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Executive Summary

This report explains in details finite element thermomechanical model built to simulate monomaterial and
bimaterial L-PBF (Laser Powder Bed Fusion) process at microscale and mesoscale. All equations for thermal
and mechanical behavior are explained, as all boundary conditions and loading induced by the process. This
model has been built using in-house finite element software.

The model has been used to simulate different generic cases, waiting more detailed process parameters. These
cases are:
e Microscopic scale with one track simulation (for AlSi10Mg)
e Mesoscopic scale with up to ten coincident tracks and layers for monomaterial configuration (for
AlS10iMg)
e Same with bimaterial configuration

Thermal and mechanical field obtained permits to define the geometry scale to be considered to achieve
representativeness of thermal history and residual stresses. First simulation with bimaterial configuration
show a very complex stress generation at interface wich leads us to conclude on the importance of near
interface lasing strategy as material consolidation order (A then B, B then A).
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1. Introduction

This deliverable is dedicated to microscale and mesoscale simulations of dissimilar L-PBF manufacturing
(Laser Powder Bed Fusion). This work is realised in the frame of the WP2 of the project (Design & Modelling).
This work package is subdivided in four tasks:

e Computational path planning for joining dissimilar materials by DED (T2.1)

e Baseline alloy modification for improved joining by PBF-LB (T2.2)

e FEM modelling of residual stresses, thermal history, melt pool temperatures at micro level scale
(T2.3)

e Use Case component design and simulation (T2.4)

The first main topic of this workpackage is to define materials or materials assembly (in case of DED process)
to optimise manufacturing reliability as part properties. The first difficulty induced by these two high
temperature processes involving bimaterial manufacturing is to manage inter diffusion between both
materials. Inter diffusion leads often to intermetallic precipitation. Generally, intermetallic phases are brittle.
In the case of DED process, diffusion aspects can be controlled using intermediate layers. It is also the case for
others bimaterial processes like brazing, HIP (High Isostatic Pressing, welding,...). For L-PBF process, the only
solution is to choose a compatible chemical composition for both materials and limiting diffusion mechanism.
This work is dedicated to first two tasks (T21 and T2.2).

If we want to optimise chemical compositions in L-PBF process in that way, we need to have an idea of the
thermal history at interface between materials. Knowing this thermal history, we can be able to predict
numerically inter diffusion zones at interface.

Another difficulty of these bimaterial processes are residual stresses. Residual stresses induced by material
contraction during cooling, moreover with multimaterial processes inducing local thermal expansion
mismatches (see Figure 1), is the main cause for small or large cracking in dissimilar material assemblies, and
so by extrapolation to high temperature multimaterial 3D printing processes, whatever the process used (cold
spray, L-PBF, DED, etc...). This cracking is of course also dependent on materials ductilities.

Heating Cooling

ath o-tens

Figure 1: thermal gradient effect for monomaterial L-PBF process [1]
As aresult, we need to consider three different main aspects in our materials/process optimisation:

e Limitation of residual stresses induced by the process

e The best mechanical compatibility between both materials, i.e thermal expansion and ductility in
first order

e The best chemical compatibility between materials, i.e. intermetallic precipitation.

The numerical tool which will be developed in this T2.3 work will permit the project to develop best materials
couples and process parameters to achieve bimaterial parts with good mechanical properties. Results form
with workpackage will be usefull for other tasks from this workpackage, as we need inputs form other
workpackages. The interaction chart of this T2.3 is presented Figure 2.
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Figure 2: T2.3 interaction chart

The last topic of this workpackage WP2 is dedicated to the design and optimisation of use cases using DED or

L-PBF process (T2.4).
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Figure 3: global simulation strategy

During this project, we will focus our work on Copper/Aluminium L-PBF configuration, as it is the most
challenging couple in terms of inter-diffusion and mechanical residuals stresses. More precisely, we will deal

with AlSi10Mg/CuCrZr bimaterial configuration.

All the work realised during this first year as explanations on simulation strategy are given in APPENDIX A.

D2.2 Building and Application of Microscale Simulation
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2. Results and Discussion

Before to go in details on simulation building and results, we present Figure 3 the global simulation strategy
wich will be conducted during this project. Three simulation scales will be studied:

Microscale simulation. We focus here on the study of a single track lasing. Main outputs at that scale
are melt pool dimension. Melt pool dimension is very important for thermal history and residual
stresses generation. At that scale, we can fit numerous thermal loading and boundary conditions
involved in this process (see Figure 4) before going to upper scales, generally involving lot of more
computation times.

Incident Laser
(Source)

Radiative

Emission  Reflection/
Scattering ______,, 5
Convective

Laser Absorption

Heat of Melting/
Vaporization

Figure 4: thermal model at micro scale [2]

Mesoscale simulation. At that scale, we deal with several contiguous lasing tracks and several layers.
This scale permits to have a good access to thermo-mechanical phenomenoms acting during the
process. At that scale we will introduce bimaterial L-PBF configuration. This scale will permit to extract
proper thermal history for diffusion calculations and residuals stresses. Moreover, these simulation at
that scale will permit to extract inherent strains ([3]) for macroscale simulations.

Macroscale simulation. At that scale we will be able to compute simulation on whole parts. These
simulations are needed to predict part deformation during process and in a certain way, induced
stresses. Macroscale simulation building will be done during next year.

From this first year T2.2 work, we present in this deliverable:

Building of base thermomechanical model with associated process thermal loading and boundary
conditions.

Microscale simulations with AlISI10Mg

Monomaterial mesoscale simulation with AlSi10Mg

Bimaterial mesoscale simulation with AlSi10Mg/CuCrZr

We focused on simulations on AlSi10Mg for model building, but similar simulations can be run using CuCrZr.
As process parameters are not known at that time, there is no needs to conduce simulation for both materials.

D2.2 Building and Application of Microscale Simulation
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2.1.Model building

For these simulations, we built a thermomechanical model (sequential iterative coupling) using in-house open
source software (Cast3M [4]). Main things to consider for our L-PBF application are:

e Properly model all boundary conditions, in particular thermal ones (convection, radiation, laser source
model)

e Manage powder behavior. Indeed, powder layer (see Figure 5) have a very low thermal conductivity
and close to none mechanical rigidity.

e Include latent heat effects during solid/liquid phase change. It is a little bit tricky to integrate this
phenomenon for high-speed liquefaction/solidification processes.

As bimaterial process parameters are not yet consolidated in terms of process parameters, we used process
parameters from litterature.

Laser beam

Solidified metal

Layer i '8 7§ T YT B =
thickness ) . s Meit pool

|

Preceding layers Melt pool
width

Figure 5: powder and bulk material configuration during L-PBF process [5]

2.1.Single track simulation (AlSi10Mg)

We present Figure 6 the temperature field obtained for AlSi10Mg. From this thermal information, we can
compute melt pool size. Computed melt pool size is quite coherent with the one computed from classic
analytical model using Rosenthal equation ([6]).
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Figure 6: temperature during lasing of a single line (AlSi10Mg)
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For mechanical behavior materials, we choose in first step a simple perfectly plastic behavior depending on
temperature. Residual stresses induced are mainly traction ones due to material contraction during cooling.
We observe laser ignition and stop effect due to different thermal cooling speed at that points.
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Figure 7: V.M. stress field during lasing of a single line (AlSi10Mg)

Integrating more thermal non-linearities as properties depending on temperature and liquid conductivity
change melt pool dimensions, but we pay the price in terms of computation times as seen Table 1. If
computation time is not problematic for monotrack simulation, computations times are important (>1 day)
for mesoscopic one when we compute several tracks/layers.

If we want to accelerate computation times, we can neglect non-linearities in a first approach. It makes sense
for lasing strategy optimisation and various sensibility analysis.

melt pool dimension
N NL thermal liquid powder/bul latent time factor length widt depth
properties  conductivit k phase heat (min) [nm] h [nm]
y change [num]

1 10 1.00 530 195 120
2 X 30 2.94 485 195 120
3 X X 89 8.79 394 260 120
4 X X X 93 9.19 432 195 120
5 X 39 3.90 545 195 120
6 X 41 4.05 909 195 90
7 X X X 269 26.66 667 195 90

Table 1: Evolution of melt pool dimensions and computation times depending on thermal non-linearities assumptions

2.2.Mesoscopic monomaterial simulation (AlSi10Mg)

We conducted a mesoscopic simulation with five contiguous laser lines during five layers (total of 25 laser
lines). We made here the assumption of a lasing strategy without rotation between layers Deep analysis of
thermal evolution might lead us to conclude that scans with ten layers (10x10 laser lines) is necessary to
achieve a kind of stable thermal periodicity (see Figure 9).
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Figure 8: temperature field during first and last laser line for 5x5 mesoscopic simulation (AlSi10Mg)
track 3-layer 1
3 000
50 3 more remelting
+ X

¢ 2000 |

g / AN

=4

= 1500 :

g

£

£ 1000

500 _' z
0.E+00 2E-02 4E02 6E02 8E02 1E01 1EO 1.E-01 2E-01 2E01 2E01

time (s)

Figure 9: upper thermal history at third scan (AlSi10Mg)

Concerning mechanical residual field, a quick stabilisation of stress field is observe with contiguous tracks is
observed (Figure 10). Last two tracks present side effects. We observe a lower residual stresses zone below
approximatively five manufactured layers, wich probably correspond to a kind of stress relieve phenomenon
induced by medium temperatures without melting. Therefore, five layers is not sufficient if we want to
quantify internal residuals stresses of our material. To quantify upper residual stresses wich are quantitatively
more important, five layers seems sufficient.
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Figure 10: V.M. residual stress field at the end of last track of the fifth deposited layer (AlSi10Mg)

Taking into account these preliminaries consideration, we successfully launched a 10x10 thermomechanical
configuration. We can now really observe that we have a relative homogenous stress concentration in last fifth
layers due to layer remelting. Below this zone, we observe a stress relieving do hight temperatures attempt
(see Figure 11). This result is very important because that mean that for XR residual stresses measurements,
as-built surface analysis (gauge depth of about 30-50um) will give different results as inside material.

3.5e+02
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300

— 250
— 200

SCAL

Evidence of stress
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Figure 11: V.M. residual stress field at the end of last track for ten deposited layer (AlSi10Mg)
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2.3.Mesoscopic bimaterial simulation (AlSi10Mg/CuCrZr)

We simulated 5x5 bimaterial thermomechanical simulation for AlSi10Mg/CuCrZr couple. As expected, we
obtain a complex residual stresses field with again two distinct zones which are near surface one (x5 layers)
and sub-surface one (<5 layers).

An example of thermal fields are given Figure 12. As material properties and lasing parameters are different
between two materials, this induce complex thermal history at interface. These results can now be used to
complete diffusion simulation at the interface. Near interface, bimaterial configuration induce more remelting
as melt pool from one material can penetrate the other. That means that positions of the laser near interface
has an important effect on residual stresses, as the order of consolidation between first and second material.

.72E+03
.00E+01
.08E+03
.00E+03
.00E+02
.00E+02
.00E+02
.00E+02
.00E+02
.00E+02

.00E+02

Track 1 layer 1 Track 1 layer 1 2.00E+02
/“E;i1()“ﬂg CuCrZr 80.

Figure 12: temperature field during first line for each material for 5x5 mesoscopic bimaterial simulation

The presence of two materials with different thermal/mechanical properties generate highly complex residual
stress field at interface, like we can see

Oxx
6.0e+02
400
— 200
-0
Oyy — 200
-400
l 6.0e+02
Ozz

Figure 13: stress field along lasing direction for 5x5 mesoscopic bimaterial simulation
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3. Conclusion

During this first-year project period, we built a complete Finite Element thermomechanical model for mono
and bimaterial L-PBF process at micro and meso-scale, including liquid/solid latent heat, powder to bulk
evolutions as layer deposition.

Concerning thermal results, this model permit to access complete thermal history, in particular at interface
for bimaterial configuration. These informations are usefull for diffusion calculations at interface. 10x10
tracks/layers seems to be sufficient to be representative.

For mechanical stresses generated by the process, we need less coincident tracks to be simulated (around four
or five tracks). Computation of five deposited layers are sufficient to characterise near surface residual
stresses. If we want to have an idea of inside material residual stresses, at least 10 layers will be needed.

In bimaterial configuration, complex residual stresses are observed near interface. As a result, order of
material consolidation as lasing strategy are preponderant.

Thermal non-linearities consume a lot computation times. As thermal solver of our in-house code is not
parallelized, computation times are quite long. A first work of next year will be to transfer models inside
commercial F.E. software ANSYS©

4. Degree of Progress

All main tasks of this T2.3 WP are listed Table 2. According to first results presented in this report for this first
year, we had a task consisting in building same model inside commercial F.E. ANSYS©.

Table 2: Progress table for tasks involved in T2.3 WP.

Deadline sub-tasks status commentes
M12 thermal model 100%
M12 mechanical model 90%
M12 monotrack simulation on generic case 100% done on AlSi10Mg and CuCrZr
M12 multilayer scan pattern on generic case 100% done on AlSi10Mg
M12 Model building inside ANSYS© 20%
M24 monotrack line simulation on real case 0% wait process parameters from ICGV.

Need to be done on both materials

M24 bimaterial multilayer scan pattern on real 0% wait process parameters from ICGV.
case Need to be done on both materials
M24 multilayer scan pattern on generic case 100% done on a simplified case
M24 bimaterial multilayer scan pattern on real 0% wait process parameters from ICGV.
case Need to be done on both materials
M24 inherent strain tensor identification using 0%
mesoscopic simulations
M24 building of macroscopic simulation 0%
M38 experimental validation on monomaterial 0%
process
M38 experimental validation on bimaterial 0%
process
M38 experimental /simulation comparaison samples need to be defined (in

progress with WP4)

D2.2 Building and Application of Microscale Simulation
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Appendix: Model building and first results (global presentation)
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Global modelisation approach W "{s;%

s \Work plan STEP1
! single-track microscale simulation for both materials
Part scale
STEP 2
: - bi-material ﬁmmscala simulatiuns-__ﬂ_q_ﬂ On each
1 [ereen configuration material
gt i scale ..-"'f..-""; -'/’ ’:’
-... Micro and o ’ P S
Tr-Mesoscals —_ resad layer
b NN !
\*\ STEP 3
.y “macroscale simulations
™ . Agoregatediayers
“s Whole part [
I
simulation _ _-
a8 ;

NN
Global modelisation approach W \.‘3

= Planning

2m3 2034
Ti JT2|TH [TAITL|T2|TI|T4)Td

25 026
Ta[ra[mm

=]

Part scale

Ak regans star enid
Disign and madelling FouxG O4A0T/2003 V06025 [ ] [

D2.2: Buildingand application
of micrascals simulation -—

1 ¢ Transition M
: i scale Cr
| Sdle  D2.3: Building material
identification and application of

material transition scale simulation

.. Micro and
Mesc scabe

— |

b ecmimimiannimim e mtmans i D2.4; Experimental’ simulation

comparison

Microgtnaciural arabysis (melt pood, diffugion,_)
+  R¥ analysis on both monomaterials et bi-matenials samplas
Dsaflesian on dedicated samples
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NN NAA RN
Models description: Thermal W \\:"

m Physics

pCy ‘;_: = % (k Z—D+% (k % +) a% (k g—:) +¢ Heat conduction equation

Q1 is volumetric heat; volumetric laser source and/or latent heat effects

Laser line

n Geometric configuration ) i
01; ;. powder material domain

Layer powder = powder after consolidation {

(1 - bulk matarial domain

NN
Models description: Thermal W \:\

= Boudaries conditions )+ pulk material domain I

.,

v,
s
B

n Laser heat source

ZAF, —2[(x — x5)% + (v — ¥ )?
— syrfacic Gaussian heat source  Q(x,y) = W;‘ EXP( I D}rz &=yl ) For ze [,
. i L L

I
used for our simulations

— volumic Gaussian heat source with Beer-Lambert absorption law

— — 2 _ T
[Makoanaet al., 2018] Q(x.) :Eitxzﬂ exp( 2(x xnjr:U‘ ¥o)’]
L

)expc—m:f —zl) Forzeq
L

1
. P= 1 asfew laser penetration through bulk material B
ep

D2.2 Building and Application of Microscale Simulation
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NN
Models description: Thermal W \\
Wvith:

0. ¥ Position of laser on the path — lasing strategy and laser velocity 1/,
Z4 Upper helgh of lased layer
L Beam radius (80pm for SLM125HL equipment)

S Penetration parameter

[Tissot, 2019] 1064
A Laser power absorptivity cucrzr042 ol . : }nrn .
"1 MEI1Z WIT0 T ‘ﬁj— —— IL_'|__ B
_x: = '_,--""-. 1
E.._ | misiomg: 0.56 P / !
5 ) I.' ] |:::i-_ |
g.. N N — -1|+
»] ..c._,,"’f :
(b - g - " 0 e Mﬂl:;m 20 e
B [Ghasemi et al., 2021] ’ :
"N \Q\‘N \:\\A
Models description: Thermal
= Boudaries conditions e
n Upper heat losses
+ radiation Ts Ambiant temperature
—kPT. 7 = Gray(x,y) = E (T = T#) forze [, a Stephan-Boltzmann constant
& emissivity

— forced convection (gas flow inside chamber)

—kFT. 0 = qopnelx ¥) = W(T — T;) h  Forced convection coeficient

To limit conputation time, combinated equivalent convection losses

hoy = 24 1ET4E(T — 273) 161 | with £ =09
[Goldak et al., 1984]

D2.2 Building and Application of Microscale Simulation
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NN
Models description: Thermal W \:\

s Boudaries conditions

m Fixed temperature at bottom of studied part

T = T_g' fﬂr rz

— bottom temperature depends on process parameters, plate canfiguration
and wich layer considered

— temperature fixed at Tp=80"C (first layers)

— bottom temperature can be simulated
using aggregated macroscopic approach

NN
Models description: Thermal W \:\

s Powder zone properties

+» Packed bed powder conductivity can be approximated by

P kg ky  Bulk conductivity
kp = lth Wery low conductivity kgﬁs Surrounded gas conductivity conductivity
Fgas P Packed bed relative density
& = 0.02E20T-p0)) ps
[Bugeda et al, 1999] + To avold numerical problem, we impose  kp = 0.1k,
« As powder Zone is considered geometrically as consolidated Pr = P
Co = Cy

=) o

D2.2 Building and Application of Microscale Simulation
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IRNNRRYY
Models description: Thermal
[Tang, 2017], AlSi, ;Mg

o

o [a)
- Liquid
—a

» Phase change Is take into account by parameters dépendance in temperature
(no metallurgical change in our case) . T

» conductivity: o 4 — Equilibesm
ks = e :-){_ . L‘I-‘-\_\-\-"‘-l-\._

s Liguid/Solid transformation

=
-

Blass faction
o
=

=k for T=T, oo ) ™
L " [Ren et al., 2019] Temperaice ()
ky = 2.5ks T < T [(Wisniewski, 2017], CuCrZr
» heat capacity: | —— :
€, = Cs for T <Tw—050T, or T =T, — 05T, N
Gy = L‘5+$ for T — I].E.ﬂ.']";n =T =Ty + D‘E&Tm “I
" [Promoppatum et al., 2017] “| ot~ B
Bad_.__toomuch step size dependant. | programed phase change andso ™= "= e
. heat generation with phase change within convergence iterations ' i

NN
Materials thermal properties W \:\

[Stefanet al., 2016] (fengetal, 2021]
SLMed AlSi10Mg0.6 SLMed CuCrZr
o m 1 : RO RT A
S W L T 1,5 g T
;m.:._:_'."-"" \ = "'.‘;'_.'-3"'1_‘“ ] ‘:'__ a4 B - - g ¥ .
i"’f’;' 1A "4 % !:': !;_r? _'"!J;. =t i.._ nt ‘;,;3’1_ e X
| e = b = peets i e . S
%“i-f""ﬁ.l'.x IS B 5 | Rl b P £
£ ‘“h....-'fl. ! .~ “ :: B } second thermal cycle = ® S
u!’“‘ ’—'—'\lwu:‘l 4 [ 1 — = a— § W 3N 3N 4m Hm Em AW BN ER Em
:J‘l:u-wn.'rbn: m——::- = . 11 & W dm xe = Mm ?m“ = o em Terpmakan
(E— —
Precipitation zone Precipitation zone
— As built properties are considerad — First cycle properties are considered

» precipitation won't occurs on top layers, (as built state)

s0 evolutions in this zone are excluded

=) ”
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NN NAA NN
Materials thermal properties W "5:%

heat capacty
tharmal conductivity e
a5 o N
M
30 T - L
o . 2- B
Z . =
E a0 . & s ® @ wE
" & a )
%15.- L el L - "
. - M sA1500Mg
w § - B
BN ] S
5 [ =0 400 00 ] 1000 1200
R = QuGrr Temparaume ['C]
] 20 ] 00 300 1000 1200
Targerata |"C| density
2660
.
2660 - - 5
. Prucn=8813 Kg/m
2640
- s
0 aSISi0Mp
E 20 -
3800 -
- "
2160 .
.
2860 -
2540
] 0 200 30 400 SN EM TN

tamperaiors [*C]
B e

NN
Models description: Mechanical W \:\

m Physics
{o} stress tensor

V.{e)+ pb Quasi-static stress equilibrium b Internal body force per unit volume

Laser line

Sy

m Geometric configuration

25 : bulk material domain

Layer powder = powder after consolidation {

(1 - bulk matarial domain

=) ”
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i \‘\‘\ \\:“

Models description: Mechanical

s Material behavior
[C] BxE elasticity matrix
For bulk material domain Q. {a} = [C]{*}

{£71 elastic strain tensor

N £ Young modulus

We suppose isotropic mechanical behavior:  {#} = liﬂ({sfh - szr{'EGH”

v Poisson ratio

L lra

3+ bulk matedal domain
Strain partition is defined by: {7} = {£%}+ [P} + [}

{e'} total strain tensor 1, Eulk material doman

{e*} plastic strain tensor
o Poisson coeficient

{t"} dilatation strain tensor  {&""} = a|T — T, ]I}
Trep reference temperature for  {e*} = {0}

"N \‘\\A \:Q.

|9 =) 37700

Models description: Mechanical

MEL
We suppose isotropic purely J, plasticity:  f{{e}) = { }2{ ) _ ay | oy Yield stress

For powder material domain Q> o] = [¢]({") — {™)]  Purely elastic material

—_
Same as bulk material

Powder has no rigidity — E,yae=Epue. 107

00 Buslk malerisl domain

2y © bk msabari al domain

D2.2 Building and Application of Microscale Simulation
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Mechanical properties of AISI10Mg

= Thermo-elastic properties

Rehtive Expansion, %

Mechanical propertie

[

fStrumza, 2079]

L.
(K]

1.24
1.0+
0L
oh
LEE
024

— Al X o 3
e 18 1110y X, s S50T
4111150y £330

on

)] 200 3y 40l =00 &l

Tenperanre, "

= Plasticity

[Uzan, 2018], L-PBF gz: |

Rt 1. Whorhaairal prapertios of AM-S1M A5 FIMQ Lpec Fons i v K npm e

v

B L =" P

FE¥F EEgen

Flrdi Tiewl  Ubimaie i Dhepain Beder el

T MR o T e %

L "y
s

™ ™Mo = a1

™y A w 1] L F)

tes H e T 1
Ll - " 158
»a L] wa mr
m ws = ey
L] T "4 w4
L] 1k s s
I u o ma

[Soylemez, 2019)

{d) a0

0
&

Elasic Modulus (GPa)
B E S B

5

=]

I = #= Dedauit

Temperabure [*C)

o g rmcd b ol

am T

s of AISI10Mg

— In a first step, we choose a perfect plasticity
with ultimate true stress limit

=maximisation of residual stresses

GA number: 101091911

i \\\\A \:\\

—

0 S50 100 150 200 250 00 IS0 40
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"N \‘\\A \‘:\\
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NN
Mechanical properties of Cucrlr W H\

m Thermo-elastic properties [Zhang, 2019)
150
130
& 120
& 110
. ! 100 = = o
[Ferraiuolo, 2023] % = =
Thermal Thermal Expansion ¢ 50
Temperatune Mo Dheaaing Conduriivit Specific Heat Coelf -
1x1 kg “Wimkl i VKL i
Hw) ik 0 ah 157 = I “
N il RO kS 17800 14
el s = e 187 » 10~ 0 100 200 300 400 500 600 70O

Temparature (G}

18D

extrapolation

Faang madilie [GRA]

o o 4o (2] L 1007 LA L4200
B "

NN
Mechanical properties of CuCrZr W \:\

]
u Plasticity el s
[Zhangetal 2015] .
L - . a i asa b
iR : = E i) 8
£ »e A | * B sl
b - h | - f ] -
X /! L
§ -‘__.'"-’ kY i al E
L] " b / ' ] pom femperatem \
- , f # Lo
- " of | 0 oS00 C g
] -t *-’ ‘ o
. - " 0 a & 13 16 20 24 28
a A MO N4 4N WA e Exgneeing abain %
oo 1
am
50
30
= — T
§_ 250
i 2w — L
#
g = — a0
. JR—
0
i

[ =k oz os o4 05

ru sbeain
= »
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NN \\\ \\\

Process parameters

NS Mg [Rausch etal., 2017) CuCrZr [Buchmayr etal., 2017)

Power (W] 350 370
speed [ma's] 1650 300
hatch distance [mm) 013 011
Layer thickness fm) 30 20

For both materials we will consider:
+ 30pm layer thickness
+ 80um laser diameter —ko-— =

All these parameters will be updated
after material process consolidation

SLM 125HL

=) .

NN
Geometric configuration for monotrack W \:\

View of the mesh
260um Fine analysis zone

3mm
LULLIE

coarse analysis zone

L —

2.260mm

Solver configuration: no latent heat effect

=) .
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Ny Y \
Results for monotrack simulation W\ \\

= Temperatures

Laser ignition End of scan |

oy y
Results for monotrack simulation N \\}

= Melt pool dimension

Melt pool extraction -~

Melt pool stability

| canigrhng |:|,.|I1|ng plan

Quick stability of width and depth

=) s
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NNONAN
Results for monotrack simulation \.‘ \:\\

» Comparalson with analytic model '

Cur work

Rosenthal solution [Rosenthal, 1941]:

AP
Zmkr
x.y 2 distance from source

k) k  thermal conductivity

T=Ty+ €|

o thermal diffusivity

k radial distance from source

{=x-V.t

= .

NN NN
Results for monotrack simulation W\ \:\\

s Comparalson with analytic maodel

Rosenthal zolution  our work

i o i e wmm—) Rosenthal solution overestimate melt pool dimensions
Beph [wml 134 120

\ known from litterature

0r
i Esperiment from Sadowskd ot o, [7]
] Ausonial equation

1= model e

48+

Forrmge bn wdth jpm)

[Promoppatum, 20177, INT18

.I.
‘o [F T as [T 1.0
B 2
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NN \\\ \\\

mell pocd dimendion

MADE-3D

Results for monotrack simulation

» Influence on model complexity on melt pool dimension and computation time

simul  NLthermal prop fquid L] powder/bulk phade change Istent heat  time [mse] time (min) factee lessgth [ym] width [ym] depth [ym]
1 605171 10 1.00 530 S . R .
2 ] 30 294 435 195 0
3 . % a3 8.79 33¢ 260 120
4 ) X ) 3 92.19 412 195 0
5 . 333733 190 545 1% 4
[ x 41 405 508 195 20
? x 16134422 269 26.66 67 195 20

Sim5 Sim7

Transverse section of the melt pool Is the most impoertant for residual stresses  «
generation — layent heat play a major role in transverse melt pool dimension

=] -

Ny \\\ \\\

Results for monotrack simulation

= Meilted powder

Laser Ignition End of scan

=) :
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Ny \\\ \\\
Results for monotrack simulation
= Stress field during lasing
Surrounding compressive zone in mid-range Cooling and therma
!emperalures nom ,:Ilftl'll'.”f:.f-'l'.lcl'l

’
First steps lasing End of scan

Ny NN \
Results for monotrack simulation W\ \\

= Residual stresses

Effect of laser ON and OFF

Homogeneous stress formation

=] .
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Results for monotrack simulation W "{s;%

Higher stresses at
interface boundary

= Residual stresses Ty

G.0a+02
400

200

-200

-400 II.'"I
* Ligth comprassive zone at bottom

mmmmp Traction stresses in lasing direction, mainly localized in melt pool and near melt poal zones

NN
Results for monotrack simulation
) Large traction zone
» Residual stresses Oy, -
e

Lower amplitude as .,

- y \
),z' Compressive zone at centerling

mmm— |:rge tensile stress region in transverse direction, with less amplitude than in lasing direction

=) .
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9 Y NN
Results for monotrack simulation N \\\

s Residual stresses Jgp

G.0a+02
[.m

— 200

—0

-200

-400
-S0e+2

) | ow stresses in vertical direction, mainly compressive ones

= .

LB N \»\
Geometric configuration for mesoscopic simulatin}\ \:\

Wiew of the mesh

Fine analysis zone
4 4 4 4 4 —

¢ coarse analysis zone

-

Layer N+1 Layer N+5

Layer N
Solver configuration: linear thermal model

. ) | ==ing strategy can be changed -
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A NAAN
Geometric configuration for mesoscopic simulatio\n\ \YA

View of the mesh:

5iayers |

NN WA \
Geometric configuration for mesoscopic simulatit:l‘:\ \:\

— supposed test sample

) |
Analysis zone | Laser

; -, power

“‘m_m. aLLLLLLINY [ P Layer N Layer N+1

I:' — I,' | | |

/ 2mm .

10mm
=== fime (5}
'.—'—'

. Inter track waiting time Inter-layer time 36
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O
Results for mesoscopic simulation \\

= Temperatures

Track n°1 layer n°1 Track n°5 layer n°5

.

LR L] \‘
Results for mesoscopic simulation W \:\

s Temperatures evolution with contiguous tracks

First layer

=

— One track is no more thermally {(and mechanically #) affected (+100°C) after 3 contiguous

tracks
3B
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LB \\\\ \q\\
Results for mesoscopic simulation
s Temperatures evolution with contiguous tracks
: track 3-layer 1
First layer ?

1l

= If we want to reach representative thermal evolution, we need to have at least 2 more tracks
» B42=T tracks

. « I we want at least 3 representative tracks — 7+2=9 tracks .

N Ny Ny
Results for mesoscopic simulation W \:\\

s Temperatures evolution with layers

track 3

iy 1

3 more remelting

) A least 10 layers are necessary to acheive representative thermal evolution

= :
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Ny NN
Results for mesoscopic simulation W \Y‘

= V.M. Stress field after first layer Start and stop effect

NN N
Results for mesoscopic simulation W \\\

Side effect for last two tracks

Regular pattern from start

Approx. 6 previous layers are strongly mechanically affected

s |t is not necessarry to have a lot of tracks per layer

=| .
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Results for mesoscopic simulation R \Y‘

= V.M. Stress field after fifth layer

Development of a stress relieve
zone?

s S layers are clearly not sufficient

(=) @

Results for mesoscopic simulation AW \\\

Max values near melt pool
= SXX Stress field after |ast layer boundaries

SMXX

Flexural effect during cooling -50es02
(depending on bottom height of the geometry 7
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Results for mesoscopic simulation R \Y‘

= SYY Stress field after last layer

mmmmp Same stress Development as Sxx

mmmm) Less residual stresses than Sxx P

NN
Results for mesoscopic simulation W \:\

n SZ7 Stress field after last layer

mmmp Start and stop effect 7 Geometry length not sufficient ?

. mmmmmp Szz is not so much important 46
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NN \\\ \\\

Results for mesoscopic simulation

mmmm)p Simulation with 10x10 configuration
and larger side part

Track 1 layer 1 Track 10 layer 10

=) .

NN \\\ \\\

Results for mesoscopic simulation

First 5 layers

Ten layers e
300

— 250

— 200

SCAL

— 150

— 100

l 50
0.02+00

Evidence of stress
relieve effect

48
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Results for mesoscopic simulation

—

—
a8

Last surface measurement will give us mare informations
(and also will need less computed layers)

} 300pm

Residual stresses measurement will be clearly different between final
surface and inside measurements (after rod cutting)

GA number: 101091911

i \‘\‘\ \?“

352402
[ 300
280

SCAL

"N

NN
Geometric configuration for mesoscopic bi-material \:\

simulation
o &
(&)
Y ¥
!

: 'y & -f.f
E

<

Layer N

Fine analysis zone

o
-

+ coarse analysis zone

]
1]

Layer N+1

Solver configuration: only linear thermal model

D2.2 Building and Application of Microscale Simulation
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) | zsing strategy can be changed

GUCRIF

Aluminium

|11}
1]

Layer N+5

a0
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AARRY
Geometric configuration for mesoscopic bl-materlal \\
simulation

View of the mesh

AISi10Mg
5 layers |

. Before layers deposition ;i

AN
Geometric configuration for mesoscopic bi- materlal
simulation

= Temperatures it

Track 1 layer 1 Track 1 layer 1 2.00E+02
AlISi10Mg CuCrZr 80,

mmm) Different thermal field between two materials

a 5
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VO
Geometric configuration for mesoscopic bi-materi:i} K\
simulation

m Temperature evolution at interface with layers

track 3-lapar 1

Recoating time

e

At interface JA

— Added remelting induced by other side material lasing

= .

NN WA \‘
Geometric configuration for mesoscopic bi-mater;;} \:\
simulation

track 3-layer 1

AlSI1OMg side

No remelting fram Neighbors

interface

‘ Basic perpendicular lasing strategy is not a good idea &

=) “
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Results for mesoscopic simulation YW \Y‘

= Directionnel g, stresses after last layer
Complexe residual stresses generation at
7 interface in first deposited material

P

60e+02
400
200 Subsurface compressive
-0 state at interface
200
-400
-6.0a+02
. s Stress generation at interface will depend on wich material is consolidated first 55
LR \‘\‘h \:.:‘
Results for mesoscopic simulation
From 100ym of interface inside AISI10Mg From 100ym of interface inside AlSi10Mg
U_xx
# e+ ,f’f
[“m We retrieve same tension state as monomaterial
200 mesoscopic simulations
—0
200
- — Recovery from second material melt pool on previous consolidated material will change stress
-4.0e+12 formation

=) .
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Results for mesoscopic simulation ,
= Directionnel g, and g,, stresses after last layer [j;em
200

—0

— -200

-
-b0e+02

. ) | ess residual stresses inside bulk CuCrZr (Copper has higher ductility) 57

Results for mesoscopic simulation R \K“

axx
608402
[m
200
-0
Oyy 200
400
600402
02z
. mmmm) Dual compressive/tensile stresses at interface 58
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Results for mesoscopic simulation W \’ﬁ:‘

Oy

= Directionnel shear stresses after last layer

Interfacial sheer

Oyz

. mmmm) Shear along interface se

conclusions YW \:‘}

+ We built a complete Finite Element thermomechanical model for mono/bimaterial L-PBEF process at
micre and meso-scale

+  This modeal permit to access complete thermal history, in particular at interface for bimaterial
configuration — input for diffusion calculations

+ Computation of five deposited layers are sufficient to characterise near surface residual stresses
« Aleast 10 layers are necessary to characterise final residual stresses inside material
+ In bimaterial configuration, complex residual stresses are observed near interface

+ A better thermal solver is necessarry for that kind of simulations — models will be integrated into
commercial F.E. software ANSY S8
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