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Introduction - 1

- The Equilib module can be used to screen potential systems, searching for
compositions having a desired set of properties and phase constitution,
under a given set of constraints

- For instance, one could search for alloys within a given composition range,
with a liquidus temperature below x°C, with a desired freezing range, with a
maximum or minimum amount of precipates after annealing at y°C, with a
density or shrinkage ratio within a given range, etc. One could also search
for optimal annealing or rolling temperatures, for example.

- However, to perform such searches “by hand” for a multicomponent alloy by
simply performing thousands of calculations over a grid of compositions is
extremely time-consuming.

- FactOptimal extends the capability of Equilib by coupling it with a Mesh
Adaptive Direct Search method algorithm (MADS) developed at GERAD
by S. Le Digabel and C. Audet, Ecole Polytechnique de Montreal
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The FactOptimal Module

What’s New In FactOptimal 7.0 ?

»FactOptimal was first introduced in FactSage 6.1. The module computes optimal conditions for
material and process design by coupling FactSage with the Mesh Adaptive Direct Search
(MADS) algorithm for nonlinear optimization developed by the GERAD research group at the
Ecole Polytechnique de Montréal.

="In FactSage 7.0 the stability of the module has been improved and fewer unwanted error
messages are now issued. All the examples have been thoroughly checked and revised where
necessary. The Slide Show has been updated with the revised examples.
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The FactOptimal Module

What’s New In FactOptimal 6.4 ?

»Double Target calculations: one can now target two properties simultaneously.

=Continue run after a target calculation: it is now possible to click on “continue run” to calculate
another composition corresponding to the desired target.

= Additional properties for optimization or constraints : physical properties (density, thermal
expansion, viscosity, thermal conductivity, electrical conductivity...) are now available.

=For cooling calculations, the annealing temperature can now be chosen as an optimizable
variable.

= ogarithmic values: one can optimize the logarithm of a property e.g log(activity) or log(P). In
certain cases this may present a numerical advantage, increasing speed and precision.

="\When using two input files, the "linked" button previously allowed using the temperature from
the first file as a variable for the second file. In FactOptimal 6.4, amount of reactants and
pressure can also be used.

=A function saved with Function Builder can now be used as a property constraint.

="\When characteristic points on a liquidus surface are calculated, the results are now shown in a
table as well as on a graph, displaying detailed compositions, temperature and the solid phases
in equilibrium with the liquid.
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The FactOptimal Module

What’s New In FactOptimal 6.4 ? (cont.)

*There is now an option to calculate the minimum or maximum on a liquidus surface closest to
the initial composition.

="\WWhen calculating characteristic points on a liquidus surface, there is a new option either to
calculate the lowest minimum first or to calculate all minima with no priority.

*There is a new parameter to limit the maximum time for the optimization.

="\When working with variables of type “real”, a new parameter is available: the decimal
precision.

»Results displayed in a table (target type calculations or characteristic points on a liquidus.
surface) can now be saved as an Excel file.

="\When using two input files, property constraints can now be applied on either file.

=\WWhen no feasible solution is found, FactOptimal now displays the closest solution (example on
page 4.20).
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The FactOptimal Module

What was New In FactOptimal 6.3 ?

» Target calculations : in addition to minimizing/maximizing one can now target a specific value.
= Additional new property for optimization : activity of a phase/species.

» Additional new variables : temperature and pressure.

= Additional new property constraint : activity of a phase/species.

» The sum of composition variables can now be greater than 1.

» Thus, variables can now be of type integer or real.

= \When using two input files, the "linked" button is now activated in order to use the
temperature from the first file in the second file.

= When using two input files, properties constraints can now apply to each of the input files.

» Latest optimizations are saved with Equilib files and can be recalled by using the “Recent”
button

= Convenient MIN/MAX buttons to set all minimum/maximum values of composition variables
» For a Scheil cooling system, the mass of specific species/phase(s) can now be optimized

= Better optimization for composition constraints having equality rules

» Table display of result for the special points option

» Use of cache file to restart any optimization from the latest calculation
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General recommendations

= |n general, we recommend that you perform every optimization twice, using different

starting points.

= |f you are not sure of the best starting point, a good practice is to use the Q-Random

option. See p. 3.8 and p. 19.5 for detailed examples.

= Do not hesitate to use the « Continue Run >> » option to make sure there is no better
answer when you have completed the maximum number of calculations entered in the

parameters (see example 6).

» |f you need more information or if you have specific questions about FactOptimal, please

contact Aimen Gheribi (aimen.gheribi@polymtl.ca) or Eve Bélisle

(eve.belisle@polymtl.ca).
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Introduction - 2

o The purpose of FactOptimal is to minimize and/or maximize a set of
functions: {f;(x;,x,..T, P); f,(X{,X5....T, P)}

o The functions are calculated by Equilib

o The functions may be non-smooth (e.g. liquidus )

o The estimation of derivatives is problematic

o Evaluations of f can be time consuming

o The function calculation may fail unexpectedly at some points

o The constraints may be non-linear, non-smooth or Boolean
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How does FactOptimal work ? — 1

: Commands —> NOMAD
FaCtOptl m a| > (Nonsmooth Optimization by
<——Text file Mesh Adaptive Direct Search)
/

e

o

= =

@

e £

=
o <—— macro processing

Equilib [ Calculator (bb.dll)

XML —>
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How does FactOptimal work ? — 2

The principal of the optimization is a loop where FactOptimal sends compositions to
Equilib, then Equilib returns the values of the properties to be optimized to FactOptimal.

This is repeated until the properties minimum or maximum of is reached.

For example, the minimization of the liquidus temperature of the KCI-RbCI-CsCl salt
system can be represented by :

Compostion:

“Wt. 0 KC1
x= -Wt % RbC1
-Wt. %o CsC1

47 Fact Optimal

Result: TL(Xmin) ; Xmin
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Using the stored examples

The following examples are stored on your computer. In Equilib click on ‘File > Open > Directory
> Fact Optimal Examples’ > Fact Optimal 1 (Maximum adiabatic ...’). In the Menu Window click
on ‘Calculate ’and then in the Results Window click the FactOptimal icon.

In the Fact Optimal Window click on ‘Recent ...'to load the stored example.

G Menu - Equilib: Maximum adiabatic temperature / FactCpt : Maximize T

& Results - Equilib 251_2.[]5#&.

Elle Unitsf 45 Directory Equilib (Fact Optimal Examples) - file C:\..\EOP_Fact
T I —
O '| File Edit Tools

Heactan Dﬂ- | Pg:l
My Files  (C\FactTesty)
| Change My Files Directory ... B
Fact 1axi
PIEI:;::-I;::J "Faci ¥ Always Direct /O to My Files directory 5
Fact 2
logasll [225 List Phas*.dat files *
[T aqu Fact Gull
[ pure [t Slide Show I - Regular Features f!IEE
= [+ pure Fact files
e Fact Slide Show II - Advanced Features trai
e =] -
* . custon Fach | Fact Optimal Examples aCl:
Fact n/
9 Fact 1 CAEve \AIMEN\Workshop_examnples', Cl+
Facl 5 caFactTesty &
Targe! 3 3 CABVE\AIMENY
E stimg | 4 ChFactTest\Viscosity',
o 5 Chdummyh\Folder with spaces),
Final Cor) Cancel
|
10 st
| | FactSanqe 6.3 C:AFactT esthE xamples\EQP_Fact_Optimal_1.F

FactSage 6.3 -23lanl2-

CAFactTesthEvamples\EOP_Fact_Optimal_1.FCT

Output Edit Show Pages

D|w| EE

0.5 CH4 + 0.5 0z =
{298.15,1,qg,81) (298.15,1,g

gas_idezal
5221 mol,

[

E-0Z
E-03
E-04
E-05

3
2
=]
E-0Z

TE-0O7
B4E-07
.1751E-08
-9990E-08
.5700E-10
-4431E-10
.1324E-11
.9Z0ZE-11
.9411E-12

s e T T ST o T S SO St Sy ST S S B,
L E el el i el L R R = = = -

-
G Fact Optimal

M f Function

1: PROP #1: max T

PR e
Builder  Help :

emperature (CH4+02)

|Su|t$ ]

Optimization

f* | property
f* minimize
" maximize
" target

T emperature

tasz/mal...
Activity...
Wapor Pressure
Dengity
Wolume
Wizoozity [Pa.z]

Function...

DeltaH
Delta Cp
Delta 5
Delta G

Include cost §
" ves

(+ no

" 2nd property

=

.

Temperaturs

tazzmal. .
Activity,..
Wapor Pressure
Denity
Wolume
Wizcosity [Pa.z]

Function...

DeltaH
Delta Cp

—

| UNITS | Temperature: K, Mass : mol
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Examples of FactOptimal
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Example 1: Maximize an adiabatic flame temperature - 1

The objective is to maximize the adiabatic flame temperature of : (1-A) CH, + (A) O,

By varying A from 0 to 1 in steps of 0.01, you can calculate the adiabatic flame temperature
as a function of A using the Equilib module (see Equilib regular slide show, section 10).

Plotting the results you find that: T, ., ~3075 K when A ~0.65
<1-A> CH4 + <A> 02

GctSage

Maximunm  ce—

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.050.10 0.15 0.20 0.25 0.30 0.35 0.40 045 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
[0
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Example 1: Maximize an adiabatic flame temperature - 2

To calculate the maximum temperature with FactOptimal, the first step is to perform a single
equilibrium calculation at any arbitrary composition and then open FactOptimal.

Reactants - Equilib == & Menu - Equilib: Maximum adiabatic temperature / FactOpt : Maximize T -
File Edit Table | Units | DataSearch Help File Units Parameters Help
D] + TIK) Platrm] Enerayid] Massimal] Vollitre) ET=1EY I 0| E| T(K) Platm) Energyld) Massfmol) Vollire) [ &[]
—Reactants [2)
1-2]
0.5 CH4 + 0502
[298.15K.0.841) [298.15K.0.81)
M Maszz[mol] Species Phase T(K] Pltotal™ Streamit Data ~ Product
|D.5 |EH4 IQaS 5 |1 |1 r— Compound species ~ Solution specie: Custom 5 olutions
. [+ gas & ideal " real 40 Base-Phase Full Name 0 fised activities
05 |oz EES x| [zsm15 |n 1 | 0 0 ideal solutions
I— e s 0 0 activity coefflc:n.ants
- |+— pure solids 1 Dretailz ...

Drefault zelection vl apply |

* - custom selection

h £

¥ Initial Conditions

Next >>

Compound: 1425 databases Solution:

Pzeudonyms
apply List ... |

species; 41 ™ include molar volumes

ilibriumn & Gmi dit |

— Fiealde Tam ~Legend [ paraequiibriurn & Gmin _edi

FTlite-Liqu v Show al " selected

Estimate T(K): [1000 - Tatal Species [max 3000 4

) - szlljuetic;zz: g Select | Tatal Solutions [max 40 0

sl ) Total Phases [max 1500 2
 Final Conditions Equilibrium ——————
<A B TIK] Platm) _ﬂ Delta H[J) vI \| & momal € nomal + tarsitions

I 1 1] £ transitions only

IT steps I~ Table = open Calculate >> |

0/25 databases
e G Results - Equilib 2612.05 K

= | B i

7

FactOptimal Icon

Output Edit Show Pages

O

~u

=

TIK] Platm] Energel)] Massimal] Volllitre]

i =31 17

FactSage ©.3 -~
0.5 CH: + 0.5 02 = i
(238.15,1,9,%#1) (233.15,1,q9,%1)
1.5z2z21 mol gas_ideal -
(24.021 gram, 1.5ZZ1 mol, 32&.25 litre, 7.3&27E-05 gram/cm3)
(2€l2.05 E, 1 atm, &=1.0000) .
™ :
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Example 1: Maximize an adiabatic flame temperature - 3

When you “click” on the FactOptimal icon the first window of the module appears. If you are using
the stored example files, click on “Recent...” to load the FactOptimal file. There are 5 tabs.

The first tab is “Properties” where we define the quantities to minimize and/or maximize.

In this example, we specify that :

1 - we consider one property

2 - we want to maximize this property
3 - the property is temperature

r‘? Fact Optimal - [PROP #1: Max Temperature (CH4+02)] = = X |
Recent.. '§' Function Builder  Help

Properties | Valiablesl Constraintsl Parametels] Hesults]

Optimizatior

* | property 1 ™ 2nd property @
" minimize =
{* maximize @) 4
" target [ logl] . [ lag()
M_T Temperatiie -
Mazzdmal... Mazsdmal...
Activity. . Activity,
Vapor Pressure Wapor Pressure L "
Dietisity Dretrzity b
Wolurme = Wolure
Yizgcozity [Pa.s) “izzozity [Pa.z)
Functiot... Function... '
Delta H Delta H r
Delta Cp Delta Cp
Delta 5 Delta 5 i
Delta G Talt= 5
Bk Moddhs . =

Include cost § CIICk On Ne)(t
™ yes

@ s Newt>> to go to the

| UMNITS | Ternperature : K, Mass : mol Va”ables tab
™ H
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Example 1: Maximize an adiabatic flame temperature - 4

In the “Variables” tab we define the permissible range of composition and the initial values for
the first estimate. Alternatively, select “Q-Random” and let the program choose the initial

values. (see page 3.8)

r& Fact Optimal == i:?-1
Recent.. 'J Function Builder  Help Use “ALL” buttons to
Properties [REIELEES | Constraints Parameters] Hesults] set the same Value for
Composition ¥ aniables A 2 A 2 V- i
Mo,  Species MiN [ BLL ] M [ALL | nitelvalod AL ] all variables.
|'I |EH4 J [~ Constant |I:| |1 |I:I.5 [~ G-Fandom
Mo | Species MIM | Max | Initial Value |
1 CH4 0 1 05 .
2 0e d L 05 Vanable type REAL type IS Ch.osen
N & REAL I with values varying
" INTEGER from O to 1. For
INTEGER type, see
. example in section 3.7.
Only composition
variables are used
in this example.
Additiongl vanables
Wi 00 o0 fio EEF Click on Next to
[ |Pressure I'li |1|:|7 |17 I'Ii Mext »> ‘{‘ gO tO the
Constraints tab.

| UMITS | Temperature : K, Mass : mol
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Example 1: Maximize an adiabatic flame temperature - 5

In the “Constraints” tab the sum of composition variables is set by default to 1. In the
“Parameters” tab we define the maximum number of Equilib calculations and the search

region. If the initial point is a good estimate of the expected answer, choose Small (0.1),
otherwise choose Large (1) or Medium (0.5).

&3 Fact Optimal - [PROP #1: max Temperature (CH4+02)] =HECE X
Recent.. J Function Builder  Help

F'n:uperties] UELE Ry Constraints

| Parameters ] Results ]

| Composition constraints!  Properties constraints 'ROP #1: Max Temperature (CH4+02)] = =

Espreszion bulder

[v SUM [Comp. wariables) =

|EH4 ﬂ ADD Operations: ﬂ j ﬂ ﬂ ﬂ ﬂ ’17 ults]

Default

The program will stop after the
selected maximum number of Equilib
calculations, or it may converge earlier.

Mz # of Equilib caloulations :

Initial zearch region : |01 ¢ Smal  Medum " Large
Precision ; |3
Time out [minutes) : {0

The number of calculations can be
extended later if desired without losing
the first set of calculations. Similarly,

the stop button can be used at any Click on the “Calculate >>"
time to terminate the optimization button to start the optimization.
calculations. See section 9 for more

details.

Calculate >

| UNITS | Ternperature : K, Mass: mol
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Example 1: Maximize an adiabatic flame temperature - 6

We obtain the results after 25 Equilib Calculations. The Equilib Results Window with the
equilibrium calculation corresponds to the calculated maximum adiabatic flame temperature.

Y

' F Fact Optimal - [PROP #1: Max Temperature (CH4+02)] = d

Recent.. f Function Builder Help

Properties] \r"ariables] Eonstraints] Parameters | F

ﬁ' Results - Equilib 3057.86 K

Output Edit Show Pages

D|s| BEm

TIK) Platm] Energyll] Mass(mol] Yollite]

Status : Done. Continue Run > |
0:0:33 325 E00 —3050.626999999999953 —p75 —324 A 0.35 CH& + 0.65 02 =
N ; 375 500 -3052.586999999999989 —625 -375 (295.15,1,q9,§1) (238.15,1,q,%1)
Humber of Equiib calculations: 25425 350 525 —3057.856999999999971 —650 —350
. 1.2838 mol gas_ideazl
Best angwer zo far : i (26.414 gram, 1.2638 mol, 317.11 litre, B8.3295E-05 gram/cm3)
Temperature ; 305786 K < b4 (3057_8% K, 1 atm, a=1.0000)
{ 0.39543 HzO
& H 1.4" + 0.17000 co
+ 0.10694 coz
Results + B.3509E-02 OH
_ 3100 + B_ELTSE-0Z HZ
Last solution : : : - . m + §.27082-02 oz
= | 30504 B B e — - + 5_48312-02 H
Species mel 000 ] + 3.4235E-02 o
CH4 0.35 - Lo i i + 5_TS00E-05 HOO
o2 065 229“0' + 1.7474E-0% HOOH
S2O00 e + €.7877E-07 HCO
eod oo ] + 1.7032E-08 03
Constraints : *EZS‘D ' ! ! + 8.4044E-03 H2CO
— g 2800%-5- ! . T . + 1.0388E-10 HCOOH
Ez27504- | - R LT EEEEEEE T--- + Z.57E3E-11 c
Tamofy L e PaoemEz G
2650 ' RRRREEb Pommmmssmm e T + 1.73828-12 cHz
2 600 ! L S R + 5.4482E-13 czo
2250 ! ! ! + 1.2533E-13 CH4
= . ! A J e + Z.907&E-15 CH30H
- 10 1"'_ 20 25 + &._T7034E-1% CZH
# of Calculations + 6.2620E-16 CcoHz
| UNITS | Temperature : K, Mass : mol
™ .
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Example 1. Maximize an adiabatic flame temperature - 7

To decrease the number of significant digits and thereby decrease
the computation time, you can choose to work with INTEGER type

variables.

& Fact Optirmal

Composzition % ariables

Recent.. 'f Function Builder  Help

.F'rcuperties CEUEE S Congtraints | Parameters | Rezults |

oo = |

Mo. Species MIN - ALL | Max AL | Initialvalue  ALL

[ [CH2 | I Constant [0 1000 [500 i i-Fandar

Mo | Species | MIN | M | Initial Value |

1 CH4 0 1000 500

2 02 ] 1000 500 ariable typs :
" REAL
+ INTEGER

Additional variables

[~ Temperature 100 2000 10 2B12

[ Pressure 1 1a 1 1 Mest >

Using the same example,
INTEGER type is chosen with
values varying from 0 to 1000.
By selecting this option as
opposed to real values varying
from O to 1, we are limiting the
number of significant digits to 3.

| UMITS | Temperature @ K, kass : mol

ﬁ Fact Optirnal

Becent.. f Function Builder  Help

.F'ruperties] "-.J'arial:ules] Constraintz | Farameters

[ =]

Mumber of FactSage calculations: 75

Best anzwer 2o far :

Temperature : 305794 K

Last zolution
Species ol
CH4 352 -
oz 648

Lractsag

FactOptimal 3.7
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Example 1: Maximize an adiabatic flame temperature - 8

We also clicked the Q-Random (Quasi-Random) option, in order to let FactOptimal determine the best initial
point. This is a good practice if you are not sure of what the best starting point should be. When choosing this
option, we have to define the number of such calculations. In the present example 50 quasi-random

calculations will be performed in order to get the best initial point, then 25 subsequent Equilib calculations
will be performed to determine the best solution for a total of 75 calculations.

 F) Fact Optimal - [PROP #1: Max Te

& Fact Optimal - [PROP #1: max Temperature (CH4+02]]

Recent...

Froperties

Yariables

F Function Builder  Help

Composition Variables

| Constraints F'alametelsl Hesults]

Recent.. F Function Builder  Help No. Species MIN  ALL | Max AL | Initialvalue ALL |
|2 D2 |o 1000 |00 ¥ O-Fandam
Properties] Variablesl Constraints |
Mo | Species | MM | Max | Initialvalue |
1 CH4 0 1000 500
# of Quasi-Random caloulations : |50 Z o2 e 1000 500 A ariable bine -
M ax # of Equilh calculations |25 G R
Recent.. F Function Builder  Help
Initial zearch region : |01 + Small Medum  Large . )
F'mpertie&] Variable&] Canstraints | Parameters |
Precision ; |5
Time out [minutes) : |0
Murmber of Equilib calculations: 7575
Best atewer zo far
Temperature : 3057.94 K
Last solution :
Species ol
Calculate > CH4 035219
0z 0 E4781
| UNITS | Temperature : K, Mass: mol
™ .
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Example 2: Minimize the liquidus temperature under constraints

In this section we will calculate the minimum liquidus temperature of a multicomponent solution
phase under various constraints of composition, cost, density, etc.

There are 2 examples —

* minimize the liquidus temperature of an Al-Cu-Mg-Zn molten alloy using data from FTlite
* minimize the liquidus temperature of a LiClI-NaCl-KCI-LiF-NaF-KF molten salt using data
from FTsalt

thtSageT” www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 1

System: Al-Cu-Mg-Zn.  Constraints: - Sum of mole fractions (X, + Xg,) < 0.2
» Density < 2.2 g/ml
« Cost <2900 $/ton

Step 1: Using Equilib define the system and select the appropriate database: FTlite.

'Fj Reactants - Equilib - O
File Edit Table Units Help
D +| ergyil) Massimol) Vollie) ns ® % 'Fj Data Search
1-4] Databases - 1/28 compound databazes, 1/28 solution datab
&tt SG TE compounds anly
Masz{mol) |Al Species | Phase J |T[[Z] P|[tuta|]" ﬁltleam# Prata Ll D FactPS D FScopp D BINS zolutions oy
[ FToxid [JFSlead [] SGPS no datsbase
* i [ | = | [ [ Frsak  [JFsite  [J SGTE
* i Mg | =l | [ O Frmisc [ FSstel [ SGnobl Clardl |
] FThall O FSnobl ] 5Gsold
N 2 1
l ar | = | | ] FTOxCN [ FSupsi  [] SGnucl Selectdll |
1 FTinz
[ FThelg Add/Remove Data |
] FTpulp [ ELEM Other
FTlite  [] FTdemo [] TDnucl _PefieshDatabases |

[ Initial Conditions

Mext >»

FactSage 6.4 Compound: | 1/28 databazes Solution: | 1/28 databaszes
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Example 2a : Minimize the alloy liquidus temperature under constraints - 2

Step 2: Perform a single equilibrium calculation at an arbitrary composition and specify a
precipitate (P) calculation on the liquid (i.e. liquidus temperature calculation) and “include
molar volumes” (for the calculation of the density):

& Menu - Equilib: Minimize liquidus T under constraints of Price and Density -

File Units Parameters Help

Ol g TIC] Platm] Energyfd) Mass(mal] Volflire) m =@ %

Heactants [4)

|.-’-'«I+ Cu + Mg+2n|

Products
Compound species Solution species Custom Solutions
|— gaz (% i ] = |1| Baze-Phaze | Full Hame - ] !:iHEEl activ_ities
[ aquenus ] (E)  Flite-Liqu Liquid g 'deal_soluho{;s_
[ pure liquids 1] | FTlite-FCC FCC_41 activity coefficients
[+ pure solids 52 | FTlite-HCF HCP_A3
|User zelection j apply I FT!'tE'BEE BLC_AZ Peeudonyms
| FTlite-hF12 Laves_C14 - :
| | FTite-cF24 Laves C15 apply List ...
. | FTlite-hFZ24 Laves C36 .
IpECIeT h2 - = - @ include molar volumes
. i FilieE Bk AR J [~ paraequilibrium & Gmin  edit
Precipitate T arget Legend
FTlite-Liqu I - immiscible 8 IV Shaw & sl zelected Total Soeci S
Estimate T[C): |1000 P - precipitate target species: 200 ot i [rna ] =
i ,EI— +-zelected 17 salufions e Select Total Solutions [max 40
Mass(moll: ' Total Phases [max 1500] 5
Final Conditions E quilibrium
| LM | <B> I TIC) ||F'[atm] j|F‘ru:u:qu:tH[J] j {* nomal "
| | | L | o
I steps T & Calculate >>
FactSage 6.4 b AFACT-52NE wampleshE OF_Fact_Optimal_2 FCT
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Example 2a : Minimize the alloy liquidus temperature under constraints - 3

Equilib Results Window

Click on the FactOptimal icon

& Results - Equilib 669.72 C ==
Cutput  Edit ow Pages

ol @ T[C] Platm] Energyid] Massmol) Yolllire] m B| e

FactSage ©.4 ]
Al + Cu+ Mg+ IZIn=

4 mol  Ligquidg#l
[180.21 gram, 4 mol, 4. 4033E-02 litre, 4.0871 gram/cm3)
(663.72 C, 1 atm, a=1.0000)
{ 0.25000 Al v
+ 0.25000 Cu v
+ 0.25000 Mg v
+ 0.25000 Zn )

Mole fraction of guadruplets:
Al-RAl1-Va-Va @
Cu-Cu-Va-Va @
Mg-Mg-Va-Va 5
In-Zn-Va-Va =
Al-Cu-Va-Va 0.130%0
Al-Mg-Va-Va 0.13013
Al-Zn-Va-Va 0.1048¢

0

a

0

1

-7057E-02
-50&3E-02
-2e01E-02

-00%3%E-02

Cu-Mg-Va-Va -11435
Cu-Zn-Va-Va -124c3
Mg-Zn-Va-Va -15032
Total amount/mol Z.000

System component Mole fraction Mass fraction

Zn 0.25000 0.38273

Cu 0.25000 0.35282

Al 0.25000 0.14372

Mg 0.25000 0.13487 W
L4 >

G’actSageT” FactOptimal 4.3 www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 4

Step 3: Click on the FactOptimal icon and set up the calculation.

If you are using the stored example files, click on “Recent...” to load the Fact Optimal file. In

this example, we specify that:

1. we consider one property

'F Fact Optimal - [PROP #1: Min Temperature]

Recent.. ' Function Builder  Help

Y

Froperties Variables] Cost I Ennstraints] F'alametels] Hesults]
2. we want to minimize this Optinizaton
(s | property 1 " 2nd property
p ro p erty (% minimize (s
- " masimize -
3. the property is Temperature A _—— - _——
4. the Cost is to be included in 3 Mot
. . . Activity... Activity. ..
the Optlmlzatlon VEDDFPPFESSUFB Vapo_rPF'ressure
Density Denazity
Yolume Yolume
Yiscogity [Pa.s) Wizcozity [Fa.z)
Function... Functian...
H H
Cp Cp
5 5
Include cost $
{* yes
| UNITS | Temperature : C, Mass : mol
thtSage‘” FactOptimal 4.4 www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 5

Step 4: In the "Variables" tab we define the permissible composition range (and initial estimates)

{ Fact Optimal - [PROP #1: minimize Temperature(Al+Cu+Mg+Zn)] = b
Recent.. f Function Builder Help

Froperties

| Ciozt ] D:unstraints] F'arameters] Hesults]

Composition YWariables

0.05<Wt%AI<0.2 (0.05)
Mo, Species bAIM ALL Mot ALL | Initial Value  ALL
|‘I |;I J [~ Constant |I:|_I:|5| |I:I.2 |D.EIE [ G-Randaom 0.05=<Wt.% Cu=<0.2 (002)
0.75<Wt.% Mg < 0.9 (0.75)

Mo Species e} b i, I mitial W alue
e ]S MN e i 0.00 < Wt.% Zn < 0.15 (0.03)
2 Cu oz nez 0.0z
3 Mg 075 na 0.75 " ariable type :
4 Zn 003 015 0.03 = REAL

{~ INTEGER

Additional variables

[~ Temperature 100 2000 10 974
[~ Pressure 1 10 1 |17 Mext >

| UNITS | Temperature : °C, Mass : mol

thtSageT” FactOptimal 4.5 www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 6

Step 5: In the "cost" tab we define the unit price of each component.

& Fact Optimal - [PROP #1: minimize Temperature(Al+ Cu+Mg+2Zn)] — O *
Recent.. F Function Builder Help

Pruperties] 1\-’ariablesm] Cnnstraints] Parameters] Hesults] The cost pel' Unit can
be in $/ton, $/kg or $/g

Yar. Mo Components ¥ It
| | =1 o [T =]
Mo | R aws material | ) | I rit |
1 Al 1549 T
2 Cu a034 247
3 kg 2210 2T
& zn 1733 87 $2132 per ton Al

$7315 per ton Cu
$2980 per ton Mg
$2100 per ton Zn

Mest =

| UMITS | Temperature : *C, Mass : mol

GactSage‘” FactOptimal 4.6 www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 7

Step 6: Define the constraints on composition: X(Al) + X(Cu) < 0.2

G Fact Optimal - [PROP #1: Temperature] NN X

Recent.. f Function Builder Help

F'rl:uperties] "-.J'arial:ules] Cost W] F'arameters] Fiesults]

| Composition constraintz!  Properties constraints |

E wpression builder ¥ SUM [Camp, varisbles] = SUM (Comp. Variables) = 1

o =] [ 20D | operations: j J ﬂ j ﬂ ﬂ — therefore compositions are

mole fractions

Mo Expreszion Walue or exprezsion
|1 |<L|se expression builder: ﬂﬂ ﬂ |EI e
Mo | Description | # | Bound walue | Savesfdd
1 Al+Cu < nz
With selected :
delete

Mest » >

| UNITS | Temperature: C, Mass: mol

G’actSageT” FactOptimal 4.7 www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 8

Step 7: Define the constraints on properties : p < 2.2 g/ml cost <2900 $/Ton

{,:r' Fact Optirnal - [PROP #1: Termperature] El@

Recent.. F Function Builder  Help

. F'ru:uperties] "»-"arial:ules] Cost w Parameters | Rezults |

Compogition constraints || Properties constraints!

Mo, Dezcription Walue File

|-I |Den$it_l,l ﬂ ﬂjﬂ Ini 1 Mew
No | Description | | Bound value | File | Savelsdd
1 Denszity ¢ 2.2 1 ! _
2 Cost $ £ 2300 1 With selected :
delete

Meut >

| UMITS | Ternperature : C, Mass @ mol

GactSageT” FactOptimal 4.8 www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 9

Step 8: Enter the maximum number of Equilib calculations and the initial search region (see slide

3.5). The max number of calculations is 150 because previous calculations have shown this
number is necessary to obtain convergence.

G Fact Optimal - [PROP #1: minimize Temperature{Al+ Cu+Mg+Zn)] — a >
Recent.. ' Function Builder  Help

F'mpeﬂies] "-a"aliahles] Cost ] Constraints FESLEUIEE

Drefault

Max # of Equilib calculations : |225

Initial szarch region |'|

" Small  Medum (¢ Large

Precizion : |5

Tirne out [minutes] ; |U

Calculate »»

| UMITS | Termnperature : °C, Mass : maol

Lractsag

FactOptimal 4.9
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Example 2a : Minimize the alloy liquidus temperature under constraints - 10

FactOptimal Results Window Here FactOptimal converged before
executing all the calculations

{3 Fact Optimal - [PROP #1: minimize Temperature(Al+ Cu+Mg+Zn)] — O >

Recent.. f Function Builder  Help

F'ruperties] '\-"arial:les] Cozt l Conztraintz | Parameters

Statuz : Done. Continue Run »>
0328

11573 2000 75002 3003 433.74300000000005 A
- _ 11569 2001 75000 3001 433 70870000000002
Murnber of Equilib calculations: 2114225 12499 2001 82499 3001 524 S87A0000000006
Best angwer o far W
Mlnlmum Temperature|: 433.71 C ~ o Save and
&| &8I \ print the
— Results — graph or
Composition at o B I S S B S change the
i Species | mal FEra R R Loeonn - doooo doooo. Loooon L .
the minimum \m 0.11571 Cor : axis scale
Cu 002 D oamsd o]
Mg 075 RS R :
Zn 011429 _ g w0
onstramts -ﬁ 4354 .. _:_ B _jl_ _____ I' _____ : _____ _: _____ JI _____ :. _____ IL 4
Values of the B+ Cu 013571 g T S
i intg- TS TS R e TR EERE PEREE. .
defined constraints: Doty 21565732 2 s el S S
X(Al) + X(Cu) <0.2 _ | : | : . : : |
Cost $: 21596581908 B e A
p<22g/ml e
cost <2900 $/Ton 432
20 40 &0 80 100 120 140 180
# of Calculations

| UMITS | Temperature : ®C, Mass : mol

GactSageT” FactOptimal 4.10 www.factsage.com



Example 2a : Minimize the alloy liquidus temperature under constraints - 11

Equilib Results Window

Fj

Output Edit Show Pages

D|=| @RIE 5

Results - Equilib 433.96 C

TIC) Platm] Energull] Mazz[mal] Wolllitre)

= =1

0.1157% AL + 0.02 Cu +

1 mol  Ligquidgl

{ Al
+ Z.0000E-02 Cu
+ 0.75000 Mg
+ 0.114Z21 Zn

21-R21-Va-Va
Cu-Cu-Va-Va
Mg-Mg-Va-Va
In-In-Va-Va
21 -Cu-Va-Va
21-Mg-Va-Va
A1-Zn-Va-Va
Cu-Mg-Va-Va
Cu-In-Va-Va
Mg-Zn-Va-Va
Total amount/mol

S5ystem component
in
Cu
A1
Mg

0.75 Mg +

(30.051 gpasm—dwgpol, 1.3678Z-02 1itreramcm33
@-— 1 atm, &=1.0000)
- E]

Mole fraction of guadruplets:

o I T e

WO W WP O

Mole fraction
0.11421

-0000E-02

-11573

. 75000

L i %

0.11421 Zn =

v
v
v
v

.235gE-02
-8548E-04
-54341
-9907E-03
-&8T30E-03
.18805
-4101E-02
-05T4E-02
-B155%E-03
.15452
alalilal

Mass fraction
0.24815
4_Z223gE-02
0.10383
0.&057%9

FactSage ©.4 ~

Lractsag

FactOptimal

4.11
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Example 2b: Minimize the salt liquidus temperature under constraints - 1

This is a typical problem to solve for the design of a molten salt medium for thermal storage

System: LiCI-NaCIl-KCI-LiF-NaF-KF

Constraints: .

wt.%(LiCl) + wt.%(LiF) < 10
wt.%(NaCl) + wt.%(KCl) = 3*(wt.%(NaF) + wt.%(KF))

Density 2 1750 kg/m?3

Cp 2 1250 J/kg
Cost £ 3.5 $/kg

Step 1: Using Equilib, define the system and select the appropriate database: FTsallt.

&
File Edit Table Unifs Data Search Heln
D[] +

Reactants - Equilib

TIC] Platm] EnergylJT

Y

1-5|
Maszsz[g] Species Phasze TIC) Pitotal]* Streamit Data
[10 Lo [ BN [ [1
+ [zo0 [NaCl [ BN [ [1
+ [200 [k [ BN [ [1
+ [0 [LiF | =l [ f
+ 300 [NaF | =] [ [
D [kF | =l [ [

Use a basis of 1000g

I Initial Conditions

FactSage 6.4 Compound:

1728 databases

Solution:

1728 databases

Data Search

[ FactPs

] FToxid

FTsalt

[ FTmise

[ FThall

[J FTOxCN

[ FTinz

[ FThelg

[ FTpulp

[ FTlite ] FTdemo

Information -

SGTE

[ BINS
[ sGPS
[ SGTE
[ SGnobl
[ sGsold
[ sGnucl

Other
O TDnucl

. 1728 sol

—‘mmmunds iy AMiscelianeous
solutions anly [ Exam [ sGsL [ SGTE#

ho database ] SGTE*
Clear &l
Add/Remaove Data

RefrezhD atabases

Click on a box to include [or exclude) a database in the data search. Momally databases are 'coupled’ - that is both the
compound and solution database (when avalable] will be selected. To 'uncouple' a databases click-mouse-right-button

[note, this is NOT recommended)

If database is stored on vour PC but not listed here then you must 'add the database to the list' - click on ‘Add/Remave "

Options

Includ

[ gaseous ions [plasmas) Organic species CxHy..., X[max] = ’2_

Default [ aquecus species

L] imited data compaunds (25C) Mikimum solution components:Cr 1 () 2 cpts

Lirnit;

Lractsag

FactOptimal

4.12
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Example 2b: Minimize the salt liquidus temperature under constraints - 2

Step 2: Perform a single equilibrium calculation at an arbitrary composition and specify a
precipitate (P) calculation on the liquid (i.e. liquidus temperature calculation) and “include
molar volumes” (for the calculation of the density):

G

File  Units Parameters
0= =&

Reactantz [6]

Menu - Equilib: last system

Help
TIC] Platm] Energyll] tazz(a) Yolllitee]

- o IEN
=gk

[ [gram) 0.371 LiCI

+ 419.091 MaCl + 285043 KCI + 53623 LiF +

141556 MaF + 54304 KF |

Products
Compound species

[T gas ¥ f'“
[T aguecus

[ pure liquids

[+ pure solids

FpECIET

Solution zpecies

= | + | Base-Phase | Full Hame
1] J FTzalt-ACL_A AdkClzs_rocksalt
o J FTzalt-AF4_ AlkFlzst)
a FTzalt-MLF_ MaF-[LiF](zs]
& m FTsalt-SALTA A5 alt-liquid
E

Precipitate Target Legend
FTsalt-SALTA - i?nmiscible 1 v Show & all 7 selected
Estimate T(C); 1000 o - Fimmiscible 2 species: 29 Sel
Mass(al ID_ P - precipitate target T — q elect
Final Conditions
< <Bz | TIC] || Platm] j|F‘roducl HiJ) j
| | | I |
| steps [T
FactSage 6.4 C:AFactMethequifactopt].dat

Customn Salutions

0 fixed activities
0 ideal zolutions
0 activity coefficients

Preudonyms

apply [ List ...
@clude molar volumes
paraequilibrium & Gmin  edit
Total Species [max 3000] i

Tatal Solutions [max 40 3
Tatal Phases [ma= 1500 15

E quilibrium
{* normal
~

-

~

Calculate »>

IG’actSage‘”

FactOptimal
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Example 2b: Minimize the salt liquidus temperature under constraints - 4

Step 3: After doing one calculation, click on the FactOptimal icon and set up the optimization.

If you are using the stored example files, click on “Recent...” to load the Fact Optimal file. In this

example, we specify that:

'F Fact Optimal - [PROP #1: Min Temperature] = O
d Recent.. ' Function Builder  Help
1 ’ We ConSI er O n e p ro p erty Froperties | Variables] Cost I Ennstraints] F'alametels] Hesults]
2. we want to minimize this Optinizatian
{* | property 1 (" 2nd property
p ro p e rty (% minimize O
- " masimize -
3. the property is Temperature A _—— - _——
4. the Cost is to be included in 3 Mot
. . . Activity... Activity. ..
the Opt|m|zat|on VaporPPressure Vapn_rPF'ressure
Density Denazity
Yolume Yolume
Yiscogity [Pa.s) Wizcozity [Fa.z)
Function... Functian...
H H
Cp Cp
5 5
Include cost $
{* yes
" no Mext »>
| UNITS | Temperature : C, Mass : mol
thtSage‘” FactOptimal 4.14 www.factsage.com



Example 2b: Minimize the salt liquidus temperature under constraints - 5

Step 4: Define the permissible composition range and a set of initial estimates.

' Fj Fact Optimal - [PROP #1: minimize Temperature(LiCl+NaCl+KCl+LiF+MNaF+KF)]

Recent.. F Function Builder

Properties |UEERES | Cost ] Eon&traint&] Parameter&] He&ult&]

Composgition % ariables

- N

Here we are not sure

Mao. Sp_ecies MM ALL | Mo ALL | Initial ¥ alue _-"-'«L! Of the beSt Startlng
|1 |L|[ZI J [~ Constant |IJ |1DD |D [v [-Randarm . t d th
point so we use e

M Species M i | nitial W alue Q_Random Option

1 LiCl 0 100 1] .

2 MaCl i 1000 500

3 kLI 0 1000 a00 “anable type :

4 LiF 0 100 1] & REAL

] MaF 0 1000 I i~ |NTEGEH

g KF 0 1000 1]
Additional variables

[~ Temperature 100 |2000 10 1087

[~ Pressure |1 |1D 1 1 Ment >

| UMITS | Temperature : °C, Mass: g
™ H
thtSage FactOptimal 4.15 www.factsage.com




Example 2b: Minimize the salt liquidus temperature under constraints - 6

Step 5: In the "cost" tab we define the unit price of each component.

£ Fact Optimal - [PROP #1: minimize Temperature(LiCl+NaCl+KCl+LiF+NaF+KF)] = B
Becent.. ' Eunction Builder  Help

F'mperties] Y anables m Eanstraints] Parametets] Flesults]

War. Mo Components § Unit
| | ~| Jo | $7 =]
Mo | Raw material | % | |nit |
1 Licl a0 $ika
2 Mall 025 $/ka
3 kLl 047 $kg
4 LiF 039 $ika
5 MaF 23 $/ka
E kF b2 $ikg

MHesut »»

| UMITS | Ternperature : *C , Mass i g

GactSage‘” FactOptimal 4.16 www.factsage.com



Example 2b: Minimize the salt liquidus temperature under constraints - 7

Step 5: Define the constraints on composition.

 Sum (Comp. Variables) = 1000 g
* wt.%(LiCl) + wt.%(LiF) < 10

. Wt.%(NaCl) + wt.%(KCl) = 3*(wt.%(NaF) + wt.%(KF))

Fact Optimal

&

Recent... Function Builder Help

F'mperties] Wariables PLEEEE | F'alametelsl Hesultsl

Cormposition constraints  Properties constraints
Expression builder
=1 _00 | opeaions _+] - 4] % 1] 1]

|Lict

Walue or expression

-] ]

W SUM [Comp. variables) =

1000

Mo, Expression
ER e <|[ =[5> [Fmarskr New
Mo | Drescription | | Bound value | (Saveidd:
1 LiCl+LiF i= 10
2 NaCh.Cl >= FINaF+KF) Wwith selected :
__delete |

Meut >

| UNITS | Temperature: °C , Mass: g

FactOptimal

IG’actSage‘”

4.17
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Example 2b: Minimize the salt liquidus temperature under constraints - 8

Step 6: Define the constraints on properties.

1
O
H

L Fj Fact Optimal - [PROP #1: minimize Temperature(LiCl+NaCl+KCl+LiF+NaF+KF)] ° Density > 1750 kg/m3
Recent... Function Builder ~ Hel
fecent T e . Cp 21250 J/kg

F'n:nperties] \-"ariables] Cost wparametersl Hesults] o COSt S 3 5 $/kg

Compozition congtraints || Properties constraints

Mo. Dezcription

Y alue Fila
3 [Cost $ S<[= >|pF @1 c M
| Bound value | File | w

Mo | Description |

1 Denzity »= 1.75 1 fith selected :
2 Cp r= 1280 1

3 Cozt $ {= 35 1 delete

Mest »»

| UMITS | Termperature : °C, Mass i g

G’actSageT” FactOptimal 4.18 www.factsage.com



Example 2b: Minimize the salt liquidus temperature under constraints - 9

Step 7: Enter the maximum number of Equilib calculations and the initial search region (see slide

3.5). Here we tried 500 calculations with 500 Quasoi-Random calcuations for a total of 1000
calculations. We used a large search region.

'F; Fact Optimal - [PROP #1: minimize Temperature(LiCl+NaCl+KCl+LiF+MNaF+KF)] - O
Recent.. F Eunction Builder  Help

Prnperties] '\-’ariables] Cost ] Constraints

Default
# of Quasi-A andom calculations : |5|3|:I

Max # of Equilib calculations : |5UD

Imitial search region |1|  Small Medium (% Large

Precision : |3

Time out [minutes] ; |U

Calculate >

ernperature ; P 3ii .
UNITS | Temp °C, Mass: g

Lractsag

FactOptimal 4.19
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Example 2b: Minimize the salt liquidus temperature under constraints - 10

FactOptimal Results Window: Unfortunately, after 1000 calculations, FactOptimal did not find any
answer respecting the constraints. Here the closest results are shown in a table.

Y

4 Fact Optimal - [PROP #1: minimize Temperature(LiCl+NaCl+KCl+LiF+NaF+KF)]

Recent.. 'f Function Builder

Help

F'rnpertiesl Variables] Cost ] Ennstraints] Parameters  Results l

Status : Done. Cantinue Run » >
B1417 7414 BB8168 54649 1837 244793 720396 667 &
T ey 7455 $8831 3400 125 2t 70wt e
719.0010 569.04 177 132340 1.00
718.6440 177 132332 1.00 v
723.2500 532.82 180 12681.70 1.48 4 >
71593510 663.50 180 | 127310 1.09
£76.3820 65690 178 120380 100 ¥ &| ki | L‘
£ >
Results
1
Lazt zalution : '
= i . I L R
Species q | Open in Equilib .
LiCl 7.729 e P
M alCl £89.271 o N LR R REEEEEEEEEEEEE
kLl 5427 ool ...
LiF 152 . £ :
haF J4E 971 Constraints : & |:|__.-------------------------:~ -----------------------
KF 718644 “é I U S
e LR R R R TR EEEEREEEEETEERRPER
D2 -
R . e
0 i
0
# of Calculations
| UMITS | Temperature: °C, Mass: g
™ H
Lractsage FactOptimal 4.20 www factsage.com



Example 2b: Minimize the salt liquidus temperature under constraints - 11

Here we change constraints on composition and cost.

&

Recent...

Fact Optimal - [PROP #1: minimize Temperature(LiCl+MNaCl+KCl+LiF+NaF+KF)]

F Function Builder

Properties ] Y ariables I Ciozt

Expreszion builder

Help

| Composiion congtraints  Properties constraints

Constraints | Palameters] F!esults]

[v SUM [Comp. wariables) =

oW

The new constraints are :
wt.%(LiCl) + wt.%(LiF) < 100
wt.%(NaCl) + wt.%(KCI) = (NaF + KF)

(6] | 400 | opeations: +| - A %] () )] froo Density 2 1750 kg/m?
Mo Expression Walue or expression Cp > 1250 J/kg
2 NaChKCI <= |5 [NaFkF New Cost = 5.5 $/kg
No | Description | . | Bound value | paveld ‘
1 LiChLiF <= 100
2 MaCl+kCl »= MNaF+kF With selected :
Fj Fact Optimal - [PROP #1: minimize Temperature(LiCl+NaCl+KCl+LiF+NaF+KF]] - 0
Recent.. ' Function Builder  Help
Properties | Variables | Cost  [EEGIETE | Parameters | Results |

Compozition conztraints || Froperties constraints

M Description Walue File
3 [Cost § ~[<[- 2|55 1 Mew
| UMNITS | Temperature : °C, Mass t g Savedtdd
Mo | Drescription | ¥ | Bound value | File e
1 Diensity = 1.75 1 With selected :
2 Cp »= 12580 1
3 Cost § <= 55 1 delete

IG’actSage‘”
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Example 2b: Minimize the salt liquidus temperature under constraints - 12

FactOptimal Results Window: with the new set of constraints, FactOptimal finds the lowest

liguidus temperature to be 577.39°C.

Fj Fact Optimal - [PROP #1: minimize Temperature(LiCl+NaCl+KCl+LiF+MaF+KF)]

Recent.. 'f Function Builder  Help

Statuz : Dane. Continue Run »»

(:2E:48

Mumber of Equilib calculations: 395/1000

Best ahzwer o far:

372 419096 285057 99628 141560 749381 57 A
370 419086 285041 99630 141552 749361 57
0 343427 380384 100000 142122 692442 590

- N

v
Temperature: 6577.39 C < >
2| 6| L]
Results

Last solution : L P SROEERECECE L

Species | g | O T S S S

LiCl 0371 \‘ ' !

MaCl 419.091 SR SRR e

k.l 285.049 = o :

LiF 99,623 S B10g----- -

NIaF 141 556 Constraints : % -*L- J: ! _E

KF 54.304 LiCkLiF : 100 E BOO§------ LR AR R AR
- o i l- __________ I I
NaCRKLT =Nk +KF = 550 : :
Densiy 176537 R B EEEE NS
E— T/ B PR demmemeen e .
Cp:1408.832 ; ; ; ;
— 200 400 GO0 &0a
Cost $: .83863 # of Calculations

| UMITS | Termperature : °C, Mass i g
™ .
thtSage FactOptimal 4.22 www.factsage.com



Example 2b: Minimize the salt liquidus temperature under constraints - 13

Equilib Results Window

& Results - Equilib 577.39 C - o
Output  Edit  Show Pages

D || E|E ﬂ TIC) Platm) Erergyl)] Mass(g) Volllire) m B‘l o

m Factfage &.4 "~
{gram) 0.371 LiCl + 41%.0%1 MNaCl + E285.045 EC1l + 293 5Z% LiF +
(gram) 141_5L5& NaF + 54.304 EF =
looad.a gram ASalt-licquidgl
(1000.0 ;pamem BRLE50 mol, O.55541 litregrsm,-‘cmSll

@ 1 atm, a=1.0000)
4. 248l wt.% LiF W
+ 2.3771 wt.% LiCl v
+ 18.831 wt. % MaF v
+ 35401 wt. % NaCl v
+ 11.7&0 wt. % KF v
+ Z0.382 wt. % HC1 wh
Site fraction of sublattice constituesnts:
Li 0_zZOl0E
Na 0_E5E0EL
E 0.z24247
F 0_4254E
cl 0_574E8
Mole fraction of cquadruplets:
Li-Li-F-F 2.E710E-0Z
Li-Li-C1-C1 1.313ZE-03
Na-MNa-F-F 4 T3INTE-0Z
Na-Na-Cl-Cl1 0.11081
E-E-F-F 1. 5704E-03 W

£ >

GactSageT” FactOptimal 4.23 www.factsage.com



Example 3 : How to use equality constraints - 1

Using the example from section 3, we will calculate the maximum adiabatic

flame temperature when O2 is replaced by air where moles O2 = moles N2/4.

~

-
G Menu - Equilib: last system

File Units Parameters Help

Tik) Platm] Energyl)] kazz(mol] Wolllie)

Fgasﬁ' ideal { real 77

|_ aqueous 1]
I_ pure liguidzs 1]
* |+_ pure zolids 1

[¥ suppress duplicates aEE'El

* - cuztom selection
FPECIEE 78

=0
— Reactants (3]
CH4 + ooz + 0 Mz
[238.15K.0.01] [238.15K.0.81] [293.15k.0.81]
~ Products
— Compound species — Solution species — Cugtom Solutions
=+ Baze-Phasze Full Hame 0 fized activities

0 ideal zolutions
0 activity coefficients

Details ..

— Pzeudornymz————————

apply T List ... |

[ include molar valumes
Total Species [max 1500] 78

— Fomnation T arget ~Legend -
FToxid-SLAGA ¥ Showi* all  zelected Taotal Solutions [max 40] I}
Estimate T[K]: |1UUU species; 1 Sl
b szl ID solutions: 1] ﬂl
i Default |
— Final Conditions E quilibrium
o B> TIK] Platm] ;I Delta HJ) ;I * narmal = normal + tranzitions
1 i { hansitions only
— g
A0 steps T Table o Calculate >> |

l FactSage 6.3 -16Janl 2-

| C:4FactTestheguifactopt] . dat

p
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Example 3 : How to use equality constraints - 2

We want the following constraints to be respected (molar basis):
O, = N,/4

To enter these constraints in FactOptimal, they must be converted to
allow only one degree of freedom :

O, = -1/5*CH, + 1/5
N, = -4/5*CH, + 4/5

That is, if there are m composition variables (C,, C,, ... C) and n
equations relating these variables, then the first (m-n) variables must be
expressed as functions of the remaining variables as

C = f(C:0---Cy); 1 S (m-n)

GactSageT” FactOptimal 5.2 www.factsage.com



Example 3 : How to use equality constraints - 3

K -
G Fact Cptimal - [PROP #1: Temperature] l = | (=] |_£h
Recent.. ' Function Builder  Help
F'rn:nperties] Wariables W] Parameters] Hesults]
The SUM (Comp.
| Composition congtraints  Properties cunstraints| variables) option
E xpression builder ™ SUM (Comp. variables] = - must alwayS be

|EH4 ﬂ ADD Operations: j j ﬂ j ﬂ ﬂ |-|— = unchecked when

equality constraints

Mo. E=pression Walue or expression -
|'I |<L|$e expression builder: ﬂﬂ ﬂ ||:| Hew are belng used.
Mo | Desciiption | . | Bound value | Savelidd
1 M2 = -4/5" CHa+4./5
2 0z B 1/THA1/5 With selected :
delete

MeRt =

| UMITS | Temperature : K, Mass: mol

G’actSageT” FactOptimal 5.3 www.factsage.com



Example 3 : How to use equality constraints - 4

G

Recent...

The adiabatic flame temperature in air is less than in O,.

T Function Builder  Help

F'ru:uperties] "»-"arial:ules] Eunstraints] Parameters  Results l

e

0:0:35

Statuz : Done.

Fact Optimal - [PROP #1: Max Temperature] - u

Continue Bun >

9375 —2183.134000000000015 -1 -0.7250000 ~
9261 2182 gez000000000080 -1 -0.7259120

Mumber of Equilb calculations: 25/25 9341 —2183.400000000000091 -1 —0.7252720
Best answer o far W

Temperature : 2183.4 K < >

&| W] L
Results

Last solution : 2200 |
_ 20004---------- fon e

Species | rnal | “ i : i
CH4 0.09341 18004 --mmmee Jrr e C
M2 0.725272 o 1600 ------ :,1 ----------------------- ERRRRRRREED SEEE
oz 081318 E14|:||:|_._____J____:___________:___________E___________:___
Constraints : *E 12uu-.---.—. ......................... e .
N2=-4/5CH4+4/5 01RO R N S

& ' :

02=-1/5"CH4+1./5 TR gy
BO0 -
4uu-ii- ........ AR A— SRR

201 et

10 20 30 40

# of Calculations
| UMITS | Temperature: K, Mass: mol
™ .
thtSage FactOptimal 5.4 www.factsage.com




Example 4 : Maximize the total mass of all precipitates in the hcp matrix for an (AZ31+Ce) Mg-
based alloy after Scheil-Gulliver cooling and subsequent full annealing - 1

System: Al-Ce-Mg-Zn

Step 1: Using Equilib we define the system and select the appropriate databases FTlite.
The arbitrary composition corresponds to approximately the composition of AZ31 alloys.

FactSage 6.4

Compaund:

1/28 databases

'F Reactants - Equilib
File Edit Table Units { Data Search
Ol = ﬂ T(C] Platrn] Erer sslal Valllitre)
1-4]
Mass[g) Species Phaze TIC] Pltotal]
o0 i | =l |
* o |Ce | =l |
+ [0.3z5 [Mg | ~| [
* [om fzn | =1 |

[ Initial Conditions

Mext »>

1/28 databases

Solution:

Databases - 1/28 compound databasesz, 1/28 zolution datak

‘Ehct

[ FactP5 [ FScopp
] FToxd [ Fslead

] FTsalt [ Fslite
] FTmisc [ F5stel
] FThall O FSnobl
[0 FTOxCH [ F5upsi
1 FTinz
] FThelg

[ FTpulp [ ELEM
FTlite ] FTdemo

SGTE

] BINS
] sGPs
[ sGTE
] 5Gnobl
] 5Gsold
O 5Gnucl

Other
] TDnucl

Data Search

compaunds anly
golutionz only
no database

Clear All

Add/Remaove Data

IG’actSage‘”

FactOptimal

6.1

www.factsage.com



Example 4 : Maximize the total mass of all precipitates in the hcp matrix for an (AZ31+Ce) Mg-
based alloy after Scheil-Gulliver cooling and subsequent full annealing - 2

Step 2: Perform a single Equilib calculation using the solidification software and choosing
a Scheil-Gulliver Cooling type calculation (see Equilib Advanced Slide Show, slide 13.1)

& Menu - Equilib: last system

File Units Parameters Help
=

Reactants [4)

T[C)] Platm) Energull] Mass(g) Walllitre)

[ [gram)0.025 A1+ O Ce +

0925 Mg + 001 Zn |

Products

Compound species Solution species

Custom Solutions

= | + | Base-Phase | Full Name - 0 fixed activities
[ ga: 7 » 0 () FliteLiou Liquid J 0 ideal solutions
[ aqueous 0 ] FTlte-FCC FOC A1 0 activity coefficients
[ pure liquids 0 | FTlite-HCF HCP_ A3
* [+ pure zolids 43 | FTlte-BCC BLOC_A2 Peeudanyms
) + FTlite-DHCP DHCP_ &3 .
* - custom SE|EC:|§IQ|3iES' . | FTlte-hP12 Laves C14 apphy [ List ...
- ! e L (L4 [ include molar volumes
+ | FTiteBeta Beta Al3Ma2 | - —
Seheil caaling = Legend
FT lite-Liqu Options | -immiszible 7 [v Show ™ &l  selected

Cooling step : ’W T-auto: [ L - Scheil cooling

Total Species [max 3000] 215

species: 166 Select Total Solutions [max 40] 32

- o IEE
M S| ™| %

& Cooling Calculation - L-Option

L-Option

ou may choose any zolution phase with the L-option,
However, for Liguids the calculations are most
meaningful since they relate to salidification.

[ Solution phase: FTlite-Ligu |

" equilibrium coaling
* Scheil-Gulliver cooling
" normal equilibrium calculation

[v dizplay tranzitions + summary

+-selected 18 A
Massfal |0 solufions: 32 Total Phases (max 1500] &1 Help
Final Conditions Equilibrium
Lo | B | T8 |Pam) ~||PoductHE) v || # nomal O
| | [10000 [1 | -
10 steps I~ [ScheilGulliver cooling - Tlstart) = 1000, T(stop] = 0] | Calculate >3
FactSage E.4

www.factsage.com
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Example 4 : Maximize the total mass of all precipitates in the hcp matrix for an (AZ31+Ce) Mg-
based alloy after Scheil-Gulliver cooling and subsequent full annealing - 3

Step 3: Click on the FactOptimal icon and set up the calculation. If you are

using the stored example files, click on “Recent...” to load the Fact Optimal file.
In this example, we specify that :

1' we C0n3|der one p ro perty {7y Fact Optimal - [PROP #1: maximize Mass fraction of precipitates(Al+Ce+Mg+Zn}] = B
2 ) we Want to m aXI m | ze th | S Recent.. 'f Function Builder  Help

Properties | Variables] Ennstraints] F'arameters] Hesults]
ropert
p p y Optimization
3. the property that we © | prosety # Cielpeseiy &
consider is the total mass - e —— | 2 ket | | T
of precipitates after a ® b 1 < ™ logl]
. M ags fraction of necipitates Temperature A -
subsequent annealing Mass/mol.. - ‘;Am“ng —— e -
Annealing
Click on the Annealing SELECT & PHASE - TEMPERATLIRE -
box to activate the Eg'g‘mfg—““ 3 K=l
“mass of precipitate” CIHCP_A3
option. The Anealing 5 ez
selection menu will i
_ Include cost $
pop-up e
f* no
| UNITS | Temperature : °C , Mass: g
Cancel | SaNE |

GactSage‘” FactOptimal 6.3 www.factsage.com



Example 4 : Maximize the total mass of all precipitates in the hcp matrix for an (AZ31+Ce) Mg-
based alloy after Scheil-Gulliver cooling and subsequent full annealing - 4

Step 4: Select the Annealing phase in the annealing selection window. Here we choose
the primary phase (HCP) and define the annealing temperature (500 °C).

G

:ﬂecent... T Function Builder  Help

Select the phase that is the matrix for the
precipitation calculation. This is the equivalent

Froperties | Wariak] es] Eanstfaints] F'arametem] Hesults] of double Clicking on the amount in the
Optimization _ _ Summary Page of the Equilib Results Window.
(+ | property 'ﬁ Annealing selection T UOTPUT —EOT ShOW Pages
| O riimize Arneling =S ﬂ TIC) Platm) Energyl)] Masz(d) “Volllitre)
I e 800C | 790¢ | 780C _
P SELECT & PHASE - TEMPERATLIRE - i s10C | sooc | ss0c | ssoc | s70¢c | s60c| ss0c | s40c | s30¢| p2oc| sw0c
arge Summary | Transitions | 1000¢ | 950¢ | 980¢ | 970¢ | s60¢ | 9s50¢ | spoc | 930¢ |
500 e~

Include cost §
(" ypes

| {(* no
|

RN E

D Phi
[ Prototype_og32(

SCHEIL-EULLIVER COOLING

COMSTITUENTS ARND FHRSES AT 344 .32 C

> (temperature of finasl disappearance of Ligquid)

CONS . EHARSE TOTAL BMT/g.atom| TOTAL AMT/gram|
| 1 1 HCP_As3 S.EZFGE—OZ 5.8541F-01
-,

1 z 1 HCP_A3 1.0563E-03 Z.8783E-02
2 2 Phi 1.4387E-03 5_0410E-02
u]
3 1 HCP_ A3 1.8143E-04 4 _gle3E-03
3 2 Prototype Mg3Zi(Rl,Zn)4% 1.5035E-04 &.43534E-03
st 4 1 HCFP_&3 3.2114E-04 8.1718E-03
4 2 Prototype Mg3Z(Al,Zn)45 3.1841E-05 1.3825E-03
4 3 MglZZnl3 Z_.958BE-04 1_2833E-02

Cancel SAVE

{'Double-Click' on any phase listed zbove to recycle it through I

SUMMRRY OF REARCTIONS

Cooling
1000 to €153.23% C (DELTE H = -5.1722E+02 J)
Ligquid cooling

e e e

| UMITS | Temperature: ©C, Mass: g

<
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Example 4 : Maximize the total mass of all precipitates in the hcp matrix for an (AZ31+Ce) Mg-
based alloy after Scheil-Gulliver cooling and subsequent full annealing - 5

The Mass fraction of
precipitates option can
now be selected

In the variables tab, define the In the “Constraints” tab :

permissible composition ranges: - Sum(Comp. variables) = 100

96.5 > Wt.% Mg > 92.5 (output desired as wt.%)
G Fact Optimal - [PRDP #1: maximize Mass fraction o 2>\Wt.% Ce 1 In the “Parameters" tab :
Recent.. f FunctionBuilder Help L. .
_ 35>Wt% Al >25 - 150 Equilib calculations
Praperties "-;"ariables] onstraints | Parameters | Results o . “ v g
_ 1>Wt.% Zn > 2 - initial search region “large” (i.e. 1)
Optirnization
fs | property (™ 2nd property i ‘
" minimize {3 Fact Optimal - [PROP #1: maximize Mass fiyction of precipitates{Al+Ce+Mg+Zn)] — O s
{* maximize [v &nnealing Recent.. 'f Function Builder  Help
L R | logl) Properties Gl | Conztraints F'alameters] Resl Its]
| Compozsition ' ariables
Mazs/mal... Mo, Species MIN ALL | Max  ALL | InitislVale  ALL
i |'I |AI J [~ Dphstant |D |1 |2,331E-02 [ Q-Random
E Mo Species kI ki Initial ' alue
1 Al 2h 3h 2h
I 2 Ce 1] 2 1]
! 3 kg 925 965 925 aniable type
: 4 Zn 1 2 1 (+ REAL
i INTEGER
L
L
L

Include cost %

" ypes
@ additional variables
™ i, Temperaturs 100 |2000 1o e
| UMITS | Temperature: °C, Mass: g ~ Fressue [ [ [ ,1— Mt 33

| UMITS | Temperature : “C, Mass: g

G’actSageT” FactOptimal 6.5 www.factsage.com



Example 4 : Maximize the total mass of all precipitates in the hcp matrix for an (AZ31+Ce) Mg-
based alloy after Scheil-Gulliver cooling and subsequent full annealing - 6

FactOptimal Results Window

G Fact Optimal - [PROP #1: maximize Mass fraction of precipitates(al+ Ce+Mg+Zn)] — O x

Recent.. f Function Builder  Help

F'raperties] Valiahles] D:nnstraints] Parameters HESUltS

e

Mumber of Equilib calculations: 1504150

Best answer o far :

tMazz Fraction of precipitates in matrix : 2.693E-01

Lazt zolution :

Species q |
Al 32692
Ce 15116
g 94.211
Zn 1.0082

Congstraints ;

Statuz : Do

Continue Run »»

32503 20000 927428 11108 -999939993 100 ~
32512 20000 927510 11092 -0.176847546795
32486 20000 927482 11091 -999999993 -100

Total elapsed time

You can use the zoom
icon to change the axis
limits.

W
£ >
& 8 e <
Results
b3y . ' . . .
. ___e__,s-.-4---s---eJ
[ .o
t=] [ _
50z} 7
= 5
£ B
= E
w
&
1 1 1 E
0.1 : o : T : LANELENELE N R R BN R R AL L B
0 20 40 60 80 100 120
# of Calculations

| UMITS | Temperature: °C, Mass: g

Results

2.T0E-01 -
N R

B et e el e CEEEEE b
e e e
: PR I ' : :

- 1 H 1 H H

ZETE-M -~ -b--m-- Fe---- - REEEL AEEEEE EEEEEE -
T
2.85E-01 T T T T T T T
S0 g5 100 105 10 115 120 125

# of Calculations
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The Pareto Concept - the simultaneous minimum
and/or maximum of more than one function.

---0--- Pareto front
O  All other points

1.0 a
0.8 1
0.6

0.4 4

0<P2<1

0.2 H

0.0 1

P1(C)>P1(A)
P2(C)>P2(B)

0.0

T — T T
0.2 0.4 0.6

0<P1<1

0.8 1.0

Example of a Pareto Front.

We want to simultaneously minimize
properties P1 and P2. All points shown
are calculated. Blue points are on the
0 Pareto front. For any point not on the
Pareto Front (for example point C),
“better” points can be found on the
- Pareto front. That is, for the same value
|:| of P1 as at point C there is a point on the
Pareto front with a lower value of P2, and
= for the same value of P2 as at point C
there is a point on the Pareto front with a
lower value of P1.

You must then select the optimal composition on
the Pareto Front according to your requirements.

Lractsag
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Example 5 : Minimize the density and maximize Cp under constraints on T, -1

This example calculates a Pareto Front.

System: LiCl-NaClI-KCI-CaCl,-MgCl,
Properties: Maximize density at T, and minimize the heat capacity at (T, + 20°C).
Constraints: Liquidus temperature T, below 610 °C .

Step 1: Define the system and select the appropriate database FTSalt. Two separate Equilib calculations are
required, the first to calculate the liquidus temperature and density, and the 2nd to calculate Cp.

H H 1 H 1 H . - O . . . . .
& | - First file (this is the active file): Select a - Second file (this is a stored file that will
EIlE . - - - - . .
n| Precipitate target (P) on the liquid and click t o o be used later in the calculation): A normal
“: ” M . . .
=4 Include molar volumes” so as to calculate calculation (without the P option) at an
density arbitrary temperature
Products —— e
Compound species Solution species Custom Solutions COLEIAE TSR i
[F s & 0 * | + | BaseFPhase Full Name 0 fixed activities ittt el :
I} aqueous 0 | 1 | FTsaltACL_A | AAKCFss_racksal 0 ideal solutions. Dled 1] TIC) Plam) Eneiail) Masia) Vallise) =ik
[ pure liquids i J | FTzabhixds BAKIMA 0 activity coefficients Reactants (5]
[+ pure solids 12 + FTzal-+CIL [Ca5r[Batg]ICl2[zs] [LiC+ Mall + KO+ Call2 + MgCl2 |
Diefault selzction | apply J FTsaltPRYVEA CoshiO R erovekite Pseudonyms
+ FTzalt-R-3m MCI2_S0LID v - Ligt P'E"d“""d oot o o
. . ompound species olubon species ustom o olubons
FTsalt-SaLTA A3 alt-iquid aad y [T gas & 0] 0 = | + | Base-Phase | Full Hame 0 fized activities
s FTzalt-SALZE Bliquid-RE halide 5 [ aqueous 0 J FTsalt-ACL & AAKChss_rocksalt 0 ideal salutions
species 12 @mclude rmolar volumes et il 1 Flealvahas AAlkIMS 0 activity cosfficients
Precintate T 2 paraequilibrium & Gmin  edit [+ pure solids 12 + | FTsaltMCL [Ca,50Ba a2
recipitate Targe s J | FTsaltPRVKA | AAMX3Perovskt
FTzalt-SALTA I-Biﬁﬂen:]iscible 1 W Show * &l  selected Z e o A Mmz,selrJDLleIe (P
Esfimate T(C) [1000 J - 3immiscible 3 ; Total Species (max 3000] 77 species: 12 || FlsabsalTa ASaltiquid epply | st
! P - precipitate target Spe-uesf 5 Select Total Solutions [rmax 40] 13 flsakSal B BlquidtHE halide W incude molar volumes
Wass(mal); |0 solutions: 13 T otal Phases [max 1500 75 ereed Total Gpecies [maw 1500 77
g - hone - IL—Eianrrr:\l:cihle 1 W Show all 7 selected Total Solutions [max 40] 13
Final Conditions Equilibrium Il Esfimate T(C): HE00 4" immiscble 3 species BS et
< | <B> | TIC) | Pratm) _~||PrductHEl ~| | | & nomal O f eeefnsly | oo 13 5o | Default
| | | |1 | '@ " Final Enndition:l I ” I 5 Equilibrium
= <Ay <B> TIC) Platm) = ||Product HiJ) ~ & nomal
00 steps [T 2 Calculate >> [ [ [2000 1 [ o
FO steps T Calculate >>
FactSage 6.4 tAFACT-524Examples\EDP_F PI’ESS C&lCUlate FactSage 6.3 095ep1l- | c\Eve\AIMEN\Workshop_examples\E quiFactOpt-3_1.DAT
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Example 5 : Minimize the density and maximize Cp under constraints on T, -

First file - Calculate and click the FactOptimal icon. If you are using the stored example files, click

on “Recent...” to load the Fact Optimal file. In this example, we specify that :
1- we consider two properties, density and C,

2- we want to maximize the first property and minimize the second
3 & v optiaal t RO Piknthi Giz8 BEE/PROP eEiity-apiin eddrxdhe. stordiEll e

Recent.. F Function Builder

Help

Properties Variables] D:unstraintsl F'arameters] Hesults]

Linked? M
~

O ptirmization
| property {« 2nd property
™ minimize f* minimize
@ . ~ .
* maximize masimize T2=T1+20
" target [ logl] " target ™ log ]\
Temperature Temperature A
b azz/mol. . b azz/mal...
Achivitg. Achivity.
“Wapor Prezsure Wapor Pressure
M Density
Walume Walurme

Wigcoszity [Pa.z)
Functian...
H

Cp
5

Bulk, Modulus
Eleptricgl Conductivity

Wigcosity [Pa.z)

Function...

E quilib |E:'\FactTest'\EHampIes\ED

%FW

here. (Use browse)

" Enter the location of the second file

Mewt »>

S T2=T1-

Operation

I3 thiz property linked to the
previous ong?

€= ND & MES

T1 : temperature in first calculation

T2 temperature in zecond calculation
F1 : pressure in first calculation

FZ : pressure in second calculation
Others are input compozitions

T2=T1+20

T2=T1" .
Pz=Fl+..
P2=P1-..
P2=p1=.

LiCI2) = LiCI] + ..
LiCIi2) = Ll - ..
LiCI[2) = LiCI[1] = ..
MNaCl[2) = MaCl] + ..
MaCI2] = MaCI] - ..
NaCI[2] = NaCI ] =
KCIZ] = KCI ] + .. v

Cancel | ok ‘

For the 2" property, the
calculation is performed
using the precipitate
(liquidus) temperature
and adding 20°C, using
the stored second file.

| UNITS | Temperature : C, Mass : mol

Lractsag

FactOptimal
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Example 5 : Minimize the density and maximize Cp under constraints on T, - 3

Define the constraints on properties: T, <610 °C

-
E Fact Optimal

Becent... Help

Properties | Wariables W] Parameters] He&ultsl

Composition constraints || Properties constraints

Ma. D escription Yalue File

|'| |Temperature j Fdﬂ Imi e -
| Bound walue | Fil= | %

Mo | Description |

1 Temperature < E10 1 With selected ;
_debete |

Mest >

| UNITS | Ternperature: C, Mass : maol

G’actSageT” FactOptimal 8.3 www.factsage.com



Example 5 : Minimize the density and maximize Cp under constraints on T, - 4

Set up the parameters:

&7 Fact Optimal - [PROP #1: maximize Density / PROP #2: minimize Cp(LiCl+NaCl+KCI+C.. - O
Recent.. J Function Builder  Help

F'ru:uperties] Variablesl Constraints | RELELIEEE

Default

Ma # of Equilb calculations : |EE1

Initial earch region : |1

" Small  Medum ¢ Large

Precision : |3

Time aut [minutes) ; |EI

Calculate »»

| UNITS | Temperature : C, Mass : mol

Lractsag

FactOptimal 8.4
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Example 5 : Minimize the density and maximize Cp under constraints on T,

-5

FactOptimal Results Window

One can perform an Equilib
calculation at any point on
the Pareto Front by clicking on

{3 Fact Optimal - [PROP #1: maximize Density / PROP #2: minimize Cp(LiCI+NaCl+KCI+C... = =

Recent.. ' Function Builder  Help

Prnpertie3] Variahle3] Constraints] Parameters HESUHSl

[ |

Mumber of Equilib calculations: 250/250

Best answer zo far

094

Dengity : 1.8 g/ml
Cp: 79.86

Status : Done.

Continue Fun > >

325 200 200 200 200 -1.81770712471364d46 7 A
75 200 200 200 200 -1.861534064772582 81
200 225 200 200 200 -1.79730208913326238 7

1o\ Replot all points

Results (pareto front)

8

o

W
>

HR H Last zolution : I i i i | | 1 i 1 1 |
it in the graph and and opening s WJ
it in the Equilib module. Lel 02 I R R R Py
MaCl 0.325 Save Pareto Points R e e e e EEEE m -
KCl | I L o W
Constraints : & E‘D"i""J;""%""i"'"i""""'%"":‘::"i """""

. Temperature - 499.9719 ' ' ' ' LW ’é_"‘ :
The Composmons on the Pareto T/ --------------
Front can be saved and opened || 0 rki -----------------------------
in Text, Excel, ...... 6#: -----------------------------

Results
85 ! ! : : : : : '0: ] # Calculations
| UNITS | Temperature: C, Mass : mol 80 i————*i ————————— i""%""é’""é'o"“:?' Ir@ —

N L giwe T e

IR T

ool e B

. R [ AR S N

One can re-plot all calculated points or / R S R A i S S S

show only the Pareto front. Turu N A

55‘:"“‘ --------- I----;----r---1----:---—Ir-——-:—-——:

1.IE- 1.IE-E- 1.I5 1.EISE- 1.IT" 1.%"5 1.IS 1.;:55 1.I9' 1.&?5 IIZ

Density (g/ml)
thtSage‘” FactOptimal 8.5 www.factsage.com



Example 6 : Application using the cache option (Next Run) - 1

In some cases you may wish to stop a calculation before the convergence criterion has been
met, or before the specified number of Equilib calculations has been reached. Alternatively,
Equilib may fail to converge, especially for complex calculations. The cache option permits
you to restart the optimization procedure and carry on from the last calculation.

™

{7 Reactants - Equilib =] X4
File Edit Table Units DataSearch Help
(I | ||3"‘l il T(K) Platm) Energy[J] Mass(mol] Yolllitre] "' ’ GI m'
1-8]
Mass(mol) Species Phase T(K) Pltotal]™ Stream#t Data 7: In thIS example we use
|a00 [NaCI [ = | | 1
+ [0 Gl ] = | f with 8 reactants.
+ [10 |caCi2 [ = | | [1
‘ + [0 MgCI2 I =l [ f1
* [0 ILiF | =1 [ f1 ;
*+ 10 IKF | E21 | 1
I [

1

H + 10 {NaF

[ Initial Conditions

Next >>

11Nov11 ' Compound: f'é?égdatalﬁases © Solution: | 1/25 databases Y

thtSageT” FactOptimal 9.1 www.factsage.com



Example 6 : Application using the cache option (Next Run) - 2

An Equilib calculation is first made at an arbitrary composition and temperature.

-
G' Menu - Equilib: comments

-

File Units Parameters Help
D T(K) Platm) Energyld) Mass{mol) Yol(itre) [ﬁf IBl gl
—Reactants [8)- ‘
' [ 900 NaCl + 10KCI + 10LCI + 10 CaCl2 + 10 MgCl2 + 10 LF + 10 KF + 10 NaF |
 Products
- Compound species- | Solution species ~ Custom Solutions
[ gas % ideal " real O = | + | Base-Phase | Full Name - 0 fixed activities
[7 aqueous 0 J | FTsaltACL_A AAIKCl-ss_rocksalt L 'jjf-; 1"[—_%"_3'_"_';‘-'1____,__
[ pure liquids 0 J | FTsalbaFa_ AIKF(ssh) o eeiyeonicints
* [+ pure solids 30 J | FTsalt-AMX4C CAlk2hx4 _ )
[V suppress duplicates_apply | + FTsalt-LiFS LiF-[MaF2](ss) B e rlor ‘
* . custom selection + FTsalt-MCIL [Ca,5r.[Ba,Mg])Cl2(ss) l_ s
species: 30 + FTsalt-tgF2 MaF2-[LiF](ss) ; apply LJ
: + FTsalt-NLF_ NaF-[LiF](ss) ¥ nchide mclar vk
J | FTsalt-PRVKC CAMX3-Perovskite L] s e.mo e
- Target — Total Species [max 1500] 156
- none - T e IV Show ™ all " selected Total Solutions [max 40 20
Estimate T(K): ITUUU J - immiscible 4 species: 126
A !——- +-selected B solutions: 20 Select
Mass{mol): |8 - Default |
 Final Conditions |~ Equilibrium -
<& <B> TKI | Platm) v||ProductHl) ~| || @ nomal  © nome
& transitions only
500 [1 | &
FE steps T Calculate >>

FactSage 6.3 -11Nov11-

| c:AEve AIMEN \Work§hop_examples\E quiT estB;fS £3.DAT

Lractsag

FactOptimal 9.2
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Example 6 : Application using the cache option (Next Run) - 3

The objective is to optimize both composition and temperature
in order to maximize the amount CaFCI (solid) at equilibrium,

-
{3 Fact Optimal

=

Recent... § FunctionBuilder Help

Variables] Eonsttaintsl Parametersl Hesulls]

Optimization

" minimize
¢ maximize
" target

| Temi erature
Mass/mol. {CaFCI solid

Activity...
Yapor Pressure
Density
Volume
Viscosity (Pa.s)

Functions... Function...

Cp Cp
5 S

“Include cost $
" yes

@ no

& | property " 2nd property " Special points on liquidus surface

Next >> ‘

| UNITS | Temperature : K, Mass : mol

4

Gh(:i:SageTM FactOptimal 9.3
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Example 6 : Application using the cache option (Next Run) - 4

G - Fact Optimal - [PROP #1: Mass/mol..{CaFCl_solid}] - O Each input
Recent... 'f EI"ICtIl:In Builder  Help ConStItuent Can Val‘y
Properties | GGUEEES | Eu:un&tralnta] F‘arameter&] He&ults] between O and 1000
Compozition W ariables
Mo, " ts;.e.:ies MIN - ALL | Mex  ALL | Iriialvale AL moles. We choose
1 |NaCl | ™ Constant |0 1000 125 [~ @-Random the INTEGER type
No | Species | MIN | M | Iritial Value | of variable in order
1 MaCl 0 1000 125
2 KLl 0 1000 125 to reduce the
K] LiCl 0 1000 125 Wanable type : L. d thus
4 Call? 0 1000 125 " REAL recision an
e T " ewren || e
6 LF 0 1000 125 decrease the time to
a MHaF il 1000 125 Convergence.
We allow the
temperaure to vary
between 300K and
1000K every +/-1
Additional variables . -
[v Temperature I |3UU P |1UUD *CiSi0n © 1 Initial % alue ; | 500 degree (preCISIOn)
[ Pressure |1 |1EI 1 1 Mest ::\IOte tha:: the
emperature
| UNITS | Temperature : K, Mass : mol . p .
variable is of the
INTEGER type.

GactSageT” FactOptimal 9.4 www.factsage.com



Example 6 : Application using the cache option (Next Run) - 5

The maximum number of Equilib calculations is set to 2000.

'] Fact Optimal - [PROP #1: Mass/mol..{CaFCl_solid}] = B
Recent.. f Function Builder  Help

F'ru:-perties] Wariables | Constraints PEEEULEEE | Flesults]

Drefault

Max # of Equilib calculations ;| 2000
Iritial search region: |1 i~ Small ¢ Medum * Large

Time out [rminutes) : |0

Calculate =

| UNITS | Temperature: K, Mass : mol

GactSageT” FactOptimal 9.5 www.factsage.com



Example 6 : Application using the cache option (Next Run) - 6

We stop the calculation after 166 calculations, at which point
FactOptimal has obtained a value of 456 mol of CaFCl at 557K.

& Fact Optimal - [PROP #1: Mass/mol..{CaFCl_solid}] - o
Recent.. 'f Function Builder  Help
. ‘ .
F'n:upertie&] \-"ariablea] Eunatraintxl Parameters HBSU“S] CIICk on the Contlnue
’
Status : Dore Run’ button to
0:4:45 .
812 1 0 189 1 0 1 &4 302 -999999999 4 1004 -100. A
N _ 814 0 1 187 0 1 0 62 300 -999999999 3 -1003 -100: \ Contlnue the
Murber of Equillb calculations: — 166/2000 01 71 473 1 100 209 1 556 -451.993299999999977 - optimization from the
Best answer so far ™ . .
Mazsdmol. {CaFCl_sal..]: 456 < > IaSt pOInt’ USIng the
&| &) ] previously saved
Rosults calculations (cached).
Last solution : L T T EEEEEEE :— :i
Species | ol | . . . .- - i .
NaCl 0 400E02f -t b b I ----------- .
KCl 0 : : I i '
. - : ' i : :
LiCl 72 c .. ' 3 i ; i
CaCl2 472 - S i [ prmeeees [frrTeeees preommenoes ;
MgCI2 0 Constraints : ® ; ; e ; ;
LiF 1m 0 3O0E+02 g ------ - m oo }________,
KF 208 5 : : g : :
U= ey £ osoes02) i ------------- :
o : : : : :
= ' ' ' ' '
Z00E+02F- oo ’ia
i Il . . i
: o ' : :
_ B0E+0Z - e
Y aniable | " alue "‘_*____'* i i i
Temperature 557 0 50 1DID 1EI-D EDID
# of Calculations

| UMITS | Temperature: K, Mass : mol

GactSageT” FactOptimal 9.6 www.factsage.com



Example 6 : Application using the cache option (Next Run) - 7

Next we stop the calculation after an additional 253 calculations, at which point
FactOptimal has found a better value of 465 moles at 336K.

' F Fact Optimal - [PROP #1: Mass/mol...{CaFC|_solid}] = =
Recent.. F Function Builder  Help

F'mperties] Variables] Eunstraints] Parameters |zl

Statuz : Done. Continue Run »»
UEgea FB7 126 0 189 1 0 1 1 390 —-999999999 4 1004 -101 ~

N _ 689 124 1 187 0 1 0 0O 386 —-999999999 2 1002 -1O1

Muriber of Equilib calculations: 253/2000 010536 1 163 164 1 335 —459.999900000000025 —;
Best answer so far v

Mazz/mal.. {CaFC_sal...]: 465 < ¥

& 6| @]
Reszults
LEISt solutiu:un . 4 S0E+02 4- .-.'_'_ o :..'_'_ = _m
Species | mol | i i i i : :
NaCl 0 4 00E+02 E -I* ? E ? E ?
£l 0 BB0E+02 fgg - -t m e
I LI I L i i i i
Callz h35 . % BO0E+02ra-- oo R R CEEEEEEEEE ERREEEEEEE:
Mol i Conztraints : s s ; ; ; ; ;
LiF 164 i ZIEHIZ g r-m e Tttt Ty
KF 163 3 | i i i i i
MNaF 138 E Z'DDE+D2":_|.L""""T __________ T T
E 1.50E+02 4t e e e e R Feeomeoooas e :
1.DDE+D2--E-*--------% ---------- E----------i ---------- E----------%
sooEs01fd [
W ariable Walue 000800 o . . . . .
. + T T T T T T
[erpeaile ot 0 50 100 150 200 250
# of Calculations

| UNITS | Temperature: K, Mass : mol

thtSageT” FactOptimal 9.7 www.factsage.com



Example 6 : Application using the cache option (Next Run) - 8

Next run FactOptimal for 345 more calculations, at which point FactOptimal has
found a better value of 494 moles at 325K.

{ Fact Optimal - [PROP #1: Mass/mol...{CaFCl_solid}] - O
Recent.. f Function Builder  Help

Statuz : Done. Continue Run »»

G10:13 685 127 0 189 1 0 1 1 391 -999999999 3 1003 -101 A
687 125 1 187 0 2 0 0 387 -999999999 2 1002 -10

Humber of Equilib calculations: 345/2000 0106507 1 146 165 1 324 —-488.999900000000025 -
Best answer zo far: W
Massfmal... {CaFCl sol...]: 494 < >
&| 6| ]
Results
Last zolution : > 05Ee02 . : i ! : i i
Species mol | 5.00E-+02 4 s R b pTTees CTs i fromees
Harl 0 s9sE+02 - LR R (A E—— R -
ke o EDPIIPS ISR MR OSSO AN S
LiCl 0 C e : : : : : : : '
CaCliz FOE Conctiabte. § 4856402 -~ R R P Rt S S |
MaCl2 0 onEtants - 11 Y1 RS J R SR
LiF 147 AP ; : L : : g
KF 164 g 4TI T prem For o A =
MaF 183 Eoagop0z -
8 465602 ﬁ—a—”du ------- ------
sg0E+02 s - ER— R A —— s s
T e e .
Y ariable " alue 450E+02 4 R S (I e
Lenpensie 2o 0 50 100 150 200 250 300
# of Calculations

| UNITS | Temperature : K, Mass : mal

thtSageT” FactOptimal 9.8 www.factsage.com



Example 7 : Target Optimization - 1

Using the same system as Example 3 (slide 6.1) (LiICI-NaCIl-KCI-CaCl,-MgCl.,) let us perform a
target calculation whereby we search for compositions where the density of the liquid at the

liquidus temperature is 2.00 g/ml.

—
t’ Menu - Equilib: Target optimization (Density of 2)

File Units Parameters

O ==

Reactants [5]

Products
Compound species
[ gas & "
[ aqueous
[ pure liquids
[+ pure solids

v

IPECIEE

Precipitate Targat
FTzalt-SALTA

Estimate T[K]: |1000
Mazz(moll |0

Final Conditions

Help

Tik] Platm) Energul)] Maszs(mal] olllitre)

| MaCl + KCI + LiCl + CaCl2 + MgCl2 |
Solution species
= | + | BasePhase | Full Hame
J FTzalt-ACL_A AalkCl-zs_acksalt
J FT zalt-Akdidb, Ab kb4
+ FT zalt-MCIL [Ca.5r.[BaMg]Cl2[zs]
J FTzalt-PRWEA Adhd3-Perovzkite
FTzalt-F-3m MCIZ_SOLID
IP | FTzalt-S5ALTA A5 alt-liquid

+ FTzalt-54L2E

Eliquid-BE halide

Legend
| -immiscible 1 W Show & all 7 selected
J - Frnmiscible 3 e
a o IPECIES: B&
P - precipitate target - 12 Select

| e

<Bx

| T [Piam)

| |
10 steps [

| i

Cugtom Solutions

0 fimed activities
0 ideal zolutions
0 achvity coefficients

T

Preudanyms

apply [ List ...

v include molar volumes

Total Species [max 1500] 78
Total Solutions [max 401 13

Default

E quilibrium

~||ProductHY) v | | | @ nomal O
| {

1 calculation

Calculate >>»

I FactSage 6.3 M:AFACT LAMED-testsExampleshEOP_Fact_Optimal 8.FCT I

Lractsag

FactOptimal

10.1
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Example 7 : Target Optimization - 2

We are searching for compositions for which the density of the liquid
at the liquidus temperature is 2.00 g/ml.

{ Fj Fact Optimal - [PROP #1: target Density(NaCl+KCl+LiCl+CaCl2+MgCl2)]

Recent.. J Function Builder  Help

Froperties Variables] Eanstraints] F'arameters] Hesults]

- SN

Note: if you click here. the
logarithm of the objective
function will be optimized.
This may present a

O ptimization
* | property " 2nd property "
" minimize @, r
" maximize @, -
{+ target | ||— I-:.g[]l — —teaty
Temperature Temperature S -
b azsdmal... b azzdmal...
Activity. Activity.
Wapor Pressure Wapor Pressure
Iﬁ_ Denzity (-u
Yolume Wolume
Wizcoszity [Pa.z) Wizcoszity [Pa.z)
Function, .. Function, .. —
H H
Cp rn v
5 E [25 r
Target .
ol 2 Delta: |25 . o )
interval of precision. Any solution
Ihclude cost §
£ yes accepted by FactOptimal. In this
* nao

numerical advantage,
increasing the speed and
precision of the calculation
in some cases

The value of Delta is the normalized
within this range of tolerance will be

example we choose an error of 2.5%.

| UNITS | Temperature : K, Mass : mol

Lractsag

FactOptimal

10.2
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Example 7 : Target Optimization - 3

Here FactOptimal
minimizes the error

& Fact Optimal - [PROP #1: target Density(NaCl+KCI+LiCl+CaCl2+MgCl2)] - O between the current
calculated density and the

Recent.. F Function Builder  Help targeted density The best

F'ru:uperties] "v“arial:ulesl Cunstraints] Parameters HESUHSI solution is displayed in the
Status - Dane. Continus BUn 55 tab!e at the end of the
0:1:37 optimization.
Murmber of Equilb calculations: 5050
NaCl [Kcl|Licl|CaClz [MaCI2 [Density | ~ Click on a line in the
0.313] 0 0| 0637| 0.05 199407 Spreadsheet and then on
& 8| ] « Open in Equilib » to load this
v Reculte calculation in Equilib.
Last solution : L : ' : :
Species |m|:|| Open in Equilib |
haCl 0313 — -
k.Cl 1] -E]
Licl 1] bt *
i 0 S P . | . | The graph shows
Mot e ' s | | | | $~~_| the error value
2 ' | | | | versus the number
w * .
of calculations.
0 LA B " | B — '.I AL "' ?
10 20 30 40 50
# of Calculations

| UNMITS | Temperature : K, Mass : mol

GactSageT” FactOptimal 10.3 www.factsage.com



Example 7 : Target Optimization - 4

'F; Fact Optimal - [PROP #1: target Density(NaCl+KCl+LiCl+CaCl2+MgCl2)]

Recent.. f Function Builder  Help

F'ru:uperties] "v“arial:ulesl Cunstraints] Parameters  Fesults l

=

0:1:52

Murmber of Equilb calculations: 5050

NaCl |Kci|Licl|caciz |MaCR [ Density |

0313 0

0 0837

0.05 |1.59407

.

0 0685|0305 201229

Statuz : Done.

Continue Rur = | k

Y

The user can click on
Continue Run >>to
perform another 50

Last solution :
Species | mal
Mall ]
k.Cl 1]
LiCl 1]
CaCl2 0.695
gl 0.305

| Dpen in Equilib

Consztraints :

Errorin Density (giml)

0.1

Results

. E E E E
_________ e U
. . * e .

e . e

: * *
————— ]

10 20 30 40 50

# of Calculations

calculations and get a
different point targeting
the same density.

| UNMITS | Temperature : K, Mass : mol

Lractsag

FactOptimal

10.4
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Optimization using the Function Builder - 1

In addition to optimizing properties that can be [E==== ST
calculated by Equilib, FactOptimal also allows coa | Proen s

optimization of user-defined properties, in the form of
functions of properties calculated by Equilib.

Functions

For example, Redkin @ has proposed that the | = s s o oo o

Na [total] AlkChss_i. 0.000E+00  O.000E+00  0.000E+00

. - . . . Variable selection
electrical conductivity o of molten chloride solutions | ]
b d . Selection 1
can pe expressed as . N
| Species | Phase | Data ‘ Amourtmal) | N | s | Pseudanym | -
& L AkCkssro. FTsak  DO0DE+00  0.000E+00  0.000E+00
S NaCl AlkClss_ro. FTsat  OOODE+00  O.000E+00  0.00CE+00
—_ * 27 47 3372 4 /V /T * 53 7 /V A KO AkChss ro. FTsak  D.O0DE+00  0.000E+00  0.000E+00
I n (0) - 4 . 9 eX p = = eX p . & Cali2 AkChss_ro.. FTsak  0000E+00  00D0E+00  0.000E+00
A& Moo AlkClss_ro. FTsat  OOODE+00  O.000E+00  0.00CE+00
& Caltotal AlkChss_ro D.OODE+00  CL0ODE+00  0.000E+00
A& Kol AlkChsz_ro D.OODE+00  CLOODE+00  0.000E+00
A Clitatal AlkChes 1o OOO0E+00  O.OODE+00  0.00CE +00
& Maliotal AlkChss_ro D.OODE+00  CL0ODE+00  0.000E+00
o
Fg

where V is the volume of the solution in litres. This

. " - Li [tatal) AlkClsz o, 0.000E +00 0.000E +00 0.000E +00 —
formula can be saved in the Function Builder| and
then chosen as a property to be optimized.

For examples of the use of Function
Builder, see the Function Builder Slide
Show.

[1] A, Redkin, Relationship between Electrical Conductivity and Thermodynamic Properties of Binary Molten Salt Mixtures
http://www.electrochem.org/dl/ma/201/pdfs/1420.pdf

thtsagem FactOptimal 11.1 www.factsage.com
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Optimization using the Function Builder - 2

{3 Function Builder = [ E [
Click on the Function Builder icon to | [fie wep
open the FactSage Function Builder. | ||| veisbesLi clearf | -Frevien results
Edit or build a new group of functions,
then save it. For help click on the
Function Builder icon and then on
‘ . J
Help > SlideShow
Functions
- ifll= +| L Preview results
Gr Fact Cptimal - - . - ) . J
e Operations: * + -/ [ 17 absz, In, log, exp, cos, sin, tg, arcsin, arccos, arctg or arctan, sgn or sigh, sqrk
Recent... | Function Builder [THER
Variable selection
Properties Variables] Cnnstraints] Parameters] Flesults] | |
Amount ~
Optimizatior -
{* | property " 2nd property SEERE l
Species/phazes;
{* minimize (v
™ maximize " | S pecies | FPhaze | Diata | Amountmol] | MIM | b i, | Fzeudorum | -
" target " = LiCl AlkCles_ro..  FTzalt 0.000E +00 0.000E +00 0.000E +00
Temperature Temperaturs = MaCl AlkCles_ro..  FTsalt 0.000E +00 0.000E +00 0.000E +00
Elc"t_SSft’mﬂl--- Elc"t_SSft’mﬂl--- & KO AKChss ro.. FTsal  OO00E+00  0.000E+00  0.000E+00
Chivity... Chivity,.. i
apor Pressure apor Pressure ‘,i; CaCl2 AlkChzz_ro..  FTsalt 0000E+00  0.000E+00  0.000E+00
Density Density = Mall2 AlkChzz_ro..  FTsalt 0000E+00  0.000E+00  0.000E+00
Valume Walume * Ca [total) AlkClez_ro... 0000E+Q0  0.000E+00  0.000E-+00
Viscosity (Pa.s) Viscosity (Pa.s] & K (ot AlkClss_ro.. DO00E+00  0.000E+00  0.000E+00
[T — e — & Clftotal AlkClss_ro.. O00CE+00  D.O00E+00  0.00DE-+00
= Mg [tatal) AlkClzz_ra... 0000E+00  0.000E+00  0.000E+00
E E * Ma [total) AlkClzz_ra... 0000E+00  0.000E+00  0.000E+00
Sp = = Li [tatal) AlkChzz_ra... 0000E+00  0.000E+00  0.000E+00 =
& mal © molfract. © gram O Wt fract © kg O b
Ihclude cost &
" yes
* no Close
| UNITS | Temperature : C, Mass : mol T]

thtsagem FactOptimal 11.2 www.factsage.com



Optimization using the Function Builder - 3

Here we enter the formula for electrical conductivity in the Function Builder. A group of
functions is created in Function Builder, saved as « Electrical Conductivity In(x) ». We want
to use the fuction f1 from this group (a group can contain up to 10 functions f1, 2, 3, etc.)

‘3 Function Builder + [Electrical Conductivity [n(x]]

(== =

File Help

“Wariables List

clear |

Freview results

T: Temperature
W Total Wolurme

-

To minimize the Electrical Conductivity, select
the saved function as the first property.

/

Gr Fact Optimal

/

[
D = =
E Recent.. Function Builder Help
G
I Properties | Wariables | Constraints | Parameter Flesults]
J o
Functions ?ﬂptllwzahor: g t -
+ | proper hd proper
1= a5 exp((2747-33724/01 000/ Ty exp(B3.7/0*100D)) | 8 Prview resuls e A
Operations: * +- /[ 17 abs, In, log, exp, cos, sin, tg, arcsin, arcoos, anctg or anctan, san or sign, sqrt {* minimize o
- - 7 maximize -
VYariable selection " target r 'Ol
Amount/Composition ¥ | | [l Temperature Temperature
. b azsdmol.. Massdmal...
_Sdec‘"m l Ackivity... Activity...
Species/phases: Wapor Prezsure W apor Pressure
Densit Drensit l"'“
| Species | Phaze | Data | Amount/Co... | MIN | [fa | Pzeudonym - VDE|:IS‘II12 VDE|TJIS1I'|£
& Lo AKChssro.. FTsab  D.O00E+00  O0OOE+00  0.00OE+00 Viscosity [Pa.s] Yiscosity [Pa.s]
f MaCl AlkCles_ro..  FTsalt 0.000E +00 0.000E+00 0.000E+00
x KLl AlkClss_ro..  FTsalt 0.000E +00 0.000E +00 0.000E +00 | Functian...
x CaCl2 AlkClss o  FTsalt 0.000E+00 0.000E+00 0.000E+00 w
f g2 AlkClzz ro..  FTsalt 0.000E +00 0.000E+00 0.000E+00 H H
& Caltotal AlkClss_ro.. D.OD0E+00  0.000E+00  0.O0OE+00 Lp Cp
x K [total) AlkCles_ro.. 0.000E+00 0.000E+00 0.000E+00 3 3
f Cl [tatal] AlkClez ra... 0.000E +00 0.000E+00 0.000E+00
f bdg [tokal) AlkClss_ro... 0.000E +00 0.000E +00 0.000E +00
e M [total) AlkCles_ro.. 0.000E+00 0.000E+00 0.000E+00 i
& mal © molfract. © gram © Wi fract © Wit % O kg © b Include cost
(" pez
{(* no
|
| UNITS | Temperature: C, Mass : mol
L
™ H f
ct age FactOptimal 11.3 www.factsage.com



Optimization using the Function Builder - 4

{; Fact Optimal - O

Becent.. F Function Builder  Help

Properties FUELEEES

Compozition Y ariables

No. Species MIN - ALL | Max  ALL | InbialValue  ALL

B [MgCI2 ~|r |0 0.3 0.2 ™ Q-Random

No | Species | MIN | Max | Initial Value |

1 LiCl 0.1 0.4 0.2

2 MaCl 0.2 0.7 0.2 -

3 KLl 0.2 0.7 0.2 Variable type - In this example, the

4 CaCl2 0.1 0.4 0.2 & REAL temperature is set as an
5 MaCl2 0 0.3 0.2 ¢ INTEGER

additional variable.

FactOptimal will now
determine the

/ composition and

temperature which

minimize the electrical
conductivity.

Additional variablez

[w Temperature PAIM |B|:||:| Pl s, - |'|2EIEI precizion : |10 |mitial Walue - (1000

[~ Pressure |'| |'IEI |‘| |1 Mest =

| UMITS | Temperature : °C, Mass : mol

thtsagem FactOptimal 11.4 www.factsage.com



Optimization using the Function Builder - 4

Additional options can then be selected and the Electrical Conductivity can be optimized.

{ Fj Fact Optimal = =

Recent.. ' Eunction Builder  Help

Properties] Yariables FEEE

: | Parameters] Hesults]

Composition comstraints  Properties constraints

Expression builder W SUM [Comp. variables) =
[MaCi2 | _#o0 | gpestionss +| -] A 2 ()] T & Fact Optimal - =
Mo. E xpression Walue or expr

f FEunction Builder  Help

|2 [LiCHCaCiz+MgCI2 BlE ﬂlﬁ Recent...

F'mperties] "Jaliables] Constraintz | Parameters

Mo | D escription | * | Bound walug

1 LiCHCaCl2+MgCl2 <= 0.3 Status : Done. Continue Run >

U224 110 200 450 100 200 80 2.3185983000000000 ~
100 200 450 100 219 80 2.29238c000000000

Murnber of Equilib calculations: 100100 100 200 450 100 181 80 2.292386000000000
Best answer o far ]

Functian. . {Electdl...): 2.29 < »

&) | 1
Results
. 2.8
Lazt zolution ; ' ! !
Species ol | syl b .. i
LiCl 01 — | § i 1
. ; MaCl nz - Lo \ :
UNITS | T ture: °C , Mass : mol Eoopd e e '
| | Temperature ass:mo KLl 045 % 26 : e . : :
CaCl2 0.1 ) i | L 1 1
Marl 015 Canstraints : =25 S RRCEEEEEE L T TP EEE P P t
LiCkCaCl2+hgCI2 : 0.35 5 : - : :
B o24dh s R R T
= | S ;
e ! B H
2 LT ey
ariable Yalue i 1 1
224 T T
Temperature 800 13 e 15
# of Calculations

| UNITS | Ternperature : C, Mass : mol

thtsagem FactOptimal 11.5 www.factsage.com



Characteristic points on the liquidus surface
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What is a characteristic point on the liquidus surface

2100

2050

2000

1950

1900

1850 |-

1800

1750

1700

Eutectics, peritectics, monotectics, quasi-peritectics, minima and congruent melting
points are characteristic points on the liquidus surface.

FactOptimal is able to calculate the compositions of eutectics, minima and
congruent melting points.

AlLLO, - Zn0O - Gas phase suppressed
Data from FToxid - FACT oxide database 2010

FaptSage

AlO4(s4, corundumy

CM

ASpinel

ASlag-lig

CM

1719°

Zn(lj(s, zincite)l

0.815
1

0

1
02

1 1
04 06

mole ZnO/(ALO;+Zn0)

08

For example, within the Al,05;-ZnO system
there is 1 eutectic (E), 1 minimum (MIN), 1
peritectic and 3 congruent melting points

(CM). ﬂ

We can calculate all these points with
FactOptimal except for the peritectic.
Clearly, for a binary system it is not
necessary to use FactOptimal since the
characteristic points are all given by the
Phase Diagram module (or can be
calculated with a Target option in the Equilib
module). We use a binary example here
simply to illustrate the input to FactOptimal.

Lractsag

FactOptimal 12.1
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Example 8 : How to calculate characteristic points with FactOptimal for the Al,O5-Zn0O

system -1

Step 1: define the system, select appropriate databases (in this case FTOxid), select a
formation target (F) on the liquidus and perform a single calculation at an arbitrary

composition.

G Menu - Equilib: last system

[ L=

File Units Parameters Help

0| =

TIC] Platm] Energyl)] Mazzmal] Yalllitre]

=ik

—Reactants [2]

[ a203 + Zn0 |

~ Products
— Compound species

|_ gas % ideal € real 1]
[F aqueous 0
[ pure liquids 0
[+ pure sdlids 5
¥ suppress duplicates aEelﬂ

specias: 5

— Faormation Target
FTowid-SLAGA,

E stirnate T[C]: I'I Qoo

— Salution species

— Custom Solutions

b azz{mal]: IU

— Legend
|- immisu:i_l:ule 1
F- fu:urlmattlu:udn t_larget species:
+ - zelecte solutions:

= | Base-Phase | Full Hame
IF/  FToRid-5LAGA ASlagig all oxides + 5
+ FTowid-SPIMA, ASpinel

W Show ™ &l  selected

10
3 Select |

0 fixed activities
0 ideal solutions
0 activity coefficients

Details ...

— Pzeudoryms —————

apply [ List ... |

v include malar volumes

Total Species [max 1500]
Total Solutions [max 40]

Default |

15
3

— Final Conditions E quilibrium
<A <B TIC) Platm] v ||Product HEl) | ﬁ normal r'l marmal + brarsitions
1 tranzihions only
e . " open
10 steps [T Tatle Calculate >> |
FactSage 6.3 -22an12- | C:AFactT esthequifactopt.dat A
™ .
thtSage FactOptimal 12.2 www.factsage.com



Example 8 : How to calculate characteristic points with FactOptimal for the Al,O5-Zn0O
system - 2

Step 2: Click on the FactOptimal icon, select “characteristic points on liquidus
surface” and start the calculation. If you are using the stored example files, click on
“Recent...” to load the FactOptimal file.

{ Fact Optimal - [Special points on liquidus surface(Al203+Zn0)] = =
Recent.. f Function Builder  Help
Properties Valiablesl Palametelsl Hesults]
Optimization
| property " 2nd property {* Characteristic points an liquidus suface
fe) < ™ &lllocal minma .
o s  Lonestlocdl minina Precision parameters.
-~ - -~ - T
S— Precision: The normal precision is recommended
 PYREr—m— A : .
el e Cilanl for multicomponent systems (N>4) in
Vapat Pressure Vapat Pressure el order to reduce computation time.
Valume Volume # i
Wizcozity [Fa.s] Wizcosity [Fa.s) EEI_T;D;;DDS}: 0.001 %
Function.. Function.. [ Closest to il point For multicomponent systems the
o o calculation of the characteristic points
:Mdl ’ v | I Rasume o e cecdaion on the liquidus surface is usually
= _ lengthy . If the calculation should fail
Include cast § unexpectedly, the user can restart the
< m calculation from the results of the
e et previous calculation
___~
| UNITS | Temperature: C, Mass : mol

thtSageT” FactOptimal 12.3 www.factsage.com



Example 8 : How to calculate characteristic points with FactOptimal for the Al,O5-Zn0O
system - 3

FactOptimal Results Window : composition of the 5 characteristic points (MIN, E and CM) for
Al,O5-Zn0O, as well as the liquidus temperature and enthalpy of melting at each point.

f -
fj' Fact Optimal - [Special points on liquidus surface{Al203+Zn0)] O | B |-
- Recent.. J Function Builder  Help
FactOptimal keeps
. : i i Results
searching for points Froperties | Variables [
until the user clicks on | | X Stop oene Continue Fun |
the Stop button. 41203_0 1845572 Zn0_0 8154428 67 728
— 41203_0.7007756 Zn(_0.2992244 84 8324
A1203|Zn0 |Detta H (k) |Tliquidus (C)|#phases | « | |41203_0.5217535 Zn0_0.4782465 91,4003
Unary (H=1}) m
1.00 1874 205401 1 =
—1.00 2452 1974.97 |1 0| L |
Binary (N = 2) m | | : |
0.52 0.43 51.40 1958.29 (1 & H 1‘""
0.70 | 0.30 24.85 1941.71 [1 -
Results
: 2100 :
Last zolution : !
Species | mol | Open in Equilb EDE'D"'"’: """""" N . *
A1203 1 20004---4------------ Fommmmm——e Fommmmmmm e
Znl 0 Save points c - *
_ _ 10504 ---de et RS R
Click on a point on the 2 1 000
= [~~~ "~~~ """ °"TTTTTyTTTTTTTTTTTTyYToTTTTTTTTTTS
graph and then on s 2 el : :
“Open in Equilib” in —| - : : i
18004 R R
order to see the output : : :
. = 1
for that point e i i
AFO0F - - dmm e
60 20
Detta H (kJ)
| UMITS | Temperature: C, Mass : mol

G’actSageT” FactOptimal 12.4 www.factsage.com



And for higher order systems ?

Of course, for systems of 2 and 3 components, all the characteristic points can
also be obtained with the Phase Diagram module: for binary systems a simple
(T,X) calculation, and for ternary systems a liquidus projection.

CaO - MgO - Al,O,
Projection (ASlag-liq) thtSagem

Timing = 1582.25 K, T{max) = 3097.88 K

A=Ca0, B=AIZ03, C=Mg0
g KB WO K
1: 019873 0.71841 008186 205115
2: 020833 0.70789 009378 203874
30021620 068441 009939 203024
4: 0127038 067498 005454 1987 29
5 027152 0.66207 0.06641 198143
6 028403 062365 0.09232 196317
7. 0142644 048933 007323 179592
20
90
00
1.0
20

Peritectics

62824 0.28858 008217 170036
53765 035221 011024 1622.02

164103 0.36709 008788 1616.51
59750 0.31951 008299 1606.21
LBOGB1S 034449 004932 158225

Lr

A’zos 0 0.& [ 06 0.5 . 0.4 0.3 . 0z o1 Mgo

mole fraction

GactSage"‘ FactOptimal 12.5 www.factsage.com



Characteristic points on the CaO-Al,0,-MgO-SIO, liquidus

Applying the same procedure as previously one can By clicking on any point on the graph,
calculate the characteristic points on the liquidus you can obtain compositions of the
surface of the CaO-Al,0,-MgO-SiO, system. characteristic points, the liquidus
e - temperatures and the enthalpies of
Recent.. F Function Builder  Help meltlng.

Properties | Wariables PEEEE :
pates| N MgO [ CaO [ SiO2 I A1203
Done. Continuz Run >>|
XStop
A1203_0.09424975 S102_0.4345097 Ca0_0 - 1.1
- — A1203_0.09424975 S102_0.4345097 CaO_D|_| g9 2 893T8 Y8R IIYITBLLIYILIIEESLLINSL S
|A203 [5i02 |¢a0 [MgO Detta H (k) [T liquidus () [#phe » | (41203 0.07517329 Si02_0.6177922 Ca0_0— jol ZEEEEEEEEEEEEERESEERs SRS
Number of Equilb calculations: 2| 2824811 41203°0.07517329 Si0220.6177922 Cal_0 _ : I
BINAry (N = £) —
I _lo30| —lo70 31.56 186321 |2 | | Y M| ’ 0.9
— 061 033 - 20.72 1437.43 2 | | , |
0.04 098 —| — 16.16 1583.99 2 @| W e 0.8
—| —l0s9 041 57.16 237419|2  |E
036 - — 064 4924 1987.02 |2 Results 0.7 4
—050(050] — 28.47 154033 (1 | 28004~ ' -
050 — (050 — 2755 1603.88 |1 28004 -
0.54 0.45 2464 1547.82 |2 : Q 0.6+ M
— 0. — |0 . 547. 2700 <
080 —| — 020 53.20 1994 21 |1 2600l - -
I Ternary (N =13) | H_ 0.5
0.250.37 0.38] — 3525 1392093 2500y =
— 055 015 0.30 2817 136869 2 = 24004~ = 0.4 4
< W | 3 23004-
22004~ 0.3 4
Last golution : 221004+
2 ;
Species | mol Open in Equilib S 2000- 0.2 4
Al203 009424975 E’ 19004+
Sin2 0.4345097 ey | 014
Cal 0.2831679 tauuy ‘
Mgl 01880727 170047
16007 0.0 T L o T T i
15004! 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
14004 # Special point
13004+
12004+ =
11004 T T T T T T T
10 20 30 40 S0 60 VO &0
Delta H (kl)

The points can be saved as a text file and opened in Excel for post treatment £
The solid phases that precipitate at the minimum can be seen by opening Equilib

thtSage‘” FactOptimal 12.6 www.factsage.com




Characteristic points on the Al-Mg-Ce-Mn-Y-Zn liquidus

Sometimes for large systems when many phases are involved, the calculations can be very
time consuming. The user can stop (1) the calculations at any time. However the calculation
can be restarted later without losing the previous results (2). The absolute minimum liquidus
temperature will always be calculated relatively early in the calculation.

-
‘} Fact Optimal

Recent...

F‘roperties] Wariables Rl

> Stop 1

Help

Al [ce [mg [Mn [v [Zn [DetaH (k) [T liguidus o

Unary (H=1)
aonl T _T _ 1 _
Mumber of Equilib calculations:
— — = = <100
l — 1.00 e e
Binary (N = 2)

- 083037 - - -
08 - —-0n - -
n‘nr - nnn
Last solution :

Species | mol

Al 0.04162733
Ce 0.2739869
Mg 0.2075742
Mn 0.00837 7646
e 0.03919664
Zn 0.4292368

10.78
854
7.38
c54

2865
11.02

A4 2n

| Open in Equilb

Save pointz

Statuz : Stopped.

L— =

f Function Builder

Continue Run »>

A1_0.04162783 Ce 0.2739869 Mg _0. 20757 -
: g_0.7026251 Mn 0 [
0.05117659 Ce_0.3282034 Mg_0.21656 —
0.05569542 Ce 0 Mg 0.7026251 Mn 0 _

Al
Al
Al

0.05569542 Ce 0 M

panod e e el

13004--
12004 -

11004 -

T liquidus (K)

1000
500 -E- :

oot -

700t Tt

200 e e

2
[UNITS | Temperd| 2 | 01119105
4 0
5 | 0.599656
& 0
7 | 0.9685654
g 0
9 0
10 0

0

0
0
0
0
0
0.343893
0

0
0
0
0.399846
0
0
0.714911
0.237049
0.892845

0.004033 0.013815 0.0646
o 0 0.88809
o 1 o
0 0.000438 o
0.280978 0.050991 0.668031
0.008529 0.022906 o
o 0 0.28509
0 0.010483 0.40857
0 0.08138 0.025775

= ~ U
1 |Al{mol) !Ce{mol} Mg (mol) Mn (mol) ¥{mol) Zn(mol) DeltaH (kJ) T liguidus (K)
0.8866873 0.030865

11.430831
7.64798
11.47246
9.716099
16.002204
11.76147
7.186328
13.6094277
8.14683

856.8219
655.2572

1795.15

723.977
1015.458
910.5323
619.0421
912.6935
829.5201

In this example, we stopped the calculations
after calculating the absolute minimum liquidus
temperature and 70 other characteristic points.

&

Recent.. f Function Builder Help

Properties | Variables] F'aramaters] Hesults]

Optimizatior
™ | property

Mazs/mal...
Activity...
“apor Prezsure
Drenzity
Walume
Wiscosity [Pa.z)

Function...
H

Cp
S

EBulk. Modulus

Flartrieal Candoebiib

Include cost $

lﬁ

= no

Fact Optimal

i 2nd property
(s

o
-

[Lebect

-

Temperature
Mazs/mal...
Artivity...
Wapor Pressure
Drenzity
Wolume
Wizcosity [Fa.z)

Function...

H
Cp
B

- oEEN|

{* Characteristic points on liquidus surface

[~ &lllocal minima

Jv Lowest local minima

Precision :
* Momal
Sigma =10
Composition »= 0.1%
" High
Sigma =100

Caormposzition »= 0001 %

™ Clozest ta initial paint

| UMITS | Temperature: K, Mass : mol

A
=
[0 g )
o
oQ
D

™

FactOptimal

12.7

www.factsage.com



Characteristic points — reciprocal systems

In this example, we wish to calculate characteristic points on the liquidus of a reciprocal salt system
(a system with 2 or more cations and 2 or more anions) : Li*, Na*, K*, Mg**, Ca* / F, CI-..

(6 Reactants - Equiib ARG Lo | - )
. File Edit Table Units -Data Search Help
Q'EI il T(K) P(atm) EneraylJ] Mass{mol) Volflire) ﬁl_’fl
s]  WRONG!
Mass(mol) Species Phase T(K) Pltotal]™ Stream# Data Make sure that the input
[ [Lici =l | I I components include all
* kel =] [ I pairs of cations and
*fi NaCi =]} | I anions (i.e. all possible
+ i MaCi2 B2 | I end-members).
+* 1 |CaCi2 || [ [1
*h ILiF =l I [
* NaF E20 | i
* IKF = | I i

Here we are missing two
components : CaF2 and MgF2.

[ Initial Conditions

11Nov11 - Compound: \ 2/25 databases  Solution: | 1725 databases Yy

thtSageT” FactOptimal 13.1 www.factsage.com



Characteristic points — reciprocal systems

The correct input contains every end-member (cation-anion pair) in the liquid phase.

-
{7 Reactants - Equilib

f —

-— - e

~

File Edit Table Units DataSearch Help
g‘gl il TIK) Platm) Energyl)] Massmal) Volfitre) Q]_?]
110 CORRECT !
Mass(mol) Species Phase T(K) Ptotal]™ Streamit Data
1 JLiCl | =] | | 1
* IKCI | =] | | i
] NaCl | =l | 1
* |MgCi2 | E2 | I1
+ 1 |CaCi2 | ~| | | 1
* ILiF | B2 | 1
* INaF | =l | I1
* IKF | =] | | i
= MgF2 | =l | 1
* |CaF2 | = | | 1
[~ Initial Conditions

T1Hov11

Compound: { 2425 databases Saolution: \T«’25 databases

IGactSage‘”

FactOptimal

13.2
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Characteristic points — reciprocal systems

We choose the Characteristic points on liquidus surface
option with the default settings.

{ Fact Optimal = g
Recent.. 'f Function Builder  Help
| Variables] Parameters] Hesults]
Optimizatior
" | property " 2nd property (* Characteristic points on liquidus surface;
£ £ I~ &l lacal minima
i i .
- - - - v Lowest local minima
T ; Precision :
A emperature A -
Masz/mal... Masz/moal... 2 N.ormal
Activitg,.. Activity,.. Sigma =10
Wapor Prezsune W apor Prezsune Composition >=0.1% 7 N
Diensity D erzity ¢ High G Fact Optimal E@lﬂ
Yolumne Yolume Si - 100 - -
Wiscosity [Pa.s) Wiscosity [Pa.s] B = U Recent.. Function Builder Help
Composition »= 0001 %
Functior... Furctiar... [\ Closest tolinitisl]pint Properties Hesultsl
g E Composition Yariables
S" S" A o bact et No. Species MIN  ALL | MAX  ALL | InitalValue ALL
v esume from last calculation [1 l'—il:l J [~ Constant ID !1 ID‘I v Q-Random
Bulk Modulus o
Flartrical Candh etuib - —
No | Species | MIN | Max | Initial alue |
1 LiCl 0 1 0.1
Include cozt $ 10 CaF2 0 1 01 :
& 2 Kcl 4 ; i Variable type
3 NaCl 0 1 01 * REAL
& no MNest 4 MaCl2 0 1 01 " INTEGER
5 CaCl2 0 1 0.1
3 LiF 0 1 0.1
| UNITS | Temperature : K, Mass : mol 7 NaF 0 1 0.1
g KF 0 1 0.1
9 MaF2 0 1 0.1
Additional variables -
N |00 2000 precisio 10 Initial Yalue : |60
[~ Pressure MIN < |1 b 10 recision : |1 [hitial Value |1 Next >>
IVUNITS | Terhperatu}e : K, Mass : mol /
S

thtSageT” FactOptimal 13.3 www.factsage.com



Characteristic points — reciprocal systems

Calculated Characteristic Points in the Li*, Na*, K*, Mg**, Ca** / F-, Cl- reciprocal system.

Fj

Recent...

Properties ] Uariables] Parameters

. Stop

F Function Builder  Help

4:21:11

LiF [Lict [WaF [Nacl|kF |kCl |MaF2 [MgCi2 [CaFz2 [Ca m

Fact Optimal

Statuz : Stopped.

- SN

Continue Run >

LiF 0 LiC1_0 HaF_0.009350675 HaCl_0.2837653 KF_0.01490 &
LiF 0.01%665586 LiCl_0.476656% HaF 0.001759439 HaCl 0.
LiF_0.003093717 LiCl_0.1904134 HaF_0.001620031 HaCl_n0

Right-click anywhere
in the table to see this

N=6 LiF _0.02094544 LiCl_0.4758234 NaF_0.001839027 HaCl_0.1( v
[ =] =1 ~looz|pas| ~o0| o0z 008 O menu
041003 —| —|os2/00d4| ~0| ~0|€= = = :
052004 —| — 010004 031 002 — &| H | 1o | save to Bicel i
—| —|0.07 0.08 048 0.38| 0.01 0.0 allowing you to save

020068 003008 — —| -0 ~0| — -
0.02 0.56| ~0|0.07 0.01(0.35 - - - . Results (125points ) an Excel file.
053 004 —| —|010 001 031 002 — v 1500 T :
< > 14004 -

1 3001 :
Last zolution : 1 2004
Species ol | Open in Equilib 14004
LiF 0.00441056 o
Licl 01615721 S palils = 10004
MaF 0.00830531 = gsood
MaCl 0.249299 2 200
F.F 0.00366:3916 —
k.Cl 01342203 700
MgF2 0.007533836 00
hgCl2 0.2759871
CaF2 0.004158796 500
CaCl2 0.1523492 400 : .

201 e 7
12 14 16 18
Detta H (kJ}
| UNITS | Ternperature: C, Mass : mol
™ .
thtSage FactOptimal 13.4 www.factsage.com



Closest Characteristic point (to initial composition) on the
liquidus surface
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Example 9: Characteristic points — closest characteristic point - 1

In this example, we wish to calculate the Characteristic point closest to the initial

composition

Select the FTsalt database

F Reactants - Equilib
File Edit Table Units DataSearch Help

D|a| +| m|

T(K] Plbar] Energyll] Mazs(mol] *olllitre]

EEX
LAEESEd

1-4]
Mass[{mol) Species Streamit
f1 ILFF | = [ I
* i NaF | = [ I
* i Ik | = [ I
* i [CaF2 | ) [ I

Define the initial composition in Equilib

[ Initial Conditions

Next »>>

FactSage B.4 Compound: | 1/35 databazes Solutiorn: | 1/33 databases

Use Default selection option
and formation target on the liquid

F Menu - Equilib: last system glil@

File Units Parameters Help
D=

Reactants (4]

Products
Compound species

|| i ) 0
= 0
[ pure liquids 0
[+ pure solids 5
' Default selection ~| apply
species: E

Farmation Target

T[K] P(bar) Energyl)] Mass(mal] Yalllitre]

m=®

[LF+ MaF + KF+ CaF2 |

Solution species Customn Salutions

= | + | Baze-Phase | Full Hame
+ FTsalkAFA_ AlkFlzsh)
J FTsalbA=4C Célk 24
+ FTzalt-MLF_ MaF-[LiF][ss]
J | FTsal-PRVEC

Pseudonyms
apply [ Ligt ...

[ include molar volumes
[~ paraequilbrium & Grin  edit

FToaltSALTA :

Legend

[l r

FactSage 6.4

FTsal-54LTA [ - st ¥ Show & &l " selected T S
Estimate T[K): [1000 J - Simmigcible 2 st 0 otal Species [max
F - formation target i o Select Total Solutions [max 40 10
sl | st Lotal Phases [ma 1500 16
Final Conditions Equilibrium
| TIK] || Plbar) ijloduclH[J] j & nomal
| | | i | (s

1 calculation| |

Calculate »>

IG’actSage‘”

FactOptimal

14.1
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Example 9: Characteristic points

— closest characteristic point - 2

Calculate in Equilib and click on the FactOptmal icon in the Results window.

Select Characteristic points on liquidus
surface and the closest to initial point option

F Fact Optimal g@]g|

Recent... Function Builder Help

Fraperties | Variahles] Parameters] Hesults]

O pimnization
| property " 2nd property {+ Characteristic paints on liquidus surface
g = [~ &l lacal minima
i i
- - - - [ Lowest local minima
-~ Precision :
il A f* Mormal
Sigma =10
Composition == 0.1%
" High

Sigma =100
Composzition = 0007 %

[v Clozest toinitial point

[~ Resume from last calculation A

v

[

Include cost §
~

" no Mest 7>

| UMITS | Temperature @ @C , Mass ¢ mal

Keep default values and click “calculate”

F Fact Optimal g@]g|

Recent... § Function Buider  Help

Properties] Variables] Parameters Wizl

> Stap

LiF

Status - Stopped. Continue Run >
LiF_0.4548364 HaF_0.1342699 KF_0.4022121
— LiF_0.4548364 HaF_0.1342699 KF_0.4022121
TllqulduS(K)‘#DhsA LiF_0.4548364 HaF_0.1342699 KF_0.4022121

0:0:32

MaF |KF  [CaF2 |Deta H (k)

| Quaternary (H = 4)

045|013 040 | 0.01 2032 72871 4 | < >
v 2| & el
£ >
Results {1 points)
Last solution :
Species | mol | Openin Equii L e
LiF 0.45484
NaF 013427 ER—— P51 EEREEREERE PP EEPE PR LR EEPEERFERREPPETREERRE
KF 0.40221 g
CaF2 8,562E-03 % 7and ]
E +
=
3
P e
i
s ]
2032
Detta H (kJ)

| UNITS | Temperature : K , Mass|: mal

The composition, liquidus temperature, heat of

melting and the number of solid phases precipitating
at the minimum are given in the table.

Lractsag
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Example 9: Characteristic points — closest Characteristic point - 3

Once the optimization is complete, Equilib will automatically load the calculated point.

0.45484 LiF + 0.13427 NafF + 0.40221 KF + 8.680000E-03 CaF2 =

0.40065 mol AlkF (ssA) #1
(23.173 gram, 0.40065 mol)
(728.71 K, 1 bar, a=1.0000)
( 1.6027E-02 NaF
+ 0.98397 KF) . .. .
In this example, the closest local minimum found by FactOptimal
+ 0.13376 mol  NaF-[LiF] (ss) IS a Eutectic since 4 phases are in equilibrium with the liquid.
(5.5216 gram, 0.13376 mol)
(728.71 K, 1 bar, a=1.0000)
( 4.4221E-02 LiF
+ 0.95578 NaF) FactOptimal found the closest local minimum on the liquidus
+ 8.68E-03 mol CAMX3-Perovskite#l surface of the quaternary system without trying to find a closer
(1.1595 gram, 8.6800E-03 mol) one in Subsystems_
(728.71 K, 1 bar, a=1.0000)
( 8.0648E-02 LiCaF3
+ 4.1687E-10 NaCaF3
+ 0.91935 KCaF3)
0 mol ASalt-liquid#l
(728.71 K, 1 bar, a=1.0000)
( 0.45484 LiF
+ 0.13427 NaF
+ 0.40221 KF
+ 8.6816E-03 CaF2)
+ 0.44822 mol LiF Griceite_(NaCl_rock salt_ structure)

(11.627 gram, 0.44822 mol)
(728.71 K, 1 bar, S1, a=1.0000)

GactSageT” FactOptimal 14.3 www.factsage.com



Advanced Examples
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Simultaneous optimization of two masses of precipitate under constraints on
composition, phases amount and density, with temperature as an optimized variable.

Improve the mechanical and corrosion properties of AZ91 by
addition of Calcium and Rare Earth elements after a full
anneal at 200°C<T<400°C

thtSageT” www.factsage.com



Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 1

We consider an AZ91 base alloy (Mg-Al-Zn). We want to improve the mechanical
properties by addition of Rare Earth elements (Ce,La) and calcium by simultaneously:

‘maximizing the amount of C15-Al,Ca+aAl;;Re,

— Al,Ca can improve the tensile and elongation properties of AZ91 due to grain
refinement. The formation of thermally stable Al,;RE; fine needle-shaped particles
along the grain boundaries significantly improves the creep properties

and

‘maximizing the amount of yAl,,Mg,- in order to conserve AZ91 microstructure
properties

Other constraints employed in this example:

*Wt. %(Ce)+Wt. % (La) < 1 (to keep the price reasonable)
density > 1.75 g/cm3

*Wt. %(HCP phase)>90

«the HCP phase must be a single phase (i.e. no miscibility gap)

GactSage"‘ FactOptimal 15.1 www.factsage.com



Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 2

System: AZ91+RE+Ca

Step 1: Using Equilib we define the system and select the appropriate database: FTlite and
perform a single Equilb calculation.

& Menu - Equilib: Improve the mechanical properties of AZ91 by addition of Caand RE = &

Select only FTlite database e ) ) B ) Ve e

& Reactants - Equilib - O RS Reactants (6]
File Edit Table Units Help aram] B Al + Zn+ 05 Ce ¢+ 05 La + Ca+ 90 Mg |

Ol ﬂ TIC) Plbar) Erergyld) Masslg) Yellitre) m | ]

Products
1-6 l Compound species Solution species Custom Solutions
= | + | Base-Phase | Full Name - 0 fised activities
[T gas © = 0 I FTlite-Ligu Liquid g 'des‘-l_solutlof??_
Mass[g) Species FPhase TIC] Pftotal)*™ Sweami Data [T aqueous 1] | FTlite-FCC FCC_aA1 activity coefficients
] [&1 | = | [ [ pure liquids 0 [ FTite-HCP HCP_A3
[+ pure solids 103 | FTlite-BCC BCC_AZ2 Peudonpms
= zn | 2 || | 1 + | FTlteDHCP DHCP_&7 | '_y .. |
* us € 1 e | | FitehP12 Laves 14 apely ist .
+ :05 :Le : j : : :1 e " l FT_Iite-c:F24 Lewen G J W include malar volumes
j : Tees l Rl (s (528 [ paraequilibrium & Gmin _edit
ML [Ca | J | | 1 - hane - |L_eiﬁ18|.rn1i‘:cib|e a W Show & al  selected
+ . . .
|50 [Ma | J [ [ |1 Estimate T(K]: (1000 +-selected 24 et 38
Mazs(gl: |0 solutions: 40 %
Final Conditions E quilibrium
< <B> | T(C] |Poan ~||ProductHYl <] | | # nomal O
| [ [200 1 | o
10 SiEps r o Calculate >>
I Initial Conditions
FactSage 6.4 MAFACT -BAE vamples\EOF_Fact_Optimal 10.FCT
FactSage 6.4 Compound: 1/28 databazes Solution: 1/28 databazes Th e te m pe ratu re WI I I be C h Ose n
as a variable, therefore it is Include molar
irrelevant in the first Equilib volumes in order to
calculation. calculate the density
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Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 3

Step 2: after a single Equilibrium calculation, open
FactOptimal and set up the objectives.

F List M=13

Selection :

O ALTOTAL-FTlite-Beta_Beta_Al3tg2) -
I Mg [TOTALFTiite-Beta Beta_Al3MgZ)

The two objectives are the maximum of the mass of two
different phases

FTlite-cI58_Gamma_Al2Mgl7 SOLN#18 |

O Mgt na24a2s [SOLM] SPH219
O t g1 024k g24 [SOLM] SPH220

F Fact Optimal
Recent... F|Function Builder  Help

" target

T "
TETTEE T aniine Eas ARt v S

Yo ity

“apor Pressure “apor Prezsure

Denzity Density ~
Wolumne Wolume

Wigcosity [Pa.z) Wizcosity [Pa.z)

Function... Functian... -
O H

Cp Cp

3 s w I
Bulk toduluz Elquilib

Electrical Conductivity 3 File:

Include cost §

" yes

CEX

* no Mext >3
4 ]

O Mol 0eiz4zn24 [50LN] SPH221

O a1 OMg24ai24 [50LN] SPH222

O Mol Ohg24m g4 [50LN] SPH223

O Mol OMg24Zn24 [50LN] SPH224

O Mol (@n248124 [50LN] SPH225

O Mol @n24mg24 [50LN] SPH22E

O a1 @n242rz4 [50LN] SPH2ZT

O CaloMoz4mg24 [50LN] SPH228

O Calomgzdai24 [50LN] SPHZZY [o
4 3

Clear &l

Selection :

O ALTOTALFTlte-cF16_Mg3RE) -
[ g (TOTALFTlte-cF16 Mg3RE]

T S FTlite-0128_alpha-Al11RE3 SOLN#40 |
O-iLas [SOLN] SPH#324
Oanices [SOLN] SPH#325
O Mg11La3 [SOLN] SPH#3Z8
O Mglices [SOLN] SPHaz7

O Ce (TOTAL-FTlte-ol25_alpha-al 1RE)

O La [TOTAL-FTlte-ol28_alpha-l11RES]

O 2n (TOTALFTlite-ol25_alpha-aN 1RE3)

O Ca (TOTALFTlite-0l23_alpha-AN 1RE)

O ALTOTAL-FTlite-0128_alphia-411REZ]

O Ma_[TOTALFTlite-cl25_alpha-al 1RE3)

O FTlite-tI10_beta-A11RE3 SOLN#41 -

| UNITS | Temperature : &C , Mass : g

Clear all ]

Lractsag
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Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 4

Step 2: after a single Equilibrium calculation, open
FactOptimal and set up the objectives.

{7 List

Selection :

The second objective is a sum of the mass of two precipitates

E" Fact Optimal - [PROP #1: maximize Mass/mol..{FTlite-412_ CBCC_A12}/ PROP £2: maximize Mas... - O

Recent.. ' Function Builder Help

| \-"ariables] Constraints Parameters] Hesults]

Linked?

O ptimizatior

| property {* 2nd property
" mirinnize " minimize
¥ maximize ¥ maximize
(7 target [ logl) " target
Activity...

Wapor Pressure W apor Pressure
Dengity Dienzity
“Walume Yalume
Wiscosity [Pa.s) Yizcosity [Pa.s)
Functian... Function...

H H

Cp Cp

5 5

Bulk Modulus Elquilil:u
Electrical Conductivity o File :

Include cost §
" pes

* no

MHeut >

[ AL[TOTAL-FTlite-D13a_Al2CaZn2)
[ Mg [TOTAL-FTlite-0135_AI2CaZH2)

FTlite-D13b_Prototype_Al4Ba-D13b

SOLN#14 |

[Janilaz

[Janices

[ItgliLaz

[ tglice3

] Ce_[TOTAL-FTlite-D13b_Protatype_&l4Ba-D1...
[1La_[TOTAL-FTlite-D13b_Protatype_sl4Ba-D1...
[ Zn [TOTAL-FTlite-013b_Protatype_A14Ba-D1...
[ Ca [TOTAL-FTlite-0113b_Protatype_&14Ba-D1...
I &L (TOTALFTlite-D130_Protatype_A4BaD13b)
[1 g [TOTAL-FTlite-D13b_Prototype_A14BaD1...
] FTlite-D22__ Prototype_Mg2Zn11-D2

4

Clear all

£ List

Selection :

[SOLN]
[SOLN]
[50LN]
[50LN]

SP#139
SP#140
SP#14
SPH#142

SOLN#15 v

[ La (TOTALFTite412__CBCC_212)
[l Zn (TOTAL-FTlte412_CBCC_A12)
[ Ca_[TOTAL-FTlts-412_CBCT_A12)
AL [TOTALFTite-412_ CBCC_A12)

[ Ma_(TOTALFTlte-412_ CBOC 412]

Note: thisis a
selected species
within a solution

4

| UNITS | Ternperature : °C, Mass : g

Clear all

[C1FTlite-C15__Laves C15 5

[ a2l [SOLM] SPHE4

[#] &12Ca [SOLN] spn55|

] Al2Ce [SOLN] SPHER

[ &l2La [SOLN] SPH#ET

[ &12mg [SOLN] SPHES

[ #1zzn [SOLM] SPH#ES

[ Cazal [SOLN] SPH#70
[]CazCa [SOLN] SPH#71 v

Lractsag

FactOptimal
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Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 5

Step 3: Set up the range of compositions and temperature.

4 Fact Optimal - [PROP #1: maximize Mass/mol...{FTlite-cI58_Gamma_Al12Mg17} / PROP.. = H©
Recent... 'f Function Builder  Help

Froperties

ariables | Eonstraints] Paramelers] Flesults]

Composition Yarniables

Mo Species MM ALL | Max  ALL | InitialValue AL

|'I |AI J [~ Canstant |D |1 |D_DB [~ @-Randam

TR MIN M el I In the variables section,

2 Zn 05 3 1 ‘\ defi f iti

3 Ce 0 ] 05 ariable type - efine range of compositions
4 La o 1 05 & REAL

5 Ca 0 2 1 = pmiie / and temperature.

5 Mg B8 915 525

The range of composition

corresponds to approximately the
composition of AZ91 alloys.

&dditional variables
W Temperature MIN {200 Mex: 400 precision: [10 Initial ¥ alue : |200
[~ Pressure | [10 1 1 Mext »>

| UMITS | Ternperature: C Mass: g

thtSageT” FactOptimal 15.5 www.factsage.com



Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 6

Step 4: Set up the composition constraints.

{3 Fact Optimal - [PROP #1: maximize Mass/mol..{FTlite-cl58_Gamma_Al12Mg17} / PROP.. = =

Recent... 'f Function Builder  Help

Praperties | Varisbles NEELETN Parameters | Fesuls |

| Compostion constraints,| Praperties canstraints
Expression builder W SUM [Comp. variables) =
2 =] 00 | opsatons: +] | A 2| U] o In the constraints section we
. Re click on Composition
T — T — s constraints and select a sum
1 Lede S s of 100 for all composition

delete | variables, and we specify
that wt.% La + wt.% Ce <1

Mest >

| UNITS | Temperature: #C, Mass: g

thtSageT” FactOptimal 15.6 www.factsage.com



Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 7

Step 5: Set up the properties constraints.

G Fact Optimal - [PROP #1: maximize Mass/mol.. {FTlite-A12__CBCC_AT12}/ PROP #£2: maximize Mas... — O >
Recent.. F Function Builder  Help
Propertiesl Warniables _W] Palameters] Hesults]
Composition constraints
Ma. Description Yalue File
: MHew
|‘I |DenS|t_l,l ﬂ ITIT > [|0 SHELS G List - a ot
Savetdd

No | D escription | * | Bound valus | File | g Sl ¢

1 Density b= 1.75 1 . . .

3 Massémal. {FTlte-HCP__HCP A3} 5= g0 1 With selected [JCa_(TOTALFTiteBCC__BLC_A2) .

delete [JAL[TOTALFTle-BCC_BCC A2)
[ Mg [TOTALFTIte-BCC__BCC_A2)
— ¥ FTlite HCP__HCP_A3 SOLN#A

CJal [SOLN] SPH#13
Oca [SOLN] SPH#14
Mg [SOLN] SPH1E
Czn [SOLN] SPH1E
e [SOLN] SPHIT
OLa [SOLN] SPH#18
[ Ce [TOTAL-FTite-HCP__HCP_A3)
[ La [TOTALFTliteHCP_ HCP_A3)
[l 2n_[TOTAL-FTite-HCP__HCP_A3)
[ Ca_[TOTAL-FTite-HCP__HCP_A3) v
< >

Mext »» Clear all

| UNITS | Termperature: °C, Mass: g

gap possible)

We select only HCP A3#1 so that
HCP is a single phase (no miscibility

GactSageT” FactOptimal 15.7
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Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 8

&

| Recent... "' Eunction Builder  Help

Step 6: Set up the parameters and calculate. s o] P

Status : Done. Continug Run »»
0e16:43

6548 2217 55 0 1252 93500 23 —4.982471000000000 -2 o
6391 2138 0 32 1252 92984 20 -6.394273000000000 -2
6235 2060 55 63 1252 93500 20 —5.770294000000000 -

Murnber of Equilib caleulations: 5004500

Best answer so far :

&3 Fact Optimal - [PROP #1: maximize Mass/mol..{FTlite-cI58_Gamma_Al12Mg17} / PROP.. — O ol Seeaton?. 249

Mass/mal - Selection 2: 2.83

<
)] | ]
Recent.. ' Function Builder  Help

v
>

Results

ot b :
- . - | |4 Pareto front
F'ropertles] Vanables] Constraints Hesults] [Speces @ | DpeninEauib 4006400 :
Al £.235 o S :
gn g ggs Save Parsto Points &
Default o 0083 § 3.008+00
Ca 1252 Constraints : e
Mg 035 LaCe: 0118 220000 -
[ :
Density : 1.78772 é :
Max # of Equilb caleulations : |1 Mass/mol_{FTTte- R i
1 r— =
— T -
Initial zearch region ; |1 " Small ¢ Medium @ Large —

|
Precision: |3 || UNITS | Temperature: °C, Mass: g
Tirne out [minutes] : |0

G

Recent.. '§' Eunction Builder  Help
Properties] Variables] Corstraints | Parameters  Results

Statuz : Done. Continue Run >
0:16:43

6548 2217 5% 0 1252 |93500 23 —4.98247100 ~
6391 2138 0 32 1252 92984 20 —6.39427900
6235 2060 5% 63 1252 93500 20 -5.7702940

Mumber of Equilib calculations: RO0/A00
Best answer so far:
Maszfmal - Selection 1: 5.77

£
Mass/mal - Selection 2 2.83
& J| &

5.00E+00

Calculate »»

Last solution :

Species g Open in E quilb : b
i | o el 4.00E+00 - ----- HE.

| UMITS | Temperature : °C, Mass: g

£.235

Ez Sggs Save Pareto Points % ' '
The region between the two dashed line, is the region L oo S A [
with an acceptable amount of yAl,,Mg,, to conserve e e R [
Dengity : 1.78772 g

the typical microstructure of AZ91. Beyond this range _ T
the microstructure can be very different. The user has Tene T sio

Temperature 200

0.00E+00-1+ T
0 s

to choose a compositions within this range. ———

| UNITS | Temperature: °C, Mass: g

GactSageT” FactOptimal 15.8 www.factsage.com




Example 10: Improve the mechanical properties of AZ91 by addition of Ca and RE - 9

Step 7: Open a chosen point in Equilib and get the detailed results.

{7 Fact Optimal - [PROP #1: maxi

Recent.. f Function Builder

Froperties ] Wariables ] Constraints

__ oo |

Mumber of E quilib calculations:

Best answer so far:

mize Mass/mol..[FTlite-412__ CBCC_A12}/ PROP #2: maximize Mass...  — O *
Help

Parameters  Fesults

Status : Done. Continue Fun >
6548 2217 55 0 1252 93500 23 —4.982471000 &
6391 2138 0 32 1252 92984 20 —6.39427900(
6235 2060 55 63 1252 93500 20 -5.7702940(

0:16:43

500,500

v

Masz/mol - Selection 2 3.95
Mass/mal - Selection 1: 4.81

>

8 ul el

5.00E+00

L&zt solution - E e | | |

Species q I Open in Equilit H H " | |

Al 5.508 o #O0E00 T ; . : :

C ' ' 1 1

%n Sﬁg; Save Pareto Points = . . . ) :

" g @ 3.00E+00 1 . : e

L 0034 o - : : : :

Ca 172 Constraints n : : : : :

Mg 89.334 La+Ce: 0181 Ez_uuauu.:.........: ........ .y [

@ : : : : b :

Derwity : 1.7925 8 : : : : ' :

_ 1O0E#00 - - m e el .-

Mass/mol_{F T lie- : : : : l .o

Varishle Value HCP__HCP_A3}: : : : : L

Temperature 200 3063368 0.00E+00 D: 2: i é é 10
Mass/mol - Selection 1

Summary of the Equilib file of the selected point
on the Optimal Pareto

| UNITS | Temperature: °C, Mass: g

6.508 A1 + 2.257 Zn + 0.087 Ce + 0.094 La + 1.72 Ca + 89.334 Mg =

90.640 gram HCP_A3

(90.640 gram, 3.6767 mol, 5.1572E-02 litre, 1.7575 gram.cm-3)
+ 4.8067 gram CBCC_Al2

(4.8067 gram, 3.1000E-03 mol, 2.2133E-03 litre, 2.1717 gram.cm-3)
+ 4.1029 gram Laves_C15

(4.1029 gram, 4.3895E-02 mol, 1.9969E-03 litre, 2.0547 gram.cm-3)

+ 0.43492 gram
(0.43492 gram,

Al2CazZn2
1.3704E-03 mol)

+ 1.5809E-02 gram Phi

(1.5809E-02 gram, 4.2729E-05 mol, 5.8055E-06 litre, 2.7231 gram.cm-3)

R R I I R I I I R I I I i I S e kR S S S S e b R I I S S e S

H G V (see note) S Cp
(J) (J) (litre) (J/K) (J/K)

R I R R I I R I I I R e I S e i e I S S I b i R S S I Ik S

1.40373E+04 -7.22961E+04 5.57882E-02 1.82465E+02 1.21533E+02

Total mass/gram = 100.00

System density/gram.cm-3 = 1.7925 (see note)

Lractsag

FactOptimal

15.9

www.factsage.com



Minimizing the total vapor pressure of a salt mixture
- using the log option
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Example 11: Minimizing the total vapor pressure of a salt mixture - using the log option - 1

System: LiCI-NaCI-KCI-CsCI-RbCI-MgCl2-CaCl2

Step 1:
*Using Equilib we define the system and select the suitable database FTsalt.

*The composition is arbitrary.

{7 Equilib - Reactants - ht

File Edit Table UnitsHeIp

Ol=z ﬂ TICI Piatm] Energyl)] Mass(mol] Yollitre] m ™| %

&7 Data Search >
1-7|
Databases - 2/26
Gact W‘ Private Databases
Iutions ol
Masz[mol] Species Phase T[C] Piltotal]™ E?:: E S:DUJ:?;ZZ: DiExaM™ [1saTEa [J seTED
i FTsalt []
(0] ILicl | =l | g o Qeere
* o [NaCl | | o [ SGsold I
) | 2 O Ot Fee D]
o [ | = | B, Other
FTpul SpMCBN
* |D |CSE| | J | | ‘ O FTpulp E Tgmeph FiefreshD atabases
1 FTlite [ FTnucl [ TDnucl
* o [RbC] | = | |
Information -
"o Moc2 | =
* [ | E i |

Options

Include compounds Lirnits

aseous ions [plasmas Organic: species CxHy.... =[max] =
DR Og [plasmas) ganic sp ..., Hmax) = [

[ aqueous species Mirimum solution components: O 1 @ 2 cpts

Mext >

FactSage 7.0 Compound: | 2/26 databazes Saolution: | 1/26 databazes

G’actSageT” FactOptimal 16.1 www.factsage.com



Example 11: Minimizing the total vapor pressure of a salt mixture - using the log option - 2

System: LiCI-NaCI-KCI-CsCI-RbCI-MgCl2-CaCl2

Step 2:
Define the species selection, final temperature and pressure and then calculate.

G’ Equilib - Menu: comments — X

File Units Pararmeters Help

D g TIC] Platm) Energyl)) Mass(mol] Volllire) M = @ %

Reactants [7]

[ OLCl+ DMaCl + OKCl + OCsCl + ORBCI + O MgCl2Z + CaCl2 |

Products

M ake the gas Compound species Solution phases Custorn Solutions
. = | + | Base-Phase | Full Name 0 fired activities
phase formation as & ideal  real 37 J | FTsaltaCLA A-81kCl-ss_rocksalt g 'det_a'_lsﬂ'uhﬂrff*_? :
aqueous g J | FTsaltAM=4B B-Alk 24 acivly Coellicients
targ et ™ pure liuids i + FTsabMCL  (CaSt[BaMalCidlss) Pacudanyms
* [ pure solids 34 J FTzalt-PRWER B -3 Peravskite - .
_ + | FTsalR-am MCI2_S0LID PRl L
= | FTsalSALTD D Salliquid :
species: 1 I include molar volurnes
I paraequilibrium & Gmin  edit
Formation Target L d
-e_gen_ ; [¥ Show ™ all  zelected
| - mmiscible T Total Species [ma: 3000] 170
Estimate T(K): [1000 J - F-immiscible 3 species: 99 ’ 13
I +-selected 2 solutions. 13 Select Total Solutions [max 40
e el ' Total Phases [max 1500) 48
Final Conditions E quilibrium
e e | 1E Pam <[PoductHE) <] | ® romd  ©
| | [1000 |1 | &
10 steps [~ 2 Calculate >>
FactSage 7.0 CAFactMet?hEqui Example?1.DAT

G’actSageT” FactOptimal 16.2 www.factsage.com



Example 11: Minimizing the total vapor pressure of a salt mixture - using the log option - 3

Step 3: Open FactOptimal and setup the problem.

G Fact Optimal - [PROP #1: minimize Vapor Pressure(LiCl+ NaCl+ KCl+ CsCl+ RbCl+ Mg Cl2+ CaCl2)] - O X

Recent.. f Function Builder  Help

Propertiss | Variables] Constraints Parameters] Hesults]

Optirniz aticty
f* | property

i 2nd property

* minimize 11 T liquichis {+
" mawimize: " maxmize T
(™ target - [ lag()
Temperature - Temperature A
Mazzdmal... Mazzdmal...
Activity. .. Activity...
Vapar Pressure Wapor Pressure
Selnsit_l,l Selnsit_l,l
olurne olurne
Yizcozity [Pa.z) Wizcozity [Pa.z)
Function... Funchion...
H H
Cp Cp
5 5 -
Bulk Modulus

FElarkiral Candiehuibn

Include cost §
i pes

* no

" Charactenstic points on liquidus suface

Mext »>

| UMITS | Temperature : °C, Mass : mol

we consider one property, the
vapor pressure

we want to minimize the logarithm
of this property

Lractsag

FactOptimal
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Example 11: Minimizing the total vapor pressure of a salt mixture - using the log option - 4

Step 4: Add constraints

|
|
x

‘? Fact Optimal - [PROP #1: minimize Vapor Pressure(LiCl+MNaCl+KCl+ CsCl+RbCl+ Mg CI2+ CaCl2)]

Recent.. 'f Function Builder Help

Properties] Variables PEEGETE | Paramelers] Flesults]

Cormposition constraints || Properties constraints

Ma. Description Walue Fil=
i Mass/mol =] <|[="[> [osss F1C New
Mo | Description | * | Bound value | Fil= | QSaveMdd We add one ConStralnt on the
1 Mass/mal...{F Tsalt-5ALT_-5 altiquidt1+F Tsal-5AL. . b= 0,399 1 W exleslizg) mass of the |iquid phase

delete

Mext >3

£

| UNITS | Termperature : *C, Mass: mol

GactSage‘” FactOptimal 16.4 www.factsage.com



Example 11: Minimizing the total vapor pressure of a salt mixture - using the log option - 5

Step 5: Set up the parameters and press calculate

Parameters setup

‘? Fact Optimal - [PROP #1: minimize Vapor Pressure(LiCl+ NaCl+ KCl+ CsCl+RbCl+ MgCl2+ CaCl2)]
Recent.. f Function Builder  Help

Properlies] Variab\es] Constraints | RG]

tax # of Equilib calculations : ’25007
Iritial gearch region : ’17 " Small ¢ Medium * Large

Precision : ’37

Time out [minutes) : ,07

Default

Calculate >

Results, FactOptimal converged (stopped)
after 224 calculations

| UMITS | Temperature : °C, Mass : mol

G Fact Optimal - [PROP #1: minimize Vaper Pressure(LiCl+ NaCl+ KCl+ CeCl+RbCl+ Mg Cl2+ CaCl2)] - [m] *
Recent.. 'f Function Builder  Help

Ploperties] Variables] Constraints | Parameters PEEEIE

Continue Fun >»

Status : Done.
0624
1 301 112 93 0 247 67 —2.223088565855965 A

. . 0 300 110 95 1 245 59 —2 224907760284386
Mumber of Equilib calculations: 224/2500 250 303 102 78 0 275 47 999999999 § —_258

Best answer so far: v
logfyapor Pressure]  -2.23 < >

& ull

Results
Last solution :
5 -1.50E+00
Species | mol | ]
LiCl 0 .
MaCl 0.3 2 1.
Kol 0111 é -2.00E+00 .
CsLl 0.034 2
HEU i Constraints : & '
I = 9 -Z10E+00¢ -+ --
MaCl2 0.246 Mazs/mal..{FTzalt- =3
CaCl2 0.249 SALT_-5 altliquid#1 Z
+FTsal-54LT_-Sali- g

liquidtt2} : 1 -2 20E+00

T T T T T T T T T
20 40 80 B0 100 120 140 160 180
#of Calculations

| UMITS | Temperature : #C, Mass : mol

Lractsag
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Maximizing the elemental solubility in a given phase under constraints of composition and
amounts of phases.

Improvement of the texture and grain refinement
by maximizing the (molar) solubility of Rare Earths in a Mg
matrix at T= 300 °C

thtSage"‘ www.factsage.com



Example 12: Improve the texture and grain refinement properties at low temperature - 1

We consider a magnesium system with RE (Ce,La, Nd, Pr, Sm) additives.

The goal is to MAXIMIZE the solubility for a single HCP phase in order to improve
the texture and the grain refinement properties.

OTHER CONSTRAINTS considered in this example :

‘wt.%(Ce)+ wt.%(La) + wt.%(Nd) + wt.%(Pr) + wt.%(Sm) < 0.2
(in order to keep the cost of raw material reasonable)

*%(HCP phase) = 100 (that is, no other phases)

*We want a single HCP phase (i.e. no miscibility gap)

GactSage‘” FactOptimal 17.1 www.factsage.com



Example 12: Improve the texture and grain refinement properties at low temperature - 2

Step 1: Set up the system in Equilib.

Select the FTlite database only

& \l/ Reactants - Equilib - =
File Edit Table Units | Data Search| Help
Q|§| il TIC] Plbar) Energuld) Mass(mal) Yallitre) M

1-5]

Massz[mol) Species Phasze TIC] Pltotal]*™ Stream#t Data
05 ILa | L=l | 1

* o | | B | I1

* o [Nd | K] | f1

*lo [Pr | =ifl | I

*+ o [5m | =i | 1

+ o8 [Ma | =l | I

[ Initial Conditions

FactSage 6.4 Compound: | 1/28 databazes Salutian:

1/28 databazes

IG’actSage‘”

FactOptimal 17.2
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Example 12: Improve the texture and grain refinement properties at low temperature - 3

Step 1: Set up the system in Equilib.

In the menu window, click on parameters and select output in mol, since
the objective is to maximize the molar solubility

\

Parameters

Menu - Equilib: last system

G

File

Units

] Mass[maol] Yalllite)

Reactants [B]

[ 05La + O0Ce + ONd + OFr + 05Sm + 0.5 Mg |

Products

Conpound specias Solution species

Parameters - Equilib

Output Mass Units

“ mole g b {7 defaul

Custom Solutions

Print Cut-off

= | + | Base-Phase | Full Name - 0 fired activities Sy
W gas € ideal 8 0 | FTlite-Liqu Liquid 0 ideal solutiorss Lover 775 stabephases |
: 0 activity coefficients lrit &
[T aquecus 0 | FTlite-FCC FCC_a1 T Showbond
[ pure liquids 0 I FTlite-HCF HCP 43 _Helb | frastions elc
[+ pure solids 53 | FTlite-BCC BCC_42 ..
" . Dilute Extrapolation
+ FTlite-DHCP DHCP_&3 p
. | FlitecF2q Laves_C15 zopy LT et Foemeter(ca)  [1e+&
Tpecies: ] . =
z flifeH 73 BEEREC [ include malar valumes
7 m * e 20 Kgl2hE ﬂ [ paraequilibrium & Gmin  edit
&I Legend Di i Target Limit
- nohe - |- i?nmiscible 5 [ Shaw (¢ &l 7 selected et T [ Used] M oae Imrlm:. maK,
. I_ Total Species [rmax 3000] 213 ESCTIPION 56 L3 =
Estimate T[K): (1000 +-selected 8 species 160 Select T otal Solutiors [mas 40 18 Fieactants, stieams and mixtures: 3 45 TIK] 1 10000
. Elec! f
A [7] zolutions: 18 Reactants per stream or misture: 48 Plbark [T0E-35 [.oE-08
Masslmall: Total Phages [max 1500 il Species retiieved from databanks: 216/ no limit 1.0E-35 10808
tdagnetic species retieved from databanks: 0 o limit Wk 1.0E-08 1.0E+35
Final Conditions Equilibrium Components [elements + electron phazes): E 48 Aloha:
pha: .
LA <B> I T(C) | Plbar] j | Pradust HJ) j % mormal i Mumber of Gibbs energy/Cp equations for a constiuent 20 1.0e5 1.0
| | | |3UU . | ~ Tatal number of Gibbs energy/Cp equations: 4400 = Defalt
10 steps I 1 calculation . Calculate >» Default settings for new systems Stop & Sound Window

FactSage 6.4

Set the temperature to 300°C

Temperature  Pressure Erergy

Mass

™ suppress duplicates I ves refresh [2 sec sound I

|not setj |not setj |nnt setj |not selj

V' include molar vols.

ctlage”

FactOptimal 17.3
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Example 12: Improve the texture and grain refinement properties at low temperature - 4

Step 2: after performing a single calculation, open FactOptimal and set up the problem.

L)

Recent.. f Function Builder  Help

Fact Optimal

Properties | Wariables | Constraints F'arametelsl Hesultsl

Optimizatior
(% | property (" 2nd property
™ mirirmize (+
{* maximize € masimize T
(" target [~ logl ] & [ logl]
Temperature ~
M azz/mal...
Aty Achivity.
W apor Pressure ) TUre
Dengity Denzity
Yalumne Walune

Yiecosity [Pa.z)
Function...

H

Cp

5

Bk, Modulus
Elelctr!cfal Conductivity

Include cost §
" yes

* no

Wizcozity [Pa.z]
Function...
H

Cp
5

—y

To maximize the molar solubility of RE
elements in HCP matrix, select all the RE
elements in HCP_A3#1 solution without

selecting those in HCP_A3#2 since we
want a single HCP phase
F List - B
Selection ;
[CIFTlite-HCP__HCP_A3#1 SOLN#E -
[1tg [SOLN] 5PH25
Ce [50LN] SPHZE
La [50LN] SPHZT
T | R [SOLN] SPHz8
[l Md [50LN] SPHZ29
S [50LN] SPHI0
LIS [TOTAL-FThte HCF_HCF_&3HT]
I MA_[TOTAL-FTlite-HCP__HCP_A3#1)
I Pr_(TOTALFTite-HCP__HCP A3#1)
[ Ce_[TOTALFTit=-HCP__HCP_A3#1)
[ La [TOTALFTIe-HCP_HCP_A3H#1)
I Mo (TOTALFThte-HCP__HCP_A381)
[ FTiite-HCP__HCP_A3#2 SOLN#7 v
Mewt »> <_ >

| UMITS | Ternperature : °C | Mass : mol

Clear al

Lractsag

FactOptimal
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Example 12: Improve the texture and grain refinement properties at low temperature - 5

Step 3: Set up the ranges of composition and constraints.

&

Recent.. § Function Builder  Help

Properties [RAGIELEE | Constraintz Parameters] Flesults]

Compozition W ariables

Fact Optimal

Mo Species MIN AL | Max  ALL | InifislValue  ALL

B [Sm | I Constant [0 |0.05 |0.025 [~ Q-Random

Mo Speciex I b Initial ' alue

1 La 0 01 0

2 Ce 0 02 0

3 Md 1] 0.0s 1] Wariable type :
4 Pr 0 0.05 ] & REAL

5 Sm 1] 0.05 0.025 ¢ INTEGER
3 Mg 938 100 93975

The range of

composition depends o

on the cost of each
RE element.

Additional variables

[~ Temperature 100 2000
[ Pressure 1 10

Recent... "§ Function Builder  Help

Pruparlies] ‘ariables B

ks ‘ Paramelers] Fiesulls]

Composition constraints || Properties constraints

ﬁ Mo, Description
1 |Mass.-"m0l...{FTIile-HEPﬁHCPﬁA3m}

- SN

alue

A= fE —eree e |

&

Recent.. § Function Builder  Help

Froperties | Variables NSNS

Composition constraints — Properties constraints

Fact Optimal

el ¥ SUM (Comp. variables) =
s =] 200 | gperatons ¢] -] At (] ||f@0
Mo. E=pression “alue or expresg
2 [La+Ce+Nd+Fr+5m [<ll=] A 0.2 Mew
No | Description | * | Eound value l Savelhdd ‘
1 La+Ce+Md+Pr+Sm <= 02
With selected :
delete
e

> Xi =100
>RE<0.2

Next »»

| Mo | Drescription

| Bound value | File | w

| UNITS | Temperature: °C, Mass: mol

1 Mass/mol...{FTlte-HCP__HCP_A3#1}

! wiith selected :

delete

The system must consist of a
single HCP phase

Mext >

U

|| UNITS | Temperature: °C, Mass: mol

Lractsag

FactOptimal
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Example 12: Improve the texture and grain refinement properties at low temperature - 6

Step 4: Set up the parameters (300 calculations with a large initial search region and a precision
of 5) and calculate.

{? Fact Optirnal - [PROP #1: maximize Mass/mol..[Ce+La+Pr+MNd+5m}{La+ Ce+ Md+Pr+5m+Mg]] s

Recent.. f Function Builder

F'roperties] \-"aliables] Constraints | Parameters

e

Help

Statuz : Done.

Continue Rur >

The Equilib file corresponding to
the optimal value of the solubility

g — : ~
L) 319993 2 10 1 9997494 —-999999999 90000 IS aUtomatlca”y glven a‘t the end
0 20000 0 0 0 9997506 —999999999 0.00000 . .
Number of Equilb calculations: 3004300 0 20000 0 1 10 9997502 -999999999 10,999 of the calculation:
Best anzwer zo far W
Mazz/mal...{Ce+lLa+Prl...]: 3.697E-02 < 47 Equilib - Results 300 C o - m} X
& L_J L;' Output  Edit  Show Pages
Ol ﬂ TIC) Plbar] Energyil] Massimol] Yolllire) "T BI s
Results
Last solution : 0.0¢ ! ! : : : [ FactSage 7.0 A
o | I | : : : : 0La+ 0 Ce+ 3.1602-03 Nd + 9_000E-05 Pr +
pecies ol ; . . .
La D - i i .:_ e '.‘ ' 0.03372 Sm + 95.96303 Mg =
C 1 1 1
EZ g'IEDE - % ' ! ' ! 10000 mol  HCP_A3#1
: ) & 1 '- d: (2435.1 gram, 100.00 mol)
P 9.000E-05 3 ' T & Y ! +0 mol  HCP_A3#2
SI[TI 0.03372 Canstraints | f 0.03 E""-I:;; ------- demeenes RN IR :5330955’; baz, Ma=1_gggm
Mg 93.96303 La+Ce+Md+Pr+5m E ! Lol 4 5 ooo0E-07 Pz
0.03697 @ . o + 3.1600E-05 Hd
m - i + 3.3720E-04 Sm)
Mass/mal_{FTite- = &
HEP_HCP_'Q31¢‘|} =100 | gystem component Mc;e3fs::f;:n Mafsggfisf;:n
E—— . . : : : wa 3.1600z-05 1 g718z-04
0.02-5 T T T T Pr 9_0000E-07 5.2078E-08
0 50 100 150 200 Mg 0.593&3 0.53773
# of Calculations ‘o - N
mo rotot =] =1
(300 €, 1 bar, - _320.956783
| UNITS | Temperature : °C, Mass: mol + 3:22222_03 ﬁg:ii;i
+ 0.83724 Mg415Sms)
+0 mol  Liquid#l
+0 mol  Liquidgz
(300 €, 1 bar, 2=0.82733) v
< >
™ .
thtSage FactOptimal 17.6 www.factsage.com




Optimize two linked properties

The properties are « linked » because the second calculation requires the calculation of the liquidus
temperature.

Minimize the liquidus temperature and minimize the solid
fraction 200 °C below the liquidus

G’actSage‘” www.factsage.com



Example 13: Minimize the liquidus temperature and minimize the solid fraction 200 °C
below the liquidus - 1

For the oxide system defined below, we want to minimize the liquidus temperature and
minimize the solid fraction 200 °C below the liquidus

Step 1: Set up the system, select the database and perform a single Equilib calculation

Select only the FToxid database
& Reactants - Equilib = =

File Edit Table Units DataSearch Help

Ol ﬂ T(C) Pbar) Energyll] Massig] Vollie] m | =183

1-5 |
Massz(g) Species Phase TIC] Pltotal]* Stream$t Data
1] Mad | =] [ f
* i [41203 [ BN [ [1
i [Ce | & [ f
i [Fel | & [ f
s 2] | 2 || | i
s |sin2 | 52 || | i

[ Initial Conditions

Next >>

FactSage 6.4 Compound: | 1/28 databazes Solutiorn: | 1/28 databases

Select P option on the liquid in order to calculate the

liquidus temperature

G Equilib - Menu: comments
File Units Parameters Help
O = =

Reactantz [6]

o - X

TIC) Pibar) Energyl)] Masslg) Vollitre) W (= |

[ (gram] 100 Ma0

+ 10D 4203 + 100 CaD + 40 PbO + 100 Zn0  + 560 Si02 |

Products
Compound species

[T ga: (= 0
[T aqueous 0
[ pure liguids 1]
[+ pure solids 70

SpECies: Kl

Precipitate T arget
FToxid-5LAGA

Estimate T(C): |1500
0

M azz(g):

Solution phases

Custom Solutions

= |_£] Base-Phase | Full Name - 0 fixed activities
(P FloxdSLAGA | AGlagh ol axides + 5 g 'det.a'.ts"'““°;f‘.3. ;
+ | FToxidGPINA A-Spinel et
| FToxid-te0_a A-tonozide P
| FTouid-cPyrd A-Clinopyroxens - E
+ FT oxid-oPyr Orthopyraxene apply List ...
+ FT owid-pPyrd, A-Protopyroxens ™ include molar volumes
FTowid-pPyrC C-Protopyroxene — iibrim & Groi i
t
FToxid-pPyr? -Protopyroxene j paramauiibnm & lamin ot
Legend W Show @ all " selected Vittual species: 30

| - immiscible 5

F - precipitate target
+-selected 12

Total Species [max 3000) 192

species: 122 . 22
salutions: 7 Select Total Solutions [max 40

Total Phazes [max 1500 92

Final Conditions E quilibrium
<A | <B> | T[C) ||F'[bar] ~||Product H) ~| | | & nomal
| | | 1 | &
0 steps [ o Calculate >>
FactSage 7.0 #h AEquiFact_Dptimal_13_Eve DAT

thtSageT" FactOptimal 18.1
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Example 13: Minimize the liquidus temperature and minimize the solid fraction 200 °C
below the liquidus - 2

Step 2: Perform a calculation and open FactOptimal. Then select two linked properties since
the second temperature = (T q;g,s-200°C).

Operation

Fact Optimal - [PROP #1: minimize Temperature / PROP #2: maximize M: i ies:
G P - ! - P / § Iz thils property linked to the We COﬂSlder two propertles'
Recent.. f Function Builder  Help previous one? 1. We minimize the quUidUS temperature
- ~ NO (v P . .
Properties Valiablesl Eonstraintsl F'arameters] Hesults] 2. We maximize the mass Of FTOX|d*SLAG'||q#1
T1 : temperature in first calculation s 1k .
DOptimizatiary T2 : temperature in second calculation and FToxid SLAG_IIq#Z
" | property (+ 2nd property e P1 : pressure in first calculation
L L P2 prezzure in second calculation . .
v i - - [0}
s i Dthers are input composiians Click on the Linked button to set T2 = T1-200°C
" mnasimize {* maximize
T2=T1-200 =
" target I logl ] " target [~ logl) T2=T1+.. ~ L .
n—— — h_m e NOTE: We want to minimize the mass of solids
emperature emperature ~ = L.
Mass/mal... ogii P2=Fl+.. therefore we choose to maximize the mass of
Ativity. P2=P1- ... . .
Wapor Pressure ‘Wapor Pressure P2=P1"~.. I|qU|d .
Density Dengity Ma0(2) = Mal[1] + ...
Yalume Yalunme MgO[2] = Mgl[1] - ...
Wiscosity [Fa.s) Wiscosity [Fa.s) Mo0(2] = Mad[1] * ... : _ O x
__ - A203[2) = 42031 + . \ -1 N
Functian... Functian... A1203(2) = 2120311 - ... S election
@ [ AlZ03[2) = A0+ . - -
H H v [ EA_[TOTAL-FToxid-SLAG_Slag-light) ~
Cp Cp a-lig SOLN#3]
5 5 v r e | [SOLM] SPHY
- @@ = i - O - SOLM SPHE
Bulk Madulus o | [ 2z & o {SDLN} SPHa
Elarbrical Camdh kit File : Selection : [SOLN] SPH#10
FT oxid-SLAG_Slag-ligh1 SOLN#2 | - [SOLN] SPH#11
Inchude cost § [ az03 [S0LM] SPi [SOLN] SR 2
o sz [SOLN] SPH2
e [Ccan [SOLM] SPH3
: [m =] [SOLN] SPHe
= o Mext | | 5 pn0 [SOLN] SPHS
Czno [SOLN] SPHE
[ Pb_{TOTAL-FToxid-SLAG_Slag-ia#1]
| UNITS | Temperature: °C, Mass : mol O] Zr_(TOTALET 0xidSLAG Slagriqt) )
[ Ca_(TOTAL-FToxid-5LAG_Slag-ia#] S
[ 5i TOTALFToxid-5LAG_Slaglight]
[ &0 TOTALFToxid-SLAG_ SlagHlight]
[ g [TOTALFTonid-SLAG_Slag-igh1]
1 0_(TOTALFT oxidSLAG_SlagHigi] -
4 »

Clear all

GactSageT” FactOptimal 18.2 www.factsage.com



Example 13: Minimize the liquidus temperature and minimize the solid fraction 200 °C
below the liquidus - 3

Step 3: Define the range of compositions of each end-member. In this example we work with
integer variables and a sum of 1000 in order to fix the precision to be exactly 1e-3.

{3 Fact Optimal - [PROP #1: minimize Temperature / PROP #2: maximize Mass/mol..{FTo.. = =
Recent.. f Function Builder  Help

Properties [EIELEE:: | Eonstlaints] F'arameters] Hesults]

Cornposition Y ariables

Ma. Species MIN - ALL | Max ALl | Initial Yalue  ALL

I [MgD | T Constant [0 n 0.29 [ Q-Random

Mo Species allg] bl Initial Y alue

1 Mgl 100 300 100

2 Al203 100 200 100

3 Cal a0 350 100 Wanable bype :
4 PbO i] 200 100 ™ REAL

5 Znl i 200 100 i+ INTEGER
B S5i02 300 g00 500

Additional variables

[ Temperature 100 j2000 10 2070
™ Pressure |'| |‘ID 1 1 Mest >

| UNITS | Temperature : °C | Mass : mol

GactSageT” FactOptimal 18.3 www.factsage.com



Example 13: Minimize the liquidus temperature and minimize the solid fraction 200 °C
below the liquidus - 4

Step 4: define the two constraints (1 and 2) upon the compositions.

{3 Fact Optimal - [PROP #1: minimize Temperature / PROP #2: maximize Mass/mol..{FTo.. - =
Recent.. 'f Function Builder  Help

Properties] “ariables W Parametels] Hesults]
Composition constraints  Properties constraints

> Compositions variables =1000

E xpression builder v SUM [Comp. variables] = . . .

gt =1 00 | cpmaionse _+] - A= 1 2] | [Fam—— We make sure that SiO2 is the dominant
Ma. Expression Yalue or expression SpeCIeS
[1 EGE ﬂ]? [ > [MaD+ki203:CaD+Pb0+: Mew

Mo | Description | # | Bound value [ Savedsdd ‘ SIOZ 2 (MgO+A|203+C80+PbO+ZnO)
| 1 Si0z2 »= Mgl +4120 3+Cal+Pb0+2Zn0

with selected :
delete

Mext »>

| UNITS | Temperature : “C, Mass: mol

thtSageT” FactOptimal 18.4 www.factsage.com



Example 13: Minimize the liquidus temperature and minimize the solid fraction 200 °C
below the liquidus - 5

calculate.

Step 5: Set up the parameters (1000 Equilib calculations, with small initial mesh region) and

G Fact Optimal - [PROP £1: minimize Temperature / PROP #2: maximize Mass/mol..{FToxid-SLAG_-5..** — a X

Recent.. f Function Builder Help

Properties ] Yariables ] Cortraints

]

Mumber of Equilib calculations:

Best answer zo far

Parameters §

1:4:48

10001000

Mazz/mal - Selection 2 ; 564 45
Temperature [2C): 1264.83

Statuz ; Dane.

Contirue Fur »> >

100 127 54 134 55 451 1274.1859999993999

e-plot all pointz |

Results (pareto front)

7.00E+02

S 00F =02 4

Last zolution :

Species | g | Dpen in Equilb | :
[ fln] 100

Al203 126 Save Pareto Points
Cal 50

PbO 147 .

Zhil 75 Conztraints :

5i02 502 Si02:=[MgO+A1203

+Cal+PbO0+2na]

Mass/mol - Selection 2
F e
o
f=]
m
+
o
-

' '
R R, R, Ep—
' '

1.00E+02 475 - ;
u.uumulr:

1,220

T T T T
1,240 1,260 1,280 1,300
Temperature (°C)

| UNITS | Temperature: ®C, Mass: g

Click on a point in the Pareto front, and click
on Open in Equilib to calculate the phases
which are in equilibrium at T;;,-200 °C

(gram) 100 MgO + 126 A1203 + 50 CaO + 147 PbO +
(gram) 75 ZnO + 502 Si02 =

561.38 gram Slag-lig#l
(561.38 gram, 7.0584 mol)

+ 186.05 gram Protopyroxene
(186.05 gram, 0.92555 mol)

+ 46.780 gram Willemite
(46.780 gram, 0.22952 mol)

+ 128.32 gram Mg2A14Si5018 Cordierite
(128.32 gram, 0.21937 mol)
(1064 C, 1 bar, S1, a=1.0000)

+ 61.332 gram CaAl2Si208 Anorthite
(61.332 gram, 0.22045 mol)
(1064 C, 1 bar, S2, a=1.0000)

+ 16.137 gram Si02 Tridymite (h)
(16.137 gram, 0.26858 mol)
(1064 C, 1 bar, S4, a=1.0000)

Lractsag

FactOptimal

18.5 www.factsage.com



Example of double target optimization

Target simultaneously a liquidus temperature of 1500°C and a
solid fraction of 0.5 at 100°C below the liquidus

thtSage"‘ www.factsage.com



Example 14: Double target optimization - 1

Set up the system: Al203-Ca0O-Si02-MgO
Select only the FToxid database.

- o N

'Fj Reactants - Equilib
File Edit Table Units | Data Search | Help
Ol ﬂ T(C] Plbar) Ererayl)] Mass(g) Vollire] m | =) E7
-y Select P option on the liquid
q V' Fj Menu - Equilib: Double target optimization - O R
Mass(g) Species Phasze TIC) Pitotal)™ Stream$ [ q & a p
|‘I| |AIZD3 | J | | |1 File Units Parameters Help
+ |-| |I:aEI | J | | |1 O = n T[C)] P[bar] Enemgy(l] Mazs[g] Yolllitre) "T B ]@:
+ i [si0z | J [ [ [1 Reactantsz [4]
+ 1 M0 | =] [ [1 [ gram] 4203+ CaD + Gi0Z + MgO |
Products
Compound species Solution species Cugtom Solutions
W gas (= 0 = | + | Base-Phase | Full Name - 0 fized activiies
[T aqueous i IP | FToxdGLAGA | ASlagliqall ovides + 5 g 'det.a'.fD'u“Drf;?. t
[ pure liquids 0 ¥ FT axid-SPIMNA ASpinel achivity coefficients
[+ pure solids 50 | FToxid-te0_aA AMonoxide
Diefault selection - | apply ! FTDHI_d-CP‘I'IrA AClinopyrosene Pseudonyms
+ FT axid-oPyr Orthopyrosene — .
+ FTosid-pPyndy APratopyrosens apply List..
[ Initial Conditiar spECies: B0 * FTD_md'LCP-"' LDWE“nDp}IID?-:EnE I include molar volumes
+ | FToxidWwOLLA A\wiollastonite, ﬂ L ; -
- ™ paraequilibriurn & Grin  edit
Precipitate Target Legend
FT oid-SLAGA 0- bl 5 W Show & all 7 zelected Total Spoci P
. .y tal Species [max
Estimate T[C): |2000 P - precipitate target L 0 L
FactSage 6.4 Compound: | 1/28 databases Solution: | 1/28 databases ) ’D— + - selected 8 sziftigzz: 183 Select Total Solutions [max 40 18
(el ' Total Phases [mas 15001 68
Final Conditions E quilibrium
< B ] TE |Pea v ||ProductHY) ~| | [ noma
| I | 1 | &
100 steps T 2 Calculate >>
FactSage B.4 C:durmmyE quiF act_Optimal_14.04T

Lractsag

FactOptimal
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Example 14: Double target optimization - 2

Setup the problem

43 Fact Optimal - [PROP #1: target Temperature / PROP #2: target Mass/mol..{FToxid-SL.. — ©

Recent.. '§ Function Builder  Help

Froperties | \-"ariables] Constlaints] Parameters] Hesults]

Optirmizatior
" | property s 2nd property
" minimize " minirmize
i i i i
maximize maximize T2=T1-100
{* target [ logl] { target ™ logl()
Temperaturs ~
[E | AFTouid-3LAG 5
Activity... Activity...
Wapor Pressure Wapor Pressure
Dengity Density
Yolume YYolume

Wizgcozity [Pa.g)

Wigcozity [Pa.g)

Operation

|5 this praperty linked to the
previous one?

WO & ¥ES

T1 : temperature in first calculation

T2 : temperature in second calculation
P1: pressure in first calculation

P2 pressure in second caloulation
Others are input compositions

T2=T1+.. ~

T2=T172
P2=P1+..
P2=P1-..
P2=P1".

* The two properties are linked: click on the linked
button and specify the second temperature to be
100 °C below the liquidus

*  We target the solid fraction to be 0.5. This is
equivalent to targeting the liquid fraction to be 0.5.

* We need to select both Slag-Lig#1 and Slag-Lig#2
since there is a possible miscibility gap

\

&

Selection :

- N

- —_—— AIZ0O3Z) =A203[1] + ...
Functian... Function... N e T |5 FT oxid-SLAG_Slag-ligit SOLN#2 | ~
T A1203(2] = A203(1] = ..
Ep H v CaD(2) = Calil] + . [ 41203 UL SR
g e . | CaD[2] = Cal[l] - . Csio2 [SOLN] SP#2
v || value: |75 a1 Gl -Call . []ca0 [SOLN] SPH3
e I = all + ..
mﬁ:f |1EDU Delkta: |1 | E"q::hh hﬁ J pusnes- ot S v D MQD [SDLN] SPH4
N Baee] | oK | [ Ca_(TOTALFT it SLAG_ Slag-iqtl]
Include cost $ [ 5i_[TOTAL-FToxid-SLAG_ SlagHight)
£ yes [ AL[TOTAL-FToxid-SLAG_ Slag-igh1)
& o - O Mg_[TDTAL-FTu:!:ﬂd-SL.-’-‘«G_SIa;!-Imm]
] O_{TOTALFT xid-SLAG_Slag-iqt )
NS Temara 4 e el [ EA_(TOTALFToxid-SLAG_SlagHigh1)
e e [ EA_(TOTALFToxid-SLAG_ SlagHigt]
[ EA_(TOTAL-FToxid SLAG_SlagHighl)
[ EA_(TOTALFToxid-SLAG_SlagHigh1)
The first target is a The second target is a liguid mass [ EA_[TOTALFTorid SLAG_Slagigi1)
T ] o — [ EA_(TOTALFToxid-SLAG_SlagHigh1)
liguidus temperature of fraction 100 °C below the liquidus [ E&_(TOTALFToxidtSLAB_SlacHiaf)
o a0 10 [] EA_[TOTALFToxid SLAG_Slagiigh]
1500 °C +/- 1% of 0.5 +/- 1% FToxid-SLAG_Slag-liqh? SOLN#3 |
O ~z03 [SOLN] SPHG "
[ TN Fevm e e

Clear all

Lractsag

FactOptimal
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Example 14: Double target optimization - 3

There are no constraints, except xi=1, setup 250 calculations with an initial mesh size of 1 and
a precision of 3 then calculate.

The results show a Pareto front which minimizes
simultaneously the error on both targets. The user then

has to choose the better compromise according his own
requirements.

Open in Equilb and get the solids phases
which precipitate at 100 °C below the liquidus
G Fact Optimal - [PROP #1: target Temperature / PROP #2: target Mass/mol..{FTexid-5LAG_-5lag-lig... " O x

Recent.. § Function Builder  Help

Plopelties] Valiablesl Constraints] Parameters  Results 0.593 Al203 + 0.376 CaO + 0.001 si0z +
Status : Done, Continue Fun > 0.03 Mgo h
01417

Mumber of Equilib calculations: 2A04250 _ 0.54788 gram S lag_ 1 lq# 1

_ d (0.54788 gram, 7.5602E-03 mol)

Si02 |r.1g0 |Temperﬂture |r.1ﬁss.-'mul ..... | ~ /

0 0.03 1517.305 0.55477
D'DD; 0%?; D;:ggé v = | =] | V%] | Fie-plat all points + 0.45212 gram CaAl204_solid
< > (0.45212 gram, 2.8608E-03 mol)
Results

Last solution

Species g | Open in Equiib 05{p----- T . HEy N
A203 0533 .
Cal 0.376 Save Pareto Paints . ¢
Si0z2 0.0m -
Mad 0.0 Corstraints : (T T R A

=hwetiooi A This

£ ! . .

._.E_. 01:$ _______ A ComeSItlon IS

. : :| potentially the

0’ ——— et
0 100 200 0 400 500

Error in Temperature (°C)

| UNITS | Temperature: °C, Mass: g

thtSageT” FactOptimal 19.3 www.factsage.com




Example 14: Double target optimization - 4

We ran the optimization for 2000 calculations. Fact Optimal stopped after 1558 calculations and
found a solution with a very small error on both objectives.

&3 Fact Optimal - [PROP #1: target Temperature / PROP #2: target Mass/mol..{FToxid-SL.. — O

Recent.. 'f Function Builder Help

Properties] Variahles] Constraints] Parameters  Results ]

Mumber of Equilib calculations: 1558/2000

24717

SiozZ |r.'|g0 |Temperature |r.'|ass.fm|:ll ..... | ~
0.154 0.024 1514.135 0.45878
0.155 0.024 1516.905 0.50105
U.149| 0.022 1518.581 04591 W
£ >
Last zolution :
Species | q | Open in Equilib
Al203 0,406
Ca0 0423 Save Pareto Paints
Si0z 0143
g0 no22

Constraints :

49275 gram ASlag-ligi#l
(0.49275 gram, 7.0244E-03 mol)

0.43700 gram Melilite
(0.43700 gram, 1.5940E-03 mol)

4.3242E-02 gram a-Caz2Si04
(4.3242E-02 gram, 2.5248E-04 mol)

2.7011E-02 gram CaAl204 solid
(2.7011E-02 gram, 1.7092E-04 mol)

Status: Done. Continue Run »> O
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Example 14: Double target optimization - 5

For a difficult system or a system where the best starting point is unknown, using Quasi-Random
calculations could actually provide better results than running a high number of optimization

calculations. Here we did 500 Quasi-Random calculations and 500 optimization calculations and
obtained a slightly better solution than in the previous slide.

&3 Fact Optimal - [PROP #1: target Temperature / PROP #2: target Mass/mol...{FToxid-SL.. - O

Recent.. 'f Function Builder Help

Ploperties] Variables] Constraints] Parameters |l

0671
Mumber of Equilib calculations: 10001000
Si02 |r.1g0 |Temperature |r.1ass.n’mul ..... | ~
0.155 0.082 1499.125 0.4558
0 .05 1489.38 0.4585
0171 0.045 1478.965 0.45956  w
£ >
Last zolution :
Species | g | Open in Equilib
Al203 0.309
Cal 0.454 Save Pareto Poirts
si0z2 0,155
MgD n.0g2 }
Constraints :

Status : Done. Continue Run >
& [ ]4__ Re-plot all points /
Results /

f ? T T T T ;
0 10 20 30 40 50 &0 70
Error in Temperature (*C)

We get almost the ideal solution:

0.49712 gram ASlag-lig#l
+ 0.37811 gram a'Ca2Si04
+ 0.11655 gram Aspinel

+ 8.2194E-03 gram AMonoxide#l

| UNITS | Temperature: °C, Mass: g
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