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For many energy-related problems:
We need new materials

 H, Storage

— High volumetric/gravimetric density of H,,
thermodynamically-reversible, fast kinetics

 Thermoelectrics
— High figure of merit: ZT~3, earth-abundant

« Water Splitting Redox Cycles

— Redox cycles with favorable thermodynamics
(to split H,O or CO,); fast kinetics

 Cheap, safe, ...




How to use data to accelerate discovery
of new materials?

DATA CREATION! COLLECTION &! DATA MINING &
PREDICTION!

CLASSIFICATION!

* Open Quantum Materials Database (OQMD)
« Machine Learning of materials datasets to
accelerate Materials Discovery



Crystal Structure Example

Atomic Coordinates Property P:
(r, Iy, ... 1) Total Energy
.-':\ Energy

Best structure




Known “Library” of Materials
Structures — The ICSD

Partnership with the
International Crystal
Structure Database (ICSD)

Collection of +161,000
experimentally recorded
structures

Of these, ~45,000 have
been calculated in the
OQMD

Remainder uncalculated for
one of several reasons

Calculated
19%
Partial
Occupancy
More Than 429

35 Atoms
9%

Incomplete
Entries
9%

Duplicates
21%




The Open Quantum Materials
Database (OQMD)

« Open — An online (ogmd.org), freely available
database...

« Quantum — ... of self-consistently DFT-calculated
properties...
e Materials — ... for >45,000 experimentally observed

and >500,000 hypothetical structures (decorations of
commonly occuring crystal structures)...

e Database — ... built on a standard and extensible
database framework.

Saal, Kirklin, Aykol, Meredig, and Wolverton "Materials Design and Discovery with High-Throughput Density
Functional Theory: The Open Quantum Materials Database (OQMD)", JOM 65, 1501 (2013)



ogmd.org

OQMD- Home Materials Analysis Documentation Download
| |

The Open Quantum Materials Database
Newsflash: OQMD v1.1 is out! (Download it here.)

Welco_me to the Open Quantum Current status
Materlals Data base OQMD v1.1 has been released! Download it

The database now contains 471857 entries. In addition,

The OQMD is a database of DFT-calculated thermodynamic and structural calculations of new structures are constantly ongoing!

properties. This online interface is for convenient, small-scale access; for a Recently added compounds include: EuPaBe PrPaFe
more powerful utilization of the data, we recommend downloading the entire PaRel cLaPa 1o
database and the API for interfacing with it, from the link below.

You can...

Search for materials by composition,

Create phase diagrams using the thermochemical data in OQMD,
Determine ground state compounds at any composition,
Visualize crystal structures, or

Download the entire database (and the API) for your own use!

Tweet @TheOQMD to ask what is stable at a composition, or to get a simple phase diagram!
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convex hull: how to calculate it?

- a highly non-trivial optimization problem for d>2! (“simple” tool)

- example: the quickhull algorithm

pseudocode 'FOI’ R2;

1. find two extrema (a, b) by
maximizing any coordinate
2. choose point ¢ that is farthest

from a-b in the or’rhogono|

direction [O(n)], and delete alll

points within A(a-b-c) [O(n)]
3. repeat 1., 2. with (q, ¢), (b, ¢)

FIGURE 3.3 QuickHull discards the points in Aabe (shaded) and recurses on A and B. Here
A=#and |B| =2

* For phase diagrams, of course, we already
know at least 2 extremaq, and we care about
only one half of the convex huill.



OQM D L] Home Materials Analysis Documentation Download
O q m d . O r g The Open Quantum Materials Database

Newsflash: OQMD v1.1 is out! (Download it here.)

Phase diag ram Creation Specify a region of phase space:

Phase Diagrams
(T=0K)
* binary

e ternary

e (uaternary
e higher

Search by
composition




Example 1: Complex Industrial Cast Al alloy

“319 Al”

Algg 0817 43CU3 33MJ g 2oF€4 38MNg 542N 13Tl 15NIg 61 Crg 03ST g 03



Solidification Microstructure (Aluminum 319)

1. Al-rich (fcc) solid solution +
Precipitates: Al-Cu GP zones, 0’,

S, Q)

2. Eutectic Silicon

3. Al,Cu - 0 phase

4. Script — Al :(MnFe),Si,

5. B platelets or BFeSi plates (Al;FeSi)

6. Q-phase (Al;Cu,Mg,Si,)

Credit: Ford Research Lab, VAC Team



What is ground state of the following composition (Al319)?
AlggSi;Cu, sMgg 5oFeq ,MnNg 13

OQMD. Home Materials Computing Analysis  Documentation Download
.

An Open Quantum Materials Database

Relative ph ase COII]pOSitiOIlS Search for a composition or region

0.0244 Mg9AI3Cu2Si7 + 6.43 Si + | s
1.55 AR2Cu + 0.2 AI3FeSi2 + 0.13
MnAl12 + 22.7 Al o

AH=-0.037 eV/atom

Stable phases:

1% 51 Name Spacegroup Formation Energy | Amount

Mg9AlI3Cu25:T

17% Mg9AI3Cu25i7  Pm _0.154
5 Fd-3m -0.000
Al3FeS12 Al2Cu 0175

30
e Al3FeSi2 n -0.256

MnAl12 _0.008
Al2Cu n . -
12% ' o -

InAll2
0

Vo

Note: Al content was decreased for graphical clarity of pie chart



What is ground state of the following composition (Al319)?
AlggSI;Cu, (Mg, ,Feq ,MNg 43

OQMD. Home Materials Computing Analysis  Documentation Download
.

An Open Quantum Materials Database

S Stﬂblep ases:
Mg9A13Cu2517

0 :
1% 51 Name pacegroup rmation Energy | Amount

70
17% MgOAI3Cu2si7 Prm

5 Fd-3m

Al3FeSi2 Al2Cu Fm—3m

-il:l .
> Al3Fesi2

Mnall2
AI2Cu

17
-_D':'

MnAll2




Solidification Microstructure (Aluminum 319)

1. Al-rich (fcc) solid solution +
Precipitates: Al-Cu GP zones, 0’,

S, Q)

2. Eutectic Silicon

3. Al,Cu - 0 phase

4. Script — Al,s(MnFe),;Si,

5. B platelets or BFeSi plates (Al;FeSi)

6. Q-phase (Al;Cu,Mg,Si; )




Solidification Microstructure (Aluminum 319)

OQMD Convex Hull 1. Al-rich (fcc) solid solution +
Calculation: Precipitates: Al-Cu GP zones, 0’,
' S, Q)

2. Eutectic Silicon

3. Al,Cu - 0 phase

4. Script — Al,s(MnFe),;Si,

5. B platelets or BFeSi plates (Al;FeSi)

6. Q-phase (Al;Cu,Mg,Si; )

Note: Al content was decreased for graphical clarity of pie chart



Example 2. What is the phase diagram of the earth?
For the composition of the earth, what is the stable
collection of phases?

Og06S11g0Als4FE15Ca 3K gNasMg 6

Rock-forming elements

Chemical
composition -
of the earth’s i eﬁ/\/\u
crust \F e

Source: Wikipedia
Major industrial metals in red Rh
Precious metals in purple

Rare earth elements in blue

Abundance, atoms of element per 10 atoms of Si

Atomic number, Z




Example 2: What is the phase diagram of the earth?
For the composition of the earth, what is the stable
collection of phases?

O QMD . Home Materials Computing Analysis Documentation Download
.

An Open Quantum Materials Database

Relative phﬂse C'O'mpOSitiOllS Search for a composition or region
8 MgFeSiO4 + 9 CaAIZSi208 + 25 | Frmmmmens s

NaAlSi308 + 4 CaMgSi206 + 39.7 | o
Si02 + 10 KAISi308 + 3.5 o

MgFe204 + 0.25 Mg2Al4SiS018

AH =-3.046 eV/atom

Stable phases:
Name Spacegroup | Formation Energy | Amount

M E%(}\"Eg ?ﬂlﬁﬂ@ 5104
T ;E_ 3% 7%
a0 MgFeSiO4

CaAl25:1208
14% CaAI25i208
KAISi308
CaMgSi206

5102

el % AISi308  NaAlsi308  P-
16% MgFe204 d-3m
SO18 Ccom

P AI48i501g  MolAl4si018
1%
5102
15%




Example 2: What is the phase diagram of the earth?
For the composition of the earth, what is the stable
collection of phases?

O QMD . Home Materials Computing Analysis Documentation Download
.

An Open Quantum Materials Database

Stable phases:

2@68104
G(f%likg-%: Name Spacegroup Formation Energy Amount

CaAl2Si208 MgFeSiO4 Pnma -2.685 8.00
14% CaAl25i208 P21 -3.264 9.00
KAISi308 P-1 -3.079 10.00
CaMgSi206  C2/c -3.195 4.00
Si02 -42d -3.078 39.75
NaAlS13Cg 1S308  NaAlsi308 p-1 -3.057 25.00
40% 16% MgFe204 Fd-3m -2.085 3.50
Mg2Al4Si5018  Cccm -3.170 0.25
62 A14S15018
0/
sio2 17
15%




What minerals are actually in the earth’s crust?

“More than 90% on the crust is composed of silicate minerals. Most
abundant silicates are feldspars (plagioclase (39%) and alkali feldspar
(12%)). Other common silicate minerals are quartz (12%) pyroxenes (11%),
amphiboles (5%)... “ Source: sandatlas.com

The most abundant minerals in the crust

Plagioclase:
NaAlSi;Og4 to CaAl,Si,Og
oo a Alkall Feldspar:

m Alkali feldspar

Quartz KAI S I 308

B Pyroxene

A Quartz:
" ;lta:er silicates S I 02
B Non-silicates Pyroxe n e :

CaMgSi,Oq




What minerals are actually in the earth’s crust?

“More than 90% on the crust is composed of silicate minerals. Most
abundant silicates are feldspars (plagioclase (39%) and alkali feldspar
(12%)). Other common silicate minerals are quartz (12%) pyroxenes (11%),
amphiboles (5%)... “ Source: sandatlas.com

Mg NAEPESIO4 e

"‘ll

"\nll _r“{_]

e | CaAl2S1208 MgFeSi04 PlagiOCIase:

149% C;i:ig—""—;ob NaAIS|3O8 tO CaA|28|208
CAISI3O8 ]
CaMgSi206 Alkali Feldspar:
i Si02 KA|Si308
NaAlS1308

100, AlSi308  NaAlSIZ08 :
40% o IR Quartz:

 Mg2Al4Si5018 Si02
8> Al4Si5018 .
Gy 1% Pyroxene:
S102 .
15% CaMgSI,04




Example 3: The Phase Diagram of Everything

What if we extend this idea to compute the ground state
convex hull of the ~100-component phase diagram (for all
elements in the periodic table)?

There is only one such phase diagram, and all other diagrams
are merely sections of this “phase diagram of everything”

Using OQMD, we have computed this phase diagram.
However, the question is, how to represent it?

The convex hull for the ~21,000 phases that are stable in
the OQMD: ~41,000,000 tie-lines



Example 2. The Phase Diagram of Everything

One representation:
Adjacency matrix:

e ~21,000x21,000
matrix of all stable
phases.

Each element is

black if a stable tie-
line exists between
phases, else white.

Complete
adjacency matrix is
available at
ogmd.org




Example 2. The Phase Diagram of Everything

One representation:
Adjacency matrix:

iy ¥ [ b

T e = el
0

Complete
adjacency matrix is
available at
ogmd.org




Network Analysis of
Synthesizable Materials Discovery

“Phase diagram of everything”: network of
phases and tie-lines, which connect
phases.

Topology of convex hull network allows us
to determine “reactivity” or “nobility” of
compounds.

Can computationally predicted materials be
synthesized?

Construct “materials stability network” from
convex hull along with database of
experimentally discovered materials (and
date of their discovery).

The time-evolution of the underlying
network allows us to predict the likelihood
that hypothetical, = computer-generated
materials will be amenable to successful
experimental synthesis.

Increasing order of material system in phase diagrams

® Matesial (node) —— Tieline (edge)

Binary (2D) Temary (3D) Quatenary (4D) Materials Stability Network (89D)

(A) Network representation of materials phase diagrams. The schematic
illustrates T=0K phase diagrams or convex hulls 2-dimensions (binary)
onwards, and their representation as networks with materials as nodes and tie-
lines as edges. (B) Time evolution of the local environment of BiCuSeO in the
overall “material stability network”. Known materials are shown in blue and
those yet to be discovered as shown in red.

Aykol et al., arXiv:1806.05772 (2018); Hegde et al., arXiv:1808.10869 (2018)



High-Throughput DFT Calculations:

OQMD
i

Can search through database to

“screen” materials for various e =

applications g AP
«  Heusler phase precipitates b ST TR )
«  High strength Mg alloys X e R
« Li-ion battery coatings N T A
e Li-ion battery electrodes N S i
» High-efficiency Thermoelectrics S 3N e
«  Solar Thermochemical Water b=

Splitting Perovskites
e Spintronic Materials

Saal, Kirklin, Aykol, Meredig, and Wolverton "Materials Design and Discovery with High-Throughput Density
Functional Theory: The Open Quantum Mechanical Database (OQMD)", JOM 65, 1501 (2013)



(Full) Heusler phase

Full Heusler: X,YZ
Space group: F, 5,
Prototype: Cu,MnAl

Half-Heusler: XYZ
one X sublattice is not occupied

Friedrich Heusler
(1866'1947) X,YZ Heusler compounds

CIN|OJ|F
e 281 Full Heusler_s in ICSD H HE

e ~180,000 potential X,YZ Ca Sc Ti V Cr Mn Fe Co Ni Cun...
m Ounds WE:ZARNe] 1.36 1.54 1.63 1.66 1.55 1.83 1.88 1.91 1.90 1.65 2.55]2.96] 3.0
comp Sr Y Zr Nb Mo Ru Rh Pd Ag Cd ....
PY Are there neW Fu” Heuslers 95 Wi 133160216 ele] 2.20 2.28 220193169
g S I T
awaiting dlscovery’? o N 1.50 RIQY 1.90| 2.20 ERLEFIPRNY 1.90| 1.80 2.00]2.20
« Gautier et al. predicted

; La Ce Pr Nd|[J SmGdTbD Ho Er Tm Yb Lu
54/SyntheS|Zed 15 new half' 1.10 1.12 1.13 1.14 KKk 1.17 E¥8) 1.20 1.10 1.2% 1.23 1.24 1.25 1.10 1.27

Heuser compounds P S R
1.10]1.30(1.50|1.70] 1.30( 1.28] 1.13| 1.28| 1.30] 1.30{ 1.30| 1.30] 1.30| 1.30} 1.30

Gautier et al., Nature Chem. 7, 308 (2015) 28
T. Graf, C. Felser, and S. Parkin, Prog. Solid State Chem. 39, 1 (2011)




Properties & Applications

half-metallic
GMR & ferromagnets spin-
TMR calorics

compensated magneto-
ferrimagnets calorics

A wide variety of
R eonencl functional
anisotropy . .
applications

spin Heusler heavy

transfer -
fermions

torque compounds

What about
spin Kondo
injection systems StI’U CtU ral
applications?

spin
Seebeck
effect

super-
conductors

semicon- thermo-

quantum spin  gjectrics
ductors hall effect &

topological
insulators

29
T. Graf, C. Felser, and S. Parkin, Prog. Solid State Chem. 39, 1 (2011)



Precipitate strengthening in metals

Motivation

The presence of precipitates in a matrix
impedes the motion of dislocations,
increasing the yield strength.

A good precipitate strengthener:

* Is coherent with the lattice

 |s stable or nearly stable

* Is in equilibrium with the host lattice

» Requires only low cost elements (no rare
earths, noble metals)

* Many other properties...

Can we search for promising precipitate candidates using
high-throughput DFT?



High-throughput search for matrix/precipitate
systems

Matrix/precipitate: bcc/Heusler (full)

Can the Heusler structure make a good strengthening precipitate
for bcc metals?

Calculate all possible decorations (180,000) and screen for:
1) stability, 2) tie-line with matrix phase, 3) lattice mismatch, and 4) cost



Hull Distance [ eV/atom ]

High-throughput search for Heusler X,YZ
precipitate strengtheners in BCC metals

> 180,000 DFT calculations of X,YZ Heuslers
(essentially for all possible X, Y, 2)

2l5 x Wt £ XX * e B - PE XX, ox
. »* o % 2 « X e % x ¥ we X L
x 2 éx»c od(X X x‘?))& 2 X x) * PR 4 gﬁ;" i X L
2.0t Dark red is best x %
1.5 oo
S =
x%x .,'.;3 o 1% ,"- ks :)5‘ xx
k R B R0 sl il v
10 (oA ’ | 3 xx*(xx’-‘
Pick a lattice parameter, and try [
(7]
s W
0.5 2 :‘? :
O é,ﬁ
= 2%
§ X x % X : XXy B X x x
r Vv Li : . Y
-0.5 l-ce W S‘FI Zr Bi fled Ea

3.0 3.5 4.0 4.5 5.0
Lattice Parameter [ A ]

S. Kirklin, J. E. Saal, V. I. Hegde, and C. Wolverton, "High-throughput computational search for

strengthening precipitates in alloys" Acta Materialia 102, 125 (2016).

12.5

10.0

7.5

un
o
inimum elemental production

—2.5€

of



Heusler phase strengthening precipitates in BCC Fe

Objective Function: Weighted average of
(a) lattice mismatch, (b) stability, and (c) elemental production

—— 0.0 12.5
Best Ranked 0.05% X » - c
Compositions | x,,%‘%ax x"xx: 10.0°5
T . . e —_ _ 3¢ ¢ \ =
1 Fe,SiTi : 0-10/% % . w'k A *x 75 8
2 FeAV 5 —0.15 % oy % -
3 Co,GaTi 3 _0.20! x % x 5.0 :
4 Fe,AlTa S >5 O
c —0.25| x o
5  FeAND g :
6  Mn,SiV 0 -030 * -
= -
7 Fe,SiV T -0.35 1-2.5°€
8 Fe,GaV —0.40! Fe 50 o
. T O
9 Co,TiZn 0.45 | . | | =

10 Co,AlTi ~77 280 285 290 295

Lattice Parameter [ A ]
Can easily change objective function, or add constraints (e.g., precipitate must
contain Cu) to find new candidates

S. Kirklin, J. E. Saal, V. I. Hegde, and C. Wolverton, "High-throughput computational search for
strengthening precipitates in alloys" Acta Materialia 102, 125 (2016).



Data-Driven Approaches: High-throughput
computational materials screening

6,972 # candidates

i stability

e i @ qUiliDFiUM With host

®
[ ]
®
- host lattice mismatch

elemental cost, abundance

Buruaasds indybnoayr-ybiy

Kirklin, S., Saal, J. E., Hegde, V. |., & Wolverton, C. “High-throughput computational search for strengthening
precipitates in alloys”, Acta Materialia, 102, 125-135.



What else can we do with this large 180,000 data
set of Heusler compounds?

Heusler-based Thermoelectrics
lla. Full Heusler Thermoelectrics
J. He et al., Phys. Rev. Lett. 117, 046602 (2016).

lIb. Nanostructured (Two-phase) Thermoelectrics
V. Kocevski et al., Chem. Mater. 29, 9386 (2017).



Heat to Energy Directly - Thermoelectrics

Thermopower
cold side SeebeCk
u‘{:‘-'fﬂw coefficient

o = AV/AT

conductors

What

Electrical properties
Power Generation | . NN make a good
I (efficient)
thermoelectric
material?

Credit: www.dts-generator.com



Why are Efficient Thermoelectrics Hard to Find?

Contraindicated Properties

2
« Carrier Concentration (Seebek vs. elec. Cond.) 7T = 2% T

» Electrical vs. Thermal conductivity K, T K

0 ——
1078 1019 1020 1021

K, = Lol = neulT

Carrier concentration (cm—2)

Snyder and Toberer, 2008



Heusler phase Thermoelectrics

Half (full) Heusler structure X(5)YZ
X in SC or FCC structure (full /half)
Y and Z in rocksalt structure

Half and (to a lesser extent) full-Heusler have
high thermal stability and promising ZT

Semiconducting half-Heusler: 18 VE

XNiSn, XCoSbh, X={Ti, Hf, Zr}: n-type with
T ~1

FeYSb, Y={V, Nb}: p-type with ZT > 1

Semiconducting full-Heusler: 8 or 24 VE
Feo VAL ZT =0.13 - 0.2

Good Bad

Ylhy 55 | High ria: Full (Half) Heusler




High-Throughput Screening for Full Heusler Semiconductors

Discovery of New Class of Compounds
“R-Heuslers” (Rattling)

281 full Heusler in ICSD
High-throughput with 53 elements

In total 74,412 compositions
964 stable in OQMD

Discovery of 10 electron
semiconductors:

X alkaline earth {Ba, Sr, Ca}
Y noble metals {Au, Hg}
Z IV and V group {Sn, Pb, As, Sb, Bi}

A
&b
4]
v
2
=
2
[=H
£
c
o
3=

# Electrons

J. He, M. Amsler, et al, Phys. Rev. Lett. 117, 046602 (2016).



Phonons of R-Heuslers

Phonon band structure of Ba,AuBi
@ Overall low phonon energies
@ Avoided crossing of the acoustic branches

@ Acoustic modes dominated by Au

-1
Frequency (cm )

Wave number

J. He, M. Amsler, et al, Phys. Rev. Lett. 117, 046602 (2016).




R-Heuslers: Rattling in Pseudo-Cages

Au atoms move in the Heusler structure. ..

un
4D]
+
(0
| -
il
4
Lo
Q
[ 7
o
(V)]
Q
a0
(0
)
+
un
O
i )
=
b
4
)
0
P
wn
O
+
(g}
4
(V)]
()
=
oY)
Q
=X

J. He, M. Amsler, et al, Phys. Rev. Lett. 117, 046602 (2016).



Lattice Thermal Conductivity of R-Heuslers

PHYSICAL
REVIEW
LLETTERS

Anharmonic terms give rise to
phonon scattering

3rd order force constants from
Compressive Sensing Lattice
Dynamics (CSLD)

Solved the (linearized) Boltzmann
transport equation to get Kijat

SnSe: K = 0.47 Wm— 1K1

I'hermal conductivity (Wm™ K'')

200 300 400 500 600 700 800 900

Temperature (K)

CSLD: F. Zhou, W. Nielson, Y. Xia, and V. Ozolin§, Phys. Rev. Lett. 113, 185501 (2014).

J. He, M. Amsler, et al, Phys. Rev. Lett. 117, 046602 (2016).



Electron Counting to Discover Novel Classes
of Functional Heusler Phase Compounds

llla. “Three-quarter Heusler”: Vacancies stabilize new Heusler structure
N. Naghibolashrafi et al., Phys. Rev. B 93, 104424 (2016).

lllb. 18e Quaternary Heusler Compoounds
J. G. He et al., Chem. Mater. 30, 4978 (2018).

llic. Are there any 19e Heusler phases?
S. Anand et al., Energy Env. Sci. 11, 1480 (2018).

llid. Heuslers for spintronics
J. Ma et al., Phys. Rev. B 95, 024411 (2017).



Designing and discovering a new family of
semiconducting quaternary Heusler compounds
based on the 18-electron rule

PtScGe (17e) LiPtScGe (18e)

Q. How do we [ e
stabilize 17e ' AP AR
Heusler

compounds?

<
@
=
=
@
=
L

A. Make them
18e by addition
of Li

r XwK I L UW LK PDOS

Discovery of 99 new stable quaternary Heusler compounds!
(Previously, only 2 known experimentally)
Promising properties for photovoltaics (absorption, effective masses) and
thermoelectrics (thermal conductivity, Seebeck)

J. G. He et al., Chem. Mater. 30, 4978 (2018).



Q. How can we stabilize 19e Heusler Compounds?
A. Make them 18e with defects/vacancies

Nearly all 19e compounds are stabilized by changing stoichiometry to 18e

Example:
CoVShb (19e) - unstable
CoV, gSb(18e) — stable
Off-stoichiometry in this compound is experimentally verified!

Nominal 19-electron XYZ Systems

Circles:
compounds
previously
reported as
19e

+
Compounds
stable at 18e
composition

+

S. Anand et al., Energy Env. Sci. 11, 1480 (2018).
Zeier et al., Chem. Mater. 29, 1210 (2017).



How to discover new materials?

DATA CREATION! COLLECTION &! DATA MINING &
PREDICTION!

CLASSIFICATION!

* Open Quantum Materials Database (OQMD)
« Machine Learning of materials datasets to
accelerate Materials Discovery



	Accelerating Materials Discovery with �High-Throughput DFT:  �The Open Quantum Materials Database (OQMD)
	Slide Number 2
	For many energy-related problems:  We need new materials
	How to use data to accelerate discovery of new materials?
	Crystal Structure Example
	Known “Library” of Materials Structures – The ICSD
	The Open Quantum Materials Database (OQMD)
	Slide Number 8
	Formation EnergyStability
	Slide Number 10
	Slide Number 11
	Example 1:  Complex Industrial Cast Al alloy
	Solidification Microstructure (Aluminum 319)
	Slide Number 14
	Slide Number 15
	Solidification Microstructure (Aluminum 319)
	Solidification Microstructure (Aluminum 319)
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	High-Throughput DFT Calculations: OQMD
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Heat to Energy Directly - Thermoelectrics
	Why are Efficient Thermoelectrics Hard to Find? �Contraindicated Properties
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	How to discover new materials?

