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Motivation

* Most technical processes are not in equilibrium.

 Kinetic limitations impose constraints on the
equilibrium.

« Simple methods can sometimes be very effective
In describing constrained equilibria.

i Moritz to Baben



GTT-Technologies

Outline

 Dormant species

* Paraequilibrium calculations with and without
diffusing elements

» Scheil cooling calculations

* Immaterial system components (for work terms
and reaction rate constraints)

i Moritz to Baben
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Dormant species

* Dormant species may not form, but their
thermodynamic properties are calculated.

’
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Dormant species
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1atm Liactsage
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47 Selection - Phade Diagram - no results - O X
1200 File Edit™Show Sort 1
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= 3 Cs) 4 C(s2) FSstel  diamond v I
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. Phase Diagram Equilibrium — [l X

Dorma | File  Edit Format
L= 1)
T

T =771.60 C
P =1 atn
1600 - V=03
STREAM CONSTITUENTS AMOUNT /mol
Fe 8.8380E-01
c 1.16Z20E-01
1400 C_graphite(s), selected as a dormant (metastable) phase, has an actiwvicy > 1
EQUIL AMOUNT MOLE FRACTION ACTIVITY
PHASE: FCC_Al mol
Fe 5.85Z5E-01 9.5900E-01 9.5Z58E-01
1200 FeC 2.5023E-02 4.1004E-02 1.0439E-03
TOTAL: 6.10Z7E-01 1.0000E+00 1.0000E+00
Site fraction of sublattice constituents:
Fe 1.0000 Stoichiometry = 1
o Va 0.953%00 Stoichiometry = 1
3 1000 c 4.1004E-0Z
- System component Amount /mol Amount fgram Mole fraction Mas:
Fe 0.61027 34.081 0.96061 0.
c Z2.5023E-02 0.30058 3.5389E-02 8.
Neel temperature = -206.15 C
Average magnetic moment/atom = 0.70000
800 PHASE: BCC_AZ mol MOLE FRACTION ACTIVITY
FeC3 0.0000E+00 4.9047E-04 1.4034E-20
Fe 0.0000E+00 9.95951E-01 9.756ZE-01
TOTAL: 0.0000E+00 1.0000E+00 9.7706E-01
PHASE: LIQUID mol MOLE FRACTION ACTIVITY
600 F C 0.0000E+00 1.3535E-01 3.0832E-05
BCC Fe 0.0000E+00 8.6465E-01 4.9728E-01
TOTAL: 0.0000E+00 1.0000E+00 6.8482E-01
mol ACTIVITY
BCC_A2 + Fe, Fe3C CEMENTITE(s) 9. 1177E-02 1. 0000E+00
400 ) . ) . ) . C_graphite(s) ! 0.0000E+00 1.1762E+00 I
e_BLL_AZ(s) 0. 0000k+00 z -
0 0.05 0.1 015 Ta TOAP A1 =T A ARAATLAN a cerov_nl
< >
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Outline

* Paraequilibrium calculations with and without
diffusing elements

Moritz to Baben
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Paraequilibrium (no diffusing
elements)

* |n paraequilibrium, the single phase with lowest
Gibbs energy forms

’
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elements)

Paraequilibrium (no diffusing

* |n paraequilibrium, the single phase with lowest
Gibbs energy forms

Aﬁ' Phase Diagram - Menu: last system
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Custom Solutions

D fixed activities 4|

0 ideal solutions ‘
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~Volume data
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~ Products -
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= [ + [ Base-Phase | Full Name
P gas & ideal € 0 + FSstel-Liqu LiQuiD
7 aqueous 0 + FSstel-FCC FCC_A1
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[+ pure solids B
species: B
~ Target =
-none - E?gz:;!ed 3 W Show & all " selected
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solutions: 3 ﬂ]
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| 4001600 0.4
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Paraequilibrium (no diffusing
elements)

Fe - C - phase with minimum G
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Paraequilibrium (diffusing elements)

* One element (or more) allowed to partition
« Usually used for C or N

’
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Paraequilibrium (diffusing elements)

Fe-C - paraequilibrium diffusing elements: C
1 atm &dsage
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Paraequilibrium (diffusing elements)

Fe-C-Cr - paraequilibrium diffllSil'lg elements: C
Cr(Fe+Cr) (mol/mol) = .1. 1 atm &“Sﬂg&v
1600 . . : : —_— —_— .
. QuID
Jaiib LIQUID 1
_~—-__‘——~____-H
QuID ~
i JoRgu e \_\\x
1200 i
LIQUID + M7C3
= 1000 -
C + FCC_A1
CEMENTITE + FCC_A1
800 CHMENTITE + M7C3 g
600 | FCC_A1 + M7C2
BCC_A2 + CEMENTITE CC-A2* C
400 . , ) . . ; ) i ) ) ) 2’079-06-25 | 8 secs
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C/(Fe+C+Cr) (mol/mol)
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Outline

 Dormant species

» Paraequilibrium calculations with and without
diffusing elements

« Schell cooling calculations

* Immaterial system components (for work terms
and reaction rate constraints)

i Moritz to Baben
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2 component Scheil cooling

Au - Bi

Data from SGTE solders database (revised 2008)
FactSage
T : r

1500 T T T T T T T T

i Liquid QCC j microstructure:
Liquid -
Liquid - +

1300

LIQUID

—
£ o0 | !
= i
@+ LIQUID + FCC_A1
- 1
700
@<
1
500 kL Au2Bi_C15 + FCC_A1
1
Au2Bj_C15 Au2Bi_C15 + RHOMBO_A7
RHOMBO_AT + FCC_A1
300 i 1 A 1 i . 1 i 1 : i . i A
0 01 0.2 03 04 05 06 0.7 08 09 1

mole Bi/(Au+Bi)
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2 component Scheil cooling

Au - Bi
Data from SGTE solders database (revised 2008)

1500 - .:FalctSage
; 1. FCC
1300 :\\\ 2. AUZBi i 8 i 8
N\ 3. Au,Bi + RHOMBO i = S
: g
1100 | \\\ ¥ 8 v
N s = = :
T~ RN RN
700 | \\\\ i i
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500 f ; ;
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300 R Al i - A S
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3 components: What are the
stable solid phases?

Bi-Au-Sb
500 K, 1 atm GactSage'"

e e L B LR : ' R Ay o]
0.9 0.8 0.7 06 05 04 0.3 0.2 0.1 =
Au , Bi
mole fraction

£ e —
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3 components: What is the first
precipitating phase? - liquidus!

Sb - Au - Bi

Projection (LIQUID), 1 atm Ga ctSage’
ky T(K)
Four-Phase Intersection Points with LIQUID Timin)=512.32 K, T(max) = 1337.31 K 1350
1: AuZBi_C15/AUSH2/ FCC_A1 & 2 1300
2 AU2Bi_C15/AUSD2 / RHOMBO_AT
A=Sb, B=Au, C=Bi
XA)  XK(B)  XC) K . e = 1200
1: 019290 0.42152 0.38559 569.16 = B
2 0.04764 017867 0.77369 51232 e
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3 components: Scheil cooling

Sb70-Au26-Bi4 Sb - Au - Bi

SUMMARY OF REACTIONS Projection (LIQUID), 1 atm Gactsoge
770.86 to 723.46 K: sb

LIQ 9 RHOMBO 5 T(min)=512.32 K, T(max) = 1337.31 K :3[:;
723.46 to 538.48 K: I

LIQ 9 AUSb2 1200
538.48 to0 512.32 K:

LIQ - Au2Bi + AuSb2
512.32 K (isothermal):

LIQ - Au2Bi + AuSb2 + RHOMBO
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3 components: Scheil cooling

Sb70-Au26-Bi4 Sb - Au - Bi
LIQ = RHOMBO Projection (LIQUID), 1atm ‘EhctSage“
LIQ = AuSb2 Sb
LIQ = Au2Bi + AuSb2 A W .
LIQ = Au2Bi + AuSb2 + RHOMBO s 2 I 1200

. ~ 5 =
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3 components: Scheil cooling

700

Sb70-Au26-Bi4 Sb - Au - Bi
|_|Q 9 RHOMBO Projection (LIQUID), 1 atm &ctsageﬂ'
LIQ > AuSb2 Sb
LIQ > Au2Bi + AuSb2 A . .
LIQ > Au2Bi + AuSb2 + RHOMBO : | o
Sb70-Au28.5-Bi1.5
LIQ > RHOMBO '
LIQ > AuSb2 Y .
LIQ > FCC + AuSb2 e ¢
LIQ > Au2Bi + AuSb2 }
LIQ > Au2Bi + AuSb2 + RHOMBO |

600
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3 components: Scheil cooling

Sb70-Au26-Bi4 Sb - Au - Bi
LIQ > RHOMBO Projection (LIQUID), 1 atm G‘actSage‘"
LIQ = AuSb2 Sh

T(K)
Timin}= 51232 K, T(max) = 1337.31K I 1350

LIQ > AuSb2 + Au2Bi
LIQ > AuSb2 + Au2Bi + RHOMBO
Sb70-Au28.5-Bi1.5

LIQ > RHOMBO

LIQ > AuSb2

LIQ > AuSb2 + FCC

LIQ > AuSb2 + Au2Bi

LIQ > AuSb2 + Au2Bi + RHOMBO
Sb70-Au20-Bi10 i
LIQ > RHOMBO | /K
LIQ > AuSb2 A
LIQ > AuSb2 + RHOMBO ~ /
LIQ > AuSb2 + Au2Bi + RHOMBO |
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3 components: Scheil cooling

Sb70-Au26-Bi4 Sb - Au - Bi Sb70-Au5-Bi25
LIQ > RHOMBO Projection (LIQUID), Tamm | ] |Q - RHOMBO
LIQ = AuSb2 Sb LIQ - RHOMBO + AuSb2

LIQ = AuSb2 + Au2Bi

LIQ = AuSb2 + Au2Bi + RHOMBO
Sb70-Au28.5-Bi1.5

LIQ - RHOMBO

LIQ = AuSb2

LIQ - AuSb2 + Au2Bi + RHOMBO
Sb70-Au0.2-Bi29.8

LIQ > RHOMBO

LIQ - RHOMBO + Au2Bi

LIQ - AuSb2 + Au2Bi + RHOMBO

LIQ > AuSb2 + FCC

LIQ > AuSb2 + Au2Bi

LIQ > AuSb2 + Au2Bi + RHOMBO
Sb70-Au20-Bi10
LIQ > RHOMBO /g
LIQ > AuSb2 %
LIQ > AuSb2 + RHOMBO ~ /
LIQ > AuSb2 + Au2Bi + RHOMBO |-

Qr
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Since FactSage7.1:

3-component Scheil mapping

Sb - Au - Bi
Projection (LIQUID), 1 atm

Sb70-Au26-Bi4
LIQ > RHOMBO

LIQ > AuSb2

LIQ > AuSb2 + Au2Bi

LIQ > AuSb2 + Au2Bi + RHOMBO
Sb70-Au28.5-Bi1.5

LIQ > RHOMBO

LIQ > AuSb2

LIQ > AuSb2 + FCC

LIQ > AuSb2 + Au2Bi

LIQ > AuSb2 + Au2Bi + RHOMBO
Sb70-Au20-Bi10

LIQ > RHOMBO

LIQ > AuSb2

LIQ > AuSb2 + RHOMBO
LIQ = AuSb2 + Au2Bi + RHOMBO

Sb70-Au5-Bi25

LIQ > RHOMBO

LIQ > RHOMBO + AuSb2

LIQ = AuSb2 + Au2Bi + RHOMBO
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Since FactSage7.1:
3-component Scheil mapping

Sb70-Au26-Bi4 Sb70-Au5-Bi25
LIQ > RHOMBO LIQ > RHOMBO
LIQ = AuSb2 Sb LIQ - RHOMBO + AuSb2

LIQ = AuSb2 + Au2Bi

LIQ = AuSb2 + Au2Bi + RHOMBO
Sb70-Au28.5-Bi1.5

LIQ - RHOMBO

LIQ = AuSb2

LIQ - AuSb2 + Au2Bi + RHOMBO
Sb70-Au0.2-Bi29.8

LIQ > RHOMBO

LIQ - RHOMBO + Au2Bi

LIQ - AuSb2 + Au2Bi + RHOMBO

LIQ = AuSb2 + FCC
LIQ = AuSb2 + Au2Bi
LIQ = AuSb2 + Au2Bi + RHOMBO | °
Sb70-Au20-Bi10 :
LIQ - RHOMBO

LIQ = AuSb2

LIQ = AuSb2 + RHOMBO
LIQ - AuSb2 + Au2Bi + RHOMBO

Qr

Au III:.EIII:.ZIII:.TIII:.EIII"‘I 0.4 0.2 0.z 0.1 B,‘
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Outline

* Immaterial system components (for work terms
and reaction rate constraints)

Pertti Koukkari, Introduction to constrained Gibbs energy methods in

process and materials research
www. vit.fi/inf/pdf/technology/2014/T160.pdf
Risto Pajarre, Modelling of chemical processes and materials by free

G’ energy minimization www. vitt.fi/inf/pdf/science/2016/S141.pdf

Moritz to Baben
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Immaterial system components

 In a full equilibrium calculation, acetic acid would react to

CO, + CH,: m
T =25 C
. . F = 1 bar
* However, acetic acid v = 50775 ams
B CONSTITITENTS
does not decompose S errrEn
HZO 5_S5508E+01
SpontaneOUSIY at room EQUIL AMOUNT MOLE FRACTICH FUGACITY
E - i 21 mol bar
tem peratu re_ CH4 9_.9933E-01 4_8786E-01 4_8786E-01
|coz S.8402E-01 4. 8038E-01 4.8038E-01
2 §4] . DULIE- LT 3_1753E-02 3_1758E-02
HZ 3 _9065E-06 1.9071E-06 1.9071E-0¢
C2HE 2.3495E-07 1.1472E-07 1.1472E-07
co 5_6128E-10 2_7401E-10 2_7401E-10
TOTAL: 2 .0484E+00 1.0000E+00 1.0000E+00
System component Amount,/mol hmount,/gram Mole fraction
o 2.0831 32 528 0.24965
c 1.9534 23_821 0.24354
H 4.1274 4.1802 0.50681
FHRSE: agueous mol MOLALITY ACTIVITY
H20 liquid 5.5443E+01 5_.5S508E+01 9_9970E-01
H[+] §.l229E-05 5.1325E-05 8.1325E-05
HZ 1.5555E-0% 1.5574E-0% 1.5574E-0%
CH4 €.€978E-04 €.70S7E-04 €.T0S7TE-04
C2H2 5.2738E-40 5.2850E-40 5.2850E-40
C2H4 6.1309E-22 €.1381E-22 6.1281E-22
C2HE 1.95969E-10 1.95992E-10 1.9592E-10
CH3CO0 [—] 1.5757E-10 1.5776E-10 1.5776E-10
€.9564E-10 €.9€46E-10 €.9646E-10

i Moritz to Baben
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 In a full equilibrium calculation, acetic acid would react to
CO, + CH,: [

 However, acetic acid
does not decompose
spontaneously at room
temperature.

* One option is to set the
gas phase dormant:

Qr

Immaterial system components

T =25 C
P =1 atm
V = 0 dm3
STREAM CONSTITUENTS AMOUNT /mol
CH3CO0H 1.0000E+00 |
Hz0 5.5508E+01

EQUIL AMOUNT MOLALITY
PHASE: adqueous moal
Hz0_liquid 5.5508E+01 5.5508E+01
H[+] 6.3390E-04 6.3391E-04
TE - A ﬁ"li =5 - A4~~~ Pl
CH4 9_9957E-01 9_9958E-01
“CZHZ 1.1G10E-34 1.1515E-24
C2H4 2.9008E-16 2_9009E-16
_CZHE 2.0427E-04 2. 0427E-04
CH3CO0([-) 1.8940E-06 1.8940E-06
CH3CO0H 6.5176E-05 6.5177E-05
HCOS[—] 6. 32Z00EK-04 6. 3Z01EK-04
HC204[-] 7.8563E-16 7.8564E-16
TOTAL: 5.7508E+01

ACTIVITY

9.6460E-0]
6.3391E-04
3.4637E-0%
9.9958E-01]
1.1519E-3¢
Z.9009E-1¢
Z.0487E-0¢
1.8940E-0¢
6.5177E-0¢
6.3201E-0¢
7.8564E-1¢
1.0000E+0C

Moritz to Baben
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Immaterial system components

 In a full equilibrium calculation, acetic acid would react to
CO, + CH,: [
 However, acetic acid
does not decompose | GEoE PTITTE

HzO 5.5508E+01

AL - |

wonwn

(=T
mu—.
]
E

A

SpontaneOUSIy at room EQUIL AMOUNT MOLALITY ACTIVITY
PHASE: adqueous moal

tem peratu re. H20 liquid 5.5508E+01 5.5508E+01 3.6460E-0]

HI+] 6.3390B-04 6.3391E-04 6.3391E-0¢

. . Ha PEDPECTErY e i 3.46378-0¢

"CZHZ 1.1515E-34 1.1515E-34 1.1519E-3¢

. C2H4 2.9008B-16 2.9009E-16 2.90098-1¢

cosehose commonl o Sty

CH3CO0 (-] 1.8940B-06 1.8940E-06 1.8940B-0¢

CH3COOH 6.5176E-05 6.5177E-05 6.5177E-0¢

HCOS[—] b.JZUUE-0U4 b.3ZUlE-U4 6.3201E-0D¢

HC204 (-] 7.8563E-16 7.8564E-16 7.8564E-1¢

TOTAL: 5.7508E+01 1.0000B+0C

We need to introduce a real constraint CH;COOH may ONLY dissociate!

Qr

Moritz to Baben
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Immaterial system components

 Therefore, the stoichiometric matrix of the
aqueous solution species is adjusted:

Species H 0) C e(aq) Vv
H20 2 1 0 0 0
H[+] 1 0 0 -1 0
OHI[-] 1 1 0 1 0
CH3COOQO[-] 3 2 2 1 1
CH3COOH 4 2 2 0 1

Qr

Moritz to Baben
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Immaterial system components

G Energy: Joules Pressure: atm CH3COOH

File Edit Units View Tools ViewData Help

| Formula|CH3COOH

~Tiw B A222BASE
My 8 AIRIBASE

1081 BCMPBASE
----- r 6 BINSBASE
----- r 8 ELEMBASE
B-r 6 FactPSBASE
=@ CH3COOH
-k L1
m-L” G1

= LB

My & FOPSBASE
----- r B3 FScoppBASE
& FSleadBASE
& FSstelBASE
& FSupsiBASE
& FTdemoBASE
& FTitzBASE

~-r @ FThalBASE
FactSage 7.3 .

— 0
e
~ Ag] properties
FORR L AT e T Joiles ) S298 ( Ji(mol K))
]~4:§:5?r32 425104 [1?-5; B56787448
Phase Name Feference no. | Density gfcc
Agqueous Iﬁ I I

(V]

:C:\FACTSAGE73\FACTDATA\FSSBbase.cdb (¥7.30) 4920 compounds read-only

X

Moritz to Baben
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Immaterial system components

| Formula|CH3COOH

~Tiw B A222BASE A
My 8 AIRIBASE

1081 BCMPBASE
----- r 6 BINSBASE
----- r 8 ELEMBASE
B-r 6 FactPSBASE
=@ CH3COOH
-k L1
m-L” G1

= LB

FOPSBASE
FScoppBASE
& FSleadBASE

& FSstelBASE

& FSupsiBASE

& FTdemoBASE

& FTitzBASE
FThallBASE v

FactSage 7.3 .

}FactSage 7.3 Modified

~Aal

(CAFACTSA(

G Energy: Joules Pressure: atm CH3COOH
File Edit Units View Tools ViewData Help

= &

properties

0 1E

Farm. of Agl

AH?98 { Joules)

— |

5298 ( Jf(mol K} )

[-485762.425104

[178 656767448

X

Ph

G Energy: Joules Pressure: atm CH3COOQOHV
Eile Edit Units View Tools ViewData Help

_ FormulalCHSCOOV[—]

o

¢ B FTsaltBASE
w1 GTO7BASE
Y@ GTOXBASE
i 1 NOVIBASE
SGnobIBASE
SGPSBASE
SGsoldBASE
SGTEBASE
SGTEBASE
SGTEBASE
SpMCBNBASE
& TDMephBASE
- TDnuclBASE
=" ® TEMPBASE
=@ CH3COOV[
- Bk Aql
~cp 573
= @ CH3COOHY
=L

Cp 473

coooopooODO

r
I
r
r
§
r
r
r
r

~ Aagl properties

¢ Heatofform. + Entropy € Heat+ Temperature of

Form. of Agl 21298 ( Joules )

5298 ( JA{mol K}

|-485762.425104

178656767448

Phase Name

Reference no.

Density g/fcc

|

Y]

CAFACTSAGETZ\FACTDATA\AICUW\TEMP.CDB (v5.0) 7 compounds read/write /

IVIVI WL WV WY

ben
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Example 1: Water + carbonic acid + acetic acid

H20 + COZ(g) < H2C03 < H+ + HC03- < 2 H+ + CO32-
— H* +

G Equilib - Reactants — X
File Edit Table Units DataSearch DataEvaluation Help

0 ﬁl ﬂ TIC) Platm) Energyld) Quantity(mol) Yolllire] IITI _BJEJ

1-3]
Quantity[mol) Species Phase TIC) Pltotal]*™ Stream#t Data
[1kg Hz0 I = | I
1 |H2cD3 | | | | I
+ A [EH3COOHY | =1 | [1

[ Initial Conditions

'FactSage 7.3 Compound: [ 2/35 databases Solution: | 1/34 databases

Moritz to Baben
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Example 1: Water + carbonic acid + acetic acid

H,0 + CO,, < H,CO; — H* + HCO, — 2 H*+ CO,?

«— H* +

File Edit Show Sort

Selected: 22/30

A0l

JEQOUS

‘? Selection - Equilib  Page 11/11: T(C) = 25, P(atm) = 1, Alpha =1

[le [ -1 ¥ [pagel

d

X

Page 11/11: T[C) =

25, Platm] =1, Alpha=1[min=0atp. 1;:max=1 at p. 11]

|

+ | Code Speci

E _75 HCOO[-](aq)

% HCOOH(aq)

HCD

Gl
82
83
84 |
85
86
87 | CH3COOV

VD[2+HGQ]
Y02[+](aq)
Y03[(aq)
YO4[](aq)

88 |C

ShowSebcbd|

CH3CO0[-](aq)
CH 3CDDH[aq]

0 4[-]aq)

e3

HVO4[2-](aq)
H10028[5-

Jlaq)

-Jlaq)
H/{aq)

[~ pemmit selection of %<’ species

Data

FactPS
[ FactPs

FactPS
FactPS

I. FactPS
| FactPs

FactPS
FactPS
FactP5
FactPS
FactP5
FactPS
[ TEMP

T EM 1 B

Minimum
14w+E 13 [11]
3 52 [1]

Phase T V Actmly

| aqueous
| agqueous

i aqueoLis
aqueous
aqueous & SEF -5

| aqueous [ | | 3.1263E-06
agqueous
aqueous
aqueoLs
aqueous
aqueous
aqueous
aqueoUs

|Aql

| ,;'l'.q]

53E-06 [11]
32E-42 [11]

Haaimum
5.5426E-32 [1]
3441E-32[1]

Select Al |

Select/Clear. .. |
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Example 1: Water + carbonic acid + acetic acid

1 kg H20 + H2CO3 + <A> CH3COOHV

Lactioge

U T v - FF‘H.‘I INTRT=LY;
' ' E THCO0AY ___———==
CH,COOH! i =
CH,COOHV—
/“'—f
-1.00 b -~ |
//
| e
/

200 ?f |
= CH,COOV] H[+] CH,COOVT]
@ H[+
£-300 f |
&
k)

400 I

-5.00 !

HCO4:]
-6.00 . i _ . _ , _ . |
0 0.20 0.40 0.60 0.80 1.00
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Example 2: Anatase - Rutile conversion
[Koukkari, Pajarre, Hack, SGTE Casebook Chapter IV.9]

« The growth of rutile is kinetically hindered and
follows the growth law:

Xrutie = 1 — (1 — kt)® with k = A exp(—"4/pr)
* The stoichiometric matrix is adjusted as follows:

Species Ti O Vi
Rutile 1 2 1
Anatase 1 2 0
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Example 2: Anatase - Rutile conversion
[Koukkari, Pajarre, Hack, SGTE Casebook Chapter IV.9]

* |In FactSage, Vi cannot be entered. Therefore, Ar
has been used.

File Edit Units  View

G Energy: Joules Pressure: bar O2Ti — [m}

Tools ViewData Help

Farmula|Tio2 JE

FTsaltBASE
GTOVBASE
KINEBASE
MAXZBASE
MAXPBASE
MLDABASE
MNY3IZBASE
SGnoklBASE
SGnuclBASE
SGPSBASE
02Ti

SGsoldBASE
SGTEBASE
SGTEBASE
SGTEBASE
SGUMBASE

FactSage 7.2 |

~ [ 51 properies
(= it o '

Form. of 51 5298 ( Joules) 5298 { Jfmoal K1)
344000 [50.62

Fhase Name Feference no.— Density gfce

RUTILE | | [

Extended properties [ optional )

Birch-Murnaghan
Therm. expans. (fK)-Compressibility (fbar)Bulk mod. deriv.

| |

| T

| T | 1°2

| /172 | T3

Mﬁg&?ﬁ (D) Temperature '[?‘ fad?r

&) K )
W

CAFACTSAGETM\FACTDATANSGPSbase.cdb (v7.20) 3842 compounds read-only

G Energy: Joules Pressure: bar TiO2Ar

File Edit Units View Tools

ViewData Help

Farmula|TiozAr EE

T | (T-TO)In(T/T)

FSupsiBASE [
FTdemoBASE
FTirtzBASE
FThallBASE
FThelgBASE
FTliteBASE
FTmiscBASE
FTOxCNBASE
FToxidBASE
FTpulpBASE
FTsaltBASE
GTO7BASE
KINEBASE

pooooooDDCODODOD

|:—:|"'r'r\_nv

-l TiO2Ar

v

FactSage 7.2 \Modified |CAFACTSAGETZ\FACTDATANKIMNETICRESTRACNKINEBASE.CDE (v5.0) 41 compounds rear

=1 properies
@+ Heatofform. + Entropy

Fom. of S H295 ( Joules )

SE298 [ Jfimol K3

544000

Fhase Name

Feference no.— Density gfce

[50.62

Fuutile_Ar |
Extended properties [ optional )
Birch-Murnaghan

|l

Therm. expans. (fK)-Compressikility (fbar)Bulk mod. deriv.

T

T

2!

/72

| |
| |
| ™
| |

taanetic
toment (D) Temperature

* Curie + [.28
© Neel K| e o

T3

| (T-TO)in(T/T0)

F factor

»
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Example 2: Anatase - Rutile conversion
[Koukkari, Pajarre, Hack, SGTE Casebook Chapter IV.9]

G Selection - Equilib  Page 1/1: T(C) = 1000, P{atm) = 1, Alpha = 0.3 [m] X
File Edit Show Sort

Selected 213
Page 1/1: TC) = 1000, Platm) =1, lpha=03 J
+ ‘ Cudel Species ‘ Data | Phase |T |V| Activity | inii | Maxi
17 Tils) i5 REL o
18 Tis2] SGPS |52
13 OTilz] SGPS | ALPHA o
20 OTi[=2] SGPS  |BETA o
21 02Tils) SGPS  |RUTILE o
+ 22 02Ti[s2) SGPS  AMATASE o 1.000 1.000 1.000
23 03TiZs) SGPS |51 o
24 O3Ti2(s2) SGPS |52 o
25 O5Ti3s) SGPE (51 o
26 05Ti3(s2) SGPS |52 o
aF 07Tid(s) SGPS (51 o
28 i) KINE 51 o
29 Tid240s] o

I~ pemit selection of % species  Help | Suppress Duplicates Edit pricrity list : l |

Show Selected Selectall | Select/Clear... | Oesr | ok |

{7 Equilib - Results 1000 C
Output Edit Show Pages

D= g8 5

- O X

a3

TIC] Platm] EnergulJ] Masz{mol] Yolllite]

T = 1000 C
P =1 atm
V =0 dm3

STREAM CONSTITUENTIS
Tig2
Ar

02Ti_ RANATASE(s2)
TiQ2ZRAr S51(s)

e
J.E-1

02Ti_ ANATASE (s2)
Ti0O2Ar_S1(s)

B R R R R R R R R R R E R R R S R R 2 2]

B T B D e G e P g

7.5060€6E+01 -8._€8054E+05

J.E-1 J J.E-1 J
5.17787E+01 -€.05257E+05 1.0436€E+02 -7.38131E+05
2_32819E+0]1 -2_62736E+05 4_45147E+01 -3_15470E+05

Cut-off limit for phase actiwvities = 1.00E-70

Databases: EINE 7.0,

Data Search options: exclude gas ions; organic CxHy.. X(max) = 2; min soln cpts = 2

FactSage 7.2

AMOUNT /mol
1.0000E+00
3.0000E-01
EQUIL RMOUNT ACTIVITY
mol
7.0000E-01 1_0000E+00
2.0000E-0O1 1_0000E+00
5 e v
J.E-1 J dm3

1.48881E+02 -1.057€0E+0€ 0_00000E+D0

cp H 5 [
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Immaterial system components

- Matrix Conjugate Practical
By DI S element potential examples
Multiphase
Chemical N &G chemical Para- n 86 _< (86 ) < [
equiliorium | " a1, =b; a. T,=— equilibrium equitbrium | %= S =oomst | Mg g, | a8 T 2%l @, | T 5 %an e | Paraequilibnia,
cyslems — Iy J ] &b, R eyedems R n, co-precipitation
diagrams
Surface and SYS;tem Wlim s G e
Systems N, A eG interface externa = — Ty =—— = f(BWM agnetic
witharea | S A=A i 3 Tosa == ——=0 4y syatetns, magnetic B =const (B, W FEMo | pnase stabiity
constraints | &= 4y Etarea | sorption field
phenomena
Electro- " i Electrochemi-
Np ~ Osmotic chemical R oy oG . « | cal membrane
e | Epe p | B | o6 gy | swem || Down | Sapeof | s | Mg mF0t | Camen
it L F V. - & fibers and multi-phase | gz Flg= Pulp
constraints | k=1 0 \FF) membranes systems SUSpENnsions
EOR- ) Reactive Constant Biochemical
¥ G oG systems e H = == 1 systems
confrolled San, =b, U Ty = = = Af, kil s contribution | pH = const. Ny Ty, = RTInl0 pH, (pH= 7 at
s 5 ¥ W) 5 &= i :
;3:;2:2: P ' by 8% ‘super’ PH standard state)
equilibria
Constant / Biochemical
Contribution | 1 =43 zje, = const. . Ty = ~&RT41 =£h1;z- systems with
lonic T “k YT 14BJT 22 'F | constant ionic
strength 3 strength

Pertti Koukkari, Introduction to constrained Gibbs energy methods in
process and materials research
www. vit.fi/inf/pdf/technology/2014/T160.pdf

»
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Grain boundary partitioning

* Grain boundary density can be considered as
constraint.

* Thus, grain boundaries can be treated as another
phase associated with a virtual systems
component.
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Grain boundary partitioning

ARTICLE OPEN
A machine learning approach to model solute grain boundary
segregation

Liam Huber', Raheleh Hadian', Blazej Grabowski' and Jorg Neugebauer'

Even minute amounts of one solute atom per one million bulk atoms may give rise to qualitative changes in the mechanical
response and fracture resistance of modern structural materials. These changes are commonly related to enrichment by several
orders of magnitude of the solutes at structural defects in the host lattice. The underlying concept—segregation—is thus
fundamental in materials science. To include it in modern strategies of materials design, accurate and realistic computational
maodelling tools are necessary. However, the enormous number of defect configurations as well as sites solutes can occupy requires
models which rely on severe approximations. In the present study we combine a high-throughput study containing more than 1
million data points with machine learning to derive a computationally highly efficient framework which opens the opportunity to
model this important mechanism on a routine basis.

npj Computational Materials (2018)4:64; doi:10.1038/541524-018-0122-7
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Grain boundary partitioning

ARTICLE OPEN
A machine learning approach to model solute grain boundary

segregation

Liam Huber', Raheleh Hadian', Blazej Grabowski' and Jérg Neugebauer'

-0 —-03 00 0.3 —-06 -03 00 0.3
Mg segregation energy [eV]
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Dos

Dos

Grain boundary partitioning

ARTICLE OPEN

A machine learning approach to model solute grain boundary

segregation

Liam Huber', Raheleh Hadian', Blazej Grabowski' and Jérg Neugebauer'

Hil ST | d AN
-06 -03 00 03 -06 -03 00 03 —06 —03 00 03 -06 —03 00 03

Mg segregation energy [eV]

,,
vee Im)im?]

20

15

10

GB Concentration [atoms/nm?]

a==== \WC Calc. sem | M fit === | M max

=sn WC fit e | M mean

DOS

}g.-‘s
A
of i

ol

-14 -07 0.0 0.7
Segregation energy [eV]

100 200 300 400 500
Temperature [K]

600 700 800
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Grain boundary partitioning

ARTICLE OPEN
A machine learning approach to model solute grain boundary

segregation

Liam Huber', Raheleh Hadian', Blazej Grabowski' and Jérg Neugebauer'

a==== \WC Calc. sem | M fit === | M max

Langmuir-McLean segregation isotherm model fails to
N behave as the more physical White- Coghlan model
8 .8 ...........
© 15 e :
s s ) J-ffé N \ |
y 5 -14 -07 00 07
M fexl LD 0 Segregation energy [eV]

100 200 300 400 500 600 700 800
Temperature [K]
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Grain boundary partitioning

ARTICLE OPEN
A machine learning approach to model solute grain boundary

segregation

Liam Huber', Raheleh Hadian', Blazej Grabowski' and Jérg Neugebauer'

WC Calc. enm | M fit s | M max

Langmuir-McLean segregation isotherm model fails to
behave as the more physical White- Coghlan model

. df i

15

O

]

=z

AEX:% g

i B
© 10

]

o

[V

O

Neither of the models can be applled to multi-
component non- |deaI aIons

Temperature [K]
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Grain boundary partitioning

D

o o
N
®

o

0 0.2 0.4 O@ 0.8 1

DOS

o o o o
0 o B N

SR R S
.

1
—_

-1.4 -—-0.7 0.0 0.7
Segregation energy [eV]

Qr

Chemical potential of Co [eV]

1 1

= =

~ N
@

mole fraction of Co at GB
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Grain boundary partltlonlng

43 FactSage 7.3: Solution
Eile Edit Units Options

Function Name I

ACGBsaoln. FCGB

= Solutions (2)

=A@

=€k FCC_(12-2) (SUBL)
= Sublattices

~

Solution Name Created Last Modified P factor
[Fcae 2019.0604 2019.06.04 & 028

Model Name Lattices . C 0.40

IIZ. ompound Energy Formalism 2

Al |
Co
= B(1)
Va (A)
..... + End Members (2)
(0) AlVa
(1) Cova
Mixables (0)
- Interactions (7) I
S¥ 4 FCGB (12-2) (SUBL)
= SuhLattices
=A@ t
AlGB
CoGB
=B (1) |
Gd (A)
= End Members (2)
(0) AIGB
(1) CoGB
Mixables (0)
= Interactions (7)

Solution description ... |

GrainBoundary
Original ChemSage file: C\FactSage?3\ChemSage\SGTE-AICo. dat
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Grain boundary partitioning

Q Equilib - Reactants = X
File Edt Table Umits Data Search Data Evaluation Help
D +| = TIK) Pfatm) EnergylJ) Quantity(mol) Vol(itre] mo ™

1-3]

Quantity{mol) Species Phase T(K] Pltotal)* Stream#t Data
193.98 Y ~| | |
+ |02 ICo =] I [1
+* ES |Gd Ell [ 1

Qr
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Grain boundary partitioning

99.98 Al + .02Co + 1E-5GB

= LM fit

s | M max

= | M mean

C:\FactSageT3 Equil.res 04Jun19 === WC Calc.
1.000 = WC fit
0,900 —
™~
0,600 g 20
-
0.700 I
g0 £
8 -8 .......
% 0600 © 15 "
E e -
@ 0.500 c
= 2 :
o H |
£ Co:ValFCGB =1 i
5 0.400 - oVa( ) . @ 10 i
2 _ ﬂg’ Ul
S e = |, HiE
0300 + S o} £l
[ a L] I
v 1 Y
0.200 C H A"
o 3 i
0.100 = ,.i’ “.
28] -1.4 -07 00 07
0 1 L . L O Segregation energy [eV]
300 400 500 600 700 =i n} 0
T(K) 100 200 300 400

500 600 700 800

Temperature [K]

The behavior of the non-optimized FactSage model resembles the WC-model.
The FactSage model can be applied to multi-component non-ideal alloys.

Qr
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Conclusion

* There are many ways how constraints can be
considered semi-empirically in thermodynamic
calculations.

* New routes and ideas will emerge!

Moritz to Baben



GTT-Technologies

Thank you for your attention!
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