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Abstract: FactSagé€ was introduced in 2001 as the fusion of Bi&*C*T / FACT-Win andChemSage
thermochemical packages. TRactSagepackage runs on a PC operating under Microsoftdirs® and

consists of a series of information, database uéion and manipulation modules that enable orectess

and manipulate pure substances and solution dasbagith the various modules one can perform &wid
variety of thermochemical calculations and geneiabées, graphs and figures of interest to chenaindl

physical metallurgists, chemical engineers, coomm&ngineers, inorganic chemists, geochemistsiisis
electrochemists, environmentalists, etc. This pppesents a summary of the recent developmertkein
FactSagethermochemical software and databases. In ti@eaemphasis is placed on the new databases and
the calculation and manipulation of phase diagrantscomplex phase equilibria.

Introduction

FactSag€ was introduced in 2001 as the fusion of two welbwn software packages in the field of
computational thermochemistry=*A*C*T / FACT-Win and ChemSage It is used worldwide at
approximately 400 installations in universitiesygmmental and non-governmental research laboest@mnd
industry.  The original F*A*C*T package [1] was designed to simulate the thermoistgm of
pyrometallurgical processing. With the migrationthe Windows-baseBACT-Win and then td-actSagethe
applications have been expanded to include hydmiasgy, electrometallurgy, corrosion, glass tedbgy,
combustion, ceramics, geology, environmental sgjditc.

While an understanding of chemical thermodynamscsigeful in order to run the modules, it is not
essential to be an expert in the field. With pamgrusage and the assistance of extensive documentane
can acquire a practical understanding of the golasiof thermochemistry especially as these rétatmmplex
phase equilibria.
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An article onFactSage Thermochemical Software and Databasegs published [2] in this journal.
Since then extensive modifications and additioneeHaeen carried out to both the software and thabdaes.
These developments are the subject of this cuesitdle with emphasis placed on the new databaséstee
calculation and manipulation of phase diagrams @mdplex phase equilibria. The reader who is unfami
with FactSageis encouraged to consult the original publicaf@jn

The FactSagepackage runs on a PC operating under Microsoftdéirs” The main menu (Fig.1)
offers access to the various modules of the packdge modules are grouped into four categotiesnfo, 2.
Databases, 3. Calculatand4. Manipulate.

1. Info

The General module provides slide shovislicrosoft Power Poifft and Adobe PDE presentations) of
all the modules as well as database documentatmswers to frequently asked questions (FAQ) anist af
useful addresses and telephone numbers.

The module also includes information on fectSage Family of Products and ServicesBoth GTT-
Technologies and Thermfact/CRCT offer a suite diiwsre products that can access the FactSage databa
enhance the FactSage environment. In additioreratbftware developers have programmed interfaces t
access the FactSage data and software withindthwirpackages. These products now include:

FactSage-Teach the thermochemical teaching package based ois&get
ChemApp - the thermochemistry library dynamically linkeat Software applications
ChemSheet- the spreadsheet tool for process simulation

SimuSage- the component library for rapid process modeling

CSFAP - ChemSage File Administrator Program

OLI Systems- FactSage Interface: the link to the OLI aquedaisbanks

METSIM - FactSage Link for coupled chemical process satmn

2. Databases

In FactSagethere are two types of thermochemical databasmsmpound (pure substances) databases
and solution databases. TWew Data, Compoundand Solution modules permit one to list and manipulate
the database files. These modules were presantbd previous-actSagearticle.

The Documentation module is new. A large amount of time has beevowe to developing new
databases, introducing extensive documentatiordespdaying calculated phase diagrams.

In the Documentation module a new program, tik@ctSage Browserhas been developed that enables
one to manipulate the database and documentaties ifi a ‘phase diagram friendly’ environment. For
example, a ‘click’ on the Databases ‘Documentatiouiton (Fig. 1) opens tHéactSage Browser(Fig. 2) that
displays database information, documentation araselaliagram previews. There is a ‘search phaggaia
mode that scans the hundreds of phase diagramsdstofactSage Fig. 3 lists the phase diagrams and
database source for systems containing $iGAl,Os.

FactSageaccesses both solution databases and pure compmlaiadases. The former contain the
optimized parameters for solution phases. Therlatintain the properties of stoichiometric comptsjreither
obtained from phase diagram optimizations or tdkem standard compilations, for example [3-7]. H#CT
and SGTE compound and solution databases were presentibe iprevious publication. During the past five
years the diversity and number of databases hase bepanded. The new databases are summarizbd in t
following sections.
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2.1 FACT Databases — FToxid, FTsalt, FThall, FThelgFTmisc, FTpulp

TheFACT databases are the largest set of evaluated amdizgd thermodynamic databases for
inorganic systems in the world and have been udeeglopment for over 25 years. During the peridd12
2003, major additions and modifications were maxpat of the “FACT Database Consortium Projecthwi
funding from the Natural Sciences and Engineeriegdarch Council of Canada and 15 industries (Narand
INCO, Teck Cominco, Rio Tinto, Alcoa, Shell, CorgjrDupont, Pechiney (now Alcan), St. Gobain Redmneyrc
Schott Glass, Sintef, Norsk Hydro, Mintek, 1IS Ma&iés). The updated databases were publicly retbas
2004 so the present databases are much expandmadb&iiat was available in the fornfeACT databases.

FToxid - oxide database for slags, glasses, mineralanues, refractories, etc. contains data for stoilatric
oxides and oxide solutions of the following compatse ALOs, As,03, B,O3, CaO, CoO, CrO, GO3;, CuO,
FeO, FeO3, GeQ, K0, MgO, MnO, NaO, NiO, PbO, Si@ SnO, TiQ, Ti,Os, ZnO, ZrQ. Not all binary,
ternary and higher-order sub-systems have beenateal and optimized, nor are all composition ranges
covered. However, the systemy®@k-CaO-FeO-Fg)s-MgO-SiO, has been fully optimized from 2& to above
the liquidus temperatures at all compositions angyen partial pressures. Components CoO, CrgD{r
Cw0O, MnO, NiO, PbO, SnO, TiTi,O3, ZnO and ZrQwere added to this core six-component system and
the relevant subsystems were optimized over theosition ranges important for applications in fes@nd
non-ferrous metallurgy, production of ceramicstaetories and paint pigments. Currently we are wgylon

the addition of BO3;, KO and NaO to the core six-component system for applicatiartbe glass industry,
combustion, coal gasification and waste managenvsny subsystems with these three components arg be
re-evaluated and re-optimized using more advancledien models that we have recently developede Th
documentation module contains more detailed desmnijpf the systems that have been optimized.

The liquid/glass solution phase is called FToxidegSI As well as all the oxide components mentioned
above, it includes dilute solutions of S, $©Q,, H,O/OH, CQ, F, Cl, I. We have also developed a new model
for the viscosity of oxide melts [8]. It takesardccount the information on the short-range ongeaind
formation of a silica network in liquid oxides olrtad from the thermodynamic modeling of slags. Tricalel
uses many fewer adjustable parameters than theatesity models presently available and showg geod
predictive ability. By critical evaluation of expeental viscosity data and optimization of the mlod
parameters, a state-of-the-art viscosity datalsabeing built which will soon become available axtSage
users.

There are many oxide solid solutions in the da@b&ome of the most extensive solutions include
) 2+ 3+ 2+ 3+ 2+ 3+ 2+ T 2+ 3+ 3+ 2+ 3+ 2+ o)
Spinel: (Al, Co ,Co ,Cr ,Cr ,Fe ,Fe ,Mg, Ni , Zn)J[Al,Co ,Co ,Cr ,Fe ,Fe , Mg, Ni ,Zn]2 O,

2+ Mo 2+ 3+ M1 3+ I T2
Pyroxene: (Ca, Fe, Mg) (Al Fe , Fe ,Mg) " (Al, Fe , Si) " Si O,
A 2+ 3+ T 3+ T
Melilite: (Ca, Pb) [Al, Fe ,Fe , Mg, zn] {Al,Fe , Si}, ‘O,
2 M 2 M
Olivine: (Ca, Co, Fe+, Mg, Mn, Ni, Zn) ? [Ca, Co, Fe+, Mg, Mn, Ni, Zn] ' SiO4

FTsalt - salt database contains data for pure saltsahddutions formed among various combinationghef
20 cations Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba, M, Re(ll), Fe(lll), Co, Ni, Pb, La, Ce, Nd and 8ians F, Cl,
Br, I, NOs, OH, CQ, SQ,. The molten salt phase is called FTsalt-Saltinoiides dilute solutions ofOand
OH'. FTsalt is by far the most extensive thermodynamic da&basailable in the world on salt systems.

FThall - Hall aluminum database contains data for alemubstances and 17 solution phases formed among.
Al-Mg-Na-Li-Ca-F-O. The molten cryolite phase @lled FThall-bath and the molten alloy phase isedal
FThall-lig. Calculations with NaF-Al-CaF-Al ;O3 electrolytes containing LiF, MgFRand dissolved metal can
be made for liquidus calculations, emfs, partiggsures, etc. With this database, accurate liquidus
temperatures of NaAlFg, Cak, AlFs, NasAlsF14, NaCaAlls and NaF among others can be calculated. Alumina
solubility in standard cryolite-based electrolyssde computed from low eutectic temperatures (®GPRup

to 1100C. This is also valid for low concentrations oflaives such as LiF, kAIFs and MgFk. Cubic-
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NasAlF¢ high temperature solid solution with excess AlfaFk, and LiF has also been modeled. The gaseous
species from the FACT53 database are consistehtphidises found in FThall.

FThelg - aqueous (Helgeson) database contains infiniié@h properties for over 1400 aqueous solute isgec
taken from the GEOPIG-SUPCRT Helgeson public datalaad include the Helgeson equation of state for
temperatures up to 350°C and pressures up to X65Tha data are stored as 3 aqueous solutionslg=The
AQID, -AQDH, -AQDD. FThelg-AQID assumes an idedlute solution and is generally valid up to
approximately 0.001 molal. FThelg-AQDH incorpogatbe Debye-Huckel equation, and is generally uatid
to approximately 0.02 molal. FThelt-AQDD incorpmsthe extended Debye-Huckel (Davies) equationsand
generally valid up to 0.5 molal. The FThelg puoenpound database contains data for 185 pure solid
compounds and gases which are thermodynamicallyistent with the FThelg aqueous solution database.

FTmisc - miscellaneous databases for copper, nickel, ldad, etc. sulfides, alloys, etc. includes thikofeing
systems: the S-Fe-Ni-Co-Cr system; the matte snge#tystem S-Cu-Fe-Ni-Co-Pb-Zn-As; liquid Fe withut
solutes Al, B, Bi, C, Ca, Ce, Co, Cr, Mg, Mn, Mo, Nb, Ni, O, P, Pb, S, Sb, Si, Te, Ti, V, W, Zn, Zr
[FTmisc-FeLQ]; liquid Sn with dilute solutes Al, C@e, Co, Cr, Cu, Fe, H, Mg, Mo, Na, Ni, O, P, 8, Si, Ti
[FTmisc-SnLQ]; liquid Pb with dilute solutes Ag, A&u, BI, Cu, Fe, Na, O, S, Sb, Sn, Zn [FTmisc-PBLQ
light metal alloys rich in Al and/or Mg includingé liquid alloy [FTmisc-LMLQ] Al-Mg-Sr-Ca-Mn-Na-K-B-
Si and dilute solutes C, O, ClI, F, Fe; the Hg-Cdi#nsystem; alloy solutions FTmisc-ZnLQ, -CdLQ, LTk -
SbLQ, -SelLQ, -SeTe, -SbPb and —PbSb are alloyisokibf a limited number of components, valid over
limited composition ranges; non-ideal aqueous swiudf 96 solutes with Pitzer parameters [FTmiscZA]!

FTpulp - pulp and paper database (and corrosion and cstiohun recovery boilers) contains data for thigppu
and paper industry (as well as for corrosion andlmgstion applications) for the system Na, K // €0y, CG;,

O, OH, S0y, S, S ... S. The major solutions are the molten salt and theagonal Ng50O,-K ,SOy-Nap,COs-
K2COs-NaS-K;S solutions. The molten salt phase considersidhgles, polysulfides (up to Mg and KSg),
sulfates, pyrosulfates, oxides, peroxides and idsrof sodium and potassium.

2.2 FactSage Alloy Databases- FScopp, FSlead, F§liESstel, FSupsi

Several large databases for metallic alloys aredbelt of recent evaluations/optimizations by the
FactSage groups (FACT, Montreal; GTT Technologlesshen; The Spencer Group, Trumansburg NY). For
each group of systems there is a correspondingopdatabases - a solution database and a computaiablase
— containing data for solutions and compounds whae been evaluated and optimized together.

FScopp- copper alloy database is directed primarilyhi® liquid state of Cu-rich alloys and includes the
elements: Ag, Al, As, Au, Ba, Be, Bi, C, Ca, Cd, Ce, Cr, Fe, Ga, Ge, In, Li, Mg, Mn, Nb, Nd, Ni, B, Pb,
Pd, Pt, Pr, S, Sb, Se, Si, Sm, Sn, Sr, Te, TWTY, Zn, Zr and also includes data for Cu-richidghases.
The database is generally valid for the temperatmge of approximately 400 to 1600°C.

FSlead- lead alloy database is directed primarily toltgeid state of Pb-rich alloys and includes theneénts:
Ag, Al, As, Au, BI, C, Ca, Cd, Cu, Fe, Ga, Ge, Hg,Mn, Ni, O, Pd, S, Sb, Se, Si, Sn, Sr, Te, I, & Zr. It
also includes data for Pb-rich solid phases. finits the calculation of the complete Pb binaryteys with all
the above elements with the exception of the PbMn, -S, -Se and -Sr binary systems. It is intghtb
provide a sound basis for calculations relatingéal production and refining.

FSlite - light metal database contains data for 117 cetapl assessed binary alloy systems, 30 ternargand
guaternary systems that include the elements: AG,ECe, Cr, Cu, Fe, Hf, Li, Mg, Mn, Mo, Nb, Nd,,N8i, Sn,
Ta, Ti, V, Y, W, Zn, Zr. The data are intendegtovide a sound basis for calculations relatinth&o
production and heat treatment of Al-, Mg-, and @séd alloys. (It is planned to release a more skten
databasekTlite, later this year.)
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FSstel- steel database contains data for 115 complatsgssed binary alloy systems, 85 ternary and 17
guaternary systems that include the elements: ABiBC, Ca, Ce, Co, Cr, Cu, Fe, La, Mg, Mn, Mo,,Nb,
Ni, P, Pb, S, Sb, Si, Sn, Ti, V, W, Zr. ltis intked to provide a sound basis for calculations Goge wide
range of steelmaking processes, e.g. reductiomygjem and sulphur concentration levels through giion
and desulphurization of the melt; constitution avide range of steels, including austenitic, fexrrdnd duplex
stainless steels and including carbide and nifod®ation; conditions for heat treatment operatitmproduce
a desired constitution; conditions for scrap remeglto maintain as low concentrations as possible o
undesirable “tramp elements”; melt-crucible int¢i@ts, etc.

FSupsi- ultrapure silicon database is directed primaolyhe liquid state of Si-rich alloys, with therpeular
aim of enabling calculation of impurity concentoatilevels in ultra-pure silicon. It includes tlotidwing
elements as impurities in liquid silicon: Al, Au, B, Ca, Co, Cr, Cu, Fe, Ge, In, Mg, Mn, N, Ni,®),Pb, Sb,
Sn, Te, Ti, V, Zn. The elements included in thei&h solid solution are B, C, Ge, N, Sn, Ti, ZAll other
elements are treated as insoluble in solid Si.

2.3 SGTE Databases SGnobl, SGnucl, SGTE, BINARY

The following databases prepared by the internatiSGTE consortium (http://www.sgte.org) are
available inFactSage

SGTE - (2004) alloy database is an extensive updat@4(20f the previous SGSL (1991) alloy database. It
contains data for over 300 completely assessedybatl@y systems and 120 ternary and higher-orgstesns
that include the 78 elements: Ag, Al, Am, As, Ay,B&, Be, Bi, C, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy,Hr, Fe,
Ga, Gd, Ge, Hf, Hg, Ho, In, Ir, K, La, Li, Lu, M§In, Mo, N, Na, Nb, Nd, Ni, Np, O, Os, P, Pa, Pb, Pd Pt,
Pu, Rb, Re, Rh, Ru, S, Sb, Sc, Se, Si, Sm, SAaSib, Tc, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zdr. A
more extensive SGTE database (2007) will be adalEddtSagein the near future.

SGnobl - noble metal database contains evaluated themamdiz parameters for alloys of Ag, Au, Ir, Os, Pd,
Pt, Rh, Ru alloyed amongst themselves and alstoysawvith the metals: Al, As, Bi, C, Co, Cr, Cwg FGe, In,
Mg, Ni, Pb, Sb, Si, Sn, Ta, Te, Ti, Tl, Zn, Zr. INe metals and their alloys have a wide varietgmgslications,
and calculations of relevant phase equilibria pagicular case are important e.g. for optimiziogable alloy
compositions or predicting reaction products inroloally aggressive environments.

SGnucl - nuclear database includes the elements: O, \E&rCr, Ni, Ar, H. Also included are systems

formed among the six oxides Y&ZrO,, FeO, FgO3, Cr.O3, NiO. The database was generated by Thermodata
[9] as part of a much bigger database effort teeconany thermochemical aspects related to the diefdiclear
reactors. The SGnucl database is specially madéddnvestigation of in-vessel chemical reactioftss an
SGTE-approved database and has been convertegdavith FactSage by GTT Technologies.

BINARY - (2004) free alloy database is the SGTE freerlgiaoy database and comprises some 115 of the
binary systems taken from the SGTE alloy databases.

2.4 Other Databases — OLI, TDnucl
FactSage offers access to a variety of other dpedatabases including:

OLI-Systems[10] - aqueous databases. OIl(FRublic.ddb) contains core data for the thermodyina
transport, and physical properties for 79 inorgah&mnents (including actinides, heavy and precroatals)
and their associated aqueous species. The datalsmincludes over 3000 organics (including etdygtes,
chelates and organo-metallic species) applicahbileariollowing ranges: temperature, -50 to 3005@ssure, 0
to 1500 bar; ionic strength, 0 to 30 molal. lioat®ntains data for the non-ideal gas phase anthdory pure
solid precipitates; OLIGCorrosion.ddb) the Corrosion Databank for ther@aonAnalyzer;_OLIG
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(Geochem.ddb) the Geo Chem Databank for minerdl: @ owTemp.ddb) the Low Temp Databank for
minerals at less than 0 °C.

TDNucl - Thermodata nuclear database is a database fanéhex-vessel applications containing 18+2
elements: O, U, Zr, Ag, In, B, C, Fe, Cr, Ni, Ba, Sr, Ru, Al, Ca, Mg, Si, Ar, H and including th& oxide
system: UQ, ZrO,, In,03, B,O3, FeO, FgO3, CrO3, NiO, BaO, La0s;, OSr, AbO3;, CaO, MgO, SiQ It covers
the entire field from metal to oxide domains. [lbas the user to calculate the thermochemicalldayiim
state at any step of a severe accident and tdhasesults of the thermodynamic approach for imimgpthe
predictions of thermo-hydraulic or other accidesddes. It has been generated by Thermodata [9] and
converted for use with FactSage by GTT Technologhgsplications are numerous and include condestaé
phase diagrams, transitions, liquidus/solidus, amstins and proportions; coupling thermodynamiuod a
thermo-hydraulic, viscosity, segregation, resica@ber distribution; gaseous fission products redeasany
external conditions; etc.

3. Calculate

This group of modules is the heartFdctSage One can interact with the software and databasas
variety of ways and calculate and display thermotbal equilibria and phase diagrams in a multitude
formats.

3.1 Reaction, Predom and EpH Modules

These modules access the compound databasefke@bdon module calculates changes in extensive
thermochemical properties (H, G, V, S, Cp, A) fairgle species, a mixture of species or for a ¢tam
reaction. A new addition iReactionis the treatment of electrochemical half-cell teats such as Cu[++](aq)
+ 2 e[-](ag) = Cu(s) and the calculation of itd¢gudial (volts) relative to the #Q)/2H[+] standard reference
electrode. With th€redom module one can calculate and plot isothermal predance area diagrams for
one-, two- or three-metal systems using data retddérom the compound databases. Epél module is
similar to thePredom module and permits one to generate Eh vs pH (PogQrd@grams for one-, two or three-
metal systems using data retrieved from the comghalatabases that also include infinitely diluteesas data.
All three modules operate essentially as they ywegsented in the previous article [2].

3.2 Equilib Module

The Equilib module is the Gibbs energy minimization workhorfeFactSage It calculates the
concentrations of chemical species when specifiechents or compounds react or partially reacteach a
state of chemical equilibrium.

One may enter up to 48 reactants consisting ofoup2t different components. Reactants may now
include “streams” - these are equilibrated phasesed from the results of previous calculationsefukin
process simulation). Phases from the compoundsahdion databases are retrieved and offered asilpes
products in thevlenu Window. The products may include pure substances (liqulil)s ideal solutions (gas,
liquid, solid, aqueous) and non-ideal solution®l(igases, slags, molten salts, mattes, ceramioysaUilute
solutions, aqueous solutions, etc.) retrieved ftoendatabases described eatrlier.

For example, a typical entry is shown in tBguilib Reactants and Database Windows (Fig. 4) where
100 grams of Fe(liq) is being equilibrated with ighte amounts of AD; and CaO with data taken from the
FACT FToxid and FTmisc databases. In thdenu Window (Fig. 5) the possible products are selected (pure
solids, liquid steel and slag). In addition thaga of composition (<A> = 0, 0.05, 0.10... 1), thenperature
(1600°C) and total pressure (1 atm) are specified. Wheecessary thé&quilib List Window provides a
summary of all species that may be listed in aergof ways in order to assist in the selectiorcpss.
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With a click on the “Calculate >>" button the congiion commences. When finished the results are
presented in thResults Window whereEquilib provides the equilibrium products of the reactionl the results
may be displayed in two format$* A*C*T Format (Fig. 6) where <A> = 0.75 and shows the solutibages
‘Fe-lig’ and ‘Slag-liq’ in equilibrium with CaAJO+(s); ChemSage Format (Fig. 7) where <A> = 0.1 shows the
solution phases ‘Fe-liq’ and ‘Slag-liq’ in equiliobm with CaO(s). With respect to earlier versiahg&quilib,
the formats have been expanded to include additdata on the solution compositions (species amipoment
mole and mass fractions) as well as optional playgicoperties such as density, thermal expansioitythe
calculated phases. Also the Cp includes both timériboition from the stoichiometric sum of the Cdues of
all phases and as well as (this is new) the changkase amounts within the phase assemblage

Equilib employs the Gibbs energy minimization algorithnd #mermochemical functions @hemSage
[11,12] and offers great flexibility in the way tlalculations may be performed. For example: acehof
units (K, C, F, bar, atm, psi, Pa, J, cal, BTU, kwiol, wt.%, ...); dormant phases (i.e. phasesuded in the
equilibria but not the mass balance); equilibriastcained with respect to T, P, V, H, S, G or Crlumnges
thereof; user-specified product activities (thectaat amounts are then computed); user-specifietpoand
and solution data; and much more. There are atyaof calculation modes: phase targeting and one-
dimensional phase mappings with automatic seancptase transitions are possible; composition targeo
determine the amount of reactants required to dedirparticular phase composition; equilibrium (ché&l-
Gulliver non-equilibrium) phase transitions as altmamponent mixture is cooled; open systems toutite
processing where reactants are continuously feal time¢ system and phases removed after each sty in
calculation; etc.

Equilib offers a post-processor whereby the results magn#eipulated in a variety of ways: tabular
output ordered with respect to amount, activitacfion or elemental distribution; post-calculatetivdties;
user-specified spreadsheetsf@) wherey =T, P, V, H, S, G, U, A, Cp or species molenhgractivity, mass
fraction and f =y, log(y), In(y), exp(y) etc. for Microsoft Wofdor Excef. Alternatively the results may be
directed for treatment by Fact-XML.

3.3 Fact-XML Module

The treatment of the results iact-XML is completely new. Extensible Markup Language (XN&
a simple but very flexible text format derived froBGML (ISO 8879). Originally designed to meet the
challenges of large-scale electronic publishing, X8sso plays an increasingly important role in €xehange
of a wide variety of data on the Web and elsewhet®lL files are Internet friendly and can be accessed
browser environment. They can also be read by IExseftware. A detailed example of XML use in
thermodynamic applications is tiéghermoML Extensible Markup Language [13] developed by N8I
thermodynamic property data storage and capture.

The Equilib module is a very prolific calculator and a givealcalation involving say 100 compound
species and 10 solution phases can produce sewersand thermochemical values (activity, mole, snas
composition, partial and integral G, H, S, etcMost of these results remain hidden within the paog
However treating the data via Fact-XML enables tanaccess, manipulate and plot all this derivedrmftion.
Fact-XML is an add-in to the Equilib program that saves rédmilts in an XML format and then permits
extensive data manipulation.

In the previousFactSage publication an example of Equilib was presented tfee copper-based
pyrometallurgical system where the reactions were:

<A> FeO + <75-A-B> Si@+ <B> CaO + 5 C4O + 20 FgO, + 100 Cu + 100 Cu2S + 0.001 Pb + 0.001 Zn
The possible products at 1280 included gas, metal, matte, slag and spinel phgether with pure

solids. The results at <A> = 40 (silica saturatian@ shown in Fig. 8. By clicking on the ‘XML’ icothe
results are treated yact-XML and exported to XML files for manipulation in litl@ss ways. For example,
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Fig 9 shows data treated Bact-XML and plotted as f1, f2 and 3 versus <A> where fEesO3(gram), f2 =
FeO(mol)/SiQ(mol) and f3 = F&(slag) / F&(slag).

3.4 OptiSage Module — CalPhad Approach

This new module has replaced the fori@gtimizer program. ThéptiSagemodule applies the
CalPhad approach to couple thermodynamics with phase d@mgnd other experimental data. It is used to
generate a consistent set of Gibbs energy parasrfeden a given set of experimental data using knGiobs
energy data from well established phases of aquéati chemical system. The assessor (us@ptiSage has
to use his best judgment as to which of the knoanameters should remain fixed, which sets of patarse
need refinement in the optimization and which nemameters have to be introduced, especially whessasg
data for non-ideal solutions.

Typical experimental data may include:

- phase diagram data: transitions temperatures asdymes as well as amount and composition of the
phases at equilibrium

-« calorimetric data: enthalpies of formation or phwaasformation, enthalpies of mixing, heat corgent
and heat capacity measurements

- partial Gibbs energy data: activities from vapagsure or EMF measurements
« volumetric data: dilatometry, density measurements.

The resulting optimized thermodynamic data aresstan the privat€ompound andSolution
databases which can then be accessed by the otidestes Equilib, Phase Diagram etc.) in the usual way.

For example, let us look at the optimization of thermodynamic data for the binary NaCl — SrCl
liquid phase from experimental data. The objetbigptimize the 4 parameters,As, B; and B in the Gibbs
energy expression:

GF=AH-TS
WhereAH = X3X5 (A1) + X3°X5 (By)
And S = X;X5 (A3) + X1°X5 (Bs)

Figs. 10-11 show the experimental datasets orgdmmite groups. Figs. 12-13 show Group #5
experimental data being imported into the calcalatind being manipulated ®ptiSage The algorithm is
iterative and requires a continuous comparison éetvexperimental data and the results of the opaithon -
this is assisted by repeatedly calculating the @lagesgram (Fig. 11).

OptiSageis by no means limited to optimizing binary syssenit can be used for systems containing
any number of components. Any type of datum wigih be calculated by ti&quilib module (eutectic
points, vapour pressures, equilibrium phase amoettg can be used as experimental input datOptiSage
is a highly complex module, offering high flexiltyliand scope for the experienced user — it is aelint tool
for graduate students taking a course on solutiemtodynamics. It offers a wide variety of inpubhgdows
and options.

3.5 Phase Diagram and Figure Modules

The Phase Diagrammodule is a generalized module that permits onmkcoulate, plot and edit unary,
binary, ternary and multicomponent phase diagracticses where the axes can be various combinatiéis o
P, V, composition, activity, chemical potential;.efThe resulting phase diagram is automaticaliytet by the
Figure module. It is possible to calculate and plot: sleasl unary temperature versus pressure, binary
temperature versus composition, and ternary isothkerisobaric Gibbs triangle phase diagrams; two-
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dimensional sections of a multi-component systener/hthe axes are various combinations of T, P, V,
composition, activity, chemical potential, etc.pgominance area diagrams (for example,RsoP@) of a
multicomponent system (e.g. Cu-Fe-Ni-S-O) where ggthases are real solutions such as mattes, slabs an
alloys; reciprocal salt phase diagrams; etc.

The calculation of a classical temperature versusposition binary phase diagram for the FegSNi
system is shown in Figs. 14 and 15. In Biease Diagrammodule (Fig. 14) the unit$E, atm, mol) and
databases (FTmisc — not shown here) are selectethan the system components (FeSSNiare specified in
the Components Window. The axes (TC vs. Xuias2) and constants (1 atm) of the phase diagram dieedein
the Variables Window (Fig. 15) where the user selects the type of diag(Y-X or Gibbs A-B-C), the type of
axes (composition, activity and chemical potentidhe possible composition variables, and the $inaind
constants of the phase diagram. Data from the oamgband solution databases are offered as pogsiudeict
phases in thevlenu Window (Fig. 14). When the ‘Calculate >>' button is &kt the phase diagram is
automatically calculated and plotted in real tireeg( 15). After the calculation is complete thigure module
uses the diagram as a dynamic interface. By pwrit any domain and clicking, the program autocadlis
labels the phases. Optionally the figure can beipudated in other ways: tie lines can be insertethe plot,
the equilibrium compositions and phase amounts @tiat on the diagram can be calculated and showan i
table, and the diagram can be edited (add expetahdata points, text, change font and colors etelgre the
labels have been edited for readability.

In addition to displaying phase diagrarfggure is a generalized plotting program that permits tme
display, edit and manipulate the various graphs@ats produced by thEactSagemodules. The diagrams
may be exported as *.fig (ASCIl for repeated uséhviigure), *.bmp, *.emf and *.wmf files (bitmap,
enhanced metafile and windows metafile) for subseuse with other WindoWssoftware.

A variety of calculated phase diagrams is preselatied on (section ‘5. Examples of Phase Diagrams’)
and shows examples of the combined use oPtiese Diagram Equilib andFigure modules.

3.6 How the Phase Diagram Module Works

The possible types of phase diagram sections thgtba calculated are based othemodynamically
consistent theory of generalized phase diagram mapping [14]. Similar to the rules outlined by Hillert]La set
of simple rules has been derived that dictate \elkas and constants constitute a true phase diagfamZero
Phase Fraction (ZPF) line principle was introdudsd Morral and co-workers [16-18]. All true two-
dimensional sections consist of a collection of ZiREs, one for each phase. The phase appeanseosiae of
its ZPF line and does not appear on the othertl@d@PF line either forms a closed loop insidediagram or
terminates at the edges of the diagram.FdotSagethis has been combined with the phase diagrans role
order to derive a strategy for the mapping of a glete phase diagram without the need for user-défin
starting points. This greatly simplifies the stigat for mapping the complete phase diagram sinisesitmply a
guestion of tracing all ZPF lines.

The correct choice of axes and constants may natb®us especially in higher-order systems. For
example, Figs 16 and 17 show the input and caloula@if the FgO3s-MgO-Si0O,-O, system in air. It may not be
evident that for a true phase diagram at constanoRe can plot T versus #&/(MgO+Fe0;+SiO;) (Fig. 17)
but not T versus KEE®3/(MgO+Fe03;+Si0,+0,). The reason for this is that in the latter cesgtain regions of
the diagram may not represent unique equilibriunmdd@ons. ThePhase Diagram module has been
programmed such that only inputs leading to trugspldiagram sections are permitted.

4. Manipulate
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FactSage offers a variety of modules that can post-procdss tabular and graphical results or
preprocess reactant inputs for complex equilibraatculations irEquilib. TheResultsmodule enables one to
generate graphical output frofquilib calculations and produce a variety of plots fronsiagle set of
equilibrium tables.Mixture is used to combine group of reactant substances, e.g. 0.2{gPand 0.79 Ng),
into asingle stream, e.g. [air], that can then be importeduah s a reactant ®©quilib. In this manner it is
possible to store very complex mixtures and stre@gs slags, minerals, bunker oil). Also the hssaf an
Equilib calculation may be automatically stored — for egharthe gas products of FeS oxidation could be
stored as a stream and given a name such as ‘frogese that can be then edited by tMeture program
before being imported as a reactanEtpilib for a subsequent calculation.

5. Examples of Phase Diagrams

The versatility in the choice of axes in tRhase DiagramVariables Window enables one to generate
many different types of phase diagrams. In theoWailhg examples all the figures have been calculdted
Phase Diagramand the domains have been automatically labeledigdines added) by simply pointing the
mouse to the appropriate coordinate and clickihgsome cases text has been edited and symbolsl &gde
using the editing features of the Figumedule. In addition some of the calculations involve pisy databases.

Fig. 18 shows a two-metal lgf(S) versus logP(O,) predominance area diagram of the Fe-&0%S
system at 100@C where mole Fe/Cr = 1. This is a true phase diagOn the other hand, defining for example
a constant Fe/(Fe+Cr+O+S) may not represent uraquéibrium conditions and is not permitted by the
program.

Examples of phase diagrams showing the stabilitp@@isions encountered in steelmaking are
illustrated in Fig. 19 with data taken from tR€oxid databases. Fig. 19-top shows the Fe — 0.1%C%Mrb
—0.1%Si — 0.0078%S — 0.005%CFpm) Ti system and the formation of manganese titamef@sions [19].
Fig. 19-bottom shows oxide inclusion and liquidgslarmation in the Fe-Ca-Al-O system at 16@with
log[wt% Ca] versus log[wt.% Al] Fe-liq [25].

For agueous equilibria, a novel way of represeniire phase diagrams is shown in Fig. 20 for the Cu
H,O-HCI-NaOH-H, system. The following conditions were set for tlaéculations: a total of one mole of acid-
base mixture with a variable mole fraction is eatisfor definition of the x-axis; partial pressurgi$lused for
the y-axis; 55.508 mole of water, i.e. 1kg, is&®eh constant; a constant molar amount relatitteetgiven
water amount is entered as molality of the metalimponent.

It should be noted that an increasing partial presef H on the y-axis is inverse to the classical Eh
value while an increase in mole fraction of theibasmponent of the acid-base pair defines the sdireetion
along the x-axis as an increase of pH. It must bésnoted that the resulting diagram is a trus@ltkagram
containing an electroneutral agueous phase. Hbdist fields relate to the stable phases at dopuiim and
not to particular species, be they stable solidgpecies in the aqueous phase. The diagram thegiows on
the lower left (high acidity and lowtpotential, i.e. high Eh) the field of stability thfe single phase water
equilibrium while at higher mole fractions of NaOit€. high basicity and thus high pH, the precipitas of
Cu-hydroxide, Cu-oxide and Cu-metal occur with @aging H, i.e. decreasing Eh. This is all in accord with
the classical Pourbaix diagram for copper. Moraitketf this type of representation are given elsene [20].

The effect of pressure (1 bar and 1 GPa) on the-Si@binary system is show in Fig. 21 where
calculated phase boundaries are compared with iexgetal data [21].
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The Gibbs ternary isothermal section of the Al-Mgs$stem at 850 K with FACT data is shown in
Figs. 22-23. In th¥ariables Widow the Gibbs A-B-C triangle has been selected togetiitbrthe components
of the A, B and C corners.

A recent addition to thBhase Diagrammodule is the ability to generate polythermal pctipns as
illustrated for the liquidus projection of the Alg¥Sr system in Figs. 24-25. In tiariables Window the
‘projection’ is selected as the temperature vaedbyether with optional values of minimum, maximand
step in temperature for the isotherms. If theayl temperatures are not set then default valges a
automatically assigned by the program. Haeameters Window (Fig. 24) includes a variety of new options that
control the type, format and display of labels, positions, phases, temperature units, color, etthe
calculated diagram. In thdenu Window the ‘liquid’ is designated as ‘OQnly plot this phase) since the phase
diagram will be a polythermal projection of thedidqus surface. At the bottom right of thtenu Window
‘invariants’ or ‘isotherms’ (both in the presenseqare selected. The resulting thermographic Giblase
diagram (redhot lines at high temperatures, cdilldie lines at low temperatures) is shown in Fig. 25thgr
with the coordinates of the 4-phase intersectiantpo The thermographic scale on the right hdtpsreader to
couple the colored isotherms with its correspondemgperature.

The Mg-rich corner of the same Al-Mg-Bihase diagram is plotted as;Xs. Xa in Fig. 26. Here the
axes have been changedviariables Window (Fig. 23) by selecting an X-Y diagram rather thiae Gibbs A-B-
C diagram.

Figs. 26-27 shows Gibbs polythermal projectionaroglloy system, Al-Ca-Si, and a salt system, &lICI
KCI-NaCl. For a salt phase diagram it may be npoeetical to project the reciprocal system as shmwfig.
28 for (LiCl),-(LiF),-CaR-CaC} or Li*,Ca™ // CI',F.

The last phase diagram (Fig. 29) is the Gibbs tgrteermographic polythermal projection of the
Al,03-CaO-SiQ liquidus surface and includes the list of phasesa@mpositions of the 4-phase intersection
points. This ternary oxide is considered by manpmetallurgists to be the most important of aletr
component slags.

It is should be noted that tiRhase Diagrammodule requires no starting values or initialresties.
All phase diagrams shown here were calculated &ited by simply clicking on the “Calculate >>" boi.

6. Other Applications

Users ofFactSageare able to export thermochemical data for usk @hiemApp [22] and any member
of theFactSage Family of Productsduilt on ChemApp. This not only includes ChemSH28t{ and SimuSage
[24], but also opens the way for these data todeel in third-party programs which use ChemApp aadzhon
module, such as AspenPlus(R) and Fluent(R). Thenibehemical data are exported usingEugiilib module
(Menu window) to ChemSage/ChemApp data-files. Suepaare all databases and solution models with the
exception of the OLI databases.

The opposite direction, i.e. the import of thermaiical data from ChemSage/ChemApp data-files is
also possible. Provided that the data-files ar®3iC1l format, do not contain solution phase moaetsch are
not supported, and use chemical elements as systerponents, the contents of an imported data-fde a
converted to a private database. Thermochemicaldated in ThermoCalc TDB (ASCII) data-files césoabe
imported into FactSage by first converting thena 8hemSage/ChemApp data-file using the program GSFA
(ChemSage File Administrator Program).
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A platform-independent ChemSage/ChemApp data-fifo#d format is currently being added, which
will permit the seamless export and use of thetecedata-files with ChemApp [22] also on non-Window
systems, from Linux PCs to supercomputers.

7. Conclusions

This article has presented a summary of the redevelopments ifractSagethermochemical software
and database package with emphasis on the optiorizatlculation and manipulation of phase diagrams

FactSage software and database development ismgpndoformation on the status of FactSage as well
as sample phase diagrams of hundreds of alloy, @alle etc. systems is available through the h&eat
www.factsage.com
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Figures
Figure 1 FactSage Main MenuandAbout Window
Figure 2 FactSagdBrowser Module - Databases and Preview Window
Figure 3 FactSage BrowseModule - Phase diagram search mode for systenmsSii@ and AbOs

Figure 4 Equilib Module -Reactants andData Search Windows Fe-slag system. Entry of reactants including
a variable amounts of AD; and CaO; selection ¢fToxid andFTmisc databases

Figure 5 Equilib Module Menu andList Windows Fe-slag system. Selection of possible product ghasé
definition of final conditions; summary of selectggecies

Figure 6 Equilib Module Results Windows Fe-slag system. Display of resultsihA* C*T Format when <A>
=0.75

Figure 7 Equilib Module Results Windows Fe-slag system. Display of resultsGhemSage Format when
<A>=0.1

Figure 8 Equilib Module Results Windows Cu-matte-slag system. Display of result&tA* C* T Format for
silica saturation (<A> = 40) — taken from [2]

Figure 9 Fact-XML Module Cu-matte-slag system. Data manipulationdisplay

Figure 10 OptiSageModule NaCl-SrClsystem. Experimental datasets are organized imiopgt
Figure 11 OptiSageModule NaCl-SrCJ system. Experimental datasets are organized notgpg (cont.).
Figure 12 OptiSageModule NaCl-SrCl system. Experimental data are imported into theutation.
Figure 13 OptiSageModule NaCl-SrCl system. Sample i/o showing optimization of theadat

Figure 14 Phase Diagram FeS-NiS, system. Entry of FeS and4S;in the Components Window and
selection of possible product phases inNteau Window

Figure 15 Phase Diagram FeS-NiS, system. Specifying the type of phase diagrarhéVariables
Window and calculated phase diagram
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Figure 16 Phase Diagram Fe,03-MgO-SiO-O, system. Entry of components and selection of filata the
FToxid databases

Figure 17 Phase Diagram Fe0s;-MgO-SiO,-O, system. fC versus mass fraction
Fe0s/(MgO+Fe03+Si0,) phase diagram in air at SUMgO+Fe03+Si0;) = 5 wit%.

Figure 18 Phase Diagram Fe-Cr-$-O, system. Two-metal lagP(S) versus logP(O,) predominance area
diagram at 100 where mole Fe/Cr =1

Figure 19 Phase Diagram- inclusion formation in liquid steels. Top: F&4%C — 1.5%Mn — 0.1%Si —
0.0078%S — 0.005%0 xppm) Ti system and formation of manganese titanate B8{tom: oxide inclusion

and liquid slag formation in the Fe-Ca-Al-O systati600°C with log[wt% Ca] versus log[wt.% Al] in Fe-lig
[25].

Figure 20 Phase Diagram €u-H,0-HCI-NaOH-H system taken from [20]. A novel way of represemtin
agueous phase equilibrianole HO/(HCI+NaOH) = 55.508, mole Cu/(HCI+NaOH) = 0.1

Figure 21 FactSage €a0-SiQ binary phase diagram showing the effect of presglibar and 1 GPa) and
comparison with experimental data [21]

Figure 22 Phase Diagram -Al-Mg-Sr system Components andMenu Windows

Figure 23 Phase Diagram -Al-Mg-Sr systemVariables Window and calculated phase diagram at 850 K
Figure 24 Phase Diagram -Al-Mg-Sr Gibbs ternary polythermal projectidharameters andMenu Windows
Figure 25 Phase Diagram -Al-Mg-Sr Gibbs ternary polythermal projection. Tdpibbs triangle
thermographic display of the calculated liquidudaze and list of the 4-phase intersection points.

Bottom: Xgr versus X%, thermographic display of the calculated liquidugace

Figure 26 Phase Diagram Al-Ca-Si Gibbs ternary polythermal projectiongss) including a list of phases
and compositions of the 4-phase intersection points

Figure 27 Phase Diagram AICls-KCI-NaCl Gibbs ternary polythermal projection bktliquidus surface

Figure 28 Phase Diagram (LiCl),-(LiF),-Cak-CaCl reciprocal polythermal projection of the liquidus
surface

Figure 29 Phase Diagram Al ,03-Ca0O-SiQ Gibbs ternary thermographic polythermal projecimeiuding
phases and compositions of the 4-phase interseutions
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Figure 3
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[DL] - 0Ll Systems Inc. agueous databanks &Caﬂ i MgO _§i02 /1200C: | FToxid |

e 0 o O o o B

e O o O o O o B

e 0 o IO o O

[#]-4: [TDnwcl] - Thermodata nuclear databasze:
“&Ca{) - MgO - 5i02 /1300C: | FToxid |
Lizt of database figs stored in FACTDATA é&,;;ag - MgO - 5i02Z /1400C: | FToxid |
il LEfolietrences #5Ca0 - MgO - Si02 /1500C: | FToxid | ¥
[3:FACT-" {FactHelp/FToxidf AlZ05-Ca0-5i02_1400C.fig _ Revised: 2008-04-24

[ELEM] - FactSage elements databaze List of Phase Diagrams:

(Fvewer ~lolx|

File &dd Edit Wiew Help

Ca0 - ALO, - S5i0,
1400°C

Casi (2
(pseudowolliEtanit

Ca, i, 0,
Ca, 5062

Ca,5i0,

Whnaxide (ime) 4

Cal  » & ao‘heayfq 2
F3,4,0, A5lag .r;n?o.l’e fractibn

FactSageS.6  |347 252 l|x(.n)=u.395189 %(E) = 0, 103087 x(c)=u.5|:|1?24] |
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i

File Edit Table Units DataSearch | Help

0 | Ei-'“| il TIC) Platr)] Erergpi)] Mass(g) Yollitre) ml |3| I’l
1-3

Mazz(g) Species TIC] Pltotal)*™ Streamit Data
{100 |Fe

L T | FIERE]
ol |CaD

[ Initial Conditionz

FactSage 5.6 Compound: | 2419 databazes  Solution: | 2417 databases v

Databases - 2/19 compound databases, 2/17 solution databases

Lact SGTE Miscellaneous Add/Remove Data |

D ELEM D FSCDI]D D B'NS D EXAM He[mhoatabagegl

O FacT O rslead [J SGPS [0 sesL

[ Facts3 [ FSlite [ sGTE [ s&eTE compounds only

[¥] FToxid FSstel [J SGnucl s
lk-lj FSupsi [ FSnobl R

O FTsalt
[ FThal
O Fihelg  Other [libnuel Ceardl |

[ FTmisc [J OLIP O ouic

O FTpulp [JOLIG O ovLic Select Al |

Information

Compound: c\Fact-...\FACTDATAMNT oxid53base.cdb
-FTowxd - FACT oxide compounds [Jan, 2007)

Solution: c:\Fact-...\FACTDATANT oxid53s0ln.sda
-FToxid - FACT oxide solutions [Jan. 2007)

~ Options

Include Lirnits
[ gaszous ions [plasmas) Oganic species CxHy.... Hlmax] = |2_

Default | [ zqueous species

[ limited data compounds (25C) Minimum solution comporents:Q 1 @ 2 cpts

Figure 4
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F Menu - Equilib: last system

File Units Parameters Help
0=
—Reactants (3]

TIC) Platm) Energyl)) Massig) Volllitre)

FactSage THERMOCHEMICAL SOFTWARE AND DATABASES — RECENT DEVELOPMENTS

I o
m =™ =

| fgram) 100 Fe &+ <&> AI203 +  <1-5y Ca0 |
~ Products
~ Compound species ~Solution species ~ Custom Solutions
[l gas @& ideal €™ real 0 E ] + I Base-Phase I Full Name I 0 fized activities
[T agueous 0 + FTmiscFel Fe-liq :;: Ii:I:E.al. : '3'|1-’_'"_:r .
[~ pure liquids 0 FTmisc-LMLOA Alie-Liq o ettt dpnlln
[+ pure solids 17 + FToxdSLAGA 45lag-q Detas |
V¥ suppress duplicates .a".'_ll,=| FToxid SPIN Spinel -
FToxidMe0_a AMonaxide B
species. 17 FToxid CAFE Caf#lFe)12019 apply I List.. |
T arget FToxid-CAF3 Cafal Fe)e010 ﬂ e e e
e —E?gs:;:oted [V Show® al ¢ selected | IotalSpecies(max700) 28
Estimate T(K): J1000 ; - Total Solutions (max 30) 2
- species:
Massig): [0 solutions: 2 _ISelect Default I
- Final Condition: E quilibrium
by B> T(C) IP[gtm] jIPtoduct HU) j (% normal " wansitions
01005 1600 |1 | o predominant r open
__|1|;| steps [T Tzble [21 calculations) Calculate >> |
| FaclSage 5.6 | v
F List - Equilib T{C) = 1600, P{atm) = 1, Alpha = 0.75 (Page 16,21} _|EI|5|
File Edit Help
Il | D.”l TIC) Platm] Energyl)] Masslg) Yolllitre) "T B }Tﬂfl
+ |Eode| Species | Data | Phaze | Gram | WX | Activity | Hange |T |V :I
+ 12 CadAlzog[z] FToxid  solid 2.0368E-02 2h- 1842 T
+ 13 Fe203[g] FToxid  hematite 9.15E1E-10 2h- 2228 W
+ 14 Fe203=2) FTorid  high-pressure-h £.1382E-12 25 - 1601 W _I
+ 185 Fe203[=3) FTorid  high-pressure-h 6.B452E-12 25 - 1601 W
+ 16 AlZFe206(z] FToxid  solid 5.747BE-10 25- 2228 a]
+ 17 CaFe2D4[z] FToxid  solid B.743BE-10 25- 1728
+ 18 [CaZFe208[z) FToxid  solid 1.0356E-09 25-1443T7 o
+ 19 CaFedD7[s] FToxid  solid 1.2044E-18 25-1226T o
+ | 20  Fe FTmizc | FTmizc-Fell 1000 100.0 9.9990E-01 | = <0000
+ 21 Al FTmizc | FTmizc-Feld | 2028E-03 0 Z0127E-03 1.3128E-06 @ X < 0.000
+ | 220 FTmizc | FTmizc-Feld | 1.6930E-03  16929E-03  GA9098E-05 @ X< 0100
+ | 23 AD FTmizc | FTmizc-Feld | 1.1148E-04  1.1148E-04 1.4488E-06 ¥ < 0.500
+ | 24 AZO FTmizc | FTmisc-Feld | 4.0538E-07  4.0535E-07  3.2359E-09 @ X< 0.500
+| 25 Ca FTmizc | FTmizc-Feld | 4 7109E-09 4 7107E-09  1.4774E-07 LI
= Sguw : Format Order Page_l
LEEE " mole * code |-|5 =
| gas 0 ¥ duplicate g aram " amount of =l
[ liguid 1] pound = fraction
[T aguecus 0 [ selected 28 " data activity 21 pages
)  digtribution
M osolid 17 A/ Clear | :
W soluion 11 W properties Post-Calculate
’7|_ activity Fefresh |

Figure 5
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F Results - Equilib A=0.75 {page 16/21)

Cutpuk  Edit Show Pages

| ||j"| ﬁ"]l TIC] Platm] Energel)] Maszg) Wolllire]

4=0 | 4-005] 4=0.1] 4=0.15] 4-02| 4-025] 403 ] A-035] A-04| A-D45| 405 | A=|:|.55|
406 | 4=065] 4=07 -4=075- | 4=08| 4=085| 4=09| 4=095] 4=1 |

=10l x|

i d == B2

(gram) 100 Fe + <A> AI203 + <1-A> CaO =

100.00 gram Fe-liq

(100.00 gram, 1.7908 mol)
(1600.00 C, 1 atm,
(99.996 wt.% Fe
+ 2.0127E-03 wt.% Al
+ 1.6929E-03 wt.% O
+ 1.1148E-04 wt.% AlO
+ 4.0535E-07 wt.% Al20
+ 4.7107E-09 wt.% Ca

a=1.0000)

+ 1.7570E-04 wt.% CaO )
System component Mole fraction Ma ss fraction
Fe 0.99989 0.99996
Ca 1.7498E-06 1.2558E-06
Al 4.3111E-05 2.0830E-05
O 6.2290E-05 1.7846E-05

+0.30541 gram ASlag-liq

(0.30541 gram, 3.8062E-03 mol)

(1600.00 C, 1 atm, a=1.0000)
(0.16847 wt.% FeO
+33.000 wt.% CaO
+66.827 wt.% AlI203
+ 3.9664E-03 wt.% Fe203 )
System component Mole fraction Ma ss fraction
Fe 5.3704E-04 1.3373E-03
Ca 0.13198 0.23585
Al 0.29398 0.35368
O 0.57350 0.40913

+0.69101 gram CaAl407_solid
(0.69101 gram, 2.6577E-03 mol)
(1600.00 C, 1 atm, S1, a=1.0000)

+0.00000 gram CaAl204_solid
(1600.00 C, 1 atm, S1, a=0.98782)

+0.00000 gram AI203_corundum(alpha)
(1600.00 C, 1 atm, S4, a=0.28813)

+0.00000 gram AI203_delta
(1600.00 C, 1 atm, S2, a=0.23029)

+0.00000 gram AI203_kappa
(1600.00 C, 1 atm, S3, a=0.22526)

+0.00000 gram AI203_gamma
(1600.00 C, 1 atm, S1, a=0.18953)

+0.00000 gram CaO_lime
(1600.00 C, 1 atm, S1, a=0.10240)

+0.00000 gram Ca3Al206_solid
(1600.00 C, 1 atm, S1, a=3.0368E-02)

+ 0.00000 gram C

Figure 6
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F Results - Equilib A=0.1 {page 3/21)

Cutput  Edit Show Pages

O || A

TIC] Platm] Energel)] Masz(g] Yolllitre]

4=06 | 4=065| 4=07 | 4=075| 4=08| 4=085| 4=02| 4=085| 4=1 |
40| 4=005 -4=01- | 4=015| 4=02| 4=025| 4=03| 4=035| 4=04| 4-045] 4=05] 4=035|

FactSage THERMOCHEMICAL SOFTWARE AND DATABASES — RECENT DEVELOPMENTS

=10l x|

i dk=l =] S

T=1600.00 C il
P =1.00000E+00 atm
V= 2.42684E-04 dm3
STREAM CONSTITUENTS AMOUNT/gram
Fe 1.0000E+02
Al203 1.0000E-01
CaO 9.0000E-01
EQUIL AMOUNT MASS FRACTION ACTIVITY
PHASE: Fe-liq gram
Fe 9.9999E+01 9.9996E-01 9.9993E-01
Al 1.0649E-03 1.0648E-05 6.9441E-07
) 8.0416E-04 8.0414E-06 2.8070E-05
AlO 2.8011E-05 2.8011E-07 3.6397E-07
Al20 5.3876E-08 5.3875E-10 4.3007E-10
Ca 9.6819E-08 9.6816E-10 3.0374E-06
CaO 1.7160E-03 1.7159E-05 1.7089E-05
TOTAL: 1.0000E+02 1.0000E+00 1.0000E+00
PHASE: ASlag-liq gram MASS FRACTION ACTIVITY
FeO 6.3657E-04 2.7330E-03 3.5038E-03
CaO 1.3431E-01 5.7663E-01 1.7485E-01
Al203 9.7955E-02 4.2055E-01 1.9938E-03
Fe203 2.1714E-05 9.3224E-05 7.9410E-11
TOTAL: 2.3292E-01 1.0000E+00 1.0000E+00
gram ACTIVITY
CaO_lime(s) 7.6398E-01 1.0000E+00
Ca3AI206_solid(s) T 0.0000E+00 8.4801E-01
CaAl204_solid(s) 0.0000E+00 2.8925E-01
CaAl407_solid(s) 0.0000E+00 8.7798E-03
Al203_corundum(alpha(s4) 0.0000E+00
Al203_delta(s2) 0.0000E+00 6.9050E-03
AI203_kappa(s3) 0.0000E+00 6.7544E-03
Al203_gamma(s) 0.0000E+00 5.6830E-03
Ca2Fe205_solid(s) T 0.0000E+00 1.0584E-08
CaFe204_solid(s) 0.0000E+00 9.1508E-10
* * * * * * * * *kkkkkkkkkkkkkkkkk
Cp_EQUIL H_EQUIL S_EQUIL G_EQU IL V_EQUIL
J.K-1 J J.K-1 J dm3
*kkkkkkkkkkkkkkkkk
8.38431E+01 1.24655E+05 1.83890E+02 -2.19798 E+05 2.42684E-04
Mass fraction of system components:
Fe-liq ASlag-liq
Fe 0.99996  2.1896E-03
Ca 1.2264E-05 0.41211
Al 1.0825E-05 0.22258
] 1.3041E-05 0.36313
System density/g.cm-3 = 4.1077
Cp/J.K-1 HJ  SIJK- 1 G/ V/dm3
CaO_lime(s) 7.54555E-01 -7.52200E+03 1.79115E+0 0-1.08771E+04 2.42684E-04
Dens/g.cm-3 Thermal exp Bulk mod/ba r Cv/J.K-1 Grueneisen
CaO_lime(s) 3.14803E+00 4.36790E-05 8.11160E+0 5 6.84205E-01 1.25671E+00
The cutoff limit for phase or gas constituent acti vities is 1.0000E-10
Data on 2 constituents marked with 'T' are extrapo lated outside their valid
temperature range

Figure 7
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18 pages: <A> =40, 41, ..., 57

F Results - Equiib 1250 C, A=40 [page 1/18)

Qutput Edit Show Fage

0|zl - (C) Platm) Energyld) Masslg) Voll) ||

1250 C, A=54 | 1250 C, A=55 | 1250 C, A=56 | 1250 C, 4=57 |
1250 C, A=47 | 1250 C, A=48 | 1250 C, A=49 | 1250 C, A=50 | 1250 C, A=51 | 1250 C, A=52 | 1250 C, A=53

1250 C, A=40 | 1250 C, A=41 | 1250 C, A=42 | 1250 C, =43 | 1250 C, A=44 | 1250 C, A=45 | 1250 C, A=46 |
(gram) <A> FeO + <75-A-(0)> §102 + <(0)> Cao + b5 Cu2o + 2
{gram) 20 Fe304 + 100 Cu + 100 cuZs + 0.001 Pb +
{gram) 0.001 Zn =
+ 95.570 gram 54.842 wt.% FeO
+  35.432 wt.% 5102
+ 0.58215E-01 wt.% Fes slag
+  6.2964 wt.% Fe203 «
o oa.3ees  wres cuzo) phase
( 1250.00 ¢, 1.0000 atm, BSlag-1i)
+ 108.76 gram 98.088 wt.% Cu
+ 0.39512E-01 wt.% Fe i
+  1.8547 wkb.% S < blister
+ 0.17371E-01 wt.% O) copper
( 1250.00 ¢, 1.0000 atm, Cu-lig)
+ 93.398 gram 15.3895 wt.% 8
+ 0.57447 wt.$ Fe - matte
+  80.036 wkb.% cu) N
( 1250.00 ¢, 1.0000 atm, Matte) phase
1.1377 gram $102 tridymite (h)
1250.00 C, 1.0000 atm, S4, a= 1.0000 )
.00000 gram $102 cristobalite(h)
( 1250.00 ¢, 1.0000 atm, 6, a=0.39892 )
Slllca +  0.00000 gram $102 quartz(h)
saturation { 1250.00 <, 1.0000 atm, 52, a=0.94276 )
+ 0.00000 gram Cuzs
( 1250.00 ¢, 1.0000 atm, §3, a=0.87405 )
+
@on the reactant side is 40.00 One of 18 calculations

Solids beyond this point are not formed: 0 gram and activity

less than 1 . Thev are ordered with respect to activitv.

Figure 8
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Graph - Setup t
Eavorites
Wanables clear| a0 4 Figure Settings
A Amount [Fe203[gr]-551\: Font size : m |
B : Amount [Fe0fmol] - 5l Formula... tisbels ner e |4
C : Amaunt [Si02]mal] - 51 = | 2 S et !
D 2 Amount [Fe5[mal] - Sle— = i I Til
E * Amount [Fe203(mal] - 0 _Nfne olor.. | Tite|
i s | 40 eq Alphia <> v Full Screen
-Axis X-Axis
Formula... - | hi - | * variablel Alpha <A> ~ | bt - |+ vanable
W fi= A N
[ f2= |B/C j MM MAX STEP Label every
= = 40 58 inz 2
W 3= (B+DA2*E) !
I - MAs _ STEF ~ Labeleveny
i 120 nz 2
S s
Species/phazes;
I Species J Fhase Data J Amount{mol] J MM ] Il J Fzeudonym |A
D@ 0 [tatal] M atte [1.000E +00 0.000E +00 2.599F +00
D@ E [tatal) td atte [, 000E +00 0.000E +00 2599 +00
0 Fell Slag-ig1 FTaxid 7 186E-01 7 18EE-01 7.896E-01
D@ Si0z2 Slag-igh1 FTaxid 5.825E-01 2829E-M 5,825E-01
DO Cal Slag-lighi FTaxid [.000E+00 0.000E +00 0L000E+00
DO Cas Slag-ligHi FTaxid [.000E+00 0.000E +00 0.000E+00
O Fes Slag-igHi FTaxid 8.511E-05 89.329E-05 1.087E-04
0 Fe203 Slag-igHi FTaxid 3.401E-02 J401E-02 1.204E-01 [
[ o I = SRS = W v e ey e SR = e e
 ml Oyl frect 0 gram {4 A [ze |
Copy paints [d Draw > > Cancel ‘

(g) <A> Fel + <75-A> §i0, + 20 Fe,0, + 5 Cu,0 + 0.001 Pb + 0.001 Zn + 0 Ca+ 100 Cu,5+ 100 Cu

T = 1250°C thtsagem

20 T T T T T T
Where :
18 F A= Amount (Fe203(gr) - Slag-ig#1) B
B= Amount (FeO(maoal) - Slag-lig#1)
C= Amount (Si02{mol) - Slag-lig#1)
16 E D= amount (Fesimal) - Slag-lig#1) E
E= amount (Fe203(mol) - Slag-lig#1)
Fl=a
2=BjC
14 2t/

#3={B+D)/(2*E) 3

fl-f2-f3

Alpha A=

Figure 9
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* We wish to optimize the experimental data to obtain the model parameters for the NaCI-SrCl; liquid
phase.

» Data are divided into five different groups, where each group must correspond to a specific
type of Equilib calculation.

Group #1: Activity of NaCl in the liquid phase
NaCl-SrCl, System

Calculated a . (liquid reference state) at 825TC

— Experimental 09 | ® T.Ostvold (1971) 850°C ]
conditions: g A J.J.Egan (1974) 825°C ]

« Amount of NaCl in the 0.8 | O H.H.Emons et al. (1978) 800°C ]
liquid phase (NASRCL) 'g 07k f

e Amount of SrCl , in the A & ]
liquid phase (NASRCL) 3 06L ]

« Temperature & | A

e Pressure < 05 F ]

- Measured s :
variables: 504} ° 3
 Activity of NaCl in the N ¢
liquid phase (NASRCL) s 03

- Selected phases: o2 b
+ Liquid phase Bl: ® ]
(NASRCL) 01 L .

0 ;Hm‘ummHH\WHHH\HHHMmumumHHHmwuummummwmuuummuu J

0 01 02 03 04 05 06 07 08 09 1

Mole fraction SrCl,

Group #2: Enthalpy of mixing of the NaCI-SrCl  , liquid mixture at 1167K (894<C)

NaCl-SrCl, System
Calculated enthalpy of mixing of the liquid at 894°  C
o L L L L L L L L I L L L L L LI L L

- Experimental
conditions: .
« Amount of NaCI(quuid) r ® T.Ostvold (1971) 894 C
Amount of SrCI ,(liquid)
Product Temperature
Product Pressure
Reactant Temperature
Reactant Pressure
- Measured
variables:
e Enthalpy of mixing
(liquid)
- Selected phases:
e Liquid phase
(NASRCL)

o
)
a
T
1

05 ° .

enthalpy of mixing (kJ/mol)

-0.75 | y

0 0.2 0.4 0.6 0.8 1
Mole fraction SrCl,

Figure 10
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Group #3: Eutectic temperature

- Experimental conditions:
e Amount of NaCl in the liquid phase (NASRCL)
e Amount of SrClI , in the liquid phase (NASRCL)
* Pressure
- Measured variables:
* Temperature
(Formation Target on NASRCL)
- Selected phases:
e Liquid phase (NASRCL)
* NacCl(s)
* SrCly(sl)
Group #4: NacCl liquidus data

- Experimental conditions:
e Amount of NaCl(s) 900 . , : .
e Amount of SrCI , (s1) 874°
* Pressure O Scholich
- Measured variables: = Vortisch
* Temperature 800
(Formation Target on NacCl(s))
- Selected phases:
e Liquid phase (NASRCL)
* NacCl(s)

Group #5: SrCl ; liquidus data

O Bukhalova 1

700

Temperature ('C)

- Experimental conditions:
« Amount of NaCl(s) 600
* Amount of SrCl »(s1)
* Pressure
- Measured variables:
« Temperature 500 - : :
(Precipitation Target on NASRCL ) 0 0.2 Ivcl)glle raction Scr)gl 0.8 1
- Selected phases: 2
» Liquid phase (NASRCL)
* SrCly(s1)
e SrCly(s2)

- X

H S MaCl_SrClI2.xlsx - Microsoft Excel =

o

=
! ‘g'-l
—/ Aecueil  Insertion  Mise en page Formules Données  Révision  Affichage Compléments  Acrobat 'L?) - =

| Al - Je |
A B c D E F G H J T
1 |
5 Activity of NaCl in the liquid phase
3 Experimental Conditions Measured Variable
4 P moles moles T activity error
5 SrCI2 NaCl K NaCl |(estimated at 1%)
6 atm liquid liquid liquid
7 1 0,2 0.8 1073,15 | 0,777 0,00777 |
8 1 03 07 107315 | 0,659 0,00659 1
9 1 04 0.6 107315 | 0,533 0,00533
10 1 0,9 0,1 1098 0,0808 0,000808
11 1 0.8 02 1098 0,162 0,00162
12 1 0.5 0.5 1098 0,454 0,00454
13 1 03 07 1098 0,682 0,00682
14 1 0,401 0,599 1123 0,5437 0,005437
15 1 0.6 0.4 1123 0,3381 0,003381
16 1 0,799 0,201 1123 0,1593 0,001593
17 1 0,46 0,54 1123 0,53 0,0053

18
4 4k M| Group #1 . Group #2 Group #3 Group #4 Group #5 ¥ E! lill

Prét [ EEEST e

()
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1. Experimental conditions:
— Amount of NaCl(s)
— Amount of SrCl ,(sl1)
— Pressure

2. Measured variables:
— Temperature (Precipitation Target on NASRCL)

3. Selected phases:
— Liquid phase (NASRCL)

— SrCly(s1)
— SrClx(s2)
900 s ————————— ————————— SR e
- 874°
O Scholich
i . m Vortisch
800w 301 U Bukhalova 1
2 s2 |
L i ]
>
g 700} SL.
[¢B) |
[oX
£
()
|_
600 | -
500 ......... | S S S S R | S S S S | S | S S S S
0 0.2 0.4 0.6 0.8 1
Mole fraction SrCl,
SrCl2 Liquidus Data
Experimental Conditions Measured Variable
P moles moles T(K) error
5rCI2 NaCl |[Precipitation Target (K)
atm liquid liquid liguid
1 0,97 0,03 1116 5
1 0,914 0,086 1052 5
1 0,86 0,14 1047 5
1 0.81 0.19 1013 5
1 0,762 0,238 985 5
1 0,68 0,32 933 5
1 0.6 0.4 662 b
1 0,513 0,487 843 5

Figure 12
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F Add Group #5

File  Edit

FactSage THERMOCHEMICAL SOFTWARE AND DATABASES — RECENT DEVELOPMENTS

=0l x|

$ B OB @ | i

D |

Group's name ISrCI2 liquiduz data [precipitation target of the liquid phase)

[Max. 80 Char]

”U nit

[ initial conditions IK

<l [ =]

[ dm3

= fmol

=l

Precipitation target

Expernmental Conditions Meazured Yariable[s] ]
A B c | o | E Al A | B8 | ¢ |/ b Al
“ariahle P M [meles] M [moles] “ariahle T Err T
Phase - Ligict Ligict Phase Liguict System
Constituent - MNaCy Seciz Constituent
Syst. comp. - - - Syst. comp. - -
Stream # - - - Stream # - -
Lnit aim mal mal Lnit .3 .3
Scale X X X Scale x x
Expt. 1 v 1 0.03 097 Expt. 1 1116 H]
2 v 1 0036 0914 2 1082 5
3 v 1 014 0.88 3 1047 H]
4 v 1 018 0.81 4 1013 5
] v 1 0235 0782 ] 985 H]
i v 1 0.32 0.68 i 933 5
7 v 1 04 0E 7 882 ]
g v 1 0457 0513 g 843 5
9 - 9
| » 1 »
Phazes
Entered [Stable] ~Dormant [Metastable] rEliminated
Liquid MaCl_halite [rock...
SCI2(z)
SiCI2(=2)
F OptiSage : Results o ]
File Kil
[l Iterations:
¥ iterariom #1 @ Kill |
iteration $Z ~ 0 dP
iteration £3 # New Value |Units| Correction | Uncertainty |II‘ pendency IPhasell" ITypeI o | o | XS I o I
iteration f#4
N . 1 - 3 Jd FABBASI0ITTIEDS | 2.21602662602 5402 MasrCl GIHE) W TO Binary: MaCI[1] - SrCiz*1] 121111
iteration #&
aration #& 2 -8 31551010206 E-01 J -2 GITAA3044TAE-06 | 2 BIAF7IIEZ09E01 Na&rl GixE) T Binary: HaCP[]- Srciz*f] 131121
2 -4.10085 1 1D520E+03 J -6.055BE150506E-02 | 5.11323008802 E402 MasrCl G(5) W0 TO Binary: MaCl[z]- SrCi2*(] 132111
= wIEtion(s) between parsmeters 4 2 G1633848012 B400 J 400315240977 B0 | 5 191144361 12E01 Na&rl GixE) T Binary: NaCP[E] - SrCiz*f] 132121
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9:  Al203_corundum(alpha(s4) / CaAl12019(s) / CaAl2Si208_anorthite(s2) Q“?
10: Ca2AI2SiO7_gehlenite(s) / CaAl12019(s) / CaAl407(s)
11: Ca2SiO4_alpha(s3) / Ca3AI206(s) / Ca3SiO5_hatrurite(s)
12: Ca2SiO4_alpha(s3) / Ca2SiO4_alpha-prime(s2) / Ca3AI206(s)
13: Ca2SiO4_alpha(s3) / Ca2SiO4_alpha-prime(s2) / Ca3Si207_rankinite(s)
14: Ca2AI2SiO7_gehlenite(s) / Ca2SiO4_alpha(s3) / Ca2SiO4_alpha-prime(s2)
15: Ca2SiO4_alpha(s3) / Ca2SiO4_alpha-prime(s2) / CaAl204(s)
16: Ca2AI2Si07_gehlenite(s) / CaAl12019(s) / CaAl2Si208_anorthite(s2)
17: CaAl2Si208_anorthite(s2) / Mullite / SiO2_tridy mite(h)(s4)
18: Ca2AI2SiO7_gehlenite(s) / Ca2SiO4_alpha-prime(s2) / Ca3Si207_rankinite(s)
19: Ca2SiO4_alpha-prime(s2) / Ca3AI206(s) / CaAl204(s)
i i ) / Ca3Si207. ini i

T(min) = 1184.29 °C, T(max) = 2571.99 °C 2600

2450

¥

2200

20: Ca2Al2Si07_ & 1 Casio3_p: i(s2)
21: Ca2AI2SiO7_gehlenite(s) / CaAl2Si208_anorthite(s2) / CaSiO3_ps-wollastoni(s2) A
22: CaAl2Si208_anorthite(s2) / CaSiO3_ps-wollastoni(s2) / SiO2_tridy mite(h)(s4) o

A=Si02, B=A203, C=Ca0
X(A) X(B) XC)  °C

1 0.19519 0.10447 0.70035 1726.55 1950
2 0.47779 0.29691 0.22530 1546.56
3: 0.08289 0.42591 0.49120 1528.67
4 0.14285 0.26914 0.58801 1473.68
5: 0.80684 0.12036 0.07280 1466.66
6: 0.80594 0.12062 0.07343 1465.34
7 0.80489 0.12093 0.07419 1463.79
8: 0.10406 0.19616 0.69978 1446.51

9: 0.37459 0.28096 0.34445 1446.50 1700
10: 0.33102 0.28353 0.38545 1442.81
11 0.10677 0.19492 0.69831 1440.70
12: 0.10420 0.19883 0.69697 1436.85
13: 0.41814 0.01877 0.56309 1436.85
14: 0.36868 0.09825 0.53307 1436.85
15: 0.07917 0.30656 0.61427 1436.85

16: 0.36977 0.25181 0.37842 1391.94 1450
17: 0.75011 0.13231 0.11758 1367.11
18: 0.39348 0.08162 0.52490 1332.88
19: 0.03612 0.31096 0.65292 1331.63
20: 0.42135 0.09637 0.48228 1273.45
21: 0.43677 0.11142 0.45181 1257.43
22: 0.63835 0.08208 0.27958 1184.29
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Figure 29



