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Outline

1. Understanding processes&materials based on G(x,T,p)
QUALITATIVE APPLICATION OF MC I

2. Modelling G(x,T,p) based on theory&experiment
QUALITATIVE > QUANTITATIVE

3. Modelling processes&materials based on G(x,T,p)
QUANTITATIVE APPLICATION OF MC I



Outline

1. Understanding processes&materials based on G(x,T,p)
QUALITATIVE APPLICATION OF MC I

2. CalPhaD method
Calculation of Phase Diagrams

3. Modelling processes&materials based on G(x,T,p)
QUANTITATIVE APPLICATION OF MC I



CalPhaD

(Calculation of Phase Diagrams)

System B-C

System A-C

System A-B

Phase Liquid

Phase 3

Phase diagram database

Phase a

G =f(X,, Xg, X&r T, P)

usually extrapolated from
high temperatures

e

ﬁ Gibbs energy database




What information can be extracted from the
Al-Cu phase diagram?
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What information can be extracted from the
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What information can be extracted from the
Al-Cu phase diagram?

A) chc < chc

B) chc > chc
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What information can be extracted from the
Al-Cu phase diagram?

A) Q

fcc

<0

bcc

B) Q

fcc

> ()

bcc

Delta Glkd/mal)

10

12

14 |

-16

-18

20

22 t
24

B & s N O
| L A B

BCC

0 0.20

0.40 0.60 0.80 1.00
Cu content



AG

mix

Strategy:

= AH

mix

— TAS

mix

Think about bonds & configurations

real solution
ordering/clustering



What happens if Q is significantly
different from 0?

Example: Solution of 50% A and 50% B
AGmix = AI_Imix - T

* AG,;,, minimizes with minimum AH,_, AH
and
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What happens if Q is significantly
different from 0?

Example: Solution of 50% A and 50% B
AGmix = AI_Imix - T

* AG,, minimizes with minimum AH_., 0
and

maximizes when # of A-B bonds
= 2*X,\*Xg

minimizes with maximum
number of A-B bonds

AH

mix

AG_.. minimizes between 0.5 and 1!

mix



What happens if Q is significantly
different from 0?

Example: Solution of 75% A and 25% B
AGmix = AI_Imix - T

* AG,, minimizes with minimum AH_., 0
and

maximizes when # of A-B bonds
= 2*X,\*Xg

minimizes with maximum
number of A-B bonds

AH

mix

AG,,, minimizes between P,

and P,

B,random B, max



Strategy:

_ AGmix = AI_Imix _ TA_Smix _

Think about bonds & configurations
00000000 REAL SOLUTIONS 00000000
00000000 0<0 Q>0 00000000
00000000 00000000
Q0000000 Ordering Clustering 00000000

AI_Imix
AI_Imix /
AG'mix
> AGmix
0 PAB,random PAB,max 0 PAB,random PAB,max
I:)AB PAB




What could be a sensible atomic arrangement

Ti-Al
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What could be a sensible atomic arrangement
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The following atomic arrangement Is 00000000

observed for an alloy at 1500K. What could Seeeeses

be a sensible atomic arrangement at 300K? ®®900000

A seseeess

000000600
B) Seeeescse
00000000

000000600
C) Secesses
00000000

0000000600
0) sesasass
00000000



The following atomic arrangement is
observed for an alloy at 1500K. What could
be a sensible atomic arrangement at 300K?

A)

B)

C)

Ordering (Pag > Py

2> 0O<O0
Lower T

-2 -TAS

> AH

mix

mix

less significant for AG

minimization!

B,random)
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Application: (Ti,Al)N coatings
for cutting tools

State of the art for protective coatings on cutting tools :
1980 - 2000 TiN
Since ~2000 (Ti,Al)N coatings WHY?
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Vapour phase condensation

Metal vapour (+N,)

From metal vapour to solid within a fraction of 1 us
- Extreme quenching rates (>> 1010 °C/s)!



Application: (Ti,Al)N coatings
for cutting tools
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(2012).
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Vapour phase condensation

TIN - AIN
1 bar &ctSage’"
Liquid
hex-AIN 1
Liquid+c-TiN =
c bic-TiN Liquid+hex-AIN
cubic-TiN
+hex-AIN
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AIN/(TiN+AIN)

Atoms cannot form two phases
TIN+AIN because of limited mobility
(non-equilibrium processing).
What do we learn from the phase
diagram?

NOTHING AT ALL!?

Wait: Please sketch the G(x)
curves at T = 250°C.,

00000000 .
00000000 |
eoeooecoce © ﬁl

From metal vapour to solid within a fraction of 1 us
- Extreme quenching rates (>> 1010 °C/s)!
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Draw G(x) @ 250°C and 2500°C

TiN - AIN
1 bar thl:Sage’"
Liquid
hex-AIN 7
Liquid+c-TiN =
c bic-TiN Liquid+hex-AIN
cubic-TiN
+hex-AIN
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AIN/(TiN+AIN)

1.

Choose the temperature at which you
find more information in the phase
diagram!

Order the Gibbs energy of the pure
components in the different phases.

Think about Q for solid phases (cubic
and hex): Do you expect Q<0 or
Q.,>07? If you cannot judge Q for one
phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AH x| > [TAS il ?

Draw AH,,,, -TAS,,, and AG,,, for all
phases. Assume AH_. (liquid) = 0.

Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.
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Draw G(x) @ 250°C and 2500°C

TiN - AIN

Liquid-+c-Ti
cubic-Tin NO

- Eutectic
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1.

Choose the temperature at which you
find more information in the phase
diagram!

Order the Gibbs energy of the pure
components in the different phases.

Think about Q for solid phases (cubic
and hex): Do you expect Q<0 or
Q.,>07? If you cannot judge Q for one
phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AHmix|| > |TASmix|?

Draw AH_.., -TAS,, and AG_,, for all
phases. Assume AH,,.(liquid) = 0.

Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.



Draw G(x) @ 250°C and 2500°C

TiN - AIN 1. Choose the temperature at which you
4000 S | {actor®  find more information in the phase
diagram!
3500 | T = 2500°C | 2. Order the Gik_)bs energy of the pure
components in the different phases.
000 R N 4 3+ Think about Q for solid phases (cubic
Liquid+c-TiN = and hex): Do you expect Q_,<0 or
TiN: | AIN: a Q.,>07? If you cannot judge Q for one
¥ Geupié << Giiquid < Ghex  Ghex < Giiguia < Gcuic phase, assume Q.=
2000 | - 1 4. Do you expect |[AH | < [TAS,,;| or
+hex-AIN |AHmix|| > |TASmix|?
1500 1 5. Draw AH_;,, -TAS,,;, and AG,;, for all
phases. Assume AH, ;. (liquid) = 0.
1000 r 1 6. Draw G(x) for the solid phases.
7. Draw G(x) for the liquid phase, taking
500 . . . . : iy _
0 0.2 0.4 0.6 0.8 ’ Into account position of the eutectic.

AIN/(TiN+AIN) Eventually adjust G(x) for the solid
phases to match solubility limits.

8. Repeat the steps for the other
temperature.



Draw G(x) @ 250°C and 2500°C

TiN - AIN
>GB,G
d AGg =
B| Ggq-Ggg
Ge g
AG; + Q)
X sotubility = EXP 4 — T

small solubility limit - either AGg or Q >0
virtually no solubility limit = both AGg; or Q>0

2 chbic or AG'AIN >0
=2 Q..and AG >0

TiN: chbic = Qhex >0
Geubic << Giiquid < Ghex AGtin > AGy

AIN:

Ghex < Giiquia < Geubic

1.

Choose the temperature at which you
find more information in the phase
diagram!

Order the Gibbs energy of the pure
components in the different phases.

Think about Q for solid phases (cubic
and hex): Do you expect Q<0 or
Q.,>07? If you cannot judge Q for one
phase, assume Q_=Q,,

Do you expect |AH | < [TAS| or
|AHmix|| > |TASmix|?

Draw AH_.., -TAS,, and AG_,, for all
phases. Assume AH_. (liquid) = 0.

Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.



Draw G(x) @ 250°C and 2500°C

TiN - AIN
1 bar &ctSage’"
4000 |
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Low/virtually no solubility = [AH, | > [TAS;
TiN: chbic - Qhex >0 AIN:

Geubic << Giiquid < Ghex AGtin > AGy

Ghex < Giiquia < Geubic

1.

8.

Choose the temperature at which you
find more information in the phase
diagram!

Order the Gibbs energy of the pure
components in the different phases.

Think about Q for solid phases (cubic
and hex): Do you expect Q<0 or
Q.,>07? If you cannot judge Q for one
phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AHmix|| > |TASmix|?

Draw AH_.., -TAS,, and AG_,, for all
phases. Assume AH_. (liquid) = 0.

Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.



Draw G(x) @ 250°C and 2500°C

1.

T = 2500°C

A A
G(x) AHmix,cub: AHmix,hex 2.
3.
AGH b= A6 TR

4,
5.

:AGmix,qu
6.
7.

AIN content
Low/virtually no solubility = [AH [ > [TAS,] o
TiN: Qcupic = Qrex > 0 AIN:

Geubic << Giiquid < Ghex AGtin > AGaNn  Ghex < Giiguid < Geubic

Choose the temperature at which you
find more information in the phase
diagram!

Order the Gibbs energy of the pure
components in the different phases.

Think about Q for solid phases (cubic
and hex): Do you expect Q<0 or
Q.,>07? If you cannot judge Q for one
phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AH il > [TAS 7

Draw AH_.., -TAS,, and AG,,, for all
phases. Assume AH, ;. (liquid) = 0.

Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.



Draw G(x) @ 250°C and =00ee

1.
T =2500°C
G X A A
(x) 5
G;‘lfly\i A 3.
liq
GTiN
1655 | 4.
1 liq
G
AIN 5
6w 1 [ G
6.
7.
AIN content
Low/virtually no solubility = |AH, [ > [TAS,| o
TiN: Q.. =0, >0 AIN:

G(XA AHmix,Cub: AHmix,hex 1

Choos¢
find ma
diagran
Order t
compo
Think g “AG

and he
Q ,>07 AIN content

AG AG

mix,cub™ mix,

mix,liq

phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,| or
|AHmix|| > |TASmix|?

Draw AH_,.,, -TAS,, and AG,,,, for all
phases. Assume AH_. (liquid) = 0.
Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.

chbic

<< Gjiquid < Ghex

AGyy > AGyy

Ghex

< Gijiquia < Geubic




Draw G(x) @ 250°C and =00ee

Geubic << Giiquid < Ghex AGtin > AGy

T =2500°C
G(x)] !
o e
liq
GTiN
Gy
{4 liq
GAlN
i - Ghin
AIN content
Low/virtually no solubility = [AH | > |TAS, ]
TiN: Qcupic = Qrex > 0 AIN:

1.

8.

Ghex < Giiquia < Geubic

G(XA AHmix,Cub: AHmix,hex

Choosé
find mqg
diagrar
Order t
compo

Think 41

and he
QC/h>0’, AIN content

AG AG

mix,cub™ mix,

mix,liq

/

phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AH il > [TAS 7

Draw AH, ., -TAS,, and AG,,, for all
phases. Assume AH_. (liquid) = 0.
Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.




Draw G(x) @ 250°C and =00ee

T =2500°C

cub
[ GAlN

lig
GAlN

hex
[ GAlN

AIN content

Low/virtually no solubility = |AH_...| > |TAS

mix| mixl

TiN: Qcupic = Qrex > 0 AIN:

Geubic << Giiquid < Ghex AGtin > AGaNn  Ghex < Giiguid < Geubic

1.

8.

G(XA AHmix,cub: AHmix,hex

Choosé
find mqg
diagrar
Order t
compo

Think 41

and he
QC/h>0’, AIN content

AG AG

mix,cub™ mix,

mix,liq

/

phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AH il > [TAS 7

Draw AH, ., -TAS,, and AG,,, for all
phases. Assume AH_. (liquid) = 0.
Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.




TiN - AIN

4000 . . T bar . . Aacesage
3500 |- 1z (o] o
0°C and z=~e<
- \ =) G(XA AHmix,cub: AHmix,hex A
=200 1. Choos:¢
2000 / 1 find mg
1500 dlagl‘ar AC':'mix,cub:AG'mix,
1000 | ] 2. Ordert
h 500 0 0;2 0;4 O_IS 0;8 1 Compo
AIN/(TIiN+AILN)
Grin +— 3. Think g =AG iy iq
and he |
li ~ QC/h>0’, AIN content
l ...........................
GTin ................... phase, assume Q_=Q,
............... .Gﬁllll}\’, 4. Do you expect [AH | < [TAS;,| or
........ G,lcllqu |AH i > [TAS ;|7
N i . 5. Draw AH,,, -TAS,,, and AG,, for all
G K Gain phases. Assume AH_. (liquid) = 0.
6. Draw G(x) for the solid phases.
7. Draw G(x) for the liquid phase, taking
AIN content into account position of the eutectic.

Eventually adjust G(x) for the solid
phases to match solubility limits.

8. Repeat the steps for the other
temperature.

Low/virtually no solubility = [AH [ > [TASl

TiN: Qcupic = Qrex > 0 AIN:
Geubic << Giiquid < Ghex AGtin > AGaNn  Ghex < Giiguid < Geubic



Draw G(x) @ 250°C and 2500°C

T =250°C
G(x)t
"N
G’Tlieﬁ ________________________________________________________________________________________________________________
liq
GTiN
---G%‘!‘,’\’,
1 ~liq
........ GAIN
G%’i‘,{’, ................................................................... Gﬁfﬁ
AIN content

Low/virtually no solubility = [AH [ > [TASl

TiN: chbic = Qhex >0
Geubic << Giiquid < Ghex AGtin > AGy

AIN:
Ghex < Giiquia < Geubic

1.

8.

Choose the temperature at which you
find more information in the phase
diagram!

Order the Gibbs energy of the pure
components in the different phases.

Think about Q for solid phases (cubic
and hex): Do you expect Q<0 or
Q.,>07? If you cannot judge Q for one
phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AHmix|| > |TASmix|?

Draw AH_.., -TAS,, and AG_,, for all
phases. Assume AH, ;. (liquid) = 0.

Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.



Draw G(x) @ 250°C and 2500°C

T = 250°C
GO0 !
iq 1
GTiN
e S 16H
: AIN
e
G;‘}:}{){ + S T GZZ{/
AIN content

Low/virtually no solubility = [AH [ > [TASl

TiN: chbic = Qhex >0
Geubic << Ghex < Gjiquia AGtin > AGx

AIN:

1.

8.

Ghex < Geubic < Giiquid

Choose the temperature at which you
find more information in the phase
diagram!

Order the Gibbs energy of the pure
components in the different phases.

Think about Q for solid phases (cubic
and hex): Do you expect Q.4,<0 or
Q.,>07? If you cannot judge Q for one
phase, assume Q_=Q,,

Do you expect |AH | < [TAS| or
|AHmix|| > |TASmix|?

Draw AH_.., -TAS,, and AG_,, for all
phases. Assume AH_. (liquid) = 0.

Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
Into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.



Draw G(x) @ 250°C and g#=°°*c———
G()A AHmix,cub: AHmix,hex A
— > 1. Choos:
T=250°C find mc
G(X)A A diagrar
Gllq 1 2. Order t
TN compo ZAG
hex | o, TAGMA
GTiN .............................................................. 1 Gliq 3. Think 4
AIN and he
Q ,>07 AIN content
............................................................................. phase, assume Q_=Q,
------------------------------------- 16542 | 4. Do you expect |AH iyl < TAS ] OF
' |AHmix|| > |TASmix|?
N o 5. Draw AH,,, -TAS,,, and AG,, for all
(2 = Gy phases. Assume AH,_. (liquid) = 0.
6. Draw G(x) for the solid phases.
7. Draw G(x) for the liquid phase, taking
AIN content into account position of the eutectic.

Eventually adjust G(x) for the solid
phases to match solubility limits.

mix| 8. Repeat the steps for the other
temperature.

Low/virtually no solubility = |AH_...| > |TAS

mix|

TiN: Qcupic = Qrex > 0 AIN:
Geubic << Ghex < Gjiquia AGtin > AGaN  Ghex < Geuvic < Giiquid



Draw G(x) @ 250°C and g=22=————
G(XA AHmix,cub: AHmix,hex A
— N 1. Choosg
T=250°C find md
G (X)"‘ A diagran
Gl 2. Ordert
TiN compo =AG
hex | _— ., —E S mix lig
Rl | glia |3 Thinke
AIN and he
QC/h>0’, AIN content
........................................................ phase, assume Q_=Q,
"""""""""" e -Gﬁ‘l‘f\’, 4. Do you expect [AH, | < |TAS,,;| or
|AHmix|| > |TASmix|?
e N 5. Draw AH,,, -TAS,,, and AG,, for all
e A o — R Gex phases. Assume AH,_. (liquid) = 0.
6. Draw G(x) for the solid phases.
7. Draw G(x) for the liquid phase, taking
AIN content into account position of the eutectic.

Eventually adjust G(x) for the solid
phases to match solubility limits.

mix| 8. Repeat the steps for the other
temperature.

Low/virtually no solubility = |AH_...| > |TAS

mix|

TiN: Qcupic = Qpex > 0 AIN:

Geubic << Ghex < Gjiquia AGtin > AGaN  Ghex < Geuvic < Giiquid



Vapour phase condensation

G

T =250°C

cub

TiN
cubic-(Ti,Al)N

AIN content

L Aliq
GAlN

i chb

AIN

hex
GAlN

Atoms cannot form two phases
TIN+AIN because of limited mobility
(non-equilibrium processing).
Therfore, only a single (Ti,Al)N
phase can form.

- What is the single phase with
lowest energy?

oseceeee 9T
oooo0cce ©OA

o _0_60_60_60_0_0 N

From metal vapour to solid within a fraction of 1 us
- Extreme quenching rates (>> 1010 °C/s)!



Vapour phase condensation

1,000 .
T =250°C _ cubic+hex
O 800 -
el X
i | o
GTin = 600 -
Grin - clia g 400 - cubic hex
AIN]| o
£ 200
2
Gaiy 0
0O 02 04 06 08 1
AIN/(AIN+TiN)
GSE Ghex Experimental non-equilibrium
(metastable) TiN-AIN phase diagram
[Spencer, Z. Metallk. 92 (2001) 10]
AIN content - G(X) curves can predict

metastable phase formation!

From metal vapour to solid within a fraction of 1 us
- Extreme quenching rates (>> 1010 °C/s)!



Tiy sAl, :N: A real solution
‘AGmM:[“th_TASmR
Think about bonds & configurations

00000000 REAL SOLUTIONS 00000000
00000000 Q<0 Q>0 00000000
00000000 00000000
Q0000000 Ordering Clustering 00000000
AI_Imix
0 AI_Imix —
mix
0 PAB,random PAB,max 0 PAB,random PAB,max
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Tiy sAl, :N: A real solution

Visualizing atomic composition in 3D:
3D atom probe tomography

REAL SOLUTIONS

|Clustering|




Tiy sAl, :N: A real solution

Visualizing atomic composition in 3D:
3D atom probe tomography

REAL SOLUTIONS

|Clustering|

Ti/Ti+Al = 0.51
l/TiI+Al = 0.51

AI_lmix

K

a \_ AGmix
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Concepts, key ideas

Strategy for predicting metastable phase formation in
vapour phase condesation:

1. Derive G(X) curves from the stable phase diagram.
2. For each composition, the single phase with lowest
Gibbs energy forms during vapour phase condensation.

In real solutions, atoms form short-range order to
minimize G:

clustering in case of Q >0 or

ordering in case of Q < 0.
This ordering can be observed!



Application: (Ti,Al)N coatings

for cutting tools
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H increases by Al
addition!

But WHY?

Let's look at
G(X) curves!

Mayrhofer, Rachbauer, Rovere, Schneider, Protective Transition Metal Nitride Coatings

(2012).



Annealing of a metastable phase:
How can the Gibbs energy be lowered?

G(X)A

hex
GT iN

chb

' GAlN

TiN

AIN content

1. What is the stable state for
Tip5Alg5N7?
- cub-TiN + hex-AIN

cub

hex
GAlN




Annealing of a metastable phase:

How can the Gibbs energy be lowered?
deposited

G(X)/\ N
Grin
T, = 850°C
 GaiN
Geub B ALy
T, = 1200°C
AIN content

E,(de-mixing) = E(diffusion)

to Baben et al., Materials Research Letters (2016).



Annealing of a metastable phase:

Implications on mechanical properties
as deposited

T, = 850°C

Lattice parameter

Al content in (Ti,Al)N

—> Composition variation leads to
variation of lattice parameter.
- Strain field!

=1200°C

Mayrhofer et al., J. Appl. Phys. 100 (2006) 094906. to Baben et al., Materials Research Letters (2016).



Annealing of a metastable phase:

Implications on mechanical properties
as deposited

40
38 - (Ti,ADN .‘.
S OO ®
o Spinodal
§ 34 o ’decomposmon O T, = 850°C
S 32 - ®
_c% solution €. TiN
T {hardening 4
30 0‘
28 - ¢
o T, = 1200°C
0 400 800 1200

Temperature [°C]

Mayrhofer et al., J. Appl. Phys. 100 (2006) 094906. to Baben et al., Materials Research Letters (2016).



Outline

1. Understanding processes&materials based on G(x,T,p)
QUALITATIVE APPLICATION OF MC I

2. Modelling G(x,T,p) based on theory&experiment
QUALITATIVE > QUANTITATIVE

3. Modelling processes&materials based on G(x,T,p)
QUANTITATIVE APPLICATION OF MC I



Strategy:

Giota = Xa Ga + X Gg
= Xa(Ha-TSp) + Xg(Hg-TSg)

- TAS, i,
+ AHmix

+ AG'excess
00000000 00000000 00000000 92022999
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 000000060
0000 0000 00000000 00000000
0000 0000 00000000 00000000
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 0000006000
0000 0000 00000000 00000000 ::::::::

mechanical mixture

(two powders)

ideal solution
randomly mixed
A-A+B-B = 2A-B

regular solution
randomly mixed
A-A+B-B = 2A-B

real solution

ordering/clustering

A-A+B-B << 2A-B
A-A+B-B >> 2A-B



What thermodynamic property describes the
temperature dependence of the enthalpy?

A) entropy
B) thermal expansion coefficient
C) heat capacity

D) volume



What thermodynamic property describes the
temperature dependence of the enthalpy?

A) entropy

B) thermal expansion coefficient

C) heat capacity

D) volume

Cp = dH/dT

T
H(T) = H?°3K + j CpdT
298K



What expression describes the temperature
dependence of the entropy?

A) dS/dT = C,,
B) dS/dT = T*C,
C) dS/dT = C,/T

D) dS/dT = T*In(Cy)



What expression describes the temperature
dependence of the entropy?

A) dS/dT = C,,
B) dS/dT = T*C,
T
C)dS/dT = Co/T | S(T) = 5298K 4 f Ce ur
298K r

D) dS/dT = T*In(Cy)



CalPhaD: Modelling G(T)

G(T)=H(T)—TS(T)
=H298K_|_fT TG

298K 98K r

CodT — T [5298K + f —dT
2

What thermodynamic data is needed to moc
G(T)?

> H298K, 8298K’ CP(T)

el



CalPhaD: Modelling G(T)

In 1991, the SGTE (Scientific Group
Thermodata Europe, a large consortium of
groups working on thermodynamic databases),

agreed on a set of
H298K, SZ98K’ CP(T)
for the elements In different crystal structures

- Dinsdale, CALPHAD 15 (1991) 317.



What thermodynamic property describes the pressure
dependence of the Gibbs energy?

A) entropy
B) thermal expansion coefficient
C) heat capacity

D) volume



What thermodynamic property describes the pressure
dependence of the Gibbs energy?

A) entropy
B) thermal expansion coefficient

C) heat capacity

D) volume V =dG/dp




CalPhaD: Modelling G(p)

dG/dp =V
What thermodynamic data is needed to model G(p)?

- molar volume and compressibility or bulk modulus

- l.e. V(p)



Strategy:

mechanical mixture

(two powders)

ideal solution
randomly mixed
A-A+B-B = 2A-B

regular solution
randomly mixed
A-A+B-B = 2A-B

Giota = Xa Ga + X Gp v
= Xa(Ha-TSp) + Xg(Hg-TSg)
B TASmix \/
+RTEXIX, T Amc D
+QXAXB excess
00000000 00000000 00000000 92022999
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 000000600
0000 0000 00000000 00000000
0000 0000 00000000 00000000
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 ::::::::

real solution

ordering/clustering

A-A+B-B << 2A-B
A-A+B-B >> 2A-B
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TiIN - AlIN
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Low/virtually no solubility = [AH [ > [TASl

TiN:

Geubic << Giiquid < Ghex AGtin > AGy

chbic = Qhex >0

AIN:
Ghex < Giiquia < Geubic

1.

8.

150°C and z=fee=

G(XA AHmix,Cub: AHmix,hex 1
Choos¢
find mg
dlagl‘ar AC':'mix,cub:AG'mix,
Order t
compo
Think & =AG i i
and he
QC/h>0’, AIN content

phase, assume Q_=Q,,

Do you expect |AH ;| < [TAS,;| or
|AH il > [TAS 7

Draw AH, ., -TAS,, and AG,,, for all
phases. Assume AH_. (liquid) = 0.
Draw G(x) for the solid phases.

Draw G(x) for the liquid phase, taking
into account position of the eutectic.
Eventually adjust G(x) for the solid
phases to match solubility limits.

Repeat the steps for the other
temperature.



What information can be extracted from the
Al-Cu phase diagram?

A) Q

fcc

<0

bcc

B) Q

fcc

> ()

bcc
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Strategy:

mechanical mixture

(two powders)

ideal solution
randomly mixed
A-A+B-B = 2A-B

regular solution
randomly mixed
A-A+B-B = 2A-B

Gigtas = Xa Ga + Xz G
= Xa(Ha-TS,) + Xg(Hg-TSp) ‘/ \/
e.g. Redlich-Kister
_TAS .
S ‘/ + AH ‘/ + XaXg* Q¥ (Xa-Xp)"
+RTY XInX. mix ’
+XAXB*Q + AG'excess
00000000 00000000 00000000 92022999
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 0000600606
0000 0000 00000000 00000000
0000 0000 00000000 00000000
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 00000000
0000 0000 00000000 00000000 ::::::::

real solution

ordering/clustering

A-A+B-B << 2A-B
A-A+B-B >> 2A-B



History of computational thermodynamics
and thermodynamic databases

1991: Dinsdale, SGTE Data for pure elements

1957 First ternary phase diagram calculation (Ni-Cr-Cu)



Strategy:

Giota = Xa Ga + X Gg v
= Xa(Ha-TSp) + Xg(Hg-TSg)

mechanical mixture

(two powders)

ideal solution
randomly mixed
A-A+B-B = 2A-B

regular solution
randomly mixed
A-A+B-B = 2A-B

real solution

ordering/clustering

A-A+B-B << 2A-B
A-A+B-B >> 2A-B



History of computational thermodynamics
and thermodynamic databases

Today: SGTE Solution database contains 79 elements,
317 solution phases, 1166 stoichiometric phases

1990s-2000s: growth
of solution databases

1980s-1990s: Founding of several companies
specializing in computational thermodynamics

1991: Dinsdale, SGTE Data for pure elements

1957 First ternary phase diagram calculation (Ni-Cr-Cu)



History of computational thermodynamics
and thermodynamic databases

Today: SGTE Solution database contains 79 elements,
317 solution phases, 1166 stoichiometric phases
Allows description of

577 binary systems,

141 ternary systems,

H 15 higher order systems He
Li Be B C N @) F Ne
Na Mg Al Si P S Cl Ar
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sc Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Frr Ra Ac Rf Db Sg Bh Hs Mt Ds

/70 non-radioctive, non-noble gas elements

- 70*69/2 = 2415 binary systems
- 70*69*68/6 = 54740 ternary systems



Materials Genome Initiative (MGI)
launched in 2011

Executive Summary

Vision: Advanced materials are essential to economic security and human well-being and have
applications in multiple industries, including those aimed at addressing challenges in clean energy,
national security, and human welfare. To meet these challenges, the Materials Genome Initiative will
enable discovery, development, manufacturing, and deployment of advanced materials at least twice
as fast as possible today, at a fraction of the cost.

https://www.maqi.qgov/sites/default/files/documents/magi strategic plan - dec 2014.pdf



https://www.mgi.gov/sites/default/files/documents/mgi_strategic_plan_-_dec_2014.pdf

Materials Genome Initiative (MGI)
launched in 2011

Achieving this vision requires successfully addressing four key challenges:

(1) Leading a culture shift in_materials_research to encourage and facilitate an integrated team

approach that links computation, data, and experiment and crosses boundaries between
academia, National and Federal laboratories, and industry;

(2) Integrating experiment, computation, and theory and equipping the materials community with

the advanced tools and techniques to work across materials classes and along the materials
development continuum from research to industrial application; = MC I

(3) Making digital data accessible inc = WwWw.materialsproject.org, www.ogmd.org, itoa
searchable materials data infrast W\NW.aﬂOW”b.OI'Cl, www.nomad-coe.eu... able
to others;

= you!
(4) Creating a world-class materials workforce that is trained for careers in academia or industry,

including high-tech manufacturing jobs.
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e
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&
U3 w535

https://www.maqi.qgov/sites/default/files/documents/magi strategic plan - dec 2014.pdf



https://www.mgi.gov/sites/default/files/documents/mgi_strategic_plan_-_dec_2014.pdf
http://www.materialsproject.org/
http://www.oqmd.org/
http://www.aflowlib.org/
http://www.nomad-coe.eu/
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B8 Materials Project % [ nttpsi//mater...als/formulas X oaMD | % Aflow - Automatic - FLO.. > | “* Home- NOMAD o+ - X
h ://materialsproject.org/res materials/formulas E1 ¢ materials genome initiative > * B 0 3 4@ @' =
{"created at": "2017-02-02T09:00:07.200068", "valid response": true, "version": {"pymatgen": "4.5.2", "db": "2.0.0", "rest": "2.0"}, "response": ["Ni304", "Li2Fe23i207", "¥bZIn", "La25iO5", "HECx2", "LuBE", "FeClO", "AlPt3", "U2Se3", "
"Cd02", "Na6Cr2B4POL6", "Ba2MnRe06", "Pr(BgBe)2%, "Er2C(NC)2", "Si02", "Pr2S02", "Na202", "Dy2502", "K2NiH12(C207)2", "MgPt"”, "GdNbO4", "Ca(5c52)2", "GdGe", "CrO3", "InHEC4NO10", "LiFeF5", "C", "Mn2Nb", "ErNbO4", "Ti55n3", "K25i2Fb20",
"Ca2Cu(C10)2", "Ti3Zu", "MnSniu", "Ti02", "PuCo3", "FeSiRu2", "NiP", "InN", "MgHEC252Z(NO2)2", WHEA12", "NaMnTe2", "MnP207", "ScMn2", "Tb2502", "SmYA12", "Er(SiCu)2", "GdGa", "Li2Ti35n08", "TiF3", "Na2BHO3", "DyBiPd", "Paks2",
"Fel3Ge3", "PuGe2", "Pr(MnGe)2", "YCrO3", "RbBeO3", "Pb(CO2)2", "E4Pb(CO3)2", "PbSC4", "Ba2CoRe06", "Sc2PbS4", "Bi203", "BaTiO3", "SrO", "Re24MoS", "Ce(MnGe)2", "Pu2Co", "Nb3H1ZC4NC13", "PuGe3", "ZrSe2", "SnH22(C1305)2",
"SnPd", "HoZ502", "BrNb0O4", "LaS5ilr", "CrO", "CdN", "RbBi(MoO4)2", "KZMoH2 (CO4)2", "Na2LiRlHe", "HoGa3", "HfENiZl", "K3VHZ(CO5)2", "Ce(Nd52)2", "BiB4", "Bi", "HOCSNOS", "HSC3N302", "SréNb7021", "InH6(CO3)3", "LaH4C4NOE", "LiNbO3",
"SnH4CZNO4F", "Ca(Cu2ks)2", "NaCdH3(CO2)3", "CsTiF4", "K2LiA1HE", "FeHC203", "UCr3", "H12RnCSNO&", "CuHEC4(NO3)2", "CuH3C2NG4", "YHTC4011", "K3NdH6(C205)3", "ScE3(CO2)3", "KCA3HECL704", "CoHE(COS)2", "Na3HS(CO2)4", "MnH2 (CO2)2",
"H22RhC3 (N304)2", "FeH16C4(NC12)2", "GAHEC4NOS", "CuHl0(CO4)2", "HECN2 (C105)2", "X2CuHE(CO3)4", "Cs2PuC2 (OF)4", "K2NaAlHe", "KSTi3F14", "H34C19", "MnSOL3F3", "KH3(CO2)2z", "CoHICE(520)3", "Na3AlHe", "FeH44C12 (N508)2", "B3H12CWL0",
"ZnH8C4 (N4Cl)2™, "HTC1lO7", "NiH2Q(C4NRI2". "YHI(CO2)V3". "MnHAICORNIZM. "CoHAICOZ14Y. "Sr4RhOA". "CoHCOI™. "RNCI12". "HICSIM. "UInIZNi (PO4YVAT. "CaZMnRr4". "Li3Mn3NiOQ8". "Ca. "YErTn2". "KHI3CRrNOT". "SnH4AC18(Rr2ZN)2", "Si2ZH203", "CsI3",
"K3Mn (CN) 6, "HgH1OC3Br3N", "V25n4 03", "HN3F5", "SiCu(HO2)2",
"HI0C3NC1G4", "HoFeO3", "GaH1204wr H6C105", "CrHOCE(520)3",
"CuHBC2ZNC13", "HSC4NO4", “LiHBC , "Sb2H30CE (NC13)3",
"Yb3(5F2) 2", "H11C10NOS", "NiH4 = 1Zr6(PO4) 9", "Cu2BHS06",
"PHEC2SNOZ", "NahsSe2", "CoH14C Database Statistics "SpH1ECS (NC12) 37,
"V3HECHOT", "CaNa02", "TIHCO2", Li4V3PE023", "HI4CS(NO)2",
"Eu25rFe207", "KCN", "CuH12 (C2K , "Nd2InPd2", "PréFel3ig",
"PrBPd3”, "RbBr3", "LaNiSu7", " ", "UCu55n", "NbPt3",
"Tb(MnGe) 2", "Ni352", "Mnl207F1 Zr2Ni2Sa", "3n70s3",
"SbIr", "Eb", "Li2Bi5Z ", "LiAg25n", "TiCuSn",
"pusk", "BCM, "ZrIN®, 3", "N&(Mn3i)2", "ThRn3",
"Ba2 (Ir03) 3", , "Ni23Bg" 86 680 56 447 21 954 530 243 3(5iCu)2", "TbInRu",
"Nb3R1", "LiMnPOS", "Mg55ie", " ] y y ] 52NaScFé6", "Ba2CoW0s",
"Ba2NiWOE", "Ag2F", "CeTe", "Su 2Bu", "CaPd304",
"Tb(5iIr) 2", "U(Cofe)2", "Srcuf , "Rb3Ca", "DyNiz", "Cs",
"Te02", "LaInSRh", "MgPd2", "Hg 506)2", "CaAgCl2",
"CeGaNi”, "UF=55n", "Sr25n04” JReHS®, "CrGaFe2", "SrGa2",
e o e ] INDRGANIC COMFOUNDS BANDSTRUGTURES MOLECULES NANOPOROUS MATER IALS IBeod”, nsiv, redc2n,
"Co3(0F2) 2", “Lu(MnGe)2", "LiCu nCaPd2", "¥bSiCu",
"MgENil6hsT", "PrNdO2", "FeSn", "Crm, "SeM, "DyPaRu2",
"Nb2RuW", "Laks", "TbAlAg2", "E "Li3V(Fe03)2", "K3Cd",
"Ba2HoSbO6", "YGahuz", "Cud2", "GdIn", "H3CSN(C10)2",
"HgF", "Pt304", "TbInCo2", "Nik Zusn", "E(CO)2", "CaMg2",
"BH3CS3", "Er25i207", "HEC3 (NO) 905", "LiH3CO3",
"MgHE (CO3) 2", "ScBIri", "PrHo3" "Ho2ZnIr",
"CrSb2H12 (C20) 4", "LiCuZGe", "E If2Ni®, "FeSb2", "HSC2C10",
"NBPA3", "TmSMg24", "CatAllH220 "AlC1O", "BC1", "B3HS",
mBF2", "InNi3", "Rb", "NiHE (CO3 13 423 2 853 3 628 16 128 >0 (ClO) 2", "Li3Mn(CoO2)4",
"NaFe02", "Cs20", "NaCoBE2H209" " 3 3 3 "EA102", "Sr3SbH", "CoN",
"Li2Fe03", "KSn2Brs", "Na3la2 (E , "Na(Cu0)2", "Pr2Ne11030",
"HEALAUZ", "Sr2MoC4", "LiSc(5iC , "LiCaGaFé", "Zn3Cu",
"SnT1(MoO4) 2", "Li3z", "VELO3", 3 "Fel2Cols2 [H507)2",
"Tb2Mn35i5", "5rCo€0Ll", "SraMi 3, "YZnSn", “ErCuPbSe3",
"TbCuPbSe3", "HoCuPbSe3", "Ndin Tu207", "KSc(Mo®4)2",
"Ga203", WFeBiO3", "CeSiNin, nC ELASTIC TENSORS PIEZOELECTRIC TENSORS INTERCALATION ELECTRODES CONVERSION ELECTRODES TRu)2", "Laos2n,
"Ce(Cofe) 2", "BalMgWOE", "Li4Cr . "CeSc03", "Fe3RnN",
"Ba2TaBi06", "Ba2PCl", "Sr55i3", © SmTa04", "NdTa04",
"Ba(R15i) 2", "La2Zr207", "LaGa03", C52M", "Bala(Co03)2",
"Zr55p4”, "CaMnO3", "TbCuSb2", "K2BeH4(505)2", "CoSb3", "RbPrP3HOLO™, "YCI", "TiPpO3", "LiTiPOS", "Mn30SF", "CeSi2Ir3", "GaTe", "U2A13C4", "GdCuSb2", "Nb3Sn", "Ba2SmMcO&", "PrN", WHE2SbP", "TiOF", "PrSPt3", "CalRuG4", "Fe3Pt",
"Fe3(5n54)2", "TiF=03", "CdGaH1407F5", "DyCrO3", "5r2InSbC6", "RbTiBr3", "Mol2PH24CEN30407, "Er2Mn35i5", "LaAlO3", "Nb354", "MgAlSi", "Sr2¥Sb06", "Sr2CuW06", "RhBr3", "Bi2TeI", "Sm3Ge5", "HCaF3", "FeP04", "La(GeRh)2", "HfBel3",
"LiA102", "NGGa2Ni", "BIS", "CdS", "CeGelu", "Na2Si4Cu2H4013", "CaCN2", "TmAlSi", "TbMal2", "2aPbO3", "NO2", "Rb2Cr2Cd(H205)2", "Ni(NO3)2", "Cs2Cr4Cd(H04)4", "Li4Ti3Nb3Cr2016", "Srli2Ta207", "¥MnO3", "ENdGe34", "K2CrdCo(HO4)4",
"LiFePO4", "CsInIr", "BaS504", "Rb(CC)2", "TbCuS2", "Sc5(In2Rh)2", "SrH10(504)2", "Yb3Re", "Si2Ru", "H2", "FeBiSbS4", "NaHF2", "GdSi", "CsCeSiSe4”, "RbH20F", "Li(CO)2", "SrLuCuSe3", "Rb3B12H12Br", "LiCaSn", "CeAl03", "GaF04",
"K4H4WCE (N40) 2", "HENF2", "Pr203", "Dy(Fe2Ge)2", "RbSHS(OF3)2", "CaBE8H4015", "LuP2H4NOT", "Co(Ni02)2", "K3B12H12Br", "Cs3B12E12Br", "LaBi", "CaSiZ", "SrSi2", "MaGaNi "CrSb2", "C330", "BaNd2Mn207", "Cs3B12HIZC1M, "Ag3Pd", "GACo0si4n,
"DySi2", "HoNi3", "Rb3B12H12C1", "Er", "NdCo2", "In(IC3)3", "NbC", "Eg3C140", "Yb(MnSb)2", "BaTelMoZ (HO6)2", "Sc2PbSe4", "LiGaZRh", "Bel2Cr", "ZrI3", "Ba3CrN3", "Ta20", "CaPd3C", "SiSbk3", "Sb652015", "ZrU3sbs", "Dy55i4", "Ta3ssr7",
"ErAgTe2", "YAgTe2", "Nd2BS", "B2Te05", "TbRgTe2", "Sn(5e03)2", "TiNi", "Ce(5iZu2)2", "EriFb5s4", "KCaCO3F", "LaTiGe3", "LiMn0O2", "GdScGe", "NdSnRa", "Li2ZrFé", "Zn0O", "CePd3", "GdTiGe", "DyAgTe2", "Erz5i0s", "SrCuHe05", "SrBrE",
"Ti25i", "HoAl3", "ErBi", "RhO2", "Rb3PbO3", "Li3BN "LiN3", "Eu(AlGe)2", "Er3Rn", "Ca2P2HS011", "PbF2", "Cr2FeSe4", "Cs2LiCr(CN)6", "B2H3", "As2506", "ScAgSe2"”, "LiTi(PO3)4", "Li3Mn3(PO4)4", "EN3", "Nil2P5", "CsN3", "Cokg3(CN)6",
"PrE3(HO2) 6", "NiH3", "RbN3", "Ba6GeSN2", "BaMo04", "Ce25=02", "NaN3", "Fe(Sb02)2", "T1PdF3", "TbSr03", "YbBro", "CoH3(CN)6", "XBe2BO3FZ", "Ho2In", "Nb2P209", "Sr2NiMoGe", "VInO4", "5ra5i0s”, "ZnGeN2", "Ta2TiO6", "T1Cracs", "Y203",
"Ba2¥SbOE", "TiBi205", "Ga3PtS", "La3ScBeS7", "LiScMo308", "Ge3", "HENO2E", "Cr3Cu0S", "KLu(WO4)2", "Sr2ZnWOE", "Sr2ZnMo0E", "LiCo02", "LaF3", "NdIa2Ir", "NaMnG2", "Dy6FeSb2", "CusH3C2N5", "PbWO4", "CeIn2Ir", "CeF3", "BaW04", "TbigSa",
"PrIn3", "SmBi", "CuRsO3", "SmIn2Ir", "Co3(PO4)2", "Pr(Re04)2", "T1Z(Pb03)3", "NiH12509", "Laln2Ir", "NdPIr", "La3CIS", "HI13C4NF2", "Ca5(SiN3)2", "MnAgO3", "Ca7NbSi2ZNS", "Rb2CuH1Z(S07)2", "T1CoCl3", "MnCo2Sb", "Tm2520%, "Ce3CIS",
"YbHg6AS4Br7", "Rp4NaW2N50", "RbLaSiS4n, "Ba(BeN)2", "MnBiS=2IM, "In2Ni3527, "Cu(CO)4", "RbHg(NO2)3", "MgHEC4(N302)2", "SmAsO4", "ReO2F3", "ENbSO13", "KBaNbS4", "Lahs04", "CrP3HITN3OL3", "YbTa04", "BaSieN20O", "T1Cd(NO2)3", "Fehgsan
"KICuH12 (5eC7)2", "H3ZWCAN4C17", "NbT1Br4c", "EIO3", "TbTaO4", "VO", "LuTaO4", "PrTa04", "DyTaO4", "NiAgO2", "KZMnSC4F3", "TmTaC4", "MgPSe3", "Ca4Bi2C", "SrWo4", "T1Hg(NG2)3", "CoG", "EuTaO4", "LiSMnFe7(BO4)8", "ScGa", "CsHg(NO2)
"AgBT3", "AgHg", "Fe2W", "CsCA(NOZ)3", "LaZnS", "Cs(SbSe2)2", "MgH2", "RbCd(NO2)3", "T12HPTCSNSO", "XeF6", "Ba(5cTe2)2", "HESi2Cu", "Mg(BC)2", "Lafi03", "A12P3HS(CO3)3", "K2FeCu(CN)6", "Co(S04)2", "PriBbC", "Sr(ScTeZ)z", "Cr2HgOT",
"TiC1O", "Mg(BH4)2", "SiRnh", "Rb2ZPdF6", "Ho(SiRh)2", "Lalnku", "Cs2AgF4", "Mn2CoSi", "KFePO4", "CrO2", "Cr3HS(NO5)2", "HE", "LaMgCu2", "HoksO4", "La3Si2Rh3", "GaAgTe2", "BaE2", "Mg2BP3(H307)2", "La3CuSnST7", "ViGaSeg", "CaWO4"
"Yb2CdPd2", "Sr2NiTe06", "Cr2AgTe4", "NaMgF3", "PrMn03", "Mn3Co2Ni(BO4)6", "Fe203", "CaH2", "Na2PHO3", "HSEGCNE", "BaTh3", "SrH2", "MgTiO3", "H2NiN12(507)2", "Ni334", "Fe405F3", "TaNiz", "TmAgTe=2", "BeRlHS", "NaCuZiz(5e05)2", "o2",
"CeSiCu", "CaRu03", "Ta4AlC3", "HoLuRu2", "CaFe(5103)2", "Ca2MgP2 (§205)2", "CuSS2", "InCuTe2", "CrCl2", "V205", "AICuS2", "Ca2Mnis2 (H205)2", "CAF2", "BaNpPH207", "AlAgS2Z", "CuHl2(N504)2", "HohgSe2", "HIZPA(N504)2", "ZnWO4",
"Ca2MnP2 (H205)2", "CsCeCuS3", "ZréSb2BFt", "LaCo03", "CeG2", "BaTe03", "AlAgSe2", "InAgS2", "Tb(R1C)3", "SrPIr", "Dy2AlCo2", "CaAgBi", "Ba3(SnP2)2", "CsInS2", "AlAgTe2", "GaAg52", "RbIn52", "InAgSse3", "Cd2H2506", "CdACO3", "InAgTs2", v

https://materialsproject.org/rest/v2/materials/formulas
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History of computational thermodynamics
and thermodynamic databases

Today: SGTE Solution database contains 79 elements,
G(T,Xi) 317 solution phases, 1166 stoichiometric phases

Allows description of

577 binary systems,

141 ternary systems,

H 15 higher order systems He
Li Be B C N @) F Ne
Na Mg Al Si P S Cl Ar
K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sc Sb Te I Xe

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Frr Ra Ac Rf Db Sg Bh Hs Mt Ds

/—70 non-radioctive, non-noble gas elements

- 70*69 = 4830 binary systems
- 70*69*68 = 328440 ternary systems
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{"created at": "2017-02-02T09:00:07.20006&", "valid response" true, "version": {"pymatgen": "4.5.2", "db": "2.0.0", "rest": "2.0"}, "response ["Ni304", "Li2Fe23i207", "YbZn", "La23i05", "HfCr2", "LuB&", "FeClO", "AlPt3", "U2Se3", ~
"Cdo2" "ﬁaﬁCrEBdPDlﬁ", "Ba2MnRe06", "Pr (AgGe)2", "EIZC(ND)Z' "s5ioz", "Pr2502 "Na202", "Dy2502", "K2NiH12 (C207)2", "MgPt", "GdNb04", "Ca(5c52)2", "GdGe", "Cr0O3", "InHBC4NO10", "LiFeF5", "C", "MnZNb", "ErNbO4", "Ti55n3", "K25i2Pb20",
"Ca2Cu(C10)2", "Ti3Au", "MaSnAu", "Ti02", "PuCo3", "FeSiRu2", "NiP", "IN", "MgHSC232(NO2)2", "HEA12", "NaMaTe2", "MaP207", "ScMn2", "Tb2302", "SmYAl2", "Er(SiCu)2", "GdGa", "LilTi33n0E", "TiF3", "Na2BHOS", "DyBiPd", "Pahs2",
"Fel3Ge3"™, "PuGe2", "Pr (MnGe)2", "YCrO0O3", "RbBe0O3", "Pb(CO02)2", "H4Pb(CO03)2", "PbS04", "Ba2CoRe0&", "Sc2Pb54", "Bi203", "BaTiO3", "S5r0", "Re24Mo5", "Ce (MnGe)2", "Pu2Co", "Nb3H12C4NC19 "PuGe3", ZrS5e2", "5nH22(C1305)2",
"SnPdn, "Ho2502", "PrNbO4", "LaSilr", "CrQ", "CdN", "RbEL (MoO4)2", "K2MoH2 (CO4)2", "NaZLiAlHE", "HoGa3", "HESNi21", "K3VH2 (COS)2", "Ce(Nd52)2", "BiPd", "Bi", "HOCSNOS", "HOC3N302", "SréNb7O021", "InHE(CO3)3", "LaHAC4NOE", "LiNBO3",
"SnH4C2NO4F", "Ca(Cu2hAs)2"™, "NaCdH3(C0Z)3 CsTiF4"™, "K2LiAlH&", FeHC203", "UCr3", "H12RhC8NO& "CuHEC4 (NO3) 2", "CuH3C2NC4", "YH7C4011", "K3NdH&(C205)3", "3cH3(CO02)3", "KCd3HEBC1704", "CoH&(CO3)2", "Na3HS5(CO2)4", "MnHZ(COZ)2",
"H22RNhC3 (N304} 2", "FeH16C4 (NC12)2", "GAHEC4NOS", "CuH10(CO4)2", "HACNZ (Cl05)2", "K2CuHS (CO3)4", "Cs2PrC2 (OF)4", "K2NaAlH6", "KSTi3F14", "H34C19", "MnBOL13F3", "KH3(CO2)2", "CoHICE(S20)3", "Na3AlHE", "FeH44C12 (N508)2", "B3H12CN4O",
"ZnHEC4 (N4Cl1)2", "HTC1lO7", "NiH20 (C4N5)2", "YH3(CO2)3", "MnH&(CO3)2", "CuH&(COZ2)4"™, "Sr4Rh0O6", "CoHCO3", "BNC12", "H2C33", "V3Cu2ZNi(P04)6&", "Cs2MnBr4", "Li3Mn3NiQ8", "Ca", "YErIn2", "KH13CBrNO7", "S5nH46C18 (Br2N)2", "3i2H203", "CsI3",
"K3Mn (CN) 6", "HgQH10C3Br3N", "V25n4H24C208", "Ba7(Al3Teg)2", "PHGCNO3", "K2AgC3 (SN)3", "CoH1BC4NTOB", "Yb2FeS4", "PrFe03", "CdRe2HBCZ (N205)2", "UH12C4N4011", "CdH12C4BraN", "Na5V12032", "SnH16C4 (SraN)2", "SmFe03", "HN3F5", "SiCu(H02)2",
NHIOCINCLOAN, THOFeGAN, MEGHL2CANNT AN WE1ESINEIN  NDSSAAN  MHARENIN | WHTSAENEIN  MUAFSARN  NDRHSATEAEN  WRGHTIrON  MMASU(DA4\AN  WMMAH3M3 ATA1100  NDRASNIN  MEmArAASnEM  WEADRIN  WHAAR.TN  WDIETRANASN  MNAHECLOSM, MErsoCs (320) 3N,
"CuH8C2NC13 "HSC4NO4", "LiH8C . "S5b2H30CS (NC13)3",
"Yb3 (5F2) 2", "H11C1ONOS", "NiH4 P 1Zré (PO4) 3", "Cu2BH506",
"PHBCZSNO2", "NaRAsSel2", "CoH14C Database statlstcs "SpbH18C3 (NC12) 3",
"V3HECNOT", "CsNdO2", "T1HCO2", Li4V3PE029", "H14CS (NO)2",
"Eu23rFe207", "KCN", "CuH1Z(C2ZK , "Nd2InPd2", "Pr6Fel3Ag",
"PrBPd3", "RbBr3", "LaNiSHT", " ", "UCuSSn", "NbPt3",
"Tb (MnGe) 2" "Ni3s52", "Mnl207F1 Zr2Ni23n", "Sn70s3",
"5pIr", "Eb", "Li2Bi52 ", "LiAg25n", "TiCuSn",
"pusk", "ECT, nzrINm, 37, "Nd(Mn3i)2", "ThER3",
"Ba2 (Ir03)3", » "Ni23Be" 86 680 56 447 21 954 530 243 3(5iCu) 2", "TbInAu",
"ND3A1", "LiMnPOST, "MgSSigEm, " " 3 3 " 32NaScFE", "Ba2CoWOE",
"BaZNiWO&"™, "RAg2F", "CeTe", "Sn 1Au", "CaPd304",
"Tb(Silr)2", "U(CoGe)2", "SrCuf , "Rb3Ca", "DyNiz", "Cs",
"TeG2", "LalnSRh", "MgPd2", "Hg 306)2", "CshgClz",
"CeGaNi", "UFe55a", "Sr25n04" JReH3", "CrGaFe2", "SrGa2",
e o oo ] INDRGANIC COMFOUNDS BANDSTRUGTURES MOLECULES NANOPOROUS MATER IALS iBe0d”, "Siv, rédc2n,
"Co3 (OF2) 2", "Lu(MnGe)2", "LiCu nCaPd2™, "¥bSiCu",
"MgENil6AsT", "PrNAO2", "Fesn", nCrm, "Sem, "DyPaRu2",
"Nb2RuW", "Laks", "TbAlRg2", "E "Li3V(Fe03)2", "K3Cd",
"Ba2HnSbO6", "YGaAuz", "Cu0Z", "GdIn", "H3CSN(C10)2",
"HgF", "Pt304", "TbInCo2", "Nik ZusSn", "H(CO)2", "CaMg2",
"PH3C53", "Er25i207", "HAC3 (NO) 05", "LiH3CO3",
"MgHE (CO3)2", "ScBIr3", "PrHo3" "HoZZnIz",
"Cr5b2H12 (C20) 4", "LiCu2Ge", "E if2Ni", "Fe5b2", "H5C2C10",
"NbPA3", "TmSMg24", "CaiAl2H22C "ALC1QM, "BCLM, "B3HSM,
WBF2", "InNi3", "Rb", "NiH6E (CO3 13 423 2 853 3 628 16 128 >5(C1lO) 2", "Li3Mn(CoO2)4",
"NaFe02", "Cs320", "NaCoBP2H203" ' P . ' "FA102", "Sr3SbNY, "CoN",
"Li2Fe03", "EKSn2Br5", "Na3La2(E , "Na(CuO)2", "Pr2Npl1030",
"HFA1RU2", "Sr2Mo04", "LiSc(SiC , "LiCaGaFé", "Zn3Cu",
"SmT1 (Mo04) 2", "LiBr", "VEbG3", 3", "Fe2Cohs? (H507)2",
"Tb2Mn3Si5", "SrCo601l", "SraNi 2", "YZnSn", "ErCuPbSe3”,
"TbCuPbSe3", "HoCuPb3e3", "NdIn Zu207", "KSc(Mo04)2",
"GA203", MFeBiO3", "CaSiNi®, “C ELASTIC TENSORS PIEZOELECTRIC TEMSORS INTERCALATION ELECTRODES CONVERSION ELECTRODES JRu)a, “Lags2®,
"Ce (CoGe) 2", "BaZMgWOE", "LidCx , "CeSc03", "Fe3RAN",
"Ba2TaBiO&" "BaZPCl1l", "S3r55i3", "CaZBrN", "Li85n0&", "Ti33iC2", "Ca2ZNC1", "EVF3", "Sr2MnWO6", "Srl5Fel0(Bi5023)2", "K2BeF4", "RbVF3", "VNC14", "BaCu02", LiBH", "Na3Fe04", "Nd2Zr207", "CeAgGe", "Ag2HgSI2", "3mTa04", "NdTaO4",
"Ba(A15i) 2", "La2Zr207", "LaGa03", "Ca35i(C1l02)2", "LiBH4", "N2", "NaNi0o2", "TbBi", "Nd2Ti207", "BaTi205", "GdPZE011", "K2BeHd4 (5205)2", "GATa04", "USnPd", "Sr5n03", "Nd203", "ErTa04", "NiF2", "HoTa04", "SbH3CS2N", "Bala(Co03)2",
"Zr55b4", "CaMn0O3", "TbCuSb2", "K2BeH4(505)2", "CoSb3", "RbPrP3HO10", "YCI", "TiPbO3", "LiTiP0OS5", "Mn305F", "Ce5i2Ir3", "GaTe", "U2Al13C4", "GdCu3b2", "Nb3Sn" "Ba2S5mMo0&", "PrN", "Hf25bP", "TiOF", "PrBPt3", "Ca2Ru04 "Fe3Pt",
"Fe3(5n54)2", "TiFe03", "CdGaH1407F5", "DyCr03", "Sr2InSbO6", "RbTiBr3", "Mol2PH24CEN3040", "Er2Mn3Si5", "LaAl03", "Nb3S4", "MgAlSi", "Sr2YSbOE", "Sr2CuWO&", "RhBr3", "BilTeI", "Sm3Ge5", "KCaF3", "FePO4", "La(GeRh)2", "HfBel3d",
"LiR102", "NdGa2Ni "BI3"™, "Cds", "CeGeAu", "Na2S5i4Cu2H4013", "CaCN2", "TmAlSi", "TbMnl2"™, "BaPb03", "NO2", "Rb2Cr2Cd(H205)2", "Ni(N0O3)2", "Cs2Cr4Cd(HO4)4", "Li4Ti3Nb3Cr2016", "SrLi2Ta207", "¥MnO3", "KNdGeS4", "K2Cr4Co(HO4)4",
"LiFeP04", "CeInIr", "Ba504", "Rb(CO)2", "TbCuS52", "5c5(In2Rh)2", "S5rH10(504)2", "Yb3Re", "5i2Ru", "H2", "FeBiSb54", "NaHF2", "Gd5i", "CsCe5i5e4", "RbH20F", "Li(CO)2", "S5rLuCuS5e3", "Rb3B12H12Br", "LiCaS5n", "CeAl0O3", "GaP04",
"R4H4WCE (N40) 2", WHENF2", "Pr203", "Dy (Fe2Ge)2", "RbSHS(OF3)2", "CaBEH4015", "LuP2H4NOT", "Co(Ni02)2", "K3B12H12Br", "Cs3B12HI2Br", "LaBi", "CaSi2", "SrSi2", "MaCaNi2", "CrSb2", "Cs30", "BaNd2Mn207", "Ca3B12H12C1M, "Ag3Pd", "GdCof3id",
"Dy5i2", "HoNi3", "Rb3B12H12C1", "Er", "NdCo2", In(I03)3", "NbO", "Hg3Cl40", "Yb(MnSb)2", "BaTe2MoZ (HO&)2", "S5c2Pb5e4", "LiGaZRh", "Bel2Cr"™, "ZrI3", "Ba3CrN3", "Ta20", "CaPd3C", "S5i5h3", "5b652015" "ZrU35b5", "Dy55i4", "Ta3S5Br7",
"ErAgTe2", "YAgTe2", "NA2BS", "B2TeOS", "TbAgTe2", "Sn(5e03)2", "TiNi", "Ce(5iAu2)2", "Er2PbSed”, "KCaCO3E", "LaTiGe3", "LiMn02", "GdScGe", "NASnRh", "Li2ZrFE", "ZnO", "CePd3", "GdTiGe", "DyAgTe2", "Er25i0S5", "SrCuH605", "SrBrE",
"Ti25i", "HoAl3", "ErBi "RhO2"™, "Rb3Pb0O3", "Li3BN. "LiN3"™ "Eu (AlGe)2", "Er3Rh", "Ca2P2H8011", "PbF2", "Cr2FeS5e4", "Cs2LiCr(CN)&", "B2H3", "As2506", "3cAg3e2", "LiTi(P03)4", "Li3Mn3(P04)4", "KN3", "Nil2P5", "CsN3", "CoRg3(CN)&",
"Prp3(HOZ) 6", "NiH3", "RbN3", "BagGeSN2", "BaMo04", "Ce25e02", "NaN3", "Fe(5b02)2", "T1PdF3", "TbSrO3", "YbBrO", "CoH3(CN)6&", "KBe2BO3F2", "Ho2In", "Nb2P209", "SrZNiMeO6", "VInO4", "Sr35iO5", "ZnGeN2", "Ta2Ti06", "T1Cr30a", "Y203",
"Ba2¥5p0&", "TiBi205", "Ga3Pt5", "La35cBe57", "LiS5cMo308", "Ge3", "HENO2F", "Cr3CuO8", "KLu(W04)2"™, "S5r2ZnWO&" 5r2ZnMo06", "LiCo0O2", "LaF3", "NdIn2Ir", "NaMn02", "Dy6Fe3b2", "Cu4H3CZN5", "PbWO4", "CelIn2Ir", "CeF3", "BaW0O4", TbAgSn"™,
"PrIn3", "SmBi", "CuAs03", "SmIn2Ir", "Co3(PO4)2", "Pr(Re04)2", "T12(Pb03)3", "NiH12509", "LaIn2Ir", "NdPIr", "La3CI5", "H13C4NF2", "Ca5(SiN3)2", "MnAgO3", "Ca7NbSi2N§", "Rb2CuH12 (507)2", "T1CoCl3", "MnCo2S5b", "Tm2520", "Ce3CI5",
"YbHgEA4BrT", "Rb4NaWINSO", "RbLaSiS4", "Ba(BeN)2", "MnBiSe2I", "In2Ni352", "Cu(CO}4", "RbHg (NO2)3", "MgHECY (N302)2", "SmAs04", "ReO2F3", WENDS013", "KBaNb34", "Lahs04", "CrP3H1TN30L3", "YbTaO4", "BaSieNEG", "T1CA(NO2)3", "FeAgS2"
"K2CuH12 (5e07)2", "H32WC8N4C1l7", "NbT1Br40", "HIO3", "TbTaO4" "Vo", "LuTa04", "PrTa04", "DyTa04", "NiAgO2", "K2MnS04F3 "TmTaC4", "MgPSe3"™, "Ca4Bi20Q", "SrW04", "TlHg(NO2)3", "CoO", "EuTaO4", "Li8MnFe7 (PO4)8", "ScGa", "CsHg(NO2)
"AgPT3n, "AgHg", "Fe2W", "CsCd(NO2)3", "LaZnS", "Cs(SbSe2)2", "MgH2", "RbCA(NOZ)3", "T12EPTCSNSOM, "XeFg", "Ba(ScTe2)2", MHESi2Cu", "Mg(BC)2", "LaNiO3", "A12P3HO(CO3)3", "K2FeCu(CN)&", "Co(504)2", "Pr3PbC", "Sr(S5cTe2)2", "Cr2HgoT",
mTiCLO", "Mg(BH4)2", "SiRh", "RbIPdF6", "Ho(SiRh)2", "Lalnku", "Cs2AgF4", "Mn2CoSi", "KFePO4", "CrO2", "Cr3HS (NOS5)2", "HE", "LaMgCu2", "Hoks04", "La35i2Rh3", "GalgTe2", "BaH2", "Mg2BP3 (H307)2", "La3CuSnS7", "VéGaSes", "CaWO&"
"Yb2CdPdz", "Sr2NiTeO6", "Cr2AgTe4”, "NaMgF3", "PrMnO3", "Mn3Co2Ni(PO4)6", "Fe203", "CaH2", "Na2PHO3", "HSPtCNE", "BaTh3", "SrH2", "MgTiO3", "KZNiH12(507)2", "Ni354", "Fed40SF3", "TaNi2", "TmAgTe2", "BeAlHS", "NaCuZzH2 (5e05)2", "02",
"Ce5iCu”, "CaRuG3", "Ta4RlC3", "HoLuRu2", "CaFe(5i03)2", "CaZMgP2 (H205)2", "CuBS2", "InCuTe2", "CrCl2", "V205", "AICuS2", "Ca2Mnks2 (H205)2", "CdF2", "BaNpPHZ207", "AlAgS2", "CuHl12 (N504)2", "HokgSe2", "H12Pd(N504)2", "ZnWo4",
"Ca2MnP2 (H205)2", "CsCeCuS3", "Zr6Sb2ZPt”, "LaCo03", "CeQ2", "BaTe03", "AlAgSe2", "InAgS2", "Tb(ALC)3", "SrPIr", "Dy2AlCo2", "CahgBi", "Bad(SnP2)2", "CsInS2", "AlAgTe2", "GaAg52", "RbInS2", "InAgSe2", "CA2H2506", "CACO3", "InAgTe2", v
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OQMD- Home Materials Analysis Documentation Download
]

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

Welcome to the Open Quantum |~ ant status
Materials Database OQMD V1.1 has been re

I ad it here.
The OQMD is a database of DFT-calculated thermodynamic and structural The database now cnntaimes_ In addition,

roperties. This online interface is for convenient, small-scale access; for a calculations of new struct ntly ongoing!
prop ' T ' ) ) T Recently added compounds include: EuPaBe PrPake
more powerful utilization of the data, we recommend downloading the entire | p,p.r g AcLaPa KPaMo

database and the API for interfacing with it, from the link below.

You can... G(O K)

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 usel

Tweet @TheOQMD to ask what is stable at a composition, or to get a simple phase diagram!

The OQMD was created in Chris Wolverton's group at Northwestern University.

Contact us by e-mail If you are using any results from this website, please
reference this work as shown here

http://ogmd.org/
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Phase diagram creation | Specify a region of phase space:
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n Fl D w HOME | CONSORTIUM | PUBLICATIONS | SEARCH
DTSR W+ —— - —_— ’ - =
»'.. Automatic - FLOW for Materials Discovery
Welcome to the AFLOW distributed materials property repository: DISCOVER OUR STORY
share with us your passion for innovation and technology.
G (O K) Interview
Aflow is a globally available data material
compounds - with over 147.010. calculated properties (and
growing).

Try our Materials Database Search, use our online apps, consult our
wiki and publications.

Enter a Compound Name, ICSD Number, Aflowlib Unique IDentifier REGENT PUBLICATIONS

or advanced search string (ie. Mg & Sn & Cu).

Spectral descriptors for bulk metallic glasses
based on the thermodynamics of competing
crystalline phases

‘ i C S D# ’ AUl D # , © i ement com bo S... Modeling Off-Stoichiometry Materials with a
— S— High-Throughput Ab-Initio Approach

Entropy Stabilized Oxides

Convergence of multi-valley bands as the
electronic origin of high thermoelectric
performance in CoSbz skutterudites

Dysprosium-doped cadmium oxide as a
gateway material for mid-infrared plasmonics

Reformulation of DFT+U as a Pseudohybrid
Hubbard Density Functional for Accelerated
Materials Discovery

DOCUMENTATION

Aflow Rest-API Wiki

AFLOW CALCULATE
AFLOW ANALYZE

AFLOW hull beta Aflow-online

http://aflowlib.org/



http://aflowlib.org/

THE NOMAD LABORATORY
A EUROPEAN CENTRE OF EXCELLENCE

PROJECT INDUSTRY OUTREACH TEAM CODES NEWS PRESSKIT CONTACTUS

“NOMAD~

The Novel Materials Discovery (NOMAD) MATERIALS SCIENCE AND ENGINEERING Latest News
Laboratory develops a Materials Encyclopedia Feb 2, 2017
. . . NOMAD Summer School
and Big-Data Analytics and Advanced Graphics Jan 27, 2017
Tools for materials science and engineering. New Tools Developed at NOMAD
Hackathon
Jan 26, 2017

Eight complementary computational materials
science groups and four high-performance
computing centers form the synergetic core of
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this Centre of Excellence. DEVICES PHENOMENA

Presentation on NOMAD
Visualizations at Technical
University of Lulea

Jan 12, 2017
NOMAD presented at Tianjin
University

Jan 3, 2017
NOMAD Hackathon, 18 - 20 Jan
2017
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Application: (Ti,Al)N coatings
for cutting tools

You are interested to learn something about thermodynamics of your
material system during BSc/MSc/PhD thesis / at work: What do you do?

CHECK PHASE DIAGRAMS/MATERIALS DATAE.G. AT
www.springermaterials.com www.factsage.com

www.materialsproject.org www.ogmd.orqg
www.aflowlib.org www.nomad-coe.eu
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History of computational thermodynamics
and thermodynamic databases

Debate on phase stability of compounds based on experimental and ab initio methods

10/2017: first purely ab initio based thermodynamic database
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Vision: Map of Chemical Space

H
Li Xy |

Na )(He ‘\

K |P X.Li —
Rb ){DS ‘/

Cs Structure

Frr Ra Ac | Rf | Db | Sg

La Ce‘ Pr Nd

Ac | Th | Pa U



Vision: Map of Chemical Space

How do you navigate?
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Vision: Map of Chemical Space




Thank you for your attention!

Qactsye




