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Outline

¢ Background: y — ¥’ Ni Base Superalloy

¢ Computational Framework

e C(Classical Nucleation, Growth and Coarsening Models
 Elastic Deformation: statistical tool, PyMKS
 Plastic Deformation: Kocks-Mecking & energy conservation models

* Optimization

¢ Summary



¥ — v’ Ni-Base Superalloy

Olson, 1997
Ahmadi et al., 2014

Le Baillif et al., 2014

. b) Tensile tests at 850°C
* y and y' microstructure a b o 700
/ t th . 600 //é
[ T T —_
y' strengthening : E /
* Chemistry & geometry : F " = g o0 / ——
H £ 300 =—120°C/min
properties affect performance @ N / o
H L 120° < ¥, < 180° 0° < ¥, <120° W, =0° 0,0% 0.2% 0.4% 0,6% 0,8%
¢ O pt I m u m CO m pOS It I O n & Weak & shearable Strong & shearable Non-shearable strain (mm/mm)
. .. precipitate precipitate precipitate
processing conditions are

required Precipitation hardening

@ v/v' Microstructure

@

High Temperature Application

Performance
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Russell, 1978

Homogeneous, NON-Steady-State Nucleation Wagner et al., 2001
: —AG” —7 4 16m E3 A
N(t) = ZBN,ex ex (—) AGH= — —INT

Ao p(KBT> P\ 3 AG32
AG RT _ a;
AGy = ;h y,z Y In—=%
Cluster size is estimated by Boltzmann \_ Vin Vin 7 ‘)
distribution of total number of clusters, N,
Ve |Er
Interface energy (E;yr) and N, are the 7 —_'M
remaining parameters 2nNyry || KgT
f - rate of atom jumps from matrix to N
o 4mrg (Ci — Ci)
precipitate g = z _
a* C*D;
Zeldovich factor, Z, is employed to correct
i 2E 5 ViE
the equation _ INT VM
n=—""—7
AGy
The parameters are calculated using ,
Thermo-Calc with TCNI6 database T =

072

24



Rougier et al., 2013

Growth & Coarsening Perez et al. 2008

y' growth
dR _ D! G =G
dt 1 - 2/mexp(3] )erfe(%) IR (¢ - )

!/

o _'y . oy . ey e . /
C; istaken as the equilibrium composition in y

. [1 — Aj\/ﬁexp(lf)erfc(/lj) ]R stands the Effective Diffusion Distance

y' coarsening

dR 8 EpgVy DICY
dt 27 R*NpkgT &Y' _ 7
l l




Determine E;nyr and N,

- Experimental Data Regression

Composition, %  T,, K reference Eine, ml/m?2  Ng, 1/m?
Kt1 Ni-7.5Al-8.5Cr 873  Booth-Morrison et al., 2008 15 1.5x102°
Kt2 Ni-9.8AIl-8.3Cr 1073 Sudbrack et al., 2008 24 5x1027
Kt3 Ni-6.5Al-9.5Cr 873  Booth-Morrison et al., 2010 18 4.0x102%°
10%° — - 200
® Ktl ¢ Kt2
1024 | ¢ Ki2 150 }
¢ K3 100 .
- 1023 | ; 50 °
| -
£ 102 | m - € 107 10° 10° 100 102 10° 10° 10°
5 e 25
2 102t | = 0. ¢ Ktl
4 K3
15
10%° | "
1019 L >
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Determine E;nyr and N,

- Experimental Data Regression

Composition, %  T,, K reference Eine, ml/m?2  Ng, 1/m?
Kt1 Ni-7.5Al-8.5Cr 873  Booth-Morrison et al., 2008 15 1.5x102°
Kt2 Ni-9.8AIl-8.3Cr 1073 Sudbrack et al., 2008 24 5x1027
Kt3 Ni-6.5Al-9.5Cr 873  Booth-Morrison et al., 2010 18 4.0x102%°
10 — - - - - - - - 25—
¢ Ktl é Kt1
24 ® Kt2 ® Kt2
10°7 ¢ o K3 20| ¢ ki3 + ¢
- 103 e T | [ / )\
I m ® ¢
E102 | 0NN YN i +
=t | ERER
10%° | e
@
1019

102 107 10° 10' 102 10° 10° 10° 102 100 10° 10° 102 10° 10 10°
t, min t, min
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_ Nishizawa et al., 2001
Determine Ejyr Li et al., 2002

[ Eine & |AHY™Y| ]

4

Eine = a|AHY™Y'| a=f(T,) |

4

[ a = (3.75 x 1072T,, — 2.23) x 107° ]

Nishizawa et al., 2001

Composition Tp Vi yvov' | Ein Eintcal
% Kelvin 10 J/mol mj/mz  10° moI/ m*  mi/m?
Ktl  Ni-7.5Al-8.5Cr 873 1.52 15 0.99 15.
Kt2  Ni-9.8Al-8.3Cr 1073 1.34 24 1.80 24
Kt3 Ni-6.5Al-9.5Cr 873 1.64 18 1.10 17.1

Eine = (3.75 x 1072T,, — 2.23) X 1076|AHY™Y'|

25
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Thomas et al., 2006
Yield Stress Roth et al., 1997
Reed., 2006
Collins et al., 2014

— 2 2
Oyg = Oy + Ogg + Oy—p + \/O-p,O +

e Calculations using results from

previous steps: nyr, Ty, and Gpe = M

2b
composition of matrix
 Lattice friction (ay), solid solution L ) 0.5
(0ss) and Hall-Petch effect (oy_p) 6. = 0.22M (l_‘b,> (”R P ny’)
to yield stress is estimated R Lr
[Roth97].
* op follows the minimum value L ﬁ
among d,,. 0. and g,,.. RN T

* E,ppis calculated



Miod ik et al, 1995
APB Energy iodownik et a

Epp J, / m?

Ni-Al
W1 - 3W2 + 4W3 0.250} ' 0.216
EAPB,[111] — 2
\/g(a)/ ) 0.212
0.245|-
10.208
/ Atomic Bonding Energies \ = 0.240| 1| B0z
10 :
— 10.200
W, = 0.75W;; 0235
. _ 0.196
AHORP (1Y) — CL AHFCC |
W, = — 0.230}, . 0.192
12Rc? (1 -G ) i D I
500 600 700 800 900 1000 1100

\VVg = 0.125W;3 / T,, Kelvin

! .
* Chemical composition CL, Cgr and lattice

(1 —-CY ) parameter of a?’ are calculated under
3AHFCC + AHORD _ g
cv’ equilibrium condition at T,
S

Wis =

24RC (1 _ C‘V’)  Chemical properties are obtained at T,
’ * Chemical property of Ni-Al-Cr gives
=Wy +2W; Egpp111] = J/m2 .
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Process-Structure-Yield Stress
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yl
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Process-Structure-Yield Stress

Cyy, %
CCTI %
T,, Kelvin

vy
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Fast et al., 2011

Machine Learning Tech for Elastic Deformation — PyMKS
Kalidindi, 2012

/Statistical/machine learning tool \ A

correlating microstructure with properties o -
by linear function -~

* By employing machine learning technique,
PyMKS can reproduce the FEM calculations

in @ more efficient way >
, : : & &E
e For the microstructure with high volume ys
fraction of y’, the representative volume 750
\element is created for PyMKS caIcuIation/ s .
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Plastic Deformation Model Mecking et al., 1986
Huang et al., 2007, 2008

The evolution of the dislocation density (p) is calculated as increasing strain

based on non-equilibrium thermodynamics and Kocks-Mecking model using

shear modulus (u), burger’s vector (b), mean free path of dislocation (),

vibration frequency (v), energy barrier of dislocation annihilation (AG,) and

model constant (C, a)

v AG
(ub® + 7bl) ?O exp (_ k_Tp) Pine — Tp

Pine +As = Pine T 1 Ae

*

ECa,ub2 — (ub? + tbl)

Ae

Mt = Oy +O_5'5+O-H_p + /O-pz +O-5
36




Plastic Deformation Model Le Baillif et al., 2014
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Plastic Deformation Model Le Baillif et al., 2014

0. 323 0.29
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Optimization

Input conditions

Min 10 10 1123
Max 25 20 1473

* Objective: high work to necking (Eyry) at T, = 1123K
* Pass the calculations while ny’ < 0.4

* 6 bits of memory is utilized for 1 variable

 6samples are selected in 1 generation and 10 generations are
calculated



Optimization
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Optimization
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Optimization - WTN
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Summary

 The optimization of Ni-Al-Cr ternary system is demonstrated.

* With proper E;nyr and Ny, nucleation-growth-coarsening models
successfully approach ¥’ precipitation in binary and ternary
system.

* The yield stress and young’s modulus are calculated by empirical
formulas and PyMKS package, respectively.

* The IRT model is implemented to simulating the plastic
deformation.

* To optimize the chemical composition, Genetic Algorithm is used
as the close loop of process-structure-properties.
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Optimization
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