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Simulagcao Computacional dos Materiais

* Metodo: Base - Exploracao - Aplicacao
Discussao do sistema fisico
Introducao ao método numerico
Modelagem do sistema fisico
Visualizacao dos resultados

» Organizacao: Aulas + Laboratorio

» Avaliacao: Labs + Projeto




Projeto Académico ou Empreendedorismo ?

Projeto Cientifico
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Projetos

Areas prioritarias de pesquisa definidas pelo MCTI para o periodo 2020-2023

Tecnologias Tecnologias Tecnologias Tecnologias para o Tecnologias para
Estratégicas Habilitadoras de Producao Desenvolvimento Sustentavel Qualidade de Vida
- Espacial - Inteligéncia Artificial - Industria - Cidades inteligentes - Salde
» Nuclear - Internet das coisas - Agronegocio - Energias renovaveis - Saneamento basico
- Cibernetica - Materiais avangados - Comunicacoes - Bioeconomia - Seguranca hidrica
« Seguranca publica » Biotecnologia « Infraestrutura » Residuos solidos » Tecnologias assistivas
- De fronteira - Nanotecnologia - SErvicos - Poluicao
« Desastres naturais
- Preservacao ambiental




SIMULACAO COMPUTACIONAL DOS MATERIAIS




Filosofia do curso




Filosofia do curso







SIMULACAO




Simulacros e Simulacgao

Extraido do filme — Matrix (1999)



https://pt.wikipedia.org/wiki/Jean_Baudrillard
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Simulacros e S

Simulacao tornou-se uma forma de experimentacdo em um universo de teorias — Gary Flake (The computational

Beauty of Nature — MIT press)



Seria possivel simular o universo em um computador ?
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Mathematica e Wolfram Alpha. Agora
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The Wolfram Physics Project
Abril 2020
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Wolfram

THE WOLFRAM
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COMPUTACIONAL




Do sonho de Laplace ...

Uma inteligéncia que pode, a qualquer momento,
compreender todas as forcas pelas quais a natureza e
animada e as respectivas posicoes dos seres que O
compdoem, e alem disso, se essa inteligéncia fosse
abrangente o suficiente para submeter esses dados a
analise, abrangeria nessa formula ambos os movimentos
dos maiores corpos no universo e aqueles dos atomos mais
leves: para ele nada seria ser incerto, e o futuro, assim
como 0 passado, seria presente aos seus olhos. A mente
humana nos oferece, na perfeicao que deu a astronomia,

um esboco ténue dessa inteligéncia.

P. S. de Laplace. Oeuvres Completes de Laplace. Thiorie Analytique des ProbabiliUs, volume VII. Gauthier-Villars, Paris, France, third edition, 1820.
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15t paradigm:
Empirical
science

Experiments
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1600 1950 2000

Published in: Ankit Agrawal; Alok Choudhary; APL Materials 4, 053208 (2016)
DOI: 10.1063/1.4946894
Copyright © 2016 Author(s)



2" paradigm:
Model-based

15t paradigm: theoretical
Empirical science
science

AU=Q-W

Change in  Hsat WK
interal added done
enargy o system Dy system

Laws of
Thermodynamics

Experiments
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Published in: Ankit Agrawal; Alok Choudhary; APL Materials 4, 053208 (2016)
DOI: 10.1063/1.4946894
Copyright © 2016 Author(s)



Multiescala nas leis da Fisica

Time A o o -
Uma visao da Fisica dos Materiais
1s + Continuum Theory
| (Navier-Stokes)
109l Kinetic Theory
(Boltzmann)
10-10¢ L Molecular Dynamics
(Newton's Equation)
10-15¢ | Quantum Mechanics
(Schrodinger)
i i i i i -

1A° Inm lpm Im Space
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3" paradigm:
 Computational
2" paradigm:  science
Model-based (simulations)
15t paradigm: theoretical
Empirical science
science

AU=Q-W

Change i Hsat Wark
intemal added done
enargy o system Dy system

Density Functional
Laws of Theory,
Thermodynamics Molecular Dynamics

L I R —

Experiments I I

1600 1950 2000

Published in: Ankit Agrawal; Alok Choudhary; APL Materials 4, 053208 (2016)
DOI: 10.1063/1.4946894
Copyright © 2016 Author(s)




Multiscale computational approach

T|me Scale

Continuum
Methods

Mesoscopic Methods
Lattice Boltzmann

@’ Atomistic Methods | stretch

Molecular Dynamics

Electronic

Structure Methods A \ _
First Princioles o | DA

Qirnlifina +hn Raltmmmnnn aniin i s Kinetic T
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S

torsional
Lattice Boltzmann

 Understanding of fluid behav1or at themicroscale

 Phase separation, interface instability, bubble/droplet dynamics and

wetting effects
| AT R N I

vvxf+vaf+g—{=Q

fi (X, t) —|— Ql (X, t)

fi(x +e; At t + At) =
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Passo 1 — Da quantica a simulagdes atomisticas

liustration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences

Illustration: ©Johan Jarnestad/The Royal Swedish Academy of Sciences
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MD ab 1initio and classical X LBM:
a soccer perspective

« Tactical formation or random
« Collisions

* Interactions between players
result in a goal

L _— ., .
A ikt Classical MD

Ab initio MD

foosball
Simple way to describe

the movement of pltayers

during a game



gth paradigm:
(Big) data
driven science

3rd paradigm:
Computational

|
|
(\
|

)
i
I‘
|
|

|

-

2" paradigm:  science Q B £
Model-based (simulations) Q5 O JQ
1% paradigm: theoretical 8 AOES {j}}j‘iﬂ
Empirical science S Oi' o8
science O 0]

U=Q-W
Change i Hsat Waork

intemal added done
enargy o system Dy system

Predictive analytics
Clustering
Relationship mining
Anomaly detection

Density Functional
Laws of Theory,
Thermodynamics Molecular Dynamics

Experiments l I ‘

1600 1950 2000

5.
L I R —

Published in: Ankit Agrawal; Alok Choudhary; APL Materials 4, 053208 (2016)
DOI: 10.1063/1.4946894
Copyright © 2016 Author(s)



Processamento-estrutura-propriedade-desempenho (PSPP)

Materials informatics can generate “inverse models” for optimization and design

e.g. Maximize a Property such that Structure follows some constraints

one-to-many

Science relationships of cause and effect many-to-one

Materials informatics can generate “forward models” for predictive analytics

e.g. Property = f(Processing, Composition, Structure)

FIG. 2. The processing-structure-property-performance relationships of materials science and engineering, and how materials informatics approaches can help decipher these relationships via forward and inverse models.

Published in: Ankit Agrawal; Alok Choudhary; APL Materials 4, 053208 (2016)

DOI: 10.1063/1.4946894
Copyright © 2016 Author(s)



Materials . Materials

Property ' B discovery

Dataset

Supervised learning technique Selection, Validation
(e.g. ANN, decision trees) | | (Simulations, Experiments)

!

Ordered list
Combinatorial of materials

set of P Predictive ranked by
materials Model predicted

property
v ' 4

FIG. 4. A simple realization of the inverse models for PSPP relationships. The forward predictive model built using a supervised learning technique on a labeled materials dataset can be used to scan a combinatorial set of materials and thus convert this set to a
ranked list, ordered by the predicted property. This can be followed by one or more screening steps to select and validate the predictions using simulation and/or experiments, thereby enabling data-driven materials discovery, which can in turn be fed back into the
materials dataset to derive improved models, and so on. Blue arrows denote the forward model construction process, and green arrows denote the materials discovery process via inverse models.

Published in: Ankit Agrawal; Alok Choudhary; APL Materials 4, 053208 (2016)
DOI: 10.1063/1.4946894
Copyright © 2016 Author(s)



Users: Experimentalists, Computational scientists, Materials informaticians

| , materials
\ Predict

Add new data A properties
Find similar

Experiments Identify ~ materials . Evaluation
Simulations Get - | "

DFT,MD, .. |\ key . Modeling + Understanding
Compositions n ) _W factors - :  + Feedback
Processing statistics . * Re.la.t Sy ?f—_-_a\c
Structure Data reduction MININg
Properties : :
Performa s + Selection
Papers ° (Supervised)
Reports Data extraction

k-fold cross validation

+ Preprocessing

(Unsupervised)

FIG. 3. The knowledge discovery workflow for materials informatics. The overall goal is to mine heterogenous materials databases and extract actionable PSPP linkages to enable data-driven materials discovery and design.

Published in: Ankit Agrawal; Alok Choudhary; APL Materials 4, 053208 (2016)
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Copyright © 2016 Author(s)




MATERIAIS




Escalas de energia
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A eras através dos materiais

Material engineering evolution table

Bronze Iron Steel Atomaterials
\ e
Stone Age Bronze Age Iron Age Industrial Age Information Age "2';7;:»
(3.4 million years (2000 - 500 BC) (1200 BC - (1760 - 1960) (1960 -)
- 2000 BC) 800 AD)

4

Physical Forging Smelting Turning Micro/nano

N Vg
Laser
manipulation

Engineering
methods

fabrication

processing

»Molecular/atomic

Engineer scale: Macroscale Micro/Nanoscale
g » level
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Escalas de comprimento

30



Escalas

1010

| meters

Parte 1 - Nano a Micro Parte 2 - Meso a Macro



Escalas em materiais a base de cimento

[
‘e

C-S-H gel
nanostructure ‘

Aggregates

Portlandite Unhydrated clinker - Calcium
A. Ayuela et al. (2007). @ Silicon
@ Oxygen

¢ Hydrogen

Mineral: conjunto de Aglomerado: conjunto de  Particulas: empilhamento Folhas: empilhamento

Calcium Silicate Hydrate — different length scales
10”%m 10°m 10%m 10°m 32

MINET, J. PhD thesisFranca, 2003.



Escalas em materiais para industria de O&G

10© 108 106 104 102 10° 102 104 106 108 100
\ meters

Temperatura,
pressao, salinidade,
meios heterogéneos
e multifasicos

FenOdmenos fisicos complexos em materiais 33
O&G: Como os grandes podem induzir os sistemas pequenos?



Escalas de tempo e espaco em modelagem

NASA Langley Research Center by Greg Odegard, NASA
Hampton, Virginia
Computational Materials - Manotechnology Modeling and Simulation

Quimica Ciéncia dos Materiais Mecanica
Computacional Computational Computational

Quantum

____________________

Predicao Quantitativa

* Electrons . Molecular fragments + Surface Inter.
=y  Nuclei  +Bond angles + Qrientation
| *Atoms -+ Force Fields * Crystal Pack
* Molecular We
* Free Volume

1012 10° 106 103 100
Comprimento (m)

34



Abordagem em multiescala

Desafio: modelar fenomenos fisicos que variam de escalas moleculares a
MIicro e macro.

System 1§

| DC L W

LINK ELEMENTS: /> 75 @

- Potential energy surface e w1

- Structure //ﬁ/tﬁfégefound o)

- Environment 5S0SCQ 0 o /</ >
. Dyna;‘:l: //

J— Atom1c Structure

Atomlstlc Modelmg,‘ </
Q.
/:\> © /:'ff 3 Q U-O 4

_— L @ > g, \%
_—-Energetics ¢ 20 Q
E]ectromc Structure 4 oe®

L A - -

Quantum Mechanics 4/ Fendmenos fisico-quimicos em
E N materiais podem ocorrer em
e | £ diferentes escalas

Spatial Scale

« Até agora, os modelos sao criados para uma escala particular de interesse 35



Escalas

NUmero de atomos no cubo

——
.0
L

Lo

10

el
=
-

10

Comprimento do cubo

0D % 2

\

[ ]

36



Escalas

NUumero de atomos no cubo

(a)

o

=

e
£
i

=
=

Comprimento do cubo

Processos caracteristicos

(b)

Difusao

Interfaces
Dinamica de
Campo de Fase

Dinamica de
Discordancias
Dinamica
Molecular
Fequéncia
de Debye

. 1 ¥ + t + e
[S pS ns Js ms S

Escala temporal
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Introdugao — Métodos de particulas

Multi-scale Computational Hierarchy of
Materials Simulations

ELECTRONS = ATOMS = SEGMENTS = GRIDS

TIME .
‘ Finite Element
hours Analysis [
I51
Discrete
microsec
nanos[ Molecular
Dynamics
Y
picose¢ ‘
Quantum
Mechanics
A nm micron m

Length



In collaboration with Sylvia Multisya

Cimento por primeiros principios

DOS (arb. units)

0.6 Fa) Tobermorite 9 A Ab initio| - N

Y
_— . ~/ N\A J
0.4 E 0.009 P _ ‘ A ‘6( o\ %
‘T_§ 0.006 . ‘33%_ \(‘ [001]
0.2 § 0.003 A a ~ A= \Ti" = \/4- \ /
§O'OOD' 3500 4000 | ) q ) ) i ) ' ) ‘ ° J 3\0 '
» (em™) 4 v-,“ v” = VA S \g;/ﬁ‘ V7 =
0.0 v T v T v 7N f : ‘ 4 X

0.6 Tobermorite 11 A - \13* m 0 / k / 6(73\ /(

(@)
) 0 » ) (4] |
| S | ' S tJ =~
0-2 a b
A [1-10] [-111]
0.0 L] v l‘ A .
0.6 Tobermorite 14 A - Surface termination | Surface energy (J/m?)
- (001) 0.46
o4 - (010) 0.88
0.2 i (100) 0.69
. (110) 1.05
0-0 1 000 - 20.00 - 3000 4000 E}?}TI; }_;3
@ (em” (011) 1.35
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In collaboration with Sylvia Multisya,

Cimento por primeiros principios

Morfologia- Tobermorite 11 A

Tobermorite 11 A baseado nos Imagem de Microscopia (SEM) da
célculos de primeiros principios tobermorita.

o Morphological importance is inversely proportional to the surface energy.

o The equilibrium morphology of Tobermorite 11 A is pseudohexagonal.

Journal of the Ceramic Society of Japan, 119(1389):375-377, 2011
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Ondas de choque em bcc - Fe

41




Mecanica Molecular e Equacao de Poisson - Efeitos
de muitos corpos

membrane

o
; Pz* ?’ 9 ,QQbulkwater

‘lil’, ’f ® ?’ 9’ ®®

unit/

: membrane
cell
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Nanoestruturas

S Ay T T+ T TS PN D
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Introdugao — Métodos de rede (malha)

Multi-scale Computational Hierarchy of
Materials Simulations

ELECTRONS = ATOMS = SEGMENTS = GRIDS

TIME ( 1

Finite Element
Analysis [

I51

hours

Discrete

microsec

Molecular
Dynamics

nanosec

picosec

Quantum
Mechanics

A nm micron m

Length
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Elementos discretos

Particle Velocity
1

Granular particles poured into conatiner.
After seftling time, the container is discharged

Time: 0.000000 s
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Elementos Finitos

DROPTESTI
STEFO TIME= 0OIIITNEHT

L83 JEHIE
L S303EHTE
LASTEEHTG
JS200EHDE
JA0LEHDE
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Simulac¢ao do sorvete

Thermocouple

Temperatura de extrusao: -3.5 C

A e’

)
U Volume de saida dos nucleos de gelo (fracéo) : 0.16

Concentracdo de acucar na matrix: 0.05

Tamanho médio dos nucleos de gelo: 33 um

47



Simulac¢ao do sorvete

Concentracgao
Temperatura

Microestrutura Escolhe um

BN — Tem algum
Inicial Voxel vizinho Gelo ?

Concentracao Redistribui a

de sucrose sucrose
Cada célula tem trés componentes:
Lot

| . Fase (liquido ou solido) D I FUSAO
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Simulac¢ao do sorvete

Como é um sorvete de verdade ?!

49



Simulac¢ao do sorvete
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