Materials Science

Materials science combines the fields of chemistry, physics,

engineering, biology, and computer science to create materials for
a healthier and more sustainable future.

M%a. pe.df\l
The most useful thing yow’ve never heard of.

Almost everything around you is made of different materials.

Materials scientists investigate how materials are made, figure

out how they can be changed and improved, and engineer
entirely new materials.



Materials Science

Understand/Manipulate:

Structure
Properties
Processing

Performance
Characterization

Across length and time scales
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Materials Science: Structure

What do vou think “Structure’ refers to. and how to
y ,

determine or describe it?
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N Materials Science: Structure
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* Materials Science is inherently “multi-scale” and “multi-physics™
* Different effects important on different length/time scales
* Impossible to tackle everything on atomistic level



Structure is multiscale

Need to determine which lengths
scales are essential for the particular

Engine Block

* Grains
* Macroporosity

Properties
» Eutectic Phases

. ngh_gycle fatigue . Dendrites 1-100 Nnm
* Ductility . .
*Microporosity  Nanostructure

* Intermetallics * Precipitates

Properties
* Yield strength « Yield strenath
* Tensile strength | 1po a0 Grgowth 0.1-1 nm

* High cycle fatigue , 1¢pgjje strength Atomic Structure

* Low cycle fatigue Low ¢ :
. ycle fatigue * Crystal Structure
* Thermal Growth  , p,ctility * Interface Structure

* Ductility P ti
* Thermal Growth
* Yield Strength

http://web.ornl.gov/sci/cmsinn/talks/1Q_allison.pdf




Materials Science: Structure
1A
* Atomic Structure: It periodic, we use Bravais lattice+basis :)
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* Many polymorphs even for one material 1 \/"—€<"

» Many systems are disordered/have defects. So théy get much
more complicated!

* True across many different length scales




Materials Science: Properties

Think of some examples for materials properties!
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Materials Science: Properties

6(&'%'«&

Aluminum 2 65x10-8

Carbon (graphite, in 5 Ox10-6
___________________________ pleane)
Germanium 4.6x10-1
Silicon 2.3x103
Carbon(diamond) 1012




Materials Science: Characterization
Methots b Pr.va:-h tnfor metion about Pr:p«"’fl ond sbre.ctwe

What are characterization techniques?
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Materials Science: Characterization

Measure
v ¢

CompreSS|b|I|ty | Pressure ~ Volume change

Magnetic _ L
susceptibility Magnetic field Magnetization

Resistivity Electric field Current

Thermlall Temperature Heat flow

conductivity gradient
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Materials Science: Characterization

Probe Scatters off

Neutron Neutron éNucIei, spins

............................................................................................................................................................

............................................................................................................................................................

Charge
density

Electron Electron

Atomic force microscope

Scanning Tunneling Microscope
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Materials Science: Characterization Data Problems?

What data(-related) problems is characterization facing?
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Materials Science: Data Problems?

* Collect enough data (with error bars) for:

Structure
Properties
Processing

Performance
Characterization

e Establish infrastructure to store all of this

]

Establish ontologies that connect all of this

* Ultimately allow for predictions
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And enabling ICME

Reinforced Titanium Armor Composite

Micro-mechanics
ABAQUS
(ISV + FEA)

2 v - -
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Bridge 8=
Damage
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Bridge 7= “~ Bridge 4 = RVE limits for
Grain volume fraction TiB
boundary Crystal Plasticity
Interactions (ISV + FEA)
Bt:idge 6= Bridge 3 = Particle/Matrix
High Rate  Interactions
Mechanisms 100°s Nm Crystal Plasticity
(ISV + FEA)

Bridge 5 = - Bridge 2 = Deformation Mechanisms
Elastic Atomuslncs
Moduli {(MEAM,MD)

. ‘, ge“mkg Bridge 1 = Interfacial Energy, Elasticity
&a“l’rﬁndples (DFT)

https://icne.hpc.msstate.edu/mediawiki/index.php?title=File: Titanium_armor_length_scale Bridging plot.png&limit=20 | 4




Computational Methods: How?

Quasi-Static
years Engineering Simulations

minutes

milliseconds

microseconds

Time Scale

nanoseconds

Electronic
emioseeones JW\'C sche

1015 10-12 109 106 103 1 10
Length Scale (m)

(c) http://www.lbl.gov/CS/html/exascale4energy/nuclearhtml

* Computational cost depends on level of accuracy
* Many different approaches/codes available (depends on goal)

* Interfacing different approaches can be difficult
15



Accelerating (Traditional) Materials Science
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Materials Innovation
Infrastructure

(c) White House Materials Genome Initiative for Global Competitiveness (June, 201 1)

* Experiment is/can be limited and/or expensive
* Simulations can complement the experiment
* Simulations are “easy”’ even for complex systems

* Validated computational models to perform:
prototyping screening materials selection
materials design  failure analysis forensics
virtual analysis optimization  reliability testing
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Materials Science: Data Problems?

* Collect enough data (with error bars) for:

Structure
Properties
Processing

Performance
Characterization

e Establish infrastructure to store all of this

]

Establish ontologies that connect all of this

* Ultimately allow for predictions
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Repulsion—> +

Potential Energy, E(r)
o

— <«— Attraction

Computational Methods: Structural Properties

Ep = Repulsive energy

E = Net energy

E,=

Attractive energy

Y

* Examples for Structural Properties:
* Bonding/Crystal Structure

e Surfaces

e [nterfaces

e Passivation

18
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(c) http://wwwi.seas.upenn.edu/~chem|01/sschem/bravais.gif

(c) http://upload.wikimedia.org/wikipedia/commons/7/75/
Colloidal_nanoparticle_of_lead_sulfide_(selenide)_with_
complete_passivation.png



Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy? — T a0k, denie requi e enesy (A-T5)

'—

* This is a quantum-mechanical problem, because electrons
(and sometimes atoms) are quantum mechanical objects

* Electron described by wave function@
* Probability of finding electron at

position r in space:
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(¢) http://csi.chemie.tu-darmstadt.de/ak/immel/
tutorials/orbitals/molecularhtml
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Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy?

e What 1s the Hamiltonian? ﬂm
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Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy?

* Very Common: ﬁ%

1.Fix 1ons in some configuration R . 40 oaa
— clasicd, T=0l 1 no im LE [« O .

O

electron KE+Interaction electron+ion
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Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy?

* Very Common:
1.Fix 1ons in some configuration R
2.Solve electronic problem to get total
energy and forces on atoms

S -
AN (A = ED¥E) By (in-m) 4 ED®
' \
om coord.  elockron cond. —
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Ne 1 1 Ne Nj
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electron KE+Interaction electron+ion
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Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy?

* Very Common: m‘

1.Fix 1ons in some configuration R

2.Solve electronic problem to get total
energy and forces on atoms

3.Move atoms to R’; find configuration
with smallest total energy

* Energy model E(R)
* This would be the Schrodinger Equation:

23



Bonding in Solids: Quantum Mechanics

- reality 1s complicated for solids, but the concept of a

“potential energy surtace” holds; W

A

H(Rv PW(Ra I‘) — E<R)¢(R7 I‘)

- example below shows the potential energy surface of Ho-Ho»
molecule: E(R)

* 4 variables: one distance
(between center of mass of two
molecules) and three angles

- this 1s a 4D energy surface

- for plot: distance and one of the
angles is fixed (not shown)

» pronounced directional
dependence visible

24



Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy?

* Very Common:
1.Fix 1ons in some configuration R
2.Solve electronic problem to get total
energy and forces on atoms
3.Move atoms to R’, find configuration @ .
with smallest total energy

* Energy model E(R)

* This would be the Schrodinger Equation

* However: Cost of exact solution grows exponentially
with number of electrons

* Impossible for realistic systems
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Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy?

* Various Approximations possible:

Quantum
mechanical
methods

Semi-
empirical

Accuracy

models

Empirical
models

S
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o2 >
CPEL P Nt

* One (Approximate) Quantum Mechanical Method:
Density Functional Theory

20



Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has
the lowest total energy?

* Example: DFT correctly predicts different crystal phases of Si

Compression
11 GPa 13 GPa 16 GPa
O O \?gu 4 ‘v; e — —
—> —> — @t % 0%/'.',/%0
° o oL Tee ) S =it ‘\_,ee‘é.
Si(I) diamond Si(Il) B—tin Si(XI) Imma Si(V) hexagonal Si(VI) orthorhombic  Si(VII) hcp Si(X) fcc
Z=4 7=6 7=6 7=8 Z=10 Z=12 Z=12
Decompression

Slow pressure release Fast pressure release

—— =) .s‘\
o - % &
LN 5o
X/ 2 " & X ) —» Si(VIII) and Si(IX) tetragonal
\9—e® «
oo Mool

Si(IT) P—tin Si(XII) RS
7=6 7=4

(c) Phys. Rev. B 24,7210 (1981), ibid. 49, 5329 (1994), ibid. 69, 134112 (2004)

* [Lattice parameters typically within 1% of experiment
* Depends on approximation for exchange-correlation tfunctional
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Potential Energy, E(r)

Repulsion—> +

o

— <«— Attraction

Computational Methods: Structural Properties

* Central Question: What is the arrangement of atoms that has

the lowest total energy?

answer this question yet!

Ep = Repulsive energy

E = Net energy

E, = Attractive energy

(c) http://puccini.che.pitt.edu/frameset3b.html

* Many local minimal

* One possible technique:
Evolutionary Algorithms/
Genetic Algorithms

* Applet

* Even if we know how to compute

28

we don’t know how to
Initiation of a
random population Desired:
®_®
®@ © YES !
FINISHED!

Evaluation of the fitness
of each individual
(how good do they match the goal)

1 2 3. & 8
e © 9

®

Only the fittest
are allowed to survive!

Has a superior been created
that fulfills the specification?
No !
Select parents of
the next generation
(e.g. The three best) Evaluation of the fitness
of each individual
(how good do they match the goal)
Create the offspring  Randomly mutate (perturb) | 2 - . P
population (crossover)  the offspring generation @ @ @ @ @
é\\g .

o
2= @ 7
4
o q
A (¢) http://www.kip.uni-heidelberg.de/cms/
vision/projects/recent_projects/
evolvable_hardware/
evolutionary_algorithms/



Computational Methods: Structural Properties

* Nowadays, (some of) this data 1s available in databases:

@® Stable Above Hull ,, Ldbels (stable)

. ) 0
T et -

| |
| - | o

N (92 — (92
| | |

Formation energy (eV/atom)

I
N
wn

=

Fraction
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Computational Methods: Structural Properties

* Nowadays, (some of) this data 1s available in databases:

Atomic_density

1200 A

1000 A

800 1

600 1

400 A

200

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
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Materials Data: FAIR

* https:/ /www.go-fair.org/ fair-principles/
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Materials Data: Schemas

100

5 1

Za '—-ve' \CZa <
R 4\

TRANCMITTANCE PERCENT
3

- -=-Polystyrene
I — Cyclic Olefin Polymer/Cyclic Olefin Copolymer
2 1 = :~ ------ Polycarbonate
' ; e PMMA (Acrylic)
: Ultraviolet Acrylic
o lual 1] n i I — |
200 400 600 800 1000 1200 1400 1600 1800 2000

WAVELENGTH IN NANOMETERS

e What information would have to be in the database?
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Materials Data: Schemas

* https://nomad-lab.eu/prod/rae/docs/

metainfo.html#starting-example

* https://doi.org/10.1557/mrs.2016.166
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