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Critical Thermodynamic Evaluation and
Optimization of the Mg0O-Al,O,, CaO-MgO-Al,O,,

and Mg0O-Al,0,-Si0, Systems

In-Ho Jung, Sergei A. Decterov, and Arthur D. Pelton

(Submitted November 13, 2003; in revised form May 25, 2004)

A complete literature review, critical evaluation, and thermodynamic modeling of the phase
diagrams and thermodynamic properties of all oxide phases in the MgO-Al,O;, CaO-MgO-
AL, O;, and MgO-Al,05-SiO, systems at 1 bar total pressure are presented. Optimized model
equations for the thermodynamic properties of all phases are obtained that reproduce all
available thermodynamic and phase equilibrium data within experimental error limits from 25
°C to above the liquidus temperatures at all compositions. The database of the model param-
eters can be used along with software for Gibbs energy minimization to calculate all thermo-
dynamic properties and any type of phase diagram section. The modified quasichemical model
was used for the liquid slag phase and sublattice models, based upon the compound energy
formalism, were used for the spinel, pyroxene, and monoxide solid solutions. The use of physi-
cally reasonable models means that the models can be used to predict thermodynamic properties
and phase equilibria in composition and temperature regions where data are not available.

1. Introduction

The MgO-Al,05, CaO-MgO-Al,05, and MgO-Al,O5-
SiO, systems are fundamental to the understanding of
metallurgical slags, refractories, ceramic materials, and geo-
logical phenomena. Eriksson et al.'"! reported a thermody-
namic evaluation/optimization of the MgO-Al,O; system
using a simplified model for the spinel solution. Hallstedt'*!
described the spinel solution using a three-sublattice (three
cation sublattices plus the oxygen sublattice) Compound
Energy Formalism in his optimization of the MgO-Al,O,
system. He modeled the liquid slag using a two-sublattice
ionic model. Hallstedt also reported an optimization of the
ternary CaO-MgO-Al,O; system."!

Recently, a new formulation of the spinel model"™ was
developed. Furthermore, many new structural and ther-
modynamic data for the spinel phase have been re-
ported, and two new ternary phases in the CaO-MgO-Al,O4
system have been reported. A new and more accurate ther-
modynamic optimization/evaluation of the MgO-Al,O; and
Ca0-MgO-Al,O5 systems, using the most recent models
and data, is warranted. A thermodynamic evaluation/
optimization of the MgO-Al,05-Si0, system has not pre-
viously been reported.

The main goal of the current study is to perform a com-
plete review, critical assessment, and optimization of ther-
modynamic properties at 1 bar total pressure of oxide
phases in the MgO-Al,0;, CaO-MgO-Al,O;, and MgO-
Al,05-Si0, systems. In the thermodynamic “optimization”
of a chemical system, all available thermodynamic and
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phase equilibrium data are evaluated simultaneously to ob-
tain one set of model equations for the Gibbs energies of all
phases as functions of temperature and composition. From
these equations, all of the thermodynamic properties and the
phase diagrams can be back-calculated. In this way, all the
data are rendered self-consistent and consistent with ther-
modynamic principles. Thermodynamic property data, such
as activity data, can aid in the evaluation of the phase dia-
gram, and phase diagram measurements can be used to de-
duce thermodynamic properties. Discrepancies in the avail-
able data can often be resolved, and interpolations and
extrapolations can be made in a thermodynamically correct
manner.

The thermodynamic evaluation/optimization of the
MgO-Al,05, CaO-MgO-Al,0;5, and MgO-Al,05-Si0, sys-
tems reported in the current study is part of a wider research
program aimed at complete characterization of phase equi-
libria and thermodynamic properties of the entire six-
component system CaO-MgO-Al,05-FeO-Fe,05-Si0,,
which has numerous applications in the ceramic, cement,
and glass industries, metallurgy, geochemistry, etc. The
present optimization covers the range of temperatures from
25 °C to above the liquidus.

2. Phases and Thermodynamic Models

The following solution phases are found in the CaO-
MgO-Al,O5; and MgO-Al,05-Si0, systems:

Slag (molten oxide phase) CaO-MgO-Si0O,-AlO, s
Spinel (Mg**,AI**)"[Mg** AI**,Va]?0,

Pyroxene (Mg)™>(Mg** AP M (AI*,Si*)B(S1)* 0,
Monoxide MgO-CaO-AlO,; s
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Cations shown within a set of brackets for spinel and py-
roxene occupy the same sublattice.

2.1 Slag (Molten Oxide)

The modified quasichemical mode which takes into
account short-range-ordering of second-nearest-neighbor
cations in the ionic melt, is used for modeling the slag. The
subsystems Ca0-MgO,"”! Ca0-Al,0,,'"' MgO-Si0,,!'!!
and Al,05-SiO,!"°! have already been critically evaluated
and optimized, and the optimized model parameters are
used as the basis of the current study. All second-nearest-
neighbor “coordination numbers” used in the model are the
same as in the previous studies.””'"! Additional binary and
ternary model parameters for the MgO-Al,0; and MgO-
Al,05-Si0, ternary slag solutions were optimized in the
current study. These are listed in Table 1. The properties of
the CaO-MgO-Al,O; ternary solution were calculated from
the binary parameters using an asymmetric “Toop-like” ap-
proximation''?! with AlO, 5 as the “asymmetric” compo-
nent, and the properties of the MgO-Al,05-SiO, ternary
solution were also calculated from the binary and ternary
parameters using an asymmetric Toop-like approxima-
tion''?! with SiO, as the asymmetric component.

1.[5-81

2.2 Compound Energy Formalism (CEF)

The spinel and pyroxene solution models were devel-
oped within the framework of the two-sublattice compound
energy formalism (CEF).!"3! (Although there are more than
two sublattices, substitution occurs on only two cationic
sublattices in each case.) The Gibbs energy expression in
the CEF per formula unit is

G= 2, D VYG, - TSc+G" (Eq 1)
i

where Y; and Y7 represent the site fractions of constituents
i and j on the first and second sublattices, Gij is the Gibbs
energy of an end-member #j of the solution in which the first
sublattice is occupied only by cation i and the second sub-
lattice is occupied only by cation j, G* is the excess Gibbs
energy and S is the configurational entropy assuming ran-
dom mixing on each sublattice:

Se= —R(nIEYi’ In Y, +n, 2,¥In Y}’)
i J

(Eq2)

where n, and n, are the numbers of sites on the first and
second sublattices per formula unit of a solution. G* is
expanded as

G°= Ezgn’l@’y’k’gﬁk + EEEY,QY;’Y}’Lk:U
i i

(Eq 3)

where the parameters L., are related to interactions be-
tween cations i and j on the first sublattice when the second

sublattice is occupied only by k cations, and the parameters
L,.;; are related to interactions between i and j cations on the
second sublattice when the first sublattice is occupied only
by k cations.

2.2.1 Spinel Solution. The spinel solution is modeled
as (Mg>", APHT[Mg?" AIP*,Val]20, withn, = 1 and n, =
2 sites on the tetrahedral and octahedral sublattices, respec-
tively. Nonstoichiometry can occur through the introduction
of vacancies, Va, on octahedral sites.

GF was set to zero in the current study, so that the six
end-member Gibbs energies G;; are used to describe the
system. Certain linear combinations of these end-member
Gibbs energies, which have physical significance, are used
as the optimized parameters as discussed in Ref 4. The
optimized parameters are listed in Table 1. Details of the
optimization are given in the following sections.

The parameter Gy, is equal to G°(MgAl,0,) the Gibbs
energy of normal MgAl,O, spinel. (The notations M, A, and
V denote Mg**, AI’*, and vacancy) The parameters Iy,
Apviamas and Ay vy are the Gibbs energy changes of the
spinel inversion reaction and of reciprocal site exchange
reactions, respectively.

The spinel solid solution can be considered as a solution
of MgAl,0, and y-Al,05: (AIP*)(ALZ}Va, 4),0,. Assuming
a random mixture of Al’* and vacancies on the octahedral
sites, the Gibbs energy of y-Al,Oj5 is given by:

8G° (Y-ALO,) = Gy + 5G4 + 2RT(5In 5 + 6 In 6)
(Eq 4)

The Gibbs energy of y-Al,O; was optimized as equal to
G°(a-Al,O5) plus an increment as shown in Table 1.

Following O’Neill and Navrotsky''*! the parameter
Apiama Was set to 40 kJ/mol. Since the current study is part
of a larger study''®' of the entire Fe-Mg-Al-Cr-Co-Ni-Zn-O
system, model parameters must be consistent with those
obtained in optimization of other subsystems. The param-
eter G5, was already optimized in evaluating the Fe-Al-O
spinel solution. Similarly, G°(y-Al,O5) must be optimized
to simultaneously reproduce the solubilities of Al,O5 in all
spinel solutions.

2.2.2 Pyroxene Solutions. In the absence of Ca, there
are three polymorphs of pyroxene: ortho-pyroxene (Pbca,
orthorhombic), proto-pyroxene (Pbcn, orthorhombic), and
low clino-pyroxene (P21/c, monoclinic). All three are con-
sidered in the current study. Pyroxenes have two distinct
octahedral sublattices (M1 and M2) and two distinct tetra-
hedral sublattices (A and B). Because the amount of Al on

A sites is small,"® the following simplified"”! pyroxene
structure is used in the present model:
(Mg)™ (Mg™, AP (A1, 5i*)" (Si)* O (Eq’5)

That is, mixing occurs only on the M1 and B sites, and so
there are four end-member G; parameters in the model for
each of the three polymorphs: Gya, Gyss Gaa, and Gag
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Table 1 Optimized Model Parameters of the Ca0-Mg0-Al,O; and MgO-Al,0;-SiO, Systems (J/mol)

0
H3yg.455 J/mol

S 99815 and Cp, J/mol - K

Ternary Compounds

Ca;MgALO,, ~5971 170.0
CaMg,Al O, ~15 438 690.0
Ca,Mg,AL;O,, ~26 217 079.9
Mg,ALSisO, ¢ -9167727.0
Mg, Al (Si,055 ~12790 590.2

Sos15 = 3 Spos.15 (Ca0) + Sihg 15 (MO) + 2 Sy 15 (ALO5)

Cp = 3Cp(Ca0) + Cp(MgO) + 2 Cp(Al,05)

Sfs.1s = Savgas (CaO) + 2 Sig 15 (MgO) + 8 Spg 15 (ALO5)

Cp = Cp(Ca0) + 2 Cp(MgO) + 8 Cp(Al,05)

Stos1s = 2 Spogs (Ca0) + 2 Sfhg 15 (MgO) + 14 Sfg 15 (ALO5)

Cp = 2 Cp(Cal) + 2 Cp(MgO) + 14 Cp(AL,05)

171 § 015 = 417.9700

71 Cp = 954.39 — 370 210 0007 — 2 317 3007%-7962.3T°°

Sis1s = 4 Sibg1s (MgO) + 5 S3ug 15 (ALO3) + 2 S 5 (Si0,, tridymite)
Cp = 4 Cp(MgO) + 5 Cp(ALL,03) + 2 Cp(Si0,, tridymite)

Data for all other compounds were taken from Wu et al.””! and Eriksson et al.!'}

Liquid Oxide: CaO-MgO-AlO, 5 and MgO-AlO, 5-SiO,
Agg/lgO,AlOIS = -31518.04

@Rae0a10,; = ~225 T64.46 + 66.72T
Greo,al0, s = 80 688.02

q(l\)ZgO.Alol_s = —48435.77
qg’éo.mo.j(saoz) = 104 600.0
qi),?gz(,’Sioz(A,Olj) = 62395.99 - 52.30T
qfi‘flol_s,Sioz(Mgo) = 250705.0-167.36T

All other model parameters for binary systems were reported earlier.!”-'!!

The quasichemical parameters are defined in Ref. 7.
Monoxide: MgO-Ca0-AlO, 5
Gio,s = 112G - AL,O;) + 38 702.0
qg/?go,Alo,j = 1548 080 — 1347.68T + 0.286478T*>

Parameters for the MgO-CaO subsystem were obtained previously.!

The polynomial g parameters are defined in Ref. 12

Spinel: (Mg**, AI**)T[Mg>*, AI**,Va]$0,
Gua = G°(MgAlLLO,):

Hg 15 = =2 304 994.88

S%0s.15 = 80.00
Cp = 795.470 — 0.33724T + 9.92769(10~°)T? + 79 789.79T " —
761 956.61T7% - 14 619.66T

(15 K < T'< 3000 K)

G p 18 from Ref. 15

Apava = Gaa + Gym — Gua — Gam = 40 000.0

Iya = Gapn + Ganm — 2G4 = 21 756.8 4+ 19.6648T

Ayviamy = Gum + Gav — Gy — Gam = —83 680.00

Gay = 8G°(y-Al,05) — 2RT(5 In 5-6 In6) — 5G 5 5, where

G°(y-AL0;) = G%a-Al,0;) + 30 000.0 — 12.500T
Notations M, A, and V are used for Mg?*, AI**, and vacancy, respectively.
Pyroxene: (Mg)M*(Mg>*, AP )M(AI**,Si*")B(Si) Oy

G, are from Ref. 18 for ortho-, proto-, and low clino-pyroxenes.

Gys + Gap — Gas — Gya = 0.0

Gas = Gypa

Apgrs = (G(C)‘aMgSizO() +Gaa) - (Gg/{gzsbo(, + GgaAlgSiO()) = 158992

Lyia:a = Lya.s are from Ref. 20

Notations M, A, and S are used for Mg?*, AI** and Si**, respectively.
Gamgsino, Ad Gig,siro, are from previous study by Jung et al.!'™

Gannsiog is from F*A*C*T!1 database.

Note: Gibbs energies of the pure components of the solutions and of all binary stoichiometric components are taken from the F*A*C*T!'! database.

(where the notation M, A, and S indicates Mg**, AI**, and
Si**, respectively).

The parameters Gyg are equal to G°(Mg,Si,Og), the
Gibbs energies of stable Mg,Si,04 enstatite (ortho-, proto-,
and low clino-). These were evaluated previously.''® For all
polymorphs it was assumed that the Gibbs energy of the site
exchange reaction is zero: (Gys + Gap) — (Gas + Gpa) =
0. Furthermore, with no loss of generality, one can set
Gas = Gua-

The parameter G,, is equal to the Gibbs energy
G°(MgAlL,SiO) of Mg-Tschermak which is not stable at 1.0
bar pressure, and for which no thermodynamic data exist.
This was evaluated, for each polymorph, through the Gibbs
energy Ay, s of the exchange reaction:

_ (O 0 0 0
Avg-1s = (Glamesinog T OMealsios) — (Omgysi,0s T Ocaansiog)

(Eq 6)
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where the Gibbs energies of CaMgSi,O4, Mg,Si,0,, and
CaAl,SiOg, for all polymorphs are taken from previous op-
timizations.'®:

Finally, the GE parameter Lyia:a = Lam.a:s, Which is
related to interaction between Mg?* and Al** on the M1
sites when the B sites are occupied by either AI** or Si**,
was used. However, this parameter was not optimized in the
current study, its value having already been fixed in an
earlier study''>?*! to reproduce phase equilibrium and en-
thalpy of mixing data for CaMgSi,04-CaAl,SiOg (diopside-
Ca-Tschermak) solutions.

2.3 Monoxide Solution

The MgO-Ca0O-AlO, 5 monoxide solution was modeled
as a simple random mixture of Mg?*, Ca®*, and AI’* ions on
cation sites with simple polynomial excess Gibbs energy
terms."'?! It is assumed that cation vacancies remain asso-
ciated with AI’* ions and so do not contribute to the con-
figurational entropy. Binary excess Gibbs energies were
modeled by simple polynomial expansions in the mole frac-
tions. Optimized parameters for the MgO-CaO binary sys-
tem were obtained previously."””! These model parameters
reproduce the solid-solid miscibility gap in the MgO-CaO
system. Additional parameters were optimized in the cur-
rent study as described in the following sections. These are
listed in Table 1. The properties of the ternary MgO-CaO-
AlO, 5 solution were calculated by means of the symmetric
“Kohler-like” approximation."'?

3. Thermodynamic Evaluations and Optimizations

3.1 MgO-Al,O; System

3.1.1 Summary of Available Experimental Data. The
phase diagram of the MgO-Al,O; system is shown in Fig. 1.
In a preliminary study, Rankin and Merwin'?'! determined
the congruent melting temperature of MgAl,O,. Alper et
al.'”?! determined the phase diagram of the MgO-MgAl,O,

* Mori[27]
v Stubican and Roy[25]
= Frenkel et al[28)
< Roy et al[32] 1
< Lejus[31]

¢ Rankin and Merwin[21]

O Viechnicki et al[23]

o Alper et al[22]

+ Saalfeld and Jagodzinski[34]
v Viertel and Seifert[29]

2825

22 0.90

l/ 2084

L 2

é ! (1985, 0.36) (1994,0.79) ~ % ’Y .
1800 |- Spinel . o & (2008,002)]
1600 ° -

K

1400 E & Shirasuka and Yamaguchi[29] A
® Henriksen and Kingery[27]
1200 & % Whitney and Stubican[28]

Temperature, °’c

,
£10,

1000 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.9 1.0
MgO mole fraction AL O,

Fig. 1 Calculated phase diagram of the MgO-Al,O; binary
system

system using a quenching technique followed by x-ray dif-
fraction (XRD) or optical phase identification. Viechnicki et
al.”3 investigated the solidus and liquidus under Ar atmo-
spheres using the collapsing cone technique. They reported
a eutectic reaction between spinel and Al,O5 at 1975 °C,
which is higher than the temperature of 1925 °C reported by
Rankin and Merwin."*"!

Many investigations have been performed to measure the
solubility of Al,O3 in MgO (periclase)?***2%! and in the
spinel solution"2%-341 in the temperature range between
1230° and 1975 °C. Usually the solubilities were deter-
mined from the change of lattice parameters of quenched
samples as determined by XRD. While the measured solu-
bilities of Al,O5 in periclase show good agreement among
authors, there is more scatter in the reported solubilities of
AL, in the spinel phase. Shirasuka and Yamaguchi™*
measured the solubility at temperatures between 1327 and
1927 °C. Viertel and Seifert®”! measured the solubility,
seemingly with good accuracy, at 1 kbar total pressure in the
temperature range between 1125 and 1625 °C using an equi-
librium exsolution and homogenization technique.

According to Lejus and Collongues®> and Lejus,
MgO is nearly insoluble in MgAl,O,. On the other hand,
Alper et al.,’*?! Chiang and Kingery,*® and Fujii et al.®”]
reported a low solubility (less than 3 mol%) of MgO in
MgAlL,O,. In general, solubility of MO in MA1,O, spinels is
rarely observed. The solubility of MgO in MgAl,O, spinel
was assumed to be negligible in the current study. Roy and
Coble® reported a solubility of MgO in AL, O, of about 0.1
mol% at 1830 °C and Ando and Momoda'*! reported a
solubility of 0.012 mol%. The solubility of MgO in Al,O4
was assumed to be negligible in the current study.

The thermodynamic and structural properties of
MgAl,O, have been measured with good accuracy. The low
temperature heat capacity of MgAl,O, was measured by
using adiabatic calorimetry, and its entropy at
298.16 K was determined. Heat contents of MgAl,O, were
measured by Bonnickson,*!" Landa and Naumova,*?! and
Richet and Fiquet!**! at temperatures from 400-2200 K. The
measured values are in good agreement with each other. The
enthalpy of formation of MgAl,O, from MgO and Al,O,
was measured at temperatures from 970-1173 K using calo-
rimetric techniques. !4

Gibbs energies of formation of MgAl,O, from MgO and
Al,0O; were measured by several authors™*”#7=% ysing dif-
ferent techniques. Taylor and Schmalzried,"**! and more re-
cently Jacob and Jayadevan,'*”! used a MgF, electrolyte to
measure the Gibbs energy of MgAl,O,. Chamberlin et
al."*®! equilibrated spinel and liquid Pd and measured the
Mg and Al contents in the Pd. The oxygen partial pressure
(controlled by H,/CO, mixtures) was measured using a
solid electrolyte. From the known activity coefficients of
Mg and Al in the Pd alloy, the Gibbs energy of MgAl,O,
could thereby be calculated. Fujii et al.'”*”! performed similar
measurements using liquid Cu. Rosen and Muan'®®! equili-
brated CoO-MgO and CoAl,0,-MgAl,O, solid solutions
under controlled Pg, . From the known activities of CoO and
MgO in the CoO-MgO solution (a nearly ideal solution) and
the known Gibbs energy of CoAl,O,, the Gibbs energy of

[31]
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MgAlL, O, could be estimated using a Gibbs-Duhem integra-
tion technique.

Grjgtheim et al.°" measured the equilibrium partial
pressure of Mg vapor over the three-phase mixture [MgO +
MgAlLO4 + liquid Al] between 1143 and 1414 K. Alt-
man®52! and Sasamoto et al.!>*! measured the partial pressure
of Mg over MgO and over MgO-xAl,O; spinel solutions (x
= 1.0, 2.0, and 2.8) for the congruent vaporization of MgO
(to Mg + 1/2 O, in vacuo) using a mass spectrometric/
Knudsen-cell technique at temperatures between 1850 and
2300 K.

Navrotsky et a measured the enthalpy of formation
of spinel solutions containing excess y-alumina at 975 K
using 2PbO-B,0; solution calorimetry. McHale et al.l>¥!
reinvestigated the enthalpy of transformation from a-Al,O4
(corundum) to y-Al,O5 by calorimetric measurements on
nanosized y-Al,O5; with a correction being made for surface
energy.

The cation distribution in spinel was measured for in situ
or quenched samples by several authors™>®! using several
different techniques: XRD, neutron powder diffraction,
NMR, ESR, etc. Redfern et al.’®”) measured the cation dis-
tribution using an in situ neutron diffraction technique.
They also examined the effect of nonstoichiometry of the
spinel on the cation distribution. Navrotsky et al."®*! mea-
sured the enthalpy change for cation redistribution from
1200-973 K.

3.1.2 Evaluation and Optimization. Figure 1 shows
the calculated optimized phase diagram of the MgO-Al,O,
binary system. All phase diagram data are repro-
duced within experimental error limits. The Al,O5 solu-
bilities in spinel were optimized based mainly on the
studies of Shirasuka and Yamaguchi®®! and Viertel and
Seifert.[*!

At 25 °C, MgAl,O, is a fully normal spinel. At higher
temperatures, however, a significant degree of inversion oc-
curs as can be seen in Fig. 2. The calculated optimized
cation distribution is based mainly on the data of Redfern
et al.’®”! who appears to have taken care with sample
preparation and experimental technique. The calculated

1 [30]

06 T T r T T T T T T
o Redfern et al[57] {in-situ/stoich)
o Redfern et al[57] {in-situ/non-stoich}
o5k © Maekawa etal[58] (in-situ and quenched) E

< Millard et al[60] (quenched)
v Peterson et al{56] (in-situ)

x Wood et al[59] (quenched)
¥ Yamanaka et al[55] (quenched)
4 Andreozzi et al[61] (quenched)

o
P
T

inversion parameter
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L g1 X L ! I i L
0 200 = 400 600 ' 800 1000 1200 1400 1600 1800 2000
Temperature, K

0.0

Fig. 2 Calculated variation of cation distribution in MgAl,O,.
The inversion parameter is defined as the mole fraction of AI** on
tetrahedral sites.
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cation distribution depends mainly on the optimized param-
eter Iya-

In the experiments, the cation distribution becomes fro-
zen in as the samples are cooled below T,,., = 973 K, this
temperature being estimated from the results of Redfern et
al.>"! as seen in Fig. 2. Furthermore, above a temperature of
Tynquen = 1200 K, the high temperature cation distribution
cannot be retained by quenching, this temperature being
estimated very roughly from the results of Wood et al.,[>"!
which appear to level off above this temperature. Hence,
above ~1200 K the cation distribution can only be deter-
mined by in situ measurements.

Redfern et al.'”®”! also investigated the influence of the
nonstoichiometry of spinel on the cation distribution and
found that the degree of inversion increases with increasing
Al,Oj5 dissolution. This possibly explains the scatter in the
results of Peterson et al.,”®! whose samples had lower lattice
parameters than the samples in other studies. Andreozzi et
al.'"! recently measured the cation distribution using XRD.
However, this technique is not sensitive because there is
very little scattering contrast between Mg and AL"7! In
agreement with the results of Redfern et al., the degree of
inversion was calculated to increase with increasing disso-
lution of AL, O;.

Calculated optimized thermodynamic properties of
MgAl,O, are shown in Fig. 3-8. As can be seen in Fig. 3,
the calculated heat capacity is in good agreement with ex-
perimental data. The optimized entropy at 298.15 K is 80.14
J/mol - K which agrees well with the experimental value of
80.58 = 0.5 J/mol - K of King.!**' $3,¢ 5 of pure normal
spinel in Table 1 is 80.00 J/mol - K. The difference is due to
the slight degree of inversion at 298.15 K. The heat content
measurements in Fig. 4 were obtained experimentally by
quenching samples from a temperature 7 to 298.15 K. As
discussed above, it is assumed that the cation distribution
becomes frozen at its value at Ty, = 973 K when a sample
is quenched below this temperature, and that the cation
distribution cannot be retained when quenched from tem-
peratures above T, =~ 1200 K. Therefore, the actual

nquen
measured enthalpy difference in the quenching experiments,
AH, ... is assumed to be equal to:
150 T T T
o King[40]

-

n

(&)
T

[=
o

Heat capacity, (J/mol K)
g o

[~
(&)

L
50 100 150 200 250 300
Temperature, K

Fig. 3 Calculated heat capacity of MgAl,O,
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o Bonnickson[41] ’
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Fig. 4 Apparent heat content (H-H,og ;5) of MgAlLO, as re-
ported in three studies. Line is calculated from the optimized
model parameters with correction made for nonequilibrium cation
distribution during the experiments (see text for details).
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Fig. 5 Calculated Gibbs energy of formation for MgAl,O, from
solid MgO and Al,O4

T <973: AH,

meas

=H; (c.d. at 973) — H,qq ;5 (c.d. at 973)
(Eq7)

973 <T<1200: AH,

meas

=Hy(cd.atT) — Hygg 5 (c.d. at T)
(Eq 8)

T>1200: AH,

meas

=H; (c.d. at T) — Hygg 15 (c.d. at 1200)
(Eq9)

where H; (c.d. at T") is the enthalpy at 7’ of a sample
having the equilibrium cation distribution of a sample at 7".
This correction to the reported heat contents is of the order
of a few kJ/mol. With this correction, the measured and
calculated heat contents are in excellent agreement as can be
seen in Fig. 4.

Navrotsky'®?! measured the annealing enthalpy for cation
redistribution from 1200-973 K with the assumption that the
heat capacity is independent of cation distribution. The cal-
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Fig. 6 Calculated partial pressure of Mg (gas) at equilibrium with
(MgO + liquid Al alloy + MgAl,0,)
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Fig. 7 Calculated partial pressure of Mg (gas) over MgO and
over the spinel solid solution (MgO+xAl,O5) for congruent va-
porization of MgO (to Mg(g) + 1/20, in vacuo)

culated value of 1.9 kJ/mol agrees reasonably with the value
of 1.1 = 0.7 kJ/mol reported by Navrotsky.

The enthalpy of formation of MgAl,O, from MgO and
Al,0O5 was calculated as —22.7 kJ/mole at 970 K and -21.8
kJ/mole at 1173 K, in good agreement with the experimental
datal*40! (-=24.7 or —22.5 + 2.5 kJ/mol at 970 K, and -22.3
+ 2.8 kJ/mol at 1173 K). The value initially reported by
Navrotsky and Kleppa'*®' was revised by Schearer and
Kleppa'*! using a more recent value of the enthalpy of
dissolution of MgO in PbO-B,0;. This revised value was
used in the optimization in the current study.

The calculated Gibbs energy of formation of MgAl,O,
from solid MgO and Al,O; is compared with experimental
data in Fig. 5. The data of Taylor and Schmalzried*”! are
not in agreement with the data of other authors. Also it was
difficult to reproduce the measurements of Jacob and Jay-
adevan'*”! who used emf cells with MgF, electrolytes as did
Taylor and Schmalzried.

The calculated partial pressure of Mg(gas) at equilibrium
with (MgO + liquid alloy + MgAl,O,) compares well with
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the measurements'®! as shown in Fig. 6. The F*A*C*T*[!%]
database was used for the properties of Mg(gas) and for the
activity of Mg in molten Al-Mg alloys. The calculated equi-
librium solubility of Mg in the molten Al also agrees well
with the reported'®®! solubilities.

Figure 7 compares the calculated and experimental >3]
equilibrium pressure of Mg(gas) for the congruent vapor-
ization of MgO (to Mg(g) + 1/2 O, in vacuo) from MgO and
from MgO-xAl,O5 spinel solutions (x = 1.0, 2.0, and 2.8)
at various temperatures. The data are reproduced within the
experimental error limits.
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Fig. 8 Calculated enthalpy of formation of the spinel solution
from MgO and a-Al,O5 at 973 K
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The enthalpy of formation of the spinel solution
(MgAl,0,4-y-Alg/30,4) from MgO and a-Alg/;0, is plotted
in Fig. 8. At an alumina mole fraction of 1.0, this enthalpy
corresponds to the enthalpy of transformation of 4/3 mol of
a-Al,O5 to 4/3 moles of y-Al,O5. The point of McHale et
al.l’¥ was obtained for nanosized materials with a correc-
tion being made for surface energy. The optimized value of
40 kJ per mole of Alg;0, is larger than the reported value
because the optimized value was chosen to reproduce solu-
bility data of Al,0O5 not just in MgAl,O, but in several other
spinel phases!!>! in the Fe-Mg-Al-Cr-Co-Ni-Zn-O system
(CoALO,, NiAlL,O,, FeAl,O,, and ZnAl,O,) simulta-
neously. If the spinel/(spinel + Al,O5) phase boundary in
Fig. 1 is extrapolated to a mole fraction of Al,O5 of 1.0, the
resultant temperature is the equilibrium temperature for the
transformation of a-Al,0; to metastable pure y-Al,O;.
Since this temperature must be the same for all spinel sys-
tem, similar extrapolations were made for Fe-, Co-, Ni-, and
Zn-spinels, and an average temperature of 2400 K was de-
termined. Taking the above value of 30 kJ per mole of
Al,O; for the transformation enthalpy, the entropy of trans-
formation is then calculated as 30 000/2400 = 12.500
J/mol - K. These values are shown in Table 1.

3.2 Ca0-MgO-Al,0; System

3.2.1 Summary of Available Experimental Data. The
liquidus surface of the CaO-MgO-Al,O; system is shown in
Fig. 9. Rankin and Merwin'*!! measured the phase diagram
using a classic quenching technique followed by micro-

Cao CaAl 01542 1362
(2572)

4
(1604) 1597

Mole fraction

(1765} 1754 1833 CaAIuO,, AI203
(2054)

Fig. 9 Calculated liquidus projection of the CaO-MgO-Al,O; system. Temperatures in °C
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scopic primary phase determination. The Ca;MgAl,Og
compound was first reported by Welch,'® who also re-
ported a metastable Ca;MgAl,;,0,5 ternary compound.
Majumdar'® investigated the primary crystallization region
of the ternary Ca;MgAl,Og compound using XRD phase
determination on quenched samples. Rao'®®! determined
phase diagrams of the CaAl,O0,-MgAl,O, and CaAl,O,-
MgAL,O, sections using hot stage microscopy. Melnik et
al.'”l measured fusion temperatures in the CaO-Al,O;-
MgAl,0,-MgO section, but details of the experimental
technique were not given and the measured data are am-
biguous. Recently, De Aza et al.!°®*®"! investigated the phase
diagram of the CaO-MgO-Al,O; section extensively using a
quenching technique (air quenched at 7 < 1725 °C;
quenched inside the furnace by switching off the power at T’
> 1725 °C) in the temperature range from 1350 to 2000 °C.
The phases in the quenched samples were determined by
XRD, and several compositions of the spinel solution were
also measured by EPMA (WDS). This study reconfirmed
the existence of the CaMg,Al,;0,; and Ca,Mg,Al,;O,6
phases originally reported by Gobbels et al.l’®! and Iyi et
al.,””"! and showed that these phases actually exist as solid
solutions over very limited ranges of composition.[®*7!! In
the current study, these compounds were treated as stoichi-
ometric. The liquidus isotherms at 1550, 1600, and 1650 °C
were also measured by Ohta and Suito'’? and Hino et al.,””*!
from analysis of slags at saturation in CaO, MgO, or Al,O;
crucibles.

Allibert et al.”’* measured the activities of CaO and
MgO in molten slags at 1687 °C by a mass spectrometric/
effusion cell technique. Activities of Al,O; were then cal-
culated from the Gibbs-Duhem equation. Hino et al.!”®!
equilibrated slags and liquid Cu at 1600 °C in carbon cru-
cibles under a CO atmosphere and measured the Al, Ca, and
Mg contents in the liquid Cu. From the known activity
coefficients of Al, Ca, and Mg in liquid Cu, the activities of
Al,05, CaO, and MgO in the liquid slags were computed.
Ohta and Suito!”?! used a similar technique using liquid Fe
at 1550 and 1600 °C and calculated activities in the molten
slags saturated with CaO, MgO, or spinel.

3.2.2 Evaluation and Optimization. For the molten
slag phase, no additional ternary model parameters were
used; the properties of the ternary liquid were calculated
entirely from the model parameters for the three binary
subsystems using an asymmetric Toop-like approxima-
tion"'?! with AlO, 5 taken as the asymmetric component.
The entropies and heat capacities of the ternary compounds
Ca;MgAL,O4, CaMg,Al40,,, and Ca,Mg,Al,;O,, were
estimated as the weighted averages of the entropies and heat
capacities of solid MgO, CaO, and Al,O5. The enthalpies of
formation at 298.15 K were optimized in the current study
to reproduce the phase equilibrium measurements. These
are the only additional model parameters that were added in
the optimization of the ternary system. The calculated lig-
uidus projection is shown in Fig. 9.

The calculated primary crystallization fields in the CaO-
MgO-Al,O5 system are plotted in Fig. 10 along with the
experimental data of Rankin and Merwin,”"! Majumdar,'®>’
Rao,!°®! and De Aza et al.!%®% De Aza et al.!%®%°! measured
liquid compositions along the phase boundaries by EPMA

(WDS) analysis of quenched samples. A Ca,,Al,,055 phase
was observed by Rankin and Merwin and by Majumdar.
However, it was concluded by Nurse et al.”>! that this com-
pound is not stable in the anhydrous CaO-Al,0O; system but
is only stabilized by the presence of moisture. Unstable
CasAl 0, ,, CasAl;(O,5, and B-Al,0; compounds were also
observed by Rankin and Merwin. These compounds were
not considered in the current study. The primary crystalli-
zation fields of CaMg,Al,;0,,; and Ca,Mg,Al,;O,¢ have
not been investigated. Agreement between calculations and
measurements is satisfactory as can be seen in Fig. 10.
Measured®! and calculated liquidus temperatures are
compared in Table 2. For the first listing in the table, the
composition lies in the steepest part of the CaO liquidus
(Fig. 9). On the second line in Table 2 it is shown that a
composition change of only 0.7% decreases the calculated

Table 2 Comparison of Calculated Liquidus
Temperature and Primary Solid Phase With
Experimentally Determined Values*!! in the
Ca0-MgO-AlL,O; System

Composition, wt%

Ca0 MgO  ALO,

Measured, °C Calculated, °C

55 3 42 1525-1500, C 1617, C
(54.3) 3) 42.7) (1530)
54 3 43 1490-1480, C3A 1487, C
48 4 48 1385-1378, C3A 1327, C3MA2
51 6 43 1450-1435, C3A 1506, M
35.2 2.8 62 1560-1550, CA 1543, CA
45 3 52 1395-1390, CA 1383, CA
42 5 53 1390-1360, CA 1381, CA
37 10 53 1525-1500, Sp 1490, Sp
34 12 54 1610-1575, Sp 1554, Sp
51.5 8 40.5 1540-1500, M 1710, C
45 8 47 1500-1450, M 1501, M
43 8 49 1500-1450, M 1459, M
40 10 50 1535-1510, M 1518, M
Note: Sp: Spinel, CiMjAk = iCaO-jMgO-kAl,O4
Rankin and Merwin[21] Majumdar[65]
X MgO MgO oMgO
& Ca0o ® C3MA2
o Spinel v C3MA2+CA
v C3A & e
OCA De Aza et al[68]
@ Spinel+MgO
Rao[66] - 2 Spinel+CA
*CA & Spinel+CA2
ACA2
OSpingi, g

Ca0o 0.8 0.7 06 0.5 04 0.3 A’203

Mble fraction

Fig. 10 Calculated primary crystallization fields of the CaO-
MgO-AlL,O; system (C = Ca0O, A = AL,O; and M = MgO)
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liquidus temperature by 87 °C. The composition (eleventh
line in Table 2), for which a temperature of 1710 °C is
calculated, also lies in this region and very close to the
boundary of the MgO crystallization field. In general, agree-
ment in Table 2 is within experimental error limits. Calcu-
lated ternary invariant points are listed in Table 3 along with
reported values. The values reported by De Aza et al.!*! are
not shown because they were only estimated from widely
spread experimental points.

Table 3 Comparison of Calculated Ternary Invariant
Points With Experimental Results in the
Ca0-MgO-Al,O; System

Composition,
mol % Temperature,

Equilibrium Solid Phases MgO CaO AlLO; °C

CaO + MgO + C3A: Per 82 629 289 1422 calc.

103 61.8 279  1450=+5C"

MgO + C3A + C3MAZ2: Per 83 59.7 320 1333 calc.
MgO + Sp + C3MA2: Per 11.1 53.6 353 1349 calc.
MgO + CA + C3MA2: Per 11.0 536 354 1350

C3A + CA + C3MA2: Eu 49 606 345 1309 calc.
CA + Sp + C3MA2: Per 99 537 364 1344 calc.
CA + CA2 + Sp: Per 74 428 498 1522 calc.
CA2 + Sp + CM2A8: Per 92 284 624 1690 calc.
CA2 + CM2A8 + C2M2A14: Per 6.6 272 66.2 1708 calc.
CA2 + CA6 + C2M2A14: Per 55 270 675 1714 calc.
Sp + CM2A8 + C2M2A14: Per 9.0 215 695 1758 calc.
CAG6 + Sp + C2M2A14: Per 84 20.8 708 1766 calc.
CA6 + Sp + Al O5: Per 82 200 718 1778 calc.

Note: Sp: Spinel, CiMjAk = iCaO-jMgO-kAl,O5; Eu: Eutectic, Per: Peri-
tectic reaction; calc.: calculated value from optimized phase diagram
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Figure 11 shows the calculated CaO-MgO-Al,O; phase
diagram section. Phase relations in this section were com-
prehensively measured by De Aza et al.l®®% Since the
samples were air quenched at T < 1725 °C and were
quenched inside the furnace by switching off the power at T
> 1725 °C, the quenching, especially from high tempera-
tures, may have been too slow to assure that the equilibrium
phase assemblages were retained. Solid phases could have
precipitated during quenching. For example, CaAl,,0,, is
shown as stable up to 1875 °C, although the melting tem-
perature of CaAl,,O,, has been reported!''! to be about
1830 °C. Because liquidus temperatures are well predicted
over a wide range of compositions in the ternary system (see
Table 2), the inconsistency between De Aza et al.’s mea-
surements and the calculations in Fig. 11 could be due to
experimental errors caused by the quenching process. The
enthalpies of the two ternary compounds, CaMg,Al,0,,
and Ca,Mg,Al,;O,c were optimized assuming that reported
temperatures in Fig. 11 are 30-50 °C too high. With this
provision, the complex phase relations in the CaO-MgO-
Al,O5 section are satisfactorily reproduced.

Calculated liquidus isotherms of the CaO-MgO-Al,O,
system at 1550, 1600, and 1650 °C are compared with ex-
perimental data'”>7*! in Fig. 12. Agreement is within ex-
perimental error limits.

The CaAl,0,-MgAl,O, phase diagram section reported
by Rao® is compared with calculations in Fig. 13. Agree-
ment is not good. Hallstedt™! observed similar disagreement
with his calculations. However, the calculations are consis-
tent with liquidus measurements of other authors in the
same composition range. Also, as can be seen in Fig. 13,
extrapolation of Rao’s points to zero wt.% MgAl,O, gives
a liquidus temperature, which is much higher than that ob-
tained in the earlier''!! evaluation of the CaO-Al,O; binary
system in which all available binary data were considered.

Azaotalfs] ' Aza Sall6d] ' eCAnSprCM
XMgO+CA+]p oL S C,MA FCMAgHL ACMA+H +Sp
2000 oL+Sp * CMA+EM A, © CAHFCMAGHC,MA,, £1.0]
ol +MgQO vSp+L 0 Sp+C,MA +L a
1900 - ACA+Sptl " L+ALO; 0 C,M,A,+Al,05+Sp . . :1 -
vL+MgO+Sp ® CAs+L ©CoMA+ALO, e -
o  °CA+SpiL 8 CAHLALO;\ #CoMAL+S L+Sp+CA S v % Sp-&l 0]
{1800 2 +CASpCA, 0 CA+Sp Liquid L+Sp+C,MA,, oD B 2 Y
e n VCASSPHL o & MR o g aaieden 1762 ]
+Sp+CM [J ©
St700 3 “CAG*SP*A'2°§V (3 oy s T} 1
s vuX900 o002akafle o e
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)
1500 1522 ; o
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Fig. 11 Calculated phase diagram for the CaMgO,-Al,O; section (Sp = spinel, L = liquid, C = CaO, A = AL,O; and M = MgO)
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Fig. 12 Calculated liquidus of the CaO-MgO-Al,O; system at
1550, 1600 and 1650 °C
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Fig. 13 Calculated phase diagram of the CaAl,0,-MgAl,O, sec-
tion (L = liquid, C = CaO, A = Al,O; and M = MgO)

Similarly, the phase diagram measurements of Rao'®® in the

CaAl,0,-MgAl,O, section (up to 20 wt.% MgAl,O,) are
not well reproduced unless it is assumed that excess Al,O;
was present in the experiments. This observation was also
made by Hallstedt.*’

Calculated iso-activity curves in CaO-MgO-Al,O; liquid
slags are shown in Fig. 14 and 15. The data of Ohta and
Suito,””? Hino et al.,””*! and Allibert et al.”’#! are not in good
agreement with the calculations. However, the disagreement
among the different authors is as great as their disagreement
with the calculations. The activities of CaO reported by
Ohta and Suito were calculated from the measured equilib-
rium concentration of Ca in molten Fe in equilibrium with
the slags. To calculate the activity of CaO, the activity co-
efficient of Ca in Fe was used. However, this activity co-
efficient is not well known and could be in serious error.

3.3 MgO-AL,0,-Si0, System

3.3.1 Summary of Available Experimental Data. The
liquidus projection of the MgO-Al,05-SiO, system is
shown in Fig. 16. Greig!’®! studied the liquid miscibility gap

using a quenching technique. Rankin and Merwin!"”! inves-

T=1600"C

J0:1) oz (2 ()

mole fraction

(a

Ca0o 07" J 04 Al,0,

T =1600°C

mole fraction

(b)

Ca0 o5

mole fraction

(c)

Fig. 14 Calculated activities in CaO-MgO-Al,O; liquid slags at
1600 °C. (a) Al,O5 (solid standard state). (b) CaO (solid standard
state). (¢) MgO (solid standard state). Experimental points from
Hino et al.”’?! and dotted lines from Ohta and Suito.”?!

tigated the phase diagram mainly below 1550 °C using a
classic quenching technique. They determined the primary
phase regions of pyroxene, forsterite, spinel, Al,O5, SiO,,
and the ternary cordierite (Mg,Al,SisO,5) phase. The un-
stable sillimanite (Al,SiOs) phase was observed instead of
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Fig. 15 Calculated activities in CaO-MgO-Al,O5 liquid slags at
1687 °C. (a) Al,Oj4 (solid standard state). (b) CaO (solid standard
state). (¢) MgO (solid standard state). Dotted lines from Allibert
et al.l’¥!

mullite at certain compositions. Later, Schreyer, and
Schairer!’®7%! comprehensively investigated the phase equi-
libria related to the ternary cordierite phase. Keith and
Schairer'®”! investigated the tiny stability field of sapphirine
using a quenching technique. Aramaki and Roy"™!! studied
the phase boundary between mullite and corundum using a
quenching technique with optical and XRD phase identifi-
cation. Schlaudt and Roy'®?! investigated the periclase
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Fig. 16 Calculated liquidus surface of the MgO-Al,05-SiO, sys-
tem. Temperatures in °C

(MgO) solid solution. Both Al,O5 and SiO, were reported
to be soluble. However, in an earlier evaluation of the MgO-
SiO, system"'?! it was concluded that the solubility of SiO,
in solid MgO is negligible. Onuma and Arita®! investi-
gated the solubilities of AI** in the MgSiO, pyroxene phase
using a technique of quenching with optical and XRD phase
analysis. They found that proto-enstatite (MgSiO5) dis-
solves Mg-Tschermak MgAl,SiO¢ up to about 6 wt.% at a
pressure of 1 bar. Anastasiou and Seifert'®*! measured the
solubility of Al,O; in ortho-enstatite at pressures of 1-5 kbar
using a quenching technique, finding a nearly pressure-
independent solubility of about 5 wt.% near 1000 °C.

Cordierite has two polymorphic forms. Low temperature
cordierite has a completely ordered orthorhombic structure
(Cccm). It transforms to the high temperature form with a
hexagonal structure (P6/mmc) with long range ordering of
Al and Si at about 1450 °C, before melting at 1460 °C.
Cordierite exhibits a range of solid solution, dissolving up to
approximately 20 wt.% of the theoretical compound Mg-
beryl (Mg;A1,8i0,5).7"79#51 Smart and Glasser'®! re-
ported very complex phase equilibria involving the cordi-
erite solid solution within a very narrow range of
composition and temperature. The ternary sapphirine phase
exhibits a very limited range of solid solution over the com-
position range Mg,Al,, Sij 75,040 (1.5 < x < 5.6).187
These complexities of cordierite and sapphirine were
not considered in the current study. For the sake of sim-
plicity, only orthorhombic cordierite was considered, and it
and sapphirine were taken to be stoichiometric ternary
compounds. The formula of sapphirine was assumed to
be Mg,Al,,Si,0,; following Osborn and Muan'®®! and
Foster.[871

Sub-solidus phase equilibria were investigated by several
authors!®%7-8%1 ysing a sintering technique and x-ray phase
determination. Smart and Glasser'®”! and Foster'®”! reported
that the (sapphirine + corundum + mullite) phase assem-
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blage transformed to (spinel + mullite + corundum) above
about 1460 °C. Smart and Glasser'®®! reported that the (sap-
phirine + cordierite + corundum) phase assemblage trans-
formed to (sapphirine + cordierite + mullite) above about
1386 °C. Sakai and Kawasaki'®®! found that the (MgSiO; +
cordierite + spinel) phase assemblage transformed to
(Mg,Si0, + cordierite + spinel) at a temperature between
1000 and 1050 °C.

The thermodynamic properties of cordierite and sap-
phirine have been measured. Weller and Kelley'””! mea-
sured the heat capacity of stoichiometric ordered orthor-
hombic cordierite at low temperatures using adiabatic
calorimetry. Geiger and Voigtlander'®'! measured the heat
capacity of cordierite from 330 to 950 K using differential
scanning calorimetry (DSC). The heat content of stoichio-
metric cordierite was measured by Pankratz and Kelly®"!
and Mueller et al.'?! using calorimetry. No heat capacity
measurements for sapphirine (Mg,Al,Si,0,5) have been
reported. Carlu et al."**! measured enthalpies of formation of
4Mg0O-5A1,05-2Si0, sapphirine and aluminous ortho-
enstatite, (MgSiO3), o(Al,03) ;, from the oxides at
970 K using 2PbO-B,0O; solution calorimetry. Roy and
Navrotsky'®?! measured the enthalpy of MgO-Al,0;-SiO,
glasses by 2PbO-B,0; solution calorimetry at 970 K. Cour-
tial and Richet®¥ also measured the heat content of MgO-
Al,05-S10, glasses. However, since both of these experi-
ments investigated the enthalpy of glasses rather than of the
molten slag, these data were not used in the present opti-
mizations.

Rein and Chipman*~" investigated the activity of SiO,
in ternary liquid slags using the equilibria between slags
and Fe-Si-C alloys in graphite or SiC crucibles at
1600 °C under pure CO gas atmospheres. Henderson
and Taylor®® determined the activity of SiO, in liquid
slags at 1500 °C and 1550 °C by measuring the equilib-
rium CO pressure for the equilibrium: SiO, + C = SiC
+ 2CO.

3.3.2 Evaluation and Optimization. In the present op-
timization, three additional ternary model parameters for the
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Fig. 17 Calculated liquidus surface of the MgO-Al,05-SiO, sys-
tem showing primary crystallization fields

liquid slag (Table 1) and one additional model parameter
Ayjg1s (Table 1) for the pyroxene solutions were required to
reproduce the available data for the MgO-Al,05-Si0, sys-
tem.

The entropy and heat capacity of Mg,Al,SisO,g cordi-
erite (Table 1) were taken from Berman.”! Its enthalpy of
formation was altered by —9 kJ/mol from the value recom-
mended by Berman to best reproduce the phase equilibrium
data. The enthalpy of formation of Mg,Al,,Si,0,5 sap-
phirine shown in Table 1 was optimized to reproduce its
reported primary crystallization field. Its entropy and heat

Table 4 Comparison of Calculated Ternary Invariant
Points With Experimental Results in the
Mg0-Al,0;-Si0, System

Liquid Composition,

wt.% Temperature,
Equilibrium Solid Phases MgO Al O, SiO, °C
Py + Tr + Cord: Eu 24.0 14.5 61.5 1361 calc.
20.3 18.3 61.4 1345 + 507
20.5 17.5 62 1356178791
1345 + 2181
For + Py + Cord: Eu 28.5 16.7 54.8 1371 calc.
25.0 21.0 54.0 1360 = 51771
2487 2022 5491 1364 20787
1360 = 2181
For + Sp + Cord: Per 29.3 19.6 51.1 1381 calc.
257 228 515 1370577
249 23.0 52.1 138088
1373 + 2181
Mull + Tr + Cord: Per 10.3 23.6 66.1 1445 calc.
(Sil instead of Mull) 10.0 23.5 66.5 1425 + 5177
1443 + 51801
1444 + 2181
Sp + Sa + Cord: Per 224 27.9 49.6 1435 calc.
174 335 491 1453 + 51801
1448 = 2181
Sp + Mull + Sa: Per 19.0 33.7 47.3 1465 calc.
16.9 36.8 46.3 1482 =+ 31801
14751871
1469 = 21891
Mull + Sa + Cord: Per 18.9 32.6 48.5 1454 calc.
16.3 34.4 49.3 1460 = 51801
1454 + 2181
Cor + Sp + Mull: Per 16.1 46.4 37.5 1575 calc.
1560 + 1515
For + Per + Sp: Per 46.4 15.1 385 1645 calc.
56.0 16.0 28.0 1700 = 251891
Tr + Cris + Py: Per 30.3 6.3 63.4 1465 calc.
Tr + Cris + Mull: Per 9.3 23.2 67.5 1465 calc.
Sil + Sp + Cord: Per 16.1 34.8 49.1 1460 = 51771
Cor + Sp + Sil: Per 15.2 42.0 42.8 1575 = 51771

Note: Tr: Tridymide (SiO,), Crist: Cristobalite (SiO,), Mu: Mullite
(AlSi,0,3), Cor: Corundum (Al,O5), Sp: Spinel solution, Py: Pyroxene
solution, For: Forsterite (Mg,SiO,), Cord: Cordierite (Mg,Al,SisO,g), Sa:
Sapphirine (Mg,Al,,Si,0,5), Sil: Sillimanite (Al,SiOs). (Sillimanite is un-
stable). Eu: Eutectic; Per: Peritectic reaction; calc.: calculated value from
optimized phase diagram
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capacity were estimated as the weighted averages of those
of solid MgO, Al,O;, and SiO,. The optimized enthalpy of
formation of sapphirine from the oxides is —188.2 kJ/mol at
970 K, which may be compared with the reported —161.5 +
5 kJ/mol.1*#!

The calculated liquidus projection is shown in Fig. 16.
The primary crystallization fields are plotted again in Fig.
17 along with data taken from several studies.!’’-30-83-88-98]
In general, the calculated cordierite phase field is displaced
to the left (toward the MgO-SiO, side) relative to the mea-
surements. This discrepancy can also be seen in Table 4
where the calculated invariant points are compared with
reported values from several studies.””-3%87-%%1 The calcu-
lated and reported invariant temperatures are generally in
good agreement, but the calculated invariant liquid compo
sitions are generally shifted by a few wt.% to higher MgO and
lower Al,O5 contents relative to the measured compositions.

Table 5 Comparison of Calculated Liquidus
Temperature and Primary Solid Phase With
Experimentally Determined Values””! in the
MgO-Al,0;-SiO, System

Composition, wt.%

MgO  ALO, Sio,

Measured, °C Calculated, °C

175 425 40 1583-1570, Sp 1553, Sp
29 23 48 1450-1430, Sp 1448, Sp
20 30 50 1450-1435, Sp 1449, Cord
25 25 50 1410-1390, Sp 1423, Sp
26 23 51 1380-1376, Sp 1407, Cord
35 20 45 1555-1550, For 1497, Sp
35 15 50 1560-1530, For 1485, For
26 21 53 1375-1365, For 1402, Cord
27 18 55 1415-1390, For 1385, Cord
25 20 55 1375-1365, Py 1402, Cord
24 17 59 1383-1370, Py 1385, Cord
35 5 60 1515-1510, Py 1489, Py
21 18 61 1370-1360, Py 1398, Cord
25 12 63 1440-1420, Py 1413, Si0,
30 6 64 1500-1498, Py 1488, Si0,
25 11 64 1450-1425, Py 1446, SiO,
20 15 65 1455-1450, SiO, 1449, Si0,
11 2 67 1455-1435 SiO, 1461, SiO,
20 18 62 1355-1352, SiO, 1399, Cord
15 15 70 1530-1500, SiO, 1538, SiO,
16 34 50 1460-1457, Cord 1503, Mull
20 23 57 1400-1375, Cord 1434, Cord
18 30 52 1450-1425, Cord 1458, Cord
25 23 52 1370-1365 Cord 1413, Cord
20 25 55 1415-1400, Cord 1441, Cord
15 30 55 1460-1450, Cord 1470, Mull
23 20 57 1375-1350, Cord 1409, Cord
15 27 58 1450-1425, Cord 1458, Cord
20 20 60 1365-1340, Cord 1416, Cord
15 23 62 1425-1400, Cord 1443, Cord
11 23 66 1450-1440, Cord 1445, Si0,

Note: Sp: Spinel; For: Forsterite (Mg,SiO,); Py: Pyroxene (MgSiO; solu-
tion); Cord: Cordierite (Mg,Al,Si50,g); Mull: Mullite
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In Fig. 17, it is seen that Rankin and Merwin!""! observed

spinel as the primary phase at two compositions where the
calculations predict MgO. However, small amounts of MgO
and MgAl,0, embedded in a glassy phase are difficult to
distinguish by optical microscopy.”””’ The calculated liquid
miscibility gap extends to 11.5 wt.% Al,O; at 1615 °C.
Greig!’®! reported that the liquid miscibility gap extends to
5 wt.% Al,O5 at 1600 °C. Such a rapid disappearance of the
miscibility gap with small additions of Al,O; is surprising
and is very difficult to reproduce with the slag model. On
the other hand, the measurements in viscous high-SiO, slags
are very difficult.

Calculated and measured liquidus temperatures are com-
pared in Table 5. Agreement with the data of Rankin and
Merwin!"”! (from 1918) is reasonable.

The calculated phase diagrams for the cordierite-SiO,,
cordierite-MgAl,O,, and MgSiO;-MgAl,SiOq sections are
presented in Fig. 18-20. The calculated diagrams agree with
the experimental data'”7%-%3! within the experimental error
limits. The enthalpy of formation of aluminous ortho-
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Fig. 18 Calculated phase diagram for the Mg,Al1,Si;O,¢ (cordi-
erite)-SiO, section
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Fig. 19 Calculated phase diagram for the MgAl,O,-
Mg,Al,SisO, 4 (cordierite) section. Dotted lines indicate diagram
proposed by Schreyer and Schairer.[”87%1
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enstatite, (MgSiO3),o(Al,05)¢, from solid MgO, SiO,,
and Al,Oj; is calculated as —22.5 kJ/mole at 970 K, which
may be compared with the value of -29.3 = 0.6 kJ/mol
measured by Charlu et al.'*#

It was difficult to reproduce the subsolidus phase equi-
libria in this study. The phase assemblage of (sapphirine +
corundum + mullite) is calculated to transform to (spinel +
mullite + corundum) at 1366 °C, which is almost 100 °C
lower than the reported temperature'®>*”! The reported
three—ghase fields of (sapphirine + cordierite + corun-
dum)® and (MgSiO; + cordierite + spinel)'®®! are never
calculated to be stable. This discrepancy may be partially
due to the fact that solid solubility in cordierite and sap-
phirine was ignored in the current study.

Figure 21 shows calculated activities of SiO, (solid cris-
tobalite standard state) in MgO-Al,05-SiO, liquid slags at
1500, 1550, and 1600 °C along with reported values. The
discrepancy between the two experimental studies is evi-
dent. The calculated activities are closer to the results of
Henderson and Taylor.”®!

In general, the difficulties encountered during optimiza-
tion of the MgO-Al,05-SiO, system were greater than with
most other oxide systems that the authors have evaluated/
optimized. Some of the remaining discrepancies may be due
to their ignoring solid solubility in cordierite and sapphirine.
On the other hand, there have been no extensive phase
diagram studies since 1918.17"!

4. Conclusions

A complete critical evaluation of all available phase
diagram and thermodynamic data for the MgO-Al,O;,
Ca0O-MgO-Al,05, and MgO-Al1,05-Si0, systems has
been carried out, and a database of optimized model
parameters has been developed. A wide variety of avail-
able data are reproduced within experimental error limits
by a very few model parameters. With the present opti-
mized database, it is possible to calculate any phase dia-

Sio,

T =1500°C

0 .. 30
weight percent

(2)

Sio,

T =1550°C

40

(b)

AV4 o ¥
40 30 20
weight percent
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Fig. 21 Calculated activities of SiO, (solid cristobalite standard
state) in MgO-Al1,05-Si0, liquid slags. (a) 1500 °C. (b) 1550 °C.
(c) 1600 °C. Experimental points (a) and (b) from Henderson and
Taylor'®® and dotted lines (c) from Rein and Chipman.®>!
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gram section for all compositions. The optimized param-
eters form part of the F*A*C*T* database and can be

used together with the FactSage

191 goftware for thermo-

dynamic modeling of various industrial and natural pro-
cesses.
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