT =184K for Substrate
/ end_set3 9274 Nodes code
3cx)+ [ [ [ [
0 50 100 150 200
Time (S) Tran et al. Materials and
Thermal history at the thermocouple due to the first five layers Design 2017
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Temperature (K)

Constant Track Length strategy

Time-Temperature
1100; [ [ [ [ [ 7

1000

900 -

800 -

00" Validation at thermocouple for 10 layers |

600 -

500 — Simulation —
= Experiment

4200 f -

3(“) [ [ [ [ [
0 100 200 300 400 500

Time (S)

Tran et al.
Materials and Design 2017
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Temperature (K)

Decrease Track Length strategy

Times-Temperature

1000

900

o

o

o
|

-

o

o
[

a3
o
o
I
I

— Simulation
= EXxperiment

n
o
o
I
I

400 | =
Validation at thermocouple for 10 layers

300 = | |
0 100 200 300 400 500

Time (s)
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Constant Track Length strategy

Fusion zone (FZ) and the heat-affected zone (HAZ)

Depth of Fusion zone

T (K)

1933
I 1827.2
1721.4

- 1615.7

- 1509.9
14041

£ 12983
11925
1086.8
981

Laser direction

d—

-
-~ \ -
--l--- ———
-

1000 pm

2D view of thermal field within HAZ

Validation Depth Layer 1 | Layer2 | Layer3 | Layer4 | Layer5
hp, (MM) 508 688 709 730 793
Simulation
Nyaz (MM)
result 1618 1864 2174 2377 2605
HAZg+ HAZ .4
hp, (UM) 450
Not accessible, different zones cannot be
h m ’
Measured Haz (MM) 1501 recovered
HAZg+ HAZ .
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Temperature (K)

Constant Track Length strategy

Time-Temperature Point 1 — Section A
3500; [ L [ [ [ [ .
-
2500 Pomt 1 7]
.
 ligu
2000l ______ M s_Liquid]
B
1500 _
(g TB
‘( \ ‘ \( ‘ ) ( ‘ ‘4\‘(, " +
100044 ____1 l! ;Li - A AL Py L AARA ST\ AL AR PN e N '\f S_Eris_p"__f:
| || " | ';r ) ,'*”s o _________ ________________________________
I L Ms ey _ Ms_
500 - f ~
[ [ [ [ [ [ [
0 100 200 300 400 500 600
Time (s)
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Section A

Point 1

Cooling rate

Constant Track Length strategy
Time

(o)}
i
o
N
N
N
i
N
(Co)
- o ﬁ ! ! | g
_ “ o &
L _ i :
1 I S :
! |
1.v 0| ° .
I >4 0 .
g 3 :
1.0 <} 5
! |
“ !
1 i _
- " .
1 I . |
i | £ ,
1 i : \
1 I 3 \
| I = i . g L
“ “ ..%.. P e \.\ A LT o
_ | m ._ W 4 \B.V,\ 2 ©
i [ .T... _._ W\ \.\. .a ﬂ om O
[ | s | m_ \m\.\.\ + MS ﬁ O
| ! lw.__ \.\T a (= .= i 4
“ “ Si/ Bl T
- '
! T o f_-
I ! _
“ E “ “ 0
L2 }
_ m | S o (D)
] | aig g
S o M =
_ | 3!
S PR
I I e o
“ c |
“ 2 1
I I i
! 1
! 1
! 1
I 1
! 1
1
1
1
1
1
1
1

O 250 -

P

S/M) 91el

uij00D




Constant Track Length strategy

Time-Temperature Point 2 — Section A
3500, [ L [ [ [

3000 I : geansass
y U
, : gt

L —

N
gl
o
o

N
o
o
o

1500

Temperature (K)

1000

500
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Constant Track Length strategy

a

1

1

1

1

1

1

1

1

1

7 T
1

I

1

1

1

1

I

1

1

1

1

1

I

1
1

ABCDEFGHIJKLMNOPQRSTUVW HV,

35
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Temperature (K)

Decrease Track Length strategy

Time-Tem peratu re Point 1 — Section A
3500; - — ’ L B}
B pazaseess e
R
oo | GRS :
2500 | i
Ms — Yes
.
2000 foeeee e e e e e e e s_tlauid,
&
1500 _
1000
500
[ [ [ [ [ [
0 100 200 300 400 500
Time (s)
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Decrease Track Length strategy

Time-Temperature

Point 2 — Section A

3500 | | | L —
R, Py %4 P R o o ’
. @ -

2500 Ms yes |

N
o
o
o

[EEN
a
o
o

Temperature (K)

1000

500
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Decrease Track Length strategy

Time-Temperature Point = — Section A
3500; — | Point 3 > [ 7]
PR g
W
3000 . :
o Ms Yes
X 2500 - -
o T
> Ts Liquid
b 2000 o e T
©
S 8
c 1500 ] i
q) e I rTrTOOrrTrTThTI’YUTT’'T’T/mmI=T B— ________
- M +B
1000 b e = == === m —mmm e Jeno,
"""""""""" VIS Kelly VIS
________________ e
500 -
[ [
0 500
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Decrease Track Length strategy

Time-Temperature Point - — Section A
3500, [ 7
Imllll W‘
3
X 2500
o
= 2000
{o
b
Q.
= 1500
(b
}..
1000
500
[ [ [ [ [ [ -~
0 100 200 300 400 500
Time (s)
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ABCDEFGHIJKLMNOPAQR/STU HV;;

ONOOMHE WUN -

Decrease Track Length strategy

a’' martensite

-
.-ae e

$333

"oy

00
375
350
325
300

Hardness measurement (Hakan et al. 2015)
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Tran’s Conclusion 2017

Qualitative microstructure prediction with Kelly Ms value// experience
M, 800°C and 848°C M, for a_

HAZ size in substrate validated

Prediction in Constant Track Length:
* Quite Homogeneous T° history =)
e T > M, when T high

average

e attheend T< Ms but T low

Basket-weave
Widmanstditen structure

Prediction in Decrease Track Length: Basket-weave

* Heterogenous T° history =) Widmanstétten structure
* At some points : + a’ Martensite

T <Ms +T high

average

AM Habrakend16/12/2019




Crespo vs Esteva Master 2018 thesis (= quantitative)

Crespo Esteva
Liquidus 1650 °C 1660 °C
. T <-410°C/s
- ﬁ -
Boundaries rates I'<-410°C/s -410°C/s < T < -20°C/s
. T >-20°C/s
Cooling
Ms, Mf 650 °C, 400 °C 655 °C, 355 °C
t,, existance Mo Yes
Heating Equationa’ = p and a IMAK <M

AM Habraken 6/12/2019




université

Obtained Hardness values (Esteva ) v LIEGE

Mixture Law:

Hardnes = fg-hg + fo-hog+ for - hor + fo - hg

m Not too
355 i bad
1 POT Hardness \._./
L
[] X error [%]
. 325 (- S A - however
z 315 ... ® & A DTL  POI 1 0,3 other SLM
R POI 2 0,4 exp. could
é P ADTL-SM | . POI 3 3,3 not fit
= ¥ DTL - EXP with these
T 285 [ #CTL-SIM [ CTL POI 1° 3,6 M, M
D5 frerrererrses e MOTL-BXP v POI 2’ 3,7 choices
265 POI 3’ 3,7 @
255 ‘ ‘ ‘
0 2 4 6 8

Experimental data obtained from H.Paydas et al. (2015)
Phases hardness values obtained from Pederson (2002) and Crespo (2010).
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About Ti6AI4V and phase
prediction

Themodynamics approaches must be further developed
to get better knowledge about Transformations (start, end, kinetics) for various
compositions as well as element diffusion under complex Tp® history

(TITAN code T=cte... PhD Tioual Nancy supervised by Benoit Appolaire 2019)...
+ links with Phase fields

Post processing of T(t), computed by Finite elements, by Crespo type model based on
previous results could predict microstructure

- Coupling is important or machine learning....

AM Habraken 6/12/2019 44
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Goal= study of static rupture in AlSi10Mg-SLM, (...delaying it...)

J. Delahaye et al. Acta Materialia 2019
’ .o.o.o.o.o’o‘o.o ]MP fine
EXXXX XX XN '
—— 4 JMP coarse
. THAZ
8 ooooooo]MPﬁne
. RN
e [ Al Eutectic & Si
g o Al/Si
(b) Average cell size
0.7 Um
SLM process 1 m
Laser Power, P [W] 175
Beam travel speed, v [m/s] 0.195 Si in solution
Absorbed power coefficient, [—] 0.35 solid inside the
Non optimal parameters but cell: MP fine
parameters enhancing HAZ size =Mp coarse
=HAZ
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Goal= study of static rupture in AlSi1O0Mg-SLM, (...delaying it...)

melt pool S R, ': - J % T A Lo 3
b z Y N @ by e 0 SO HAZ = eutectic
oundaary ' > Al celﬁ eutect»c \. ’ 'R Si preap:tago .
: g \ & ottt : network broken,
= MP coarse . ﬁ 8 J Si coarse
‘increased’ cell % e oL Mg precipitate,
size and thick '
eutectic with H AZ C e‘l 'I
large .
precipitates _ sl1ze

melt pool core

= MPfine
‘Small’ cell size
and thin eutectic
with small MP coarse MP fine
precipitates

: Si precipitates _MPF cell size
/ Eutectic Al /&5
l"/ ,// JC e

Cell size = Si precipitate spacing

‘c
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Goal= study of static rupture in AlISi1OMg-SLM, (...delaying it...)

+ thanks to hardness

[\
(9]
|

rement . . B
Mec:.su.e ents do.no.’r f:llssocm’re Si .|n = - -I- Oiar < Onrpcorse < Oniprine
precipitate and Si within the eutectic e J.
9
S 19 -
Lower value in HAZ -2 partial s I
wn
decomposition of MPFine eutectic increases %'; 16 7 1
° ° ° ° _(:
Si precipitate size S 13-
Network of eutectic phase is broken @

10 -

I
MP

Primary Al

-
-
-
-
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Goal= study of static rupture in AlISi10Mg-SLM,

(...delaying it...)

HAZ is the risky zone —>optimal parameters should decrease its size

Use of

Rosenthal equation (‘direct’, a lot of assumptions)2>temperature history = cell parameters
or

Finite element simulations ( heavier, more details tp° hstory, need input data)

Process parameters = temperature history = cell parameters
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Thermal field during SLM - Rosenthal’s equation

P laser power Pc —vetm 5 9 o
c absorbed power coefficient 0" 9rREK (& +y )
TO building plate temperature

k thermal conductivity

(g

Laser

a thermal diffusivity Speed, v

) ) Absorbed
Moving coordinate

power, PA
system :
_ T 7
E=Xx-vt =
............................................. Speed, v &
Scan track 7 — i
] \ N Q)
'. %,
z ¢ “ Cr,:
?" Thermal i N (}01?, ‘
vy diffusivity, a 3
y & T, building plate temperature
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Thermal field and link with cell size

Thermal history during SLM — Rosenthal’s equation™:

Pc —viE+Rr)
-4 LC

Cell size vs cooling rate — Matyja’s equation?:

A = 43.27 03

Parameter used in Rosenthal’s equation:

R=(&+y*+ 2%

Ba|=

Parameter this study Tangl6”
Conductivity, k [W/mK] 150 150
Diffusivity, a [m?/s] 6.27° 6.27°
Liquidus, Tj;4 [K] 867 867
Solidus, Tse; [K] 831 831
Building Plate temperature, Ty [K] 473 308
Laser Power, P [W] 175 370
Beam travel speed, v [m/s] 0.195 1.3
Absorbed power coeffiecient, [—] 0.35 0.35

'D. Rosenthal, Weld. J. 20 (1941) 220-234.
2H. Matyja, Journal of the Institute of Metals 96 (1968) 30-32.
M. Tang, P.C. Pistorius, S. Narra, J.L. Beuth, JOM 68 (2016) 960-966.
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Boundary

o e
- -~
o~

Core Results focused on

~ \ (] e
“ N MPF, MPC Simulation
\\\ \\ °
Specd, v % 3 /| Experiment
\
—p % \
\
Moving coordinate X \'
system : ‘ v , 22 -
E=x-wt T J AT Cooling rate T : --- analytic
P > X .
% AE—At T=AT/At (g4 O cxperiment !
5 _ o |
S & £ MP coarse Iu'
3 14- width [
Cell size, A - 0 !
Cb . 9 i . N : —L
20, Matyja's equation : i
N Yy, i 2 ~ 1.0 |
; % A=4327-034 3 i
£ L This study -Q"'d
3 > 064 T f:'
y & T,, building plate temperature Z Tangle O....--
= ‘ ' 02 -
Speed, v o . ; !
—r 0 -50 -100 -150
z [um]
Thermal
diffusivity, o ‘
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Results focused on HAZ Simulation // Experiment

1 ! 1 1

1 1
-200 -130 -60 10 80 150
& [um]

ing directi 843 -
o- lasing direction 060 solidus P =370 W P=175W
- 823 - I A V=13m/s V=0.195m/s
e TO=308K TO=473K
— =64 - — width
g pe
= L. P=390 W
N —96 - 783
V=13m/s
—128 - -
e % oy, TO =308 K
s Je,
160 - 600 743 - a8 9

1 1 1 1
-140  -150  -160  —-170  -180  —190
Z [um]

Process parameters modifies HAZ width:

5 Um (Delahaye Acta Mat 2019) - fracture strain 1.8%

2 Um (Tang JOM 2017) - fracture strain 12.5%

2 Um (Zhao Mat. Sc. & Eng. A 2019)- fracture strain 11% but different loading direction and mechanism
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What about the interest of FE Simulation

Heat conduction equation : Desactivated element Qiaser

o ( oT\ o ( or oT
— k— |+ =— |k— N — h
ax( 6x)+(9y( ay)“LQ’y” PCr 5

Convection / radiation heat loss :

Powder

—k(VT.n) = Queea—h (T = Tp) — €0 (T* = T7))

Finer Mesh :
Unfused Fused powder

) -
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What about the interest of FE Simvulation ?

1. Validation and identification (1 layer) :

Melt pool depth : Thermo-physical properties :
Exp. : 90-120 um (part supplier) —Bulk : Cp(T), p(T) and k(T) measured in MMS
-IF_III_IIE!!!E!!E!!E!!!E!!!E!!!!!!;E-II_III_

i — on SLM samples
-Ilih. ""“!IIIIIIII iIIII e S
—Powder : k(T) Sih and Barlow’s model’

—Constant €

Moving Gaussian heat source :

—Tuning laser absorptivity A to calibrate

T [K] - time 0.000862

B2 831
| D - [

—Non-physical meaning of A(~0.02) for 2D
thermal model (3D model A~0.35)

! Sih et al. Particul. Sci. Technol. 22 (2004)
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What about the interest of FE Simulation ?
Melt pool depth : Cooling rate :

Exp. : 90-120 pm (part supplier) Texp = 10°K.s™ (microstructure + Matyja's eq)

Tgim = 0.9x10°K s~

QOO = pgm===== === === === mmmmmmmmmmmmmmmeeoen oo

quulduq

_________________________________________

' 2400 — ;_________________________ ________S_Ql_lg_ll_s_.g

T [K] - time 0.000862

2150
473 652 831

1900 ~
1650 : L8

T [K]

1400
1150

. . 900 -
Thermal history presents different cycles due to

multiple layers 400
- T(t) feeds a Phase Field model 00 02 04 06 08 10
- phases kinetics and Si diffusion can will be studied
- Ongoing PhD

650 -
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Common Goal = investigate static rupture and delaying it

Two complementary studies to investigate damage mechanism in SLM as built samples

Zhao et al. Materials Science & Engineering A 2019
minimum HAZ effect: process param. (thin HAZ)
+ tensile load // HAZ

Si rich network
- voids
nucleation
and crack
formation

Not in HAZ

eutectic network
with Si precipitates

- To increase
) e ok ;
Irhﬁ:_rzﬁl hh\ elongation but
L H"":i"h"".ﬁi dcreasing elastic
s e < stress
- Globularization Post
strain strain treatments (Tp° or
FSP) delay crack

J. Delahaye et al. Acta Materialia 2019

maximum HAZ effect: process param. (thick HAZ)
+ tensile load 1| HAZ

(a)

Melt pm)l ——

HAZ

(b) & i N R Damage nucleate around Si

~

Dlmplgs o » precipitates in HAZ

\ plqc1plt 5« ’J ' Crack formation in HAZ

Tang parameters (small HAZ)
= 12,5 % elongation
Delahaye param (HAZ T)

- 4,5%

AM Habraken 6/12/2019
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What is the goal with
AlSi10Mg?

‘ Interest to further investigate thermal history impact

Finite element to get representative T(t)

Phase Field approach
to better understand Si diffusion in typical positions MPF, MPC, HAZ...

Characterize by indentation mechanical behavior of different cells and Si rich eutectic network

Links to fracture behavior
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Contents

Evolution of the microstructure prediction

Challenges about Additive Manufacturing

About Ti6AI4V and phase prediction

What is the goal with AlISi1OMg?

Why is AISI M4 case so challenging and
interesting?
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Material High Speed Steel AlSI M4

* Fe-Cr-C-X alloys with X: carbide-forming element

(i.e. V, Nb, Mo or W)

* Hard carbides = High hardness and wear resistance

* Applications: high speed machining, cutting tools, hot rolling mill rolls, molds...

C__(Cr Mo |V W __[Ni_|Si_ [Fe _

1.35 4.30 4.64 4.10 5.60 0.34 0.9 0.33

AM Habraken 6/12/2019 60




Finite Element Model - Identification of input data

Material data

conduction, heat capacity, latent heat
measured on samples extracted
from the clad & the substrate
(DSC, Laser flash, dilatometry, quench dilatometer)

Boundary conditions
Convection, Radiation, laser absorption fitted by inverse modelling

target BOTH
Measured Temperature history + Melt pool depth

Laser path (velocity, idle time, tracks scheme)
Real one in 3D, simplified but per layer in 2D simulations
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Bulk samples

1 BulkSample
Laser beam speed (mm/s) 6.67 N

Laser power (W) 1100
Pre-heating (°C) 300
Mass flow (mg/s) 76
Number of tracks per layer 27

Total number of layers 36 W

4 Thermocouples
Thermal measurement in the substrate

40 x 40 x 27.5 mm (972 tracks)
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“2D FE“ - bulk samples

O .
Tp~ in the substrate
400 -
380 -
5360 -
=
340 - —FE prediction
320 —EXP measurements
300 T T T T T
6] 50 100 150 200
t(s)

Melt pool depth

Key data for identifying single set of data by

[ ] O [ ]
Predicted Tp~ in the clad
Surface—

T (K) 5 | POI 3 2=0.76
1677 POI2 Z=4.5
15238 10 — T
13706 POI 1 Z=13.77

'121?4 15_ S EEER EEEEEEEEEEEES = 3

|- 1064.2

II 910.97
75776 20 —

Iaua.ss
45134
20815 20 T

V
Z (mm)

inverse simulations

(convection, radiation, absorption coefficient)
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Surface—

TPOI1

3000 -+
PO | 2 PO| 3 dT/dt POI1 _ POI 3 Z=0.76
POII TPOI2 ’ .
2500 - ‘ | dT/dt POI2 g, POI2 Z=4.5 |
TPOI3 - POI12Z=13.77 1
i X dT/dt POI3 15 — :
@ 2000 : i
{'—f— - EM Liquidus 20 —
5 100 N —~—~——s : - Solidus 25 —
2 | | | \ 2t
= 1000 | ;
o 5 -Number of full partial remelting
-Tp® Level between solidus & liquidus
0 I T T T T I L T T T T T | [ T T T 1
100 120 140 160 180 200 220 240 260 280 300 - Superheqfing femperq‘rure
t(s)
Roct-like MC |
- v‘"'il\/lzc
il e g 4 , S Jardin R.T., et
ROBIIGMC |, A il T (VAo A al. (2019)
| Y il ; .
> Materials
Letters.
P I S o R I |
star-like MC and lamellar eutectic coral-shaped intracellular MC,
M2C intercellular carbides intercellular eutectic M2C and

refined cells due to multiple melting
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Thin wall experiments (1) preheating =150°C

Substrate pre- Clad
heating deposition

40 40

41.7 8.3

Dia.6 mm

260 (Constant)500

40 mm + (2*15mm)

217 134

40 mm

TC5 TC3| TC1 TC2 | TCa

20 10

‘ 20mm
50 mm

110 mm

With a thiner substrate: there too much bending = risk for laser position
With thicker substrate crack situation worst
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3D FE thin wall simulations

400 -
350 -
300 |
250 |

200 -

T(°C)

150 | g e S .

100 | i &

- --... P1  eeeeeeeens
50 7.:" P2 e SIMU 2

P3 e SIMU 3
0 ‘ ‘ ‘

0 20 40 ¢(s) 60 80 100

Simulations untill 5th layer
Convection f(T) constant value not OK

Measured thermophysical parameters Stress strain
curves at 3 tp° and strain rate
on samples extracted from DED samples

2D Substrate 42crMo4 # than for bulk sample

= Impossible to recover temperature
measurements with previous values of
conductivity and thermal capacity.

- New measurements
(Previous block for bulk sample in martensite

state, current bars in Pearlitic state)

target measured Tp° history
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Thin wall experiments (2) Preheating = 300°C

Substrate pre- Clad
heating deposition

R

40
41.7 8.3
600+500=>
250 400
—->No more crack 400 310
—>Nearly constant height
_ 40mm + (2*15mm)
40 mm 20 10
( - ) [amm .
o ' w2l lter e Pre heating at 300°C

TCE{ TC3

20 mm
50 mm

110 mm
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Thin wall experiments (2)

3 Experiments with similar conditions 10 layers without crack

Temperature history Vertical displacement at the middle
600 - 01 .
s0 WAV

_b \ VI
—cC NA
400 - —
. £

= l' \ Y E

2300 - ‘ Ve N

[

200 - S
‘__.___1-:
100 -
O I T T T 1
0 50 100 150 200

t(s)

|

zz displ.

AM Habraken 6/12/2019




“3D" thin wall thermal simulations

3 Experiments with similar conditions 10 layers without crack

600
Measured Temperature history
600 - 500
w7 ARV
—b \ VR
—c YA
400 -
{ AN
2300 : V¥
- A
200
’ ————e 0 160 260 360 460 560
100 - t (s)
O I T T T 1
0 50 100 150 200
t(s)
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3D FE thin wall thermal simulations

Pre heating curves demonstrated high
sensitivity to the right boundary condition
TP<500°C so no phase transformation

Vertical displacement at the middle

01 -
0 1 1 1 1 .
0 150 200 250 30 Cladding process:

01 Low sensitivity to Young modulus
_E_ 0.2 - Low sensitivity to hardening curve
N 0s Low sensitivity to elastic limit

04 High sensitivity to different dilatation

0.5 - coefficient of the substrate and the clad

(but clad measurement based on bulk
simples with different microstructure—>
wrong values)
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Idea of dilatation coefficients

“3D" thin wall simulations

—— M4 200°C/s cooling

Dedry cooling alpha
T o ™~

alphal

O © zz(fm) ©
(03] H w N

©
(o)}

o
~N

High sensitivity to different dilatation coefficients of
the substrate and the clad

clad property measured on material from bulk samples
(> different microstructures, carbides)

-literature on close composition at higher cooling rate
-extrapolation... as first transformation modifies

composition

... a nightmare...
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3D FE thin wall thermal simulations

Next steps
Shift martensitic transformation to end thermal validation

Work on the stress validation
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Why is AISI M4 case
so challenging?

Phase transformation define the behavior
More fundamental knowledge should be known before trying
to model the mechanical behavior

Why is AISI M4 case
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