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Introduction: Ni Superalloys and Applications
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Impact of Vacancies on Sirength & Creep Properties
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Young's Modulus (GPa)
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Vacancies in Mulli-Element Alloys
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» Tail states can get
activated at low
temperatures
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Zhang et al. Computational Materials Science Volume 190, 1 April 2021, 110308., 2) Wilson et al. Materialia Volume 28, May 2023, 101764.
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Methodology

1. Define composition space
a) Base alloy: Face Centered Cubic Ni with 108

13
Al
] atoms o 24 (2526 |[27 1[28 ][ 29
) Alloying elements Ti Cr ||Mn|| Fe || Co || Ni || Cu
» Major transition metals (up to 33%) 1 (22
» Refractory metals (up to 16%) Nb || Mo
» Minor transition metals (up to 11%) = W7
2. Density functional theory calculations for various Ta [[ W
2-6 element alloys
(36 binary, 20 ternary, 11 quaternary, 9 quinary, and 3
senary)
OOOOOOOOO Single element in ground state OOOOOOOOO Self-consistent chemical potential in alloy
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Zhang et al. Computational Materials Science Volume 190, 1 April 2021, 110308
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Ni-Transition Metal Binary Alloy Systems
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Effects in

Self-consistent chemical potentials (alloy)

Multi-Element Alloys
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Adding Fe/Co/Cr
0(Eyqc) ~0.1-0.15 eV
ESS ~14-16¢eV at

vac

500 K

Combining Cr and
Ta/Nb

0(Eyge) ~0.14—0.2 eV
ESIS ~1 eV at 500 K




Correlations with Charge Localization and Impact

on Chemical Potential
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logiolcw(T)]

Impact on Vacancy Concentration
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 Minimal impact of Co and Fe in binary alloys, 1 order of magnitude rise upon adding Cr
« At 500 K, vacancy concentration increases 3-4 orders of magnitude upon Nb and Ta addition
* In ternary alloys:
» Adding Cr and Ta increases vacancy concentration by ~5 orders at 500 K
« Adding Cr and Nb/Al results in ~3 orders increase
Goal: Screen Ni-alloys with high u(g,,.) and low o(E ;)
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Graph Neural Networks

« FCC lattice constant using rule-of-mixtures

70-15-15 Training-Validation-Testing Split
* Create vacancy

 Construct graph using ALIGNN model 700 J B
Training (5064)
600 - Validation (1085)

500 - Testing (1085)
@0000 £ a00-
“~ 300 -
@0000 "

Q00O :

0 1 2 3 4 5
Vacancy formation energy (eV)

Other regression models are not very efficient
ALIGNN: Choudhary and DeCost, npj Computational Materials volume 7,
Article number: 185 (2021).
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ALIGNN (eV)
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ML-Predicted Distributions for u(fk,,.) and o(E ;)

k = 2, Binaries k = 3, Ternaries k = 4, Quaternaries k = 5, Quinaries k = 6, Senaries
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Screening Alloys with Low Vacancy Concentrations

k=4
180
Composition (at%) § 155 0.14
9 | L | i e B %
Elem Lower Upper ﬂg 170 R 0.12 =
bound bound Tz 1651 i o0 =
L2 4 ]
- .5 *a, 010 B8
Ni Balance = 30 ge 1907 AL 5
o 1551 e 008 E
Co 5 27.5 7.5 g =
g 150 .
cr 15 25 5 = Attt '
30 40 50 60 70 80 90
Fe 0 15 7.5 Ni at%
Mo/W 0 3 1.5
Nb/Ta 0 3 1.5 . .
Ni79.0-C05.0-Cr15.0-Fe0.0-Al1.0-M00.0-Ti0.0-Nb0.0
Al 1 6 2.5 Prediction (averaged)
. 1 — Gaussian (1.54 = 0.09)
Ti 0 4 2 —-- 95% CI lower bound (1.51 = 0.09)
Total 2730 x 2 = 5460 4 —=- 95% Cl upper bound (1.57 = 0.1)
o
=
=3
S A

e

1.0 12 1.4 16 18 2.0
Vacancy formation energy (eV)

TMS 2026 155TH ANNUAL MEETING & EXHIBITION

www.tms.org/TMS2026 - #TMSAnnualMeeting



Screening Alloys with Low Vacancy Concentrations
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Conclusion and On-Going Work

« Cr/Nb/Ta/Al/Ti increased ¢(E,,.) and introduced low-energy vacancy states

Multivariate Li R i
+ ML models rapidly identify alloys with u(Eyqc) > 1.75 eV and o(Eyq) < 0.1 wiivariate Linear Regression

Feature Importance for u(Eyac)

eV 1200 m =3 DFT
* Vacancy concentration 2 orders of magnitude lower than pure Ni at 1000 K 100{ [ = GNN
* These alloys are rich in Fe-Co-Cr and contain Al, W . 8]
r_; 60 |
~ 40l
Al/ML/Data Informatics for Materials Discovery: Bridging Experiment, 20 mm
M
0]

Theory, and Modeling: Property and Performance Predictions Ni Cr Fe Co Mo V

Feature Importance for o(E,ac)

» Predicting the High-Temperature Oxidation Response of Nickel Superalloys L = orr
Using CALPHAD-Enhanced Machine Learning — Aditya Sundar L[] N = o
* A Design-Focused Machine Learning Framework for Creep Behavior in s LT
Structural Alloys - Madison Wenzlick 2 mm
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