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Detailed presentation about one well defined topic

Overview of several aspects
Some energetic concepts
Different scales
Semi-empirical approaches
Numerical approaches
Experiments

Applications to additive manufacturing

Only scratch the surface!
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Selected examples
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Casting

Machining

Forging

Rolling

Friction Stir Welding
Welding

Additive manufacturing
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Casting
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Rolling process
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Welding
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Additive manufacturing
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Requirements
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Geometrical tolerances
Defects
Porosity

Roughness

Phase transformations (this lecture)

Residual stresses (next lecture)
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Material properties
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Material properties are not only a matter of chemical composition
Microstructure plays a critial role

Grain size distribution

Grain shape (sphericity) distribution

Crystal arrangement distribution (fcc,bcc ete. phases)

Crystal orientation distribution

Crystal disorientation distribution

Diffusion of alloying elements

Segregation at grain boundary joints
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Anisotropy

Yield stress
Hardening behavior
Hardness

Ductility

Toughness
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Material properties

DA
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Basic thermodynamics
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Er : total energy
C' : kinetic energy
U : internal energy
U=Er—-C
Postulate :

Production of total energy = 0
Power brought to the system
Wext : Power of external forces
Q : Heat (all the rest)

Hence : ' ' '
ET:C+U:Q+Wext

Daniel Weisz-Patrault (Ecole des Ponts) 20 Janvier 2020 20 / 101



Principle of virtual power
Wint + Wext = Wace
After simple calculation
C = Wacc
Internal energy balance

UZQ_VVint

—Wint can be seen as a production of internal energy.
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S : entropy

number of microscopic arrangements
same macroscopic state

Entropy balance

Q/T : entropy brought to the system
Pg : entropy production

. Q
S_T+PS

Postulate :

Entropy production : Pg > 0
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Internal energy balance

U= Q — Wint
Entropy balance .
TS =Q+TPs
D

Balance equation

~Wine — (U —-TS)=D >0
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Liquid

Fixed temperature 7
and pressure pL

L
Volume V Solid

Fixed temperature 7’
and pressure pS

Volume VS
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State variables : p, V, T

=
Il
|
=
IS
Ila
S
IS
1)

Hydrostatic loading :

Volume variation : 1 : é
Hence :
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Internal energy : U = U® + UL
Entropy : S = §5 + SE
Dissipation : D = D% + DF
Volume : V = V¥ + VI

Balance equation in solid and liquid

US—TS5+p5VS=—-D5<0
Ul —TSt+ptvl=_DE <0

Balance equation in the mixture

U-TS+pVS+ptvE=—-D<0
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Freeenergy: E=U - TS
Enthalpy: H = U +pV
:G=H-TS
G=G%+G*F
where G¥ = US 4+ pSV¥ — TS% and G* = U* + pSVE - T 5%

Balance equation in the mixture

G=-D<0

G is decreasing during the phase transition
At the equilibrium G is minimum

G=0
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Gibbs free energy per unit volume

A
Liquid Interphase
Fixed temperature 7'
and pressure pL
L Liquid
Volume V' Solid
Fixed temperature 7' i
and pressure pS GV
Volume IS
Solid
Gy
distance
>

Driving force : AGy = GE — GY,
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Surface energy
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Surface energy

or rough
interphase
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Liquid
Fixed temperature 7'
and pressure pL

L
Volume V Solid

Fixed temperature 7"
and pressure pS

Volume V5

Free Gibbs energy

A
Go/

min

Free Gibbs energy : G — Gy = —AGy 4r® + drr?y

29

Minimum nucleation size : 7min = AGy
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Liu et al. 2013
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Liu et al. 2013
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Shibuta et al. 2014
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Growth rate

Daniel Weisz-Patrault (Ecole des Ponts) MPM 20 Janvier

35 /101



Kou 2003
V : welding/laser speed o

Molten pool
t+dt t

V = ||V|| speed norm

iso 7;
T : temperature oL

VT : temperature gradient
v

R : growth speed

R=|R|

o : angle between V and n
B : angle between V and R

center line

fusion line
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Kou 2003
Increment dt
Molten pool
Vdt cos(a) = Rdt cos(a — 3)
Hence
center line
~ Vecos(a)
= —COS(a — 6) fusion line
Observation
R~YNVT
Hence
_ g—T t+dr t
cos(B) = -
VT
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Kou 2003 J

isoT; — _—s=TT
\

molten pool

Thnax
V AN R=V center line
. ........
[V
R
fusion line
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Grain morphology
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Jackson 1971

{a)

T
L_._—'-]-'—'-'-"! \“h '
ST \"\\\“\\“\‘

b‘“ h il

() —*rTﬁ'\‘\’lTW R

|\(

a) Front b) Cellular c) Dendritic d) Equiaxed
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Kou 2003
|VT|| x R : cooling rate, | V7'

/ It : morphology indicator
VT|/R=a

S |L V71|/ R determines morpology of
solidification structure

||V7]| %R determines size of
solidification structure

Temperature gradient ||V 7]|

IVT]| xR =4
IVT]|xR =B
I

Equiaxed
Deﬁdr'\f\c

Growth rate R
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Wei et al. 2015
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Atomic interactions and energy
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Simplified physical approach
Energy as a function of the inter-atomic distance

Ulry) = e [(%)12 B (:_3)6]

U(rij) = Do [exp(—20(r — rp)) — 2exp(—a(r — rm))]

Lennard-Jones

Morse
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U(r) (eV)

1.2
14

—— Lennard-Jones
0.8 —— Morse

-0.2

-0.44

-0.6+
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Crystal
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Total potential energy of N atoms

1
Eior = 5 Z Z U(rsj)

i=1 j#i
Periodic lattice : energy per atom
1
Eatom = § Z U(TOJ')
J70
Infinite sum => cube of 1 ym?3.

Crystal lattice : minimum of Eatom

Default stack energy
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Disorientation energy
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Before minimization of Faiom After minimization of Fatom
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Additional energy with respect to the default stack energy
Disorientation energy ~y
Surface energy
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Dynamic equation

Energy minimization
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Disorientation energy
Simplest model : Read & Shockley (1950)

(010)
or x plane
= k

=+ x dislocation

(100)
or y plane

17 = ok
SN 2|/£ =+y dislocation
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R&S:0< AL 15
Constant value A > 15

y (J/m?)

0.7
0.6+
0.5+
0.44
0.3
0.2+

0.1
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Large disorientation angles
Phenomenological adaptation of R & S

- . zAG—AGm 1 —al ) EAG—AGm
TSN 5 A, — A6, @R 2 A6, — A6,

(A, < AG < Aby)
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Disorientation energy

1 1 L
20 30 40

Rotation angle, degrees

20 Janvi



Disorientation energy
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Classic evolution laws
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Spherical inclusion
S : grain boundary surface
E : grain boundary energy E = S«
State variable : volume V/
Viscous evolution law
oF

v=—mos

v : outward speed of the grain boundary

F' = —0FE/0V : driving force

m : grain boundary mobility (', A6, )
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Spherical inclusion (radius 7)

V:%ﬁﬁ
S = 4mr?
E =Sy

E = Sy = 4nrly
Driving force
OE _ 8r OE _ 8mry _ 2y
ov.oovoor %_‘T/ o

Evolution law

Y

v=—-m—

1 1
v=-—my| — + —
rr o TII

Extension
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Classic evolution laws

Curvature driven evolution
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Classic models

Daniel Weisz-Patrault (Ecole des Ponts) MPM 20 Janvier

61 /101



Potts models

Moving Finite Element
Level Set function
Phase field

Molecular dynamics

Daniel Weisz-Patrault (Ecole des Ponts) 20 Janvier 2020 62 /101



Classic models
Potts models : Monte Carlo based

6 6 6~7 7 7 7 7 7.7°8 8 8
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Grain boundary energy

Grain boundaries are implicit
Interaction energy E; between pairs (e.g., 6/7,7/8)
Range of interaction : first, second, third nearest neighboring pixels

Bulk energy H (e.g., stored energy of deformation)

Total energy
1 N, pix Nnei N, pix
Eot=5 > Ei(s:,3) + ) H(si)
i=1 j=1 i=1

Npix : total number of pixels
Nrpei : number of considered neighbors
s; : ID of pixel 4

s5 1D of the j-th neighboring pixel of ¢

o
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Evolution : mimic

ok 27
V= —Mm-——=—-m—

ov r
Random substitution of pixels ID

Acceptance probability

Er(s;,5%) m(s;, 5
1(si, 85) m(si,55) AE <0
p— ) max(Er) max(m)
) Ey(si,s%) m(s;, st AFE
I( ? ]) 7 j) exp tot AEtot >0
max(Er) max(m) max(Er) kT

5555555 5555555
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Classic models

Application to additive manufacturing

4™ layer | Molten *A

5t layer

—_
[(9)]
o
o

X
)
-
=]

-
o
Q
o
=
i

[
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Wei et al. 2019

10™ layer
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Energetic approach
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Describe the energy

Surface energy
Default stack energy

Define state variables and driving forces

Postulate the evolution law

OE

Dissipated power
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Describe the energy

Surface energy
Default stack energy

Define state variables and driving forces
Find a physical resistive mechanism

Crystal plasticity
Dissipated power within any virtual motion

Infer the evolution law

for all possible evolutions

Automatically verifies thermodynamic laws
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Grain boundary energy (Wolf)
V(Af) = vz sin (3A0) [1 — ay In (sin (3A0))]
T
(0=20<3)
Y(Af) = vz sin (1 — 3A0) [1 — az In (sin (7 — 3A0))]
T<Af< Z)
(F=a0<3

Dissipation by crystal plasticity

D(T, A, v*) = X(49)
m

[v*]?

X(Ae)_g< +2v31n <\g§>>min{A9,g—A9}

v
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var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}
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Example
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Multiscale problem
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Muller et al. 2004

fce

Transition de phase

T

Energy per unit volume : Ephase

bee

Potential Eneregy (meV/atome)

160

140 -

120
100
80
60
40
20

fee
P . ..
Energy barrier . ° .
E « | Energy gain during
- bee R phase transition
L et 1 1 1 1

1.2 1.3 1.4
ratio c/a
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Stored elastic energy E,
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Phase
transition

; Phase

' . '
1 transition

T(K)

Daniel Weisz-Patrault (Ecole des Ponts)

MPM

80/ 101



Evolution law
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Define a microstructure
Define nucleation points (defects)
Define state variables ¢ = (¢1,--- , ¢n)

Volume of each phase
Phase field

Define the total energy Eiot = fV EphasedV + J svdS + E,
Define a simple evolution law

: OFE}ot
= — .
2=
Find a numerical approach to compute this problem

Phase field

v
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Yamanaka et al. 2010
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Carbon diffusion
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austenite

St o]
e,

ferrite

a Phase transition
e
T ;
@ [
b j
e \\ Carbon diffusion

Austenite fcc

Ferrite bcc

austenite

Ty

martensite

T T
L2 g

Martensite : deformed bec with carbon

Carbide precipitates : F3C
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Carbon
concentration

Ferrite

Good carbon solubility in austenite
Carbon almost not soluble in ferrite
Precipitation Fe3C

Various patterns : Pearlite, Bainite
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Lamellar pearlite Lower bainite

U] P
¥ — o5 LR
__”725 pm SR

RPN SULL S Pt et

cryptozoology

Daniel Weisz-Patrault (Ecole des Ponts) 20 Janvier 2020 87 /101



Macroscopic model
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Temperature

A

Ae;

Austenite (fcc)

Ferrite+Austenite

Ferrit

bee),

Ferritet+Cementite (Fe; C)

Pearlite
Bainite

Martensite

C%
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Cooling conditions Heating conditions

T(K) T (K)
. / -
Liquid Liquid
L — ; I ; —
Liquid — Austenite Austenite — Liquid
s . I )
Austenite Austenite
Ae, Ae,
Austenite — Ferrite f) e 1[‘?
earlite .
Ae ] : : Bainite Austenite
Austenite — Pearlite Martensite
BS
. . e aus .
Austenite — Bainite Austenite
MS Ferrite
Austenite — Martensite Pearlite
Bainite
Martensite
Y

Liquid X lig Austenite X aus Ferrite X fer Pearlite X per Bainite X bai Martensite X, T
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Depends on temperature rate

Avrami equation
AX¢ = Xaus [1 — exp (—k¢ (t — t¢)n¢)]

¢ =fer, per, bai or aus
k4 and ng to be identified experimentally for each grade

High cooling rates
Koistinen-Marburger equation

AXmar = Xaus [1 — exXp (aMS (T - MS))]
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Phase
transition

; Phase

' . '
1 transition

T(K)
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0.9

0.8

0.7

—— Transformed phase
- - - - Ferrite
------- Pearlite

Bainite
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Application to additive manufacturing
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T (K)
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Application to additive manufacturing

100%
austenite

S

= % % % 5 o 5 0

25565

=] F = = 2
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2200
2100
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1900
1800
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1600

1500
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Application to additive manufacturing

R

»
N
N
o

Daniel Weisz-Patrault (Ecole des Ponts) MPM 20 Janvier 2020 100 / 101



Application to additive manufacturing

100%

austenite

100%

pearlite

0%

100%

pearlite
bainite
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