Precipitation
in a multicomponent alloy:
combining atomic
and mesoscopic simulations
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Introduction : Al-Zr-Sc Alloy
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Zr and Sc precipitation in Al alloys

0 =2 Al.Zr (L1,) x%4, <0.27 at.%
Q,ff@n 2> Al;Se (L1) x4, <0.24 at.%
0 > Al,Zr,Sc., (L1)

O Al O Zr/5e

Mode| system for ordering alloys

Interaction between solute atoms: - repulsive for 15t n. n.
- attractive for 2nn. n.
- no interaction beyond

- Validate mesoscopic modeling of precipitation
by confronting them with atomic simulations
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Ab-initio calculations
Experimental data
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Atomic model (KMC)
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V4 H Difficulties :

» validity of hypothesis

» predictions for ternary alloys

Mesoscopic models
(cluster dynamics)

)
No direct W&
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Experimental
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Atomic Model

Thermodynamics :

Rigid lattice with pair interactions (Ising mudal)

> 1+ nearest neighbours (7= :
nearest neighbours Qf’f?@f;
» 2% nearest neighbours | ,,*}C?Ej‘fj:f )
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Atomic Model
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Kinetics :

Atom-vacancy exchange thermally activated
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Atomic Model
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KMC using resident time algorithm :

At each time step :

» calculate all transition probabilities @. of the vacancy

(only 12)

» choose the next configuration according to this distribution
of probabilities (random number)

> increment time with 8f=1/2. w



Atomic Model : Parameters
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» Formation free energies AF(Al.Zr) et AF(Al,5¢) Qﬁ%@@'ﬁ: (7
> ab initio calculations (enerqgy + vibration entropy) | O, © iz
9y PY :Ly\; -0 | #yed)
o)
(ot » Solubility limits
% ' r‘\"’:}J: Zaize (D) = Zrin Al : ab initio / experimental *
'? TG00 [ Farsdd) = Sc in Al : experimental data
# Formation energies of ternary ordered compounds e
= ab initio caleulations (energy) (%% E(T)Oji EL—
: ,,t-@-:':i} EQSC-EF

Vacancy thermodynamics (7%, B, . FP". )

Diffusion coefficients D, .(T), D .(7) et D .(7)
= experimental data

# E. Clouet, J. M. Sanchez and C, Sigli, Phys, Rev, B 85 (2002) 094105



Atomic Model : Simulations
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Precipitation in Al-Zr-5c alloy

0.0000 8

Aluminum solid solution
V>, =05 at%
e, =05 at%

T =550

2007 lattice sites
1 vacancy

o /r
e 5S¢

Explanation :

DSE S DEr




Atomic Model : Simulations
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Precipitation in Al-Zr-5c alloy

Precipitates’ size (atoms) Aluminum solid solution
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Atomic Model : Simulations
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Precipitation in Al-Zr-5c alloy

Concentration
0.25 -

0.2 7
0.15
01 A

0.0:5

O Zr © sc Distance » / o

In agreement with experimental observations (3D atom probe' / HREM-)

I B Forbord, W, Lefebyre, F. Danoix, H. Hallem and K. Marthinsen, Scr. Mater, 31 (2004) p.333
¢ A Tolley, V. Radmilovic and U, Dahmen, Scr. Mater. 32 (2005) p.6Z1



Atomic Model : Simulations
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Ce, CcOnstant
=3¢ density N, / I, T=450°C
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Cg, CONstante

0% Zr-0.5% 5S¢
0.05% Zr-0.5% 5¢c
0.1% Zr-0.5% S¢
0.2% Zr-05% 5S¢
05% Zr-0.5% 5S¢

DADIDRY

Zr Addition :
= increases precipitates’
density
= decreases precipitates’
size

In agreement with
experimental
observations
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Atomic Model : Simulations
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Atomic Model : Simulations
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Precipitation in Al-Zr-5c alloy

* Thermodynamic factor (@, <0)
= Formation of nuclei containing Zr and Sc atoms

* Kinetic factor (. == D, )
- Nuclei growth by Sc absorption

* Decreasing of 5S¢ concentration in the solid solution
- Precipitates’ external shelves richer in Zr

Zr addition to Al-5c alloy

* Nucleation's increase
= Higher precipitates’ density

* No influence on the growth stage
= Smaller precipitates (less 5c available for growth after nucleation)



Modeling Approach
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Ab-initio calculations
Experimental data
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Afomic model (KMC)
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Mesoscopic models
(cluster dynamics)
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Cluster Dynamics : Theory
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C C

n-1 n n+l

Cluster population described by its size distribution C,

m)  No information on cluster position



Cluster Dynamics : Theory
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m
o @
=

n-1

Time evolution of the distribution

dd(iﬂ - "In—lan - Jnaml 7 VH 2 2
Flux only between adjacent
dC o classes
14;2 z n—sn+1

df =2



Cluster Dynamics . T heory
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Jn 1—=n I‘JrrHrHl
ﬂ —ICf -1 ﬂnCn
./h\®/‘ﬁ\.
an+1 n+
n—l n
Time evolution of the distribution
dC
- = "In—lan B Jnaml ? VH 2 2
df
dC :rH«n+1 ﬁncn an+1 n+l
Bl g
d1 I ; ] * Monomer absorption
- Monomer emission




C luster Dynamzcs T heory
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Jn—lan I‘JrrHrHl

ﬂ —ICf -1 ﬂnCn
A~
O/ﬁh\(—\ ﬂ-h’ W
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Cﬂ_l n Cn H ="+ Cn+1

- Absorption controlled by the long-range diffusion of monomers
B, =4nR DL,

- Emission 1 intrinsic property of the cluster
(do not depend of the embedding solid solution)

Fluxes equilibrium in a saturated solid solution




Cluster Dynamics : Theory
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Jn—lan I‘JrrHrHl

ﬂ —ICf -1 ﬂnCn
O/ﬁh\(j H‘H
oz, @,,C, . \”‘J
Cﬂ_l n Cn H ="+ Cn+1

- Absorption controlled by the long-range diffusion of monomers
F,=4zR D(,

- Emission 1 intrinsic property of the cluster

a, = f(D,0,)

=) No information on the nucleation driving force
assumed thermodynamics = lattice gas

— Only 2 parameters : D, und



Interface Free Energy
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AlsSc, L1, / Al fee: planar interface

025 4 ISE .T: 4509(:
021
TT L1, fec
[111] direction o5 |
Alasi_ L1, 0 \f
' ™ oA
0k 1
......uuuuuu = plane #
N / B 8 & & =
Vv
Saturated .
solid solution [11]]




Interface Free Energy
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AlsSc, L1, / Al fee: planar interface

Relaxation within Bragg-Williams
approximation: . F=430°C
* concentration 02
* order parameter LY, fec
[111] direction a5 |
AI sc' L1 1: 5 0 15 20
3 K Z 9 ‘;‘
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, / o 5 p is E
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Interface F ree Energy
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Interface Free Energy
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Interface free energy g2 (meV)
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Cluster Dynamics : Simulations
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Al+04% Sc- T =500
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Cluster Dynamics : Simulations
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Al+04% Sc- T =500 Al +0.75% Sc- T =500°C
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Interface Free Energy
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Dependence with size of o,

Counting of all reachable configurations of the cluster for
- each size 11 (n< 10)
- each energy class a

m) Cluster interface free energy

G,=-kTn(X,D, exp(-H,,/kT))

Example : n=4
2 energy classes b o

H =160® D, =3
—0
; H,=180® D,,=83
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Interface enerqgy depending on

Constant interface free energy cluster size

~ @ = & (Bragg-Williams + Wulff) » Direct calculation




Interface Free Energy
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= Direct calculation
/~ Fitting of
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[ @, = o [Bragg-Williams + Wulff)




Cluster Dynamics : Simulations
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Al+04% Sc- T =500
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Cluster Dynamics
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Cluster Dynamics : Simulations
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Al+04% Sc- T =500 Al +0.75% Sc- T =500°C
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0.m1 0.01 g1 I- {;] 0.mai gog1 0.a1 g1 E‘ [15}




Modeling Approach
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Confrontation with Experimental Data

Al+0.18 % Sc at 350°C : precipitate growth

., | Precipitate radius (nm)

10~

R Time (s)

|:I 1 T Trrrn 1 LI 1 LRI 1 T TrTrrrrn 1 LB LA

1E+01  1F+02  1E+03  1E+04  1E+05  1E+0F  1,E+07

Experimental data
Ref. 1
Ref. 2

KMC
(Rt ~ 0.75 nm)

LS W Novotny and A, J. Ardell, Precipitation oF AlSc in binary Al-5c alfoye,

Mater. Sci. Eng. AJ18 (2001) [44-154

¢ E Marquis and D, Seidman, Nanascale structural evolution of Al 5S¢ precipitates in Al(Sc) alloys,

Acta Mater. 49 (2001) 1909

O



Confrontation with Experimental Data

Al+0.18 % Sc at 350°C : precipitate growth

Precipitate radius (nm) Experimental data

Ref.1 O
Ref. 2

12 1

Cluster dynamics
(Ret ~ 0.75 rm)

_ Time (s) KME 0
1] T T T TTTTT T T T TTTI T T T TTTI T T T TTTT T T TTTTI T T TTTTIm| (Rcufnu.TE m“}
1E+01  1E+02  1E+03  1E+04  1E+05  1E+06  1E+D7

LS W Novotny and A, J. Ardell, Precipitation oF AlSc in binary Al-5c alfoye,
fater. Sci, Eng. A318 (2001) 144-154

¢ E Marquis and D, Seidman, Nanascale structural evolution of Al 5S¢ precipitates in Al(Sc) alloys,
Acta Mater. 49 (2001 1909



Confrontation with Experimental Data
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Al+0.18 % Sc: precipitate growth

Precipitate radius (nm) ™ Exp. data. 0
3 @ Cluster dynamics /=
p (Rt » 0.75 nm)
/
| / 300°C
2 .f,f
. ---ﬁf.. i
1 e —
o0 1000 10000 100000  le6 [T =]

2 E Marquis and D, Seidman, Nanascale structural evolution of Al Sc precipitates in Al(Sc) alloys,
Acta Mater. 49 (2001 1909



Confrontation with Experimental Data
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Al+0.18 % Sc: precipitate growth

Precipitate radius (nm) | | | Exp. datac O
E L
@ Cluster dynamics /°
6 | / (Rt ~ 0.75 nm)
® / 350°C
4 | e 300°C
-
S/ o
2 _}fﬁ:/ ,”‘Hf
e
0

10 100 1000 10000 100000 1e6 | o 2

2 E Marquis and D, Seidman, Nanascale structural evolution of Al Sc precipitates in Al(Sc) alloys,
Acta Mater. 49 (2001 1909



Confrontation with Experimental Data
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Al+0.18 % Sc: precipitate growth

Precipitate radius (nm) ' ~ Exp. data.? 0
20 | Cluster dynamics /°
(Ret ~ 0,75 nm)
15 400°C
3B0°C

10 300°C

5 L

0 ; ; .

1 100 10000 166 Time (5) |

2 E Marquis and D, Seidman, Nanascale structural evolution of Al Sc precipitates in Al(Sc) alloys,
Acta Mater. 49 (2001 1909



Confrontation with Experimental Data
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Al+0.18 % Sc: precipitate growth

Precipitate radius (nm) ' @O Exp. data. 0
Cluster dynamics /~
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450°C
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) =

1 100 10000 166 Time (&)

2 E Marquis and D, Seidman, Nanascale structural evolution of Al Sc precipitates in Al(Sc) alloys,
Acta Mater. 49 (2001 1909



Confrontation with Experimental Data
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Al +0.18 % Sc at 350°%C : size distribution

8} | | | | | f=F57 h Exp. data
2 Cluster dynamics
LSW
1.5
1
) JDKP#‘% 17
0 M
0 02 04 06 08 1 12 14 rlrs

LS Novotmy and A, J. Ardell, Precipitation oF AlSc in binary Al-5c alfoye,
Mater. Sci. Eng. A318 (20013 144-154



Conclusions

..................................................................

¢ Binaries Al-Zr and Al-Sc¢
Good agreement between :
 KMC / cluster dynamics

* cluster dynamics / experimental data

=) Quantitative multiscale modelling of the precipitation kinetics

v Precipitation in fernary alloy Al-Zr-5c
* Nucleation of a compound Al;Zr, Sc,, predicted by KMC
« Growth mainly controlled by Sc

Need to generalize mesoscopic model to ternary alloys
) in order to increase range of supersaturations and annealing times
that can be predicted

E. Clouet, M. Mastar and C. Sigli, Phys, Rev, B 89 (2004) 064109
E Clouet, A Barbu, L. Laé and 5. Martin, Acta Mater, (2005) in press



