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Outline of the course

@ 1 - Introduction: a review of additive manufacturing
@ 2 - Parametric optimization and the adjoint method
@ 3 - Geometric optimization and Hadamard method
@ 4 - Topology optimization and the level set method
@ 5 - Typical constraints from additive manufacturing
@ 6 - Optimization of lattice materials

@ 7 - Coupled shape and laser path optimization

A "hot” topic with a lot of room for new ideas and modeling...
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Outline of the first chapter

Chapter 1 - Introduction: a review of additive manufacturing

@ | - Principles of additive manufacturing

@ Il - What can be achieved 7

@ Ill - Some failures of additive manufacturing
@ |V - Models of the manufacturing process

@ V - Conclusion and perspectives

L

SOFIA

Sofia project: Add-Up, Michelin, Safran, ESI, etc. (2016-2022)
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| - Principles of additive manufacturing

@ Structures built layer by layer

G. Allaire, et al.
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Additive manufacturing (a.k.a. 3-d printing)

@ Various materials: plastic, polymer, metal, ceramic...
@ We focus on metallic additive manufacturing.

e Various processes: wire, direct energy deposition (DED), layer
by layer...

@ We focus on powder bed techniques (layer by layer).

@ Very easy process for building | A simple STL file
(STereoLithography) is enough for the machine (through a
slicing process).
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Metallic additive manufacturing

Metallic powder melted by a laser or an electron beam.

Printhead

Powder
Feed
Piston

Euild
Piston
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Metallic additive manufacturing
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AddUp machine at LURPA (thanks to C. Tournier) X
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[l - What can be achieved 7

Very different from classical techniques (molding, milling)
No topological constraints on the built structures

Lattice (porous) materials

°
o
@ Very complicated structures: new applications, new designs
o
@ Functionally graded materials

— T—
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Examples from LURPA (thanks to C. Tournier)

comb-shaped structure lattice structure
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Examples from SAFRAN (thanks to M. Bihr)

Academic example (MBB beam and its support)
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Multi-physics applications (F. Feppon, Safran)

New multi-physics designs can be built. For example:
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Lattice structures

3-d printing enables structures made of composite materials (called
lattice materials).
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Functionally graded materials

Work of Denis Solas, ICMMO, Orsay, Paris-Saclay.

Pilotage de I'anisotropie en fabrication additive par SLM

Texture cristallographique et anisotropie
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Functionally graded materials
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Functionally graded materials

Work of Denis Solas, ICMMO, Orsay, Paris-Saclay.

Pilotage de I'anisotropie par SLM
™) Choix de la stratégie

Materials and Design 140 (2018) 307-316
Puissance =200 W

Vitesse = 800 mm/s
Ecartement =80 um
Epaisseur couche = 40 um
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Functionally graded materials

@ One can optimize the material properties (anisotropy) by
controlling the laser path, its speed and power.

@ PhD thesis of Mathilde Boissier (co-supervised with C.
Tournier, LURPA): simultaneous optimization of the path and
of the shape

@ PhD thesis of Abdelhak Touiti (co-supervised with F. Jouve,

LJLL): simultaneous optimization of the anisotropy and of the
shape
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lIl - Some limitations of additive manufacturing

A very large amount of energy is deposed on the structure:
residual thermal stresses.

Large thermal deformations, thermal fracture.
Defect, porosities
Separating a built part from the baseplate is tricky.

Slow process, not for large series production.
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Some failures of additive manufacturing

Thermal stresses and deformations:
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Other failure: residual stresses

Strong deformation after separation from the baseplate
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Other failure:porosities

pores in a 3D-printed aluminum alloy
G. Allaire, et al.

(source: Inside Metal Additive Manufacturing)
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Other failure: overhang limitation

The angle between the structural boundary and the build direction
has an impact on the quality of the processed shape.

G. Allaire, et al.
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Overhang limitation

Example of a bad 3-d printing due to overhangs.
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Constraints in Additive Manufacturing

Constraints are required to avoid failures in the fabrication process

@ almost horizontal overhang surfaces cannot be built

@ metal melting — large temperatures — thermal residual
stresses and thermal deformations

@ deformations of the structure may stop the powder deposition
system

@ minimal time (or energy) for completion
@ removing the powder (no closed holes)

@ bad metallurgical properties (for example, porosities)
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How to avoid failures in additive manufacturing ?

Numerical simulations are required for predicting the success or the
failure of the process.
What do we need ?

@ good models at different length-scales
@ multi-physics models

e model reduction and/or HPC

@ optimization

and new ideas !
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IV - Models of the manufacturing process

Incident Laser
(Source}

Radiat ve
Emission  Reflection/
Scattering

Laser Absorption _

Melt pool widih
Melt pool deprh: 68 j

Heot of Melting!/
Vaparizotion ™

‘Melt pool width: 108 jum.
Melt pool depth: 82

Microscopic model: heat exchange, phase change, fluid mechanics

in the melt pool, granular media for the powder coating...
(Spears & Gold, 2016)
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Microscopic models

« —Keyhole forming

under powder
during metal
3-D printing

For example: to simulate the "keyhole” phenomenon.
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Macroscopic models

Microscopic models are too computationally intense to be used in
optimization loops.

Macroscopic models ignore small details and a lot of physics...
but they are useful for quick prediction and optimization !

Two examples:
@ thermo-mechanical model

@ inherent strain model
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Thermo-mechanical model

Heat equation:

p%: — div(AVT) = Q(¢) in (0,¢) x D

T = Tinit on (0, tF) X Mpase

AVT -n= *He(T — T,',,,'t) on (0, t,:) X (aD \ Fbase)
T(t=0)= Tinit in D

Thermoelastic quasi-static equation:

—div(c) =0 and o =0+t in(0,tr) x D,
0¥ = Ae(u) and ot = K(T — T;nit) 1d,

Material parameters p, A, A, K are different for solid or powder.
Source term Q(t) = beam spot, traveling on the upper layer.
Weak coupling: first, solve the heat equation, second, solve

thermoelasticity.

G. Allaire, et al. Topology optimization and additive manufacturing



Path of the source term Q(t)
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file:///Users/allaire/Pictures/science/optforme/additive/anim_temperature_08092017.ogv

Inherent strain model

o Simplified engineering model, issued from welding.
@ No heat equation !

@ Inherent strain ¢ tabulated from experiments.

Thermoelastic quasi-static equation:

—div(e) =0 and o = o + As™ in (0,tF) x D,
o€ = Ae(u)
+boundary conditions and layer by layer process
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Macroscopic models: layer by layer process

Additive manufacturing involves a layer by layer process.
We must take this process into account.
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Layer by layer modeling

Iy

@ Denote by D the building chamber and by Q the structure to
be built.

@ In RY the vertical direction, €4, is the building direction
(layers are normal to ey).

@ The layer i is built at height h;.

@ When building the ith layer, only the intermediate domain D;
and intermediate shape £2; play a role.
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Layer by layer modeling

h

€3

81‘ €2

For a final shape €, define intermediate shapes 2; of increasing
height h;

Q; ={x € Qsuchthat x; < hj} 1<i<n.
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Layer by layer thermoelasticity

Rewrite the thermo-elasticity model in a layer by layer context.

© Each layer j is built between time t;_; and t;, 1 </ < n.
@ Each layer i at height h;.
@ Intermediate domains D; = {x € D such that x4 < h;}

G. Allaire, L. Jakabcin, Taking into account thermal residual
stresses in topology optimization of structures built by additive
manufacturing, M3AS 28(12), 2313-2366 (2018).
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Layer by layer model

Heat equation:

p%—: — div(AVT) = Q(t) in (ti—1,t) x D;

T = Tinit (tl 1 tl) X rbase

AVT -n= _He(T - Tinit) ( i—1, ) (6D/ \ rbase)
T(t = t,',l) = Tinit in D; \D 1

Thermoelastic quasi-static equation:

—div(e) =0 and o =¥ + ot in (ti_1,t;) x Dj,
¢ = Ae(u) and ot = K(T — Tinir) 1d,
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Notations

D(tar)

D) | ”, ) Q(f Dot ','//

© Build chamber D, vertical build direction ey.

@ Intermediate domains D; = {x € D such that x4 < h;}.
© Final shape Q and intermediate shapes Q; = QN D;.
Q@ Mixture D; = Q; U P; of solid and powder.
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Layer by layer inherent strain model

© Powder is neglected and only the intermediate shapes
Q; = QN D; are taken into account.

@ The ith layer is denoted by L;.
© The inherent strain ™ is applied only in the layer £;.

The model is

—diV(U,‘) = 0 in Q,‘,
o = Ale(u)+eg,) with eg,(x) = e™xr.(x),
oin = 0 on Iy,
u = 0 on ['p NOQ;.
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