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technological solutions to America’s energy challenges.
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Driving innovation and delivering solutions Kot Naorl Ly laboratories
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prosperous energy future: " -Opplled

- Ensuring affordable, abundant and research national las
reliable energy that drives a robust
economy and national security, while

= Developing technologies to manage
carbon across the full life cycle, and

» Enabling environmental sustainability
for all Americans.

= Government owned
& operated

» Leader in cutting-edge
research in CO2 conversion
to higher-value products

= Only National Lab dedicated
to carbon management
LINREL research

To be the nation’s premier energy
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integrated solutions to enable
transformation to a sustainable
energy future.
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Traditional Approach

Bonded Non-bonded

il i Limitations of traditional forcefields:
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MLP Workflow: Training and Validation
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Temperature Dependent Mg Surface Segregation AlMg Alloys:
Isotherm Comparison
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MLP results match most precisely with Wagih-Schuh Isotherm

C. Andolina, J. Wright, N. Das, and W. A. Saidi, Phys. Rev. Mater. 2021, 5, 083804.
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DFT Tralnlng Database
E jﬂam ALl ?) % Thousands of
L8 % configurations wess

'6{ Adaptive
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Lattice Config. Utilize low-accuracy
@ | computational framework to
Q,
§
Sefects devieop MLP
J/
f@ vz
Mechanical Vi
Validate
with DFT

U.S. DEPARTMENT OF

NERGY




. . - |INATIONAL
Computational Experiments on Al, Cu and Mg $'E“é.'iﬁ&oey

LABORATORY

Systematically develop MLPs using different k-grid
densities: 11,000 configurations / metal /k-grid Slow convergence

: Accelerated
—
jConvergence
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Per atom volume,

Recipe for concise dataset....

Distort along different Three randomly cohesive energy,
) > \ seeded MLPs point defect energies,
axial combinations and elastic constants
di . ; h latti Generate 20 — - -
12 distortions for each lattice configurations for —>I Training |—> Validate material
Initial each structure at A pI;:$ertf|es with
structures melting and % melting g rel erence
/ temperature (NVT) values
5 lattices per Point defects of : 1
element . g
(fec, bee, hep, sc, ground state lattice ;
dc, rhomba, ortho, _ : NO
... etc.) One single vacancy structure Adaptive « Converaed?
Up to 6 interstitial structures Each dataset has less Training Sk
(bcc, fcc, dc)
Up to 13 interstitial structures than 6000 frames. On
(hcp) ~ LAMMPS NVT ensemble to l YES
average 20 atoms PEr | identify and train selected

structures out of force [
tolerance criteriarange =
0.07-2 eV/A

configuration.

***No Pristine Lattices used in training ***




Single Element MLPs
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Understanding Material Melting

“ Two-Phase Coexistence (TPC) approach is the
“gold-standard” ..... but requires system sizes Mo
in excess of 10,000 atoms!

Applied MLP to compute T,, of 20 elements
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Estimate T from Cohesive Energy
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T, = (340 K/eV * E,,) + 430 K (Alkali Metals)
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Comparing TPC-MLP to Experiment and DFT-Predicted ‘ E'E‘@E&%@“
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DFT/MLP underestimates Improved agreement MLP
experimental T, and DFT-predicted.
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MgO Solid-Liquid Phase Transitions at Mantle

Conditions TL ) RSoRaOR

10000
—_ 9000-—
< _
S 8000 We can describe solid-liquid
£ 7000 phase changes for large
Q. i .
£ 6000 supercells over long time
‘> so000| A scales and extreme
% 4000'_ 5 ---n---gtelonr:)shk(: elt a;.o((lj\{llatsui model), 2010 pressures ~300 GPa Wlth
= 53 . er?)%oasn eoae-,a.

3000 | IS gNIP (thi:kwortk)l'm% DFT accuracy

< —— Simon Equation
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Preliminary Results: MoNbTaW HEA N=[Hnena:

TLBsiies
MD MLP-TPC
. Eonn Tm-PRED T, TPC-MLP
MoNbTaW Composition (eV) K) K)
Mo0256.Nb256.Ta256.W256-r1 -10.211 4100 421628
Mo0256.Nb256.Ta256.W256-r2 -10.210 4099 422121
M0256.Nb256.Ta256.W256-r3 -10.208 4099 4217+22
Mo0256.Nb256.Ta256.W256-r4 -10.210 4100 422021
M0128.Nb384.Ta128.W384  -10.153 4077 4267+22
M0128.Nb128.Ta384.W384  -9.837 3950 425120
M0128.Nb384.Ta384.W128  -10.229 4107 4241+22
M0384.Nb128.Ta128.W384  -9.477 3805 411723
M0384.Nb128.Ta384.W128  -10.154 4077 432019
Mo384.Nb384.Ta128.W128  -9.622 3864 421528
* Similar T over narrow compositional changes.
* Predicted Tm from E__, agrees well with MLP-TPCT
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The trend for Cu-Ni Alloy Segregation N = |NATIONAL
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. _ CuNi dynamics fromns 2 s
Adaptive Kinetic Monte C h ¢
KMC Carlo (KMC) u segregates to the surface
under reducing conditions

DFT,

MD ParSplice

2 .S (E— . e |
g & i, What happens under
® € - PP
58 - oxidizing conditions?
N 8 QNEC : e CIo=EE - +BE IS e
e —— Competition between
10 10 102 10° surface reconstructions
Simulation time (seconds) and segregation
tendencies

f% EﬁMERTﬁEFY Lee, Nguyen, Garmon, Perez, Li, Yang, Henkelman, and Saidi, JC_
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0.15 Subsurface Cu Surface Cu 0.25 m Single Ni Atom on Surface
> 0.05 T 02
z B
@ 005 %015
ué -0.15 o
g W,
% .0.25 g
& --Cu(100)-0 £
" .0.35 —o-c(2x2) (100) || c(2x2) MRR 3 0.05

0.45 “-MRR 0 B B

1 2 3 4 Cu(100)-0 c(2x2) MRR

Layer

<Surface | Bulk 2

Oxidation

MLP to address the
complexity of the
system

MRR is preferred over c(2x2) for small |° O O
Ni doping and c(2x2) becomes
preferred as Ni increases.




Segregation at finite time — MC/MD Simulation N=|ranonal
TL){as5katory

MRR with random 5% Ni

Ni segregation
and surface
rearrangement
to form Ni-O
bonds

Surface Cu

. »y . » . . . » » » . » » » s 5 » » s . » »
R Y i Y Y P Y ey N
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Simulations made
possible by MLP
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Stability of full Ni monolayer ... MC/MD simulation TL [EStnoLoey

MRR Surface C |
5 — c(2x2) surface is
) Ni more stable due

to the NIO
arrangement.

Simulations
made possible
by MLP




Experimental Verification  Collaboration with Li and Yang  [[g=]|nanona.

a 300 °C, 7 x 102 Pa O,

Cu-5at.%Ni (100)

b c(2x 2
A
(o4 —— Ni segregation Ni sefregation
tesiee
TR R 1
dygrr  NiO NiO
it 1R et 01002101857 s e oa R
e o rte e *
g‘z e h ) v""'r?w:
o [ $as CUZO s N|O '.'. Py CUZO
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ETEM 5% Ni (300 °C, 7x10~3 Pa 02)

 (b) shows the formation of c(2x2)

* (c) Ni segregates to the c(2x2), as highlighted
by strain due to the difference between the
lattice constant of Cu and Ni.

e At the same time MRR is forming from a
region free of Ni.

 The c¢(2x2) with Ni eventually forms NiO,
while the MRR forms Cu,0.

DFT and MLP results are verified by
experimental observation.
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Integrating experimental, simulation and data-driven methods for material development LABORATORY

Experimental Validation
» Accelerate development and Collaboration with
] External Partners
deployment of new materials for Modeling and

energy applications Simulation

» Predict long-term materials
1 1 Ad d

performance in fossil energy pelvances
power plants of any cycle :

Design

» Advance technologies including
High entropy alloys; structural
alloys; hydrogen embrittlement; Manufacturing and
oxidation; catalysts; sorbents Characterization

Stakeholder
Outreach

5000
2500
g 20000
17500
15000

*LMP=(T[*C}+273)X(20+10g g0, [N])

Machine Learning and
Artificial Intelligence
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Integration info materials design & testing S ENERGY
Creep Rupture Time Prediction LABORATORY

* Leveraging property prediction in :|<Experimenta|>|
material design loop data curationJ

* Improving efficiency of Validation & Model training
experimentation through prediction testing & deployment
of long-term properties 1 l

performance experiments J optimization &
prediction

* Optimization of material [ Design of 1 ( Property ]

U.S. DEPARTMENT OF
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High
CT_Cs
CT_Temp
log_CT_MCR

Sub-Eneray(©uien.Avg Rank order value of

outermost subshell
energy level

12 S

Normal
10 Co
Annealing Temp

Vv

B

CT RT

Feature value

AGS No.

log_

c
Temper2

0

Ni
Calculated average
ionic radius

avg_ion_rad_Avg

Nb

2 a4 6 8 10 12 Cr
S

Train R2: 0.9185 +/- 0.0051 e
HO|d-OUt teSt R2 . 0.9282 _SSHA_vaaIu:(impaoct on rr110del jutput)s !
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Addition of physical features
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Aiding generalizability, interpretation

 Derived from Rule of Mixtures
using at.% composition

* Adding physically relevant
features related to mechanical
behavior of alloys

* Atomistic & physical
properties

e Calculating 76 average and
standard deviation values

Trehern, W., Ortiz-Ayala, R., Atli, K.C., Arroyave, R. and Karaman, |., 2022.
Data-driven shape memory alloy discovery using artificial intelligence
materials selection (AIMS) framework. Acta Materialia, 228, p.117751.
https://doi.org/10.1016/j.actamat.2022.117751
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Coefficient of linear thermal
expansion (/K)

Electrical conductivity (106/cm Q)

Thermal conductivity (W/cmK)
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Number of electron vacancies

Number of valence electrons

Number of electrons in outermost subshell

Electron capacity of outermost subshell

Density (g/cc @ 300K)

Bulk modulus (Gpa)

Rigidity Modulus (Gpa)

Youngs Modulus (Gpa)

Enthalpy of atomization (kJ/mole @
25°C)

Electron Vacancies in the outermost
subshell
Rank order value of outermost subshell
energy level
Number of electrons in 2nd outermost
subshell
Electron capacity of 2nd outermost
subshell

Enthalpy of fusion (kJ/mole)

Enthalpy of Vaporization (kJ/mole)

Brinell hardness (MN m~-2)

Electrochemical Equivalent (g/amp-hr)
Electron work function (V)
Pauling electronegativity
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. MLPs provide a good balance of

10000

accuracy and computational cost, ,; S
and allows bridging the modeling gap i,
. . e = [
with experiment H 2 A
’.' g jzzzz ..'"“‘._n'- ---u---g:ﬂc:]r::sitkil'étzz(a)sZMatsui model), 2010

0 25 50 75 100125150 175 200 225 250 275 300

« Various examples including melting
and early stages of oxidation of a
binary alloy

Pressure (GPa)

* Creep rapture time pI’EdiCtiOH USing Database and MLPs are available
experimental data and simple features https://qithub.com/saidigroup
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This project was funded by the United States Department of Energy, National Energy
Technology Laboratory, in part, through a site support contract. Neither the United States
Government nor any agency thereof, nor any of their employees, nor the support
contractor, nor any of their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein 1o any specific commercial product,
process, or service by frade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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VISIT US AT:

@NETL_DOE

@NETL_DOE

@NationalEnergyTechnologylLaboratory

CONTACT:

Wissam A. Saidi
Wissam.Saidi@netl.doe.gov
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