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The LPBF process

Steering mirror —»
Coating roller
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<— Laser beam

Powder
supply

Process description (Bikas, Stavropoulos, and Chryssolouris ( 2016
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Laser path

State of the art : (Ding et al. (2015) and Liu et al. (2018))

parallel contour spiral continuous  Medial Axis Transformation

B M O

= Allocation of these paths to domain cells,
= Velocity and power optimization,
= "Live" path adaptation.

Goal :
= path optimization "from scratch"” (Alam, Nicaise, and Paquet (2019)),

= determination of "good paths" criteria,
= determination of shape constraints inducing good paths.
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LPBF modelization

Microscopic scale
""§¢u?:"". > (Megahed et al. (2016) and DebRoy et al. (2018))
e = accurate model for the change of state, melting

pool,
m 4 states considered: powder, solid, liquid, gaz.

Macrocospic scale
(Van Belle (2013), Megahed et al. (2016), and

B e G. Allaire and Jakabgéin (2018))
LPBF process = conduction, convection and radiation
(Roberts et al. (2009)) m 2 states considered: powder and solid.

Stakes at a macroscopic scale:

m thermomechanics: thermal expansion, residual stresses, solidification of the
layer,

= kinematics: minimal execution time, easy to create.
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Macroscopic 2D model (in the layer plane)

Heat equation (conduction only):
ppow. Co,pow. Ot T — V - (Moow. VT) + 754 T = @ (t,x) € (0,t) x D,
Apow. VT -n=0, (t,x) € (0,tr) x 8D,
T(0, x) = Tinit(x) x eD.

Source model: Q(t,x) = Pexp (—4|x — u(t)|2), (u(t) the laser path).

Physical characteristics time independent (powder or solid value chosen depending
on the context).

Constraints to satisfy:
m change of state: Vx € D, 3t such that T(t,x) > To,
m thermal expansion: Vx € D,vt, T(t,x) < Ty,
u residuat-stresses:

&
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Outline

Introduction

Steady problem
m Path optimization
= Shape optimization
m Coupled shape and path optimization

Unsteady problem

Conclusion and perspectives
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Steady problem
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Opt|m|zat|on problem to consider (BOISSIer Allaire, and Tournier (2019))

Steady model: source on the whole trajectory at the same time (heating thread).

Objective : vary the path I in order to minimize its length (J(I")) while satisfying the
change of phase (Cs) and maximal temperature constraints (Cyy).

minJ(IN) = / ds
r r
while satisfying the constraints

C¢’s[ fD [ Te — ] dx =0 (T> T¢),
CM,st = fD [(T* TM)+:| dx=0 (T < TM)

and T solution of:

=V - (Mpoow.VT) + i‘X”z T="Cxr, (tx)€(0,tr)xD
Apow. VT -n=0 (t,x) € (0,tr) x OD

;&
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Computation of the speed of variation: shape optimization (Henrot and Pierre
(2018) and G. Allaire, Jouve, and Toader (2004))

Shape optimization: variation with respect to a vector field ¥,

I" regular curve with chosen orientation, which tangent is =, which normal is n and
curvature x with A and B its endpoints.

= Shape derivative of J(I') = [; f(s)ds:
J (M) = /r [Onf + kf]9 - nds + f(B)Y(B) - 7(B) — f(A)I(A) - 7(A)

= Then:

JrMY = J(r™) + J'(F")(9) + o(¥ 3 W
(rm7) = J(r") + J(r")(9) + o(¥) SO‘FIA @ﬁp WA
and ¥ is chosen such that J(I"+1) < J(I'").
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Numerical adaptation, steady problem

Line modelling: front tracking methods (Tryggvason et al. (2001))

Path discretization without modifying the mesh used
for heat equation.

Fixed grid

m control the curve’s discretization and
approximate continuous values (normal,
curvature, ...),

m communicate between the discretization and
the mesh.

Algorithm

. initial guess,
. computation of the objective and constraints functions (heat equation),
. computation of the shape derivative,

. advection of the path and control of the its discretization,
. computation of the objective and constraints functions (heat equation),

. if improvement: iteration accepted back to 3. .
. else: iteration refused the step is decreased and back to 4. SOFI A @ﬂp /WA
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Simple results

Values: (G. Allaire and Jakabgin (2018) and Van Belle (2013))
D =10cm x 10cm, Aso. = 15W.m™'K~',  Apow. = 0.25W.m~'K~', L =10cm, AZ =
im, P =800W.m™2, T, =1700K, Tm = 2000K, Tj,;; = 500K.
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Simple results
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Influence of the maximum temperature and the powder conductivity

Values: (G. Allaire and Jakab¢in (2018) and Van Belle (2013)) D = 10cm x 10cm, gy, =
15W.m~'K='", L=10cm, AZ=1m, P =800W.m 2, T, =1700K, T = 500K.
Influence of the maximal temperature:

0000
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Building a fixed shape

T,n = 1700K
Ty = 2000K

’
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Building a fixed shape

Values: (G. Allaire and Jakab&in (2018) and Van Belle (2013)) D = 10cm x 10cm, Asy. =
15W.m~'K~', L=10cm, AZ =1m, P =800W.m~2, Te = 1700K, Tpi = 500K, Tu out =
1600K.

Initialization A:
S0
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TM,/'n = ZOOOK, TM,/n = 3000K, TM,,‘,, = 3000K,
Koow. = 0.25W.m™'K™"  Kpow. = 0.25W.m™ 'K~ Kpow. = 0.025W.m~'K~'

Initialization B:

1,1
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Building a fixed shape

Values: (G. Allaire and Jakab&in (2018) and Van Belle (2013)) D = 10cm x 10cm, Asy. =

15W.m~'K~', L=10cm, AZ =1m, P =800W.m~2, Te = 1700K, Tpi = 500K, Tu out =
1600K.

Initialization A:

TM,/'n = ZOOOK, TM,/n = 3000K, TM,,‘,, = 3000K,
Kpow. = 0.025W.m~ "K'

Kpow. = 0.25W.m™ 'K~ Kpoy. = 0.25W.m™'K~"

Initialization B:
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Optimization problem

ming J(Q) = faQN g - uds
suchthat [, dx = Vy

00y
with u € H'(Q) solution of
—div(Ae(u)) =0 inQ 0Qp 00y Iy
Ae(u)-n=g on 0Qy
Ae(u)-n=0 on Ok 0Qr
U= 0 on aQD 0.1cm x 0.1cm

where A is Hooke’s law.

Shape derivative: variation with respect to a vector field ¥ of 2, a regular open domain
with boundary 92, which normal is n.

Shape derivative of J(Q) = [, f(s)ds: J'(Q2)(9) = [ f0 - nds

3
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Shape optimization, results

Vo = 0.8V
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Shape optimization, results

Vo = 0.8V
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Optimization problem

minr o me g-uds+ [ ds

such that {

with T € H'(D) solution of

{ V- Qoo VT) + 185 T = [or,

)\pow‘VT' n= 0

and u € H'(Q) solution of

—div (Ae(u)) =0

Ae(u)-n=g
Ae(u)-n=0
u=20

V=1,
Te <T<Ty

(t,x) € (0,tr) x D
(t,x) € (0,tr) x OD

inQ

on 9Ny
on 0Qf
on 0Qp

&
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Initialization A:

0000 0000 o000

Tm,in = 2000K, Tm,in = 3000K, Tw.in = 3000K, Kpow. =
Koow. = 0.25W.m~ 1K= Kpow. = 0.25W.m~ 1K' 0.025W.m—1Kk—1

Initialization B:

0000

Tw.in = 2000K, Tw,in = 3000K, Tw,in = 3000K, 'KPOW@G
Kpow. = 0.25W.m~ K=" Kpow. = 0.25W.m~ K=" 0.025W.msdiKs 1 sqiap
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Initialization A:
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Initialization B:
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Unsteady problem
0000

Unsteady context (laser speed V fixed)

Objectives: u final time: Lg = tr
m change of state: Vx € D, 3t € [0, tg] such that T(t, x) > To,

+ 2 + 2
oq,—ﬂ(n—m?xun.,x)l)) ] dx%ﬂ[(R—IIT(-VX)llwovtF)) ] ax

u thermal expansion: V(x, t) € £ x [0, tr], T(t,x) < Tm,

iF
Cu = /):/0 [(T(t,x)— TM)+]2dth.

Equations: Ppow.Cp,pow.O T —V - (Apow.VT) + z‘i‘} T= Q(tL’X)v (t,x) € (0,t) x D,
Apow.VT~n:0, (l‘,X)E(O7 t/:) x OD
T(0,x) = Tinit(x) xeD.

with Q(t, x) = Pexp (—5\x - u(t)|2)

Uty = Vr(t) telt,te] L
{ u(ty) = @ SOFIA @ﬂl’ e
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Unsteady problem
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Optimal control of the line (wendi, Pesch, and Rund (2010)

u, uy = u(tr)

min_J = Ar(te) + Ao (Co) + Ay(Cum),
0,te,u

while satisfying:

ppow. Co,pow. T — V- (\oow. VT) + 232 T = X (¢ x) € (0, t6) x D,
Apow. VT -n=0, (t,x) € (0,tr) x OD,
T(0,x) = Tinit(x) x € D.

with Q(t,x) = Pexp (—d|x — u(t)|2), where the path equation u is given by:

{ i) = VE(O(D) = V (cos(O(0),in(0(1) . VL€ (t1,15)

uly) =0 soFia egar  LUPA
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Values: (not realistic but efficient to test the algorithm)
Asot. = 10000W.m~ "K', Xpow. = 10000W.m~ "K',

psol. = Ppow. = 8000kg.m~3,

Csol. = Cpow. = 450Jkgi1 KT

L=10cm, AZ=10cm, P = 76800000 * (10*)W.m~2,
To = 773K, Tiir =303K., Ty =2773, p=38.

Phase
constraint:

Max.temp.
constraint:

SI=IN
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Unsteady problem
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Values: (not realistic but efficient to test the algorithm)
Asot. = 10000W.m~ "K', Xpow. = 10000W.m~ "K',

psol. = Ppow. = 8000kg.m~3,

Csol. = Cpow. = 450;].[(971.f(71

L=10cm, AZ=10cm, P = 76800000 * (10*)W.m~2,
To = 773K, Tiir =303K., Ty =2773, p=38.

Phase
constraint:

o000 00

Max.temp.
constraint:

SI=IN
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Unsteady problem
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Values: (not realistic but efficient to test the algorithm)
Asot. = 10000W.m~ "K', Xpow. = 10000W.m~ "K',

psol. = Ppow. = 8000kg.m~3,

Csol. = Cpow. = 450;].[(971.’(71

L=10cm, AZ=10cm, P = 76800000 * (10*)W.m~2,
To = 773K, Tiir =303K., Ty =2773, p=38.

Phase
constraint:

Max.temp.
constraint:

SI=IN
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Unsteady problem
0ooe

Values: (not realistic but efficient to test the algorithm)
Asot. = 10000W.m~ "K', Xpow. = 10000W.m~ "K',

psol. = Ppow. = 8000kg.m~3,

Csol. = Cpow. = 450;].[(971.’(71

L=10cm, AZ=10cm, P = 76800000 * (10*)W.m~2,
To = 773K, Tiir =303K., Ty =2773, p=38.

o935

Phase
constraint:

095

Max.temp.
constraint:

SI=IN
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Conclusion and perspectives
oe

Perspectives

Short terms perspectives:
m steady case:

allow for the splitting of the path and gathering many: topological derivative or power
optimization with bounded variation constraints,
determine criteria for a "good path" and a "good shape".

= unsteady case:

improve the optimal control model,

allow for the splitting of the path and gathering many: topological derivative or power
optimization with bounded variation constraints,

couple the shape and path optimization,

calibrate the model to get realistic results,

determine criteria for a "good path" and a "good shape".

Long term perspectives:
= adapt the curve meshing to the industrial requirements,
m adding more realistic constraints (geometrical, thermal et mechanical),
= make the 2D case evolve to a layer by layer 3D optimization.
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