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Materials Design Webinar Series

Each session runs several times to accommodate schedules
o Share the webinar series with your colleagues!

o Registration details http://www.materialsdesign.com/webinars

We will be recording this webinar
o Watch any of our earlier webinars anytime

o We will post upcoming webinars on the webinar page

Vote for the next webinar topic!

o Take a 2 minutes brief survey at the end of the webinar!

* Audio issues
o Log out and log back in again
o Check your audio output

o Google Chrome (most recent 2 versions) Mozilla Firefox (most recent 2 versions) Apple Safari (most recent 2 versions) Microsoft Edge (most

recent 2 versions)


http://www.materialsdesign.com/webinars
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MedeA PhaseField elucidates the microstructure!

Columnar structure in corrosion layer Lamellar structure in spinodal decomposition

| @ =MonoclinicZrO, [ =Tetragonal ZrO, [J =Hexagonal ZrO [ = Hexagonal Zr

Hu et al., Micron 69, 35 (2015) Kwon et al., J Mater Sci 54, 9168 (2019)



Why study materials’ microstructure?

Material behavior is often determined at micrometers scale over seconds/years:

« Grain morphology/distribution when crystallizing alloys from melt

» Hydride formation in metals and resulting component degradation

« Buildup of solid-electrolyte interphases and effect on battery performance

« Corrosion and cracking of metals and resulting surface passivation or cracking

« Bulk diffusion * Phase stability ¢ Grain nucleation < Elastic deformation ¢« Cracking

* Electrochemistry <+ Electrostatics < Porosity * Grain boundary diffusion
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MedeA PhaseField: the machinery under the hood
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The phase-field method

A continuum approach where phases are represented as fields
— no explicit atoms or particles

. {1 Phase A Order parameters Flux
4=

N\ Y B = |

N4(x) /

A\

Ui:;

Order parameters (n) are used to delineate different phases/grains — Phase field

Concentration and stresses are also represented as fields



Solving the phase-field equations
We solve the phase-field

The energy becomes a functional of the order equations on an adaptive 2D or

parameters n, concentration c, stress o, etc. 3D mesh using Finite Elements:
Driving forces
ac v M( )VSF
%€ v M(en, o) V=
F= f dV [fchemical + finterface + ] ot ' &c
o __ o oF
ot on

Update
Implementation of the

Cahn-Hilliard & Allen-Cahn equations
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Physics included in model intertaces
GB Diffusion

Bulk free energy Elasticity

e aZr
041 & mzro2

0.3
0.2
0.1
0.0

Energy density (ev A~7)

-0.1

dc OF
i V M(c, 1, G)VS—
61t1 SF ¢ F= f dv [fchemical + felastic + finterfacial]
— = —LV—

23 ot on
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MedeA PhaseField interface

Setup | Bulk | Interfaces | Boundaries | Initialize | Runtime |

Select I Dimenswc:nalrly: H
2D Or 3D Refinement: _

Length units: H

Dimensiens (x, y): ‘ 4 || 4 |
Mesh points (x, y): ‘ 10 ||1l] |
—Contribution

D Grain-boundary diffusion ‘/: Elastic deformation
D Correlated diffusion

Speci
Atomic volume: | 0.1 || nm*3 |v‘
Wariable:
IcH || Delete ‘

Setup | Bulk ‘ Interfaces | Boundaries | Initialize | Runtime ‘

“| 0.0 ||

Diffusion coefficient:

s w2 -

Defined for

each sqecies
Heat cap

“194 | a3 M ‘

Thermal conductivity

“2&3 | wimik - ‘

Grain orientatior

(Type: random - ‘

—Elastic properties
’:‘ Anisotropic elasticity
Young's medulus: | 100 || GPa |v|

Coherency

eigenstrain:

o o o |
o o [C |
0 o I |

Setup - Interfaces | Boundaries | Initialize | Runtime |

Zr-hydride
Interface energy
{Value: | 5.3 || Jimt2 |v|

Fnler‘face mebility

Value: | 1e-20 || m*4/(J*s) |v|

Parameterized
Interfaces depend
on number of order
parameters

[T ]

Kl [

12

Bulk parameters
set for each phase
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Spinodal decomposition with MedeA PhaseField

Liquid spontaneously separates
into 2 phases caused by no
thermodynamic barrier

Initialize a liquid with random
perturbations:

Liquid —
& Solid 1 ——
o Solid 2 ——
c
LL]
o
D
| -
L
\ /

0 025 05 075 1
Concentration
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Smaller interface energy = More intricate microstructure

0.6 J/m? 1

Investigate and visualize
3D simulations as well!

A
=
-

wing the
al

© Materials Design 2025

3 J/m?2

S

y 8

materials design



Vapor deposition: microstructures in a thin film

16

Order parameters

Seed
layer
Substrate
- Substrate -Film phase 1

- Vapor -Film phase 2



Vapor deposition: microstructures in a thin film

Chemical energy density Order parameters

Seed FEENEEEEEETN
layer

Substrate

- Substrate -Film phase 1

I Chemical stability

stable

- Vapor -Film phase 2

17

Elastic energy density

B Internalstrain

relaxed



Vapor deposition: microstructures in a 3D thin film

18
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Today's agenda
MedeA PhaseField: the machinery under the hood
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Multiscale modelling using the MedeA environment

A

Atomistic simulations Continuum simulations
(MLPs) fﬁg ¥ (phase field)

0O e

o - -
‘_3 Electronic structure o)
(V)]
< o)
(@)]
C
()]
|
o Atomic
microstructures
Time scale A
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Multiscale modelling using the MedeA environment

A

Length scale

Atomistic simulations
(MLPs) MLP Generation &

Characterize
phase transitions

Continuum simulations
(phase field)

0 Hydride & oxide

21

Electronic structure O growth in Zr
Training sets:
0
‘ Zr ] n
Investigating
« ZrH, _ _
e« ZrO grain boundaries
o Atomic
microstructures
Time scale

© Materials Design 2025
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Generating a training set for Zr-O-H

Training set comprised of multiple phases of Zr, ZrHx and ZrOy including:
strains, defects, ab initio molecular dynamics
~10,000 structures

y 8
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a-Zr.: SNAP agreement with VASP training data

SNAP

e \/ASP
Structural properties Elastic properties (GPa) Energetics
7 180 7 90
6 160 6 80
140 %J < 70
5 = 5 @
120 ke \E/ 60
4 100 g 4 5 50
3 80 S s chj 40
S —
, 60 3 , _g 30
40 = = 20
2, <
! 20 L 10
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aZr-fZr. A Martensitic phase transition

Low T: a-phase, hcp High T: f-phase, bcc

* Need a relative shift of the planes

© 0¥ % containing the hexagons

« In-plane shear to modify internal angles
m of hexagons

© Materials Design 2025
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Zr. a-f phase transition & melting

25

A Total Energy (kJ/mol)

80

60

40

20

500

1000
T(K)

1500

2000

2500

Transition temperatures (exp):
: 1135 K
2128 K

Latent heat of a-f transition:
 MLP: 4H = 2.5 kJ/mol
 Exp.: 4H = 4.0 kd/mol

Heat of fusion:
 MLP: AH = 13 kJ/mol
 Exp.: 4H = 14-17 kJ/mol

Specific heat:
* MLP: ¢, = 25-31 J/(mol-K)
Exp.: ¢, = 25-39 J/(mol-K)

Fisher & Renken, Phys. Rev. 135, A482 (1964 );
Chase, J. Phys. Chem. Ref. Data 9, 1 (1998).



Grain boundary energy m-ZrO, || m-ZrO,

Details of an oblique GB

» Relaxed structures and
energies are computed with a
machine-learned potential
trained on DFT data.

e Width of disordered region at
GB: ~1 nm

 Average GB energy: 2.6 J/m?

10 nm

Structure generated with .
Microstructure builder

y 8
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Interfaces

PhaseField parameterized via ab initio

GB Diffusion

LAMMPS, KMC

Bulk Diffusion

27

Bulk free energy Elasticity

z o
5 02
8

5 o1

-0.1

2

LAMMPS, UNCLE, Phonon 1PS
VASP, MT LAMMPS, VASP,
Interfaces,
Microstructure Builder
ac oF
— =V M(¢,n,0)V—
gﬁ SF 5S¢ F= f dv [fchemical + felastic + finterfacial]

ot oM
R ) A
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Hydride growth in zirconium

Calculated with MedeA:
Elastic constants;
Formation energy

From Literature: 0.5 ym
Eigenstrain;
Diffusion;
Surface energy;
Interface mobility

Zr and hydride phase evolution (for 0.07s at 600K)
shows effect of elastic anisotropy

28
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Hydride growth in 3D zirconium

| B

* Hydride needle evolution over 3 ms
* Arrows indicate hydrogen flux

» Hydrostatic stress colored on
needle surface
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Oxide growth on zirconium

~rand Oxide phase evolution (40 days!)
shows a columnar microstructure

© Materials Design 2025
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Microstructure of ZrO, Corrosion Film

Simulation Experiment
with MedeA PhaseField

| = MonoclinicZrO, [l =Tetragonal ZrO, [J =HexagonalZrO [@ = Hexagonal Zr

Hu et al., Micron 69, 35 (2015)

40 simulated days 360 days
(2-3 days walltime)



Length scale

From atomistic to continuum modeling

e From electronic structure calculations (fs) to microstructure evolution (days)

e Captured microscale features of corrosion in Zr using a phase-field model
parameterized by ab initio calculations & simulations using a trained MLP

MLP Generation & Hydride & oxide
Characterize o growth in Zr
phase transitions
Modules:

MedeA VASP

MedeA MLP/MLPG

o MedeA LAMMPS

Investigating MedeA Microstructure Builder
grain boundaries MedeA PhaseField

Training
sets 4

v

32

Time scale
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MedeA PhaseField: elucidating the mesoscale
MedeA PhaseField: the machinery under the hood
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Coming soon: Temperature effects in MedeA PhaseField

Grain rotation angle femperature
no oo 3.0e+00 6 1.0e+01
{0 £ 180 |

8
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Coming soon: Interactive 3D plottlng In MedeA GUI

4\ Job 1868: PhaseField 3D results

= {g} . + Q4 4 etal ~| Values range: 0.005000027
rfaces
ue: L
I | ney:
Unify normals
estep: |4 o > >
T
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Question and Answer Session
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Highlighted MedeA Modules

MedeA PhaseField: Modeling the evolution of microstructures of metal alloys, oxides, ceramics, and organic materials, enabling the
prediction of material properties and behaviors at scales of micrometers and days or year

MedeA Environment: The MedeA! software package is the leading environment for the atomistic simulation of materials. MedeA enables
professional, day-to-day deployment of atomic-scale and nano-scale computations for materials engineering, materials optimization and
materials discovery. In MedeA, world-class simulation engines are integrated with elaborate property prediction modules, experimental
databases, structure builders and analysis tools, all in one user-friendly environment

Mechanicd, Therma
Plastic deformation

MedeA VASP: Comprehensive access to the VASP Code via a graphical user interface (GUI) to set up, run and analyze multi-step VASP
calculations

MedeA MLPG: Fully integrated workflow from training-set generation (using MedeA HT) and MLP generation to MLP application using
MedeA LAMMPS

MedeA HT: Generation of large and consistent sets of computed data for input to machine learning procedures

MedeA LAMMPS: Full access to the LAMMPS Code via a graphical user interface based on flowcharts to perform forcefield calculations
using MLPs generated by MedeA MLPG

© Materials Design 2025

d
Growth, Oxidafion, and Etching

Y (N

materials design


https://materialsdesigninfo.com/Products/MedeASoftware.html#tm

Related MedeA Webinars

Predicting the Future of Materials — with Multiscale Modeling

https://www.materialsdesign.com/webinars/recorded/predicting-the-future-
of-materials-%E2%80%93-with-multiscale-modeling

From the Femtoscale to Microstructures and Back: An Integrated
Multiscale Approach

https://www.materialsdesign.com/webinars/recorded/from-the-femtoscale-
to-the-mesoscale-and-back-an-integrated-multiscale-approach

40 © Materials Design 2025
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https://www.materialsdesign.com/webinars/recorded/Ab-Initio-for-MLPG
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December Webinar Topic:

Machine-Learned Potentials in
MedeA

Volker Eyert and Jorg-Rudiger Hill, Materials Design
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Questions about

Katherine Hollingsworth

khollingsworth@materialsdesign.com



MedeA

Innovation by Simulation
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