Spinel-Corundum Equilibria and Activities in the System
MgO-Al,O3-Cr,05 at 1473 K

K.T. JACOB and C.K. BEHERA

The tie-lines delineating intercrystalline ion-exchange equilibria between MgAl,O,-MgCr,O, spinel
solid solution and Al,O3-Cr,0O5 solid solution with corundum structure have been determined at 1473
K by electron microprobe and X-ray diffraction (XRD) analysis of equilibrated phases. The tie-lines
are skewed to the solid solution 0.7MgAl,0,-0.3MgCr,0,. Thelattice parameters and molar volumes of
both the solid solution series exhibit positive deviations from Vegard's and Retger’s laws, respectively.
Activities in the spinel solid solution are derived from the tie-line information and thermodynamic
data on Al,O3-Cr,0O3 solid solution available in the literature. Activities of MgysCrO, and Mgy sAIO,
in the spinel solid solution exhibit strong positive deviations from Raoult’s law over most of the
composition range. However, activity of Mg, sCrO, exhibits mild negative deviation for compositions
rich in Mgy sCrO,. The activity-composition relationship in the spinel solid solution is analyzed in
terms of the intracrystalline exchange of cations between the tetrahedral and octahedral sites of the
spinel structure. The intracrystalline ion exchange is governed by site preference energies of the
cations. The difference between the Gibbs energy of mixing calculated using the cation mixing model
and the experimental data is taken as a measure of the strain contribution arising from the difference
intheradii of AI®* and Cr®* ions. The large positive strain enthal py suggests the onset of immiscibility
in the spinel solid solution at low temperatures. The computed critical temperature and composition

for phase separation are 802 (+20) K and Xygcr,0, = 0.46 (=0.02), respectively.

I. INTRODUCTION

RECENTLY several attempts have been made to pro-
duce crude molten stainless steel by direct smelting of iron-
chromium ore in a basic oxygen furnace (BOF), without the
use of ferrochromium aloys, in order to save electrical
energy and reduce the cost of production.*~4 Some funda-
mental studies on the reduction rate of solid chromium ore
and kinetics of smelting reduction of chromium ore by car-
bonaceous materials have been conducted.>¥ However,
there is limited thermodynamic data on the complex ores
used. For a better understanding of the new process, espe-
cialy the reduction stage, it is useful to have good data on
the starting materia. It is known that iron-chromium ore
generally consists of aspinel solid solution containing Fe;0,,
FeAl,O,, FeCr,0O,4, MgAl,O,, and MgCr,0,4. Since Fes0,in
the ore can be easily reduced by solid carbon or reducing
gas, iron-chromium ore after initial reduction is essentially
aspinel solid solution (Fe,Mqg)(Al, Cr),O,. Thesolid solution
on further reduction can give a mixture of Fe-Cr aloy, a
spinel solid solution Mg(Al,Cr),0,, and a sesquioxide solid
solution (Al,Cr),0s.

As a part of systematic studies on the complex spinel
solid solutions, measurements have been made on the system
MgO-Al,O5-Cr,0z at 1473 K. Tie-lines connecting the spinel
solid solution MgAl,O,-MgCr,O, and the corundum solid
solution Al,O5-Cr,0O5 were determined experimentally. The
activities and mixing properties of the spinel solid solution
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are derived from the tie-line data. In earlier studies,!*%
activities in the spinel solid solution FeAl,O,-FeCr,O, have
been measured as afunction of temperature and composition
using electromotive force and phase equilibrium techniques.
The main contributions to the Gibbs energy of mixing are
the configurational entropy from mixing of cations on tetra-
hedral and octahedral sites and strain enthalpy due to size
difference between AI3* and Cr®* ions. Morerecently, activi-
ties of the constituents in the FeAl,O»-MgAIl,O, and
FeCr,0,-MgCr,0, solid solutions were investigated using
a solid-state cell in the temperature range 1100 to 1350
K213 Mild negative deviations from Raoult’'s law were
observed. The mixing properties for both systems were ade-
quately represented by a regular solution model. Values of
the regular solution parameter, defined by () = AH/X(1 —
X) = AGH/X(1 — X), are —1.9 (=0.17) kJ mol~* for the
FexMg;_xAl,O, solid solution and —2.26 (+0.20) kJmol 1
for the FeyMg;_xCr,O, solid solution. The thermodynamic
behavior of thetwo solid solution seriesismainly influenced
by mixing of the divalent cations on the tetrahedral sites.
The activity of MgCr,O, in the spinel solid solution
MgAl,_xCrxO, was measured by Moritaet al.'*4 by equili-
brating the solid solution with MgO and Ni-Cr alloys under
controlled oxygen potentials. Although the data show sig-
nificant scatter, the resultsindicate negative deviation from
Raoult’s law. Hino et al.l*® have located three tie-lines
between the spinel and corundum solid solutions in the
system MgO-Al,05-Cr,03 at 1573 K. However, the data
are insufficient to derive activity-composition relations in
the spinel solid solution. The molar volume of mixing of
the spinel solid solution can be expressed as AVM =
Xngal,0.XMacr0, (0423 — 0.209 Xyger,0,) €Mm® mol 2. The
corresponding expression for the solid solution Al,O5-Cr,05
with corundum structure is AVM = Xar,05%cr04 (0.4627 —
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Fig. 1—Variation of the lattice parameter of the spinel solid solution
MgAI,04-MgCr,0,4 with composition. The samples were quenched from
1300 K.

0.1355 Xcr,0,) cm® mol ~*. The volume of mixing of the ses-
quioxide solid solution is ~24 pct larger than that for the
spinel solid solution.

[I. EXPERIMENTAL TECHINQUE

A. Materials

The Al,O3-Cr,05 solid solutions were prepared by mixing
powders of 99.99 pct pure component oxidesin the required
ratio, compacting the mixture into pellets, and heating at
1873 K for atotal period of 9 daysin a stream of dry argon
gas. The pellet was crushed and repel letized twice during this
period. Magnesium aluminate (MgAl,O,) and magnesium
chromite (MgCr,O,) were prepared by heating pellets of
MgO + Al,O; and MgO + Cr,Os, respectively, in the
required molar ratio at 1500 K for 6 days in argon gas.
Spinel solid solutions were prepared in a smilar manner
starting from the pure spinel compounds. However, after the
initial treatment, the materials were crushed, repelletized,
resealed, and equilibrated at 1500 K for an additional 6 days.
The formation of spinel compounds and homogeneous solid
solutions was confirmed by powder X-ray diffraction
(XRD). The lattice parameters of both spinel and corundum
solid solutions were determined after quenching from 1300
K. The lattice parameters were found to exhibit positive
deviation from Vegard's law, as shown in Figures 1 and 2.
For the solid solution with corundum structure (space group
R3c), the a parameter exhibitslarger deviation from Vegard's
law than the c parameter. The results obtained in this study
contrast sharply with the data of Tsai and Muan,!*8! who
reported negative deviation for d;, asafunction of composi-
tion. Figures 1 and 2 were used as calibration standards to
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Fig. 2—Variation of the lattice parameter with composition of Al,O5-Cr,O3
solid solution with corundum structure. The samples were quenched from
1300 K.

derive unknown compositions of the solid solution phasesin
equilibrated samples from their measured | attice parameters.
The molar volumes of the two solid solutions also exhibit
positive deviations from ideal behavior (Retger’'s law), as
shown in Figures 3 and 4, respectively. The molar volumes
deviate less from linear behavior than the lattice parameters.

B. Apparatus and Procedure

Powders of spinel solid solution (average particle size ~7
um) and sesquioxide solid solution (~1 um) were intimately
mixed in the molar ratio 3:2 and then pelletized. Preliminary
experimentsindicated that the composition of the spinel grains
approached equilibrium faster than the grains of the sesquiox-
ide. Interdiffusion of cations in the spinel solid solution
appeared to be more rapid than that in the corundum solid
solution. Hence, smaller particles of the corundum phase and
an excess of spinel phase were taken to achieve equilibrium
intercrystalline partitioning of cations morerapidly. The chro-
mium/aluminum molar ratio of the starting solid solutionsin
each pellet were approximately equal. The pellets were placed
in dumina crucibles and heated at 1473 K for 7 days under
flowing argon gas. At the end of this period, the capsules
were quenched. The material was reground, repelletized, and
heated for another 7 days under identical conditions. Follow-
ing the second quench, the pellets were mounted for metallo-
graphic examination and composition analysis of the spinel
phase using electron microprobe anaysis (EPMA). Pure
MgO, Al,Os, and Cr,O3 were used as standards. In all cases,
atomic absorption and fluorescence effects were eliminated
using computer-compensated adjustments (ZAF). The compo-
sition profiles across the spinel grains were found to be uni-
form. The spinel phase near the MgAl,O, side in equilibrium
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Fig. 3—Variation of unit cell volume of the spinel solid solution MgAI,O,-
MgCr,O, with composition.
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Fig. 4—Variation of unit cell volume of the solid solution Al,O5-Cr,O3
with corundum structure as a function of composition.

with the corundum solid sol ution was nonstoichiometric, with
a smal excess of the sesquioxide phase. Pure MgAI,O, in
equilibrium with a-Al,O; contained 51.8 (=0.5) mol pct
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Tablel. Tie-Line Compositions of Mg(Al,Cr),0O, and
(Al,Cr),03 Solid Solutions at 1473 K

Composition of Corundum  Composition of Spinel

Solid Solution, Solid Solution,

Xeroy 5 OF Xer,04 XMgosCro, OF Xmgcer,0,
0.048 0.146
0.114 0.330
0.193 0.494
0.275 0.572
0.356 0.607
0.421 0.621
0.504 0.639
0.580 0.655
0.663 0.691
0.739 0.721
0.816 0.763
0.905 0.830
0.960 0.903

Al,O3. The composition of the small corundum grains could
not be determined accurately by EPMA. Lattice parameters
of the equilibrated samples determined by XRD were used
to obtain the composition of the corundum phase. For the
spinel phase, the composition determined from the lattice
parameters agreed within 2 pct with that determined by
EPMA. In view of the small deviation of the spinel phase
from stoichiometry near the MgAl,O,-rich side, the EPMA
results are considered to be more accurate. The reversibility
of the Al-Cr exchange between the two solid solutions was
established by the familiar “tie-line rotation” technique. Any
composition in the two-phase region of the ternary triangle
can be prepared by taking different compositions of the spinel
and corundum solid solutions. During equilibration, the line
joining the initial compositions of the two phases will rotate
about the mean composition to its equilibrium tie-line posi-
tion. By choosing appropriate initial compositions of the two
solid solutions, the lines joining them can be made to rotate
in opposite directions. When both clockwise and counter-
clockwise rotations result in the same final position after
equilibration, establishment of equilibrium is confirmed.

1. RESULTS

Tie-Line Sudy

The equilibrium compositions of Mg(Al,Cr),0, and
(Al,Cr),05 solid solutions at 1473 K are given in Table I.
The corresponding tie-lines are displayed in Figure 5. The
tie-lines are dightly skewed toward the MgCr,O, corner.
Three tie-lines determined by Hino et al.'™ at 1573 K are
shown for comparison. The tie-line of Hino et al. near the
Al,O5rich side is almost parale to that obtained in this
study. The directions of the other two tie-lines are quite
different from those obtained in this study. Hino et al. deter-
mined the composition of the corundum solid solution from
XRD using the incorrect data of Tsai and Muan*® on the
variation of dy; with composition. This probably led to an
incorrect eval uation of composition of the sesguioxide phase.

The relation between the equilibrium compositions of the
two solid solutions at 1473 K is shown in Figure 6. The
continuous curve is obtained, with the slope first decreasing
with Xc,0, and then increasing again. The intercrystalline
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Fig. 5—Isothermal section of the phase diagram for the system MgO-
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Fig. 6—Equilibrium relation between mole fractions of MgCr,O, in the
spinel solid solution and Cr,O; in the corundum solid solution at 1473 K.

ion exchange equilibrium between the solid solutions having
spinel and corundum structures can be represented by the
equation

Cr,03 + MgAIL,O, - Al,O3 + MgCr,0,4 [1]
The formation of the solid solution between magnesium

1326—VOLUME 31B, DECEMBER 2000

aluminate and magnesium chromite involves the mixing of
two AI®* and Cr3* ions per formula unit. The other ions are
common. MgAl,O, and MgCr,0O, are both normal spinels
at low temperature and, as will be shown later, the trivalent
ions are predominantly confined to octahedral sites at 1473
K. It ismore appropriate, therefore, to express activities and
mixing properties of the spinel solid solutions in terms of
one mole of the mixing species. Following Kerric and
Darken,[*1 the composition variables are expressed as
MgosAIO, and Mgy sCrO,. With this choice of composition
variables, the logarithm of the activity coefficients will
aways have a finite value and will not go to minus infinity
as the concentration approaches zero. The corresponding
composition variables for the corundum solid solution are
AlO; 5 and CrOs.

When the tie-lines between two solid solution phases are
known and activity data for one phase are available, the
activities of the components in second phase can be calcu-
lated. Thisisaccomplished using a modified Gibbs—Duhem
integration technique proposed by Jacob and Jeffes.[*®

XMgg 5CrO,

|Og MMgosCro, = — f XM90.5A|02 d
! [2]

aA|01_5 XM 90.5CrO2
8croy 5 XMgosAI0;

The activities in the corundum phase corresponding to the
tie-line compositions are obtained from the partial enthal pies
and entropies, as reported by Jacob.[*%

AGCTO]__5 = 12,955 X/ZMO]_.5 + 5780 Xilolﬁ

(3]
+ 0.9 RT In X¢r0, ; Jmol 1

AGnio,s = 21,625 X20, — 5780 X3 0,

[4]
+ 0.9 RT In X0, J Mol 1

The reported entropy of mixing is 0.9 times the ideal value
for the solid solution with corundum structure. The integra-
tion plotisshownin Figure 7. The Gibbs—Duhem integration
can be performed over the complete composition range. The
value of 109 Mg, scro, 1S given by the area below the curve
with the appropriate boundary conditions. Values of log
“Ymgosalo, CaN be evaluated at any composition from the area
above the curve. The derived activities for MgysAlO, and
MgosCrO, in spinel solid solution at 1473 K are shown in
Figure 8. Activities of both components exhibit positive
deviations from Raoult’s law over most of the composition
range. However, the activity of MgysCrO, shows a small
negative deviation for Mg, sCrO,-rich composition; the rea-
son for this behavior is unclear. Morita et al.*4 have mea-
sured activity of MgCr,0, in the spinel solid solution at
1873 K by equilibrating the MgO-saturated spinel solid solu-
tion with Ni-Cr alloys under fixed oxygen partial pressures.
From the measured concentration of Cr in the aloy and a
separately determined value of the activity coefficient of
chromium in the alloy, the activity of MgCr,O, was calcu-
lated. Their data, after convertingto Mg, sCrO, asthemixing
species, are shown in Figure 8. Although the data show
significant scatter, thegeneral trend issimilar to that obtained
in this study, despite the considerable differencein tempera
ture. The Gibbs energy of mixing calculated from activity
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1.0 ——————r——1———1—
0.8 - \\\\ lo) Y, -
o 7
06 | 4
Mgo_5Cf02 . N /I )ngo.sAloz
- ): -
2 SN
£ 4 /s .
7] AN
< 04} N -
o S S
6
I o ,’/ N, .
0.2 -
® This study, 1473 K
-/ O Morita et al, 1873 K W\
0.0 K— ] ; 1 A 1 A 1 .
0.0 0.2 0.4 0.6 0.8 1.0
Mg, ,AlO, XMgo <Cro, Mg, CrO,

Fig. 8—Activities for MgysAIO, and Mgy sCrO, in spinel solid solution:
derived from experimental data obtained in this study at 1473
K; ----m- Raoult's law; and (O) data from Morita et al.'¥ at 1873 K.

METALLURGICAL AND MATERIALS TRANSACTIONS B

0 T T L) I T 1 L 1 M
--00-- Calculated without strain term
) O Calculated with strain term A
‘.‘ —e— Experimental ,"
2 \\ ,’1_
\
! 1473 K !
L !
\ ”
\ !
4F 4 [
‘T_ ‘\ I}
[<] L \ IP .
E \\ !
s \ /
X 6 \ J .
~ /
> a ;
(D 3 \\ /
< \ A
\\\ //
-8 |- b\ // -
\
. A
- n ’/ -
\\‘ﬂ-—’d
10 + -
" 1 " 1 " ] " 1 "
0.0 0.2 0.4 0.6 0.8 1.0
MgO5A IOZ XMgo.scroz MgO.5crOZ

Fig. 9—Comparison of the experimentally determined Gibbs energy of
mixing for the system Mg, sAl0,-MgysCrO, with the computed vaues
based on cation distribution. The difference gives an estimate of the positive
enthalpy of mixing caused by difference in radii of AI®* and Cr3" ions.

Tablell. Activities and Gibbs Energies of Mixing in the
Spinel Solid Solution MgysAlO0>-MgysCrO, at 1473 K
Derived from Experimental Data

XMgo 5Cron Mgy sCro, Mgy sAIO, AGM (Jmal™?)
0.0 0.0 1.0 0.0
0.1 0.213 0.912 —2903
0.2 0.352 0.839 —4257
0.3 0.443 0.782 —-5124
0.4 0.506 0.723 —-5711
0.5 0.556 0.667 —6069
0.6 0.611 0.597 —6175
0.7 0.683 0.483 —5936
0.8 0.784 0.314 —5185
0.9 0.896 0.144 —3599
1.0 1.0 0.0 0.0

coefficients is plotted in Figure 9 as a function of composi-
tion. The activities of components and Gibbs energy of
mixing of spinel solid solution at 1473 K obtained from
Gibbs—Duhem integration are listed in Table I1.

The accuracy of tie-line data can be checked indepen-
dently. The value of equilibrium constant and Gibbs energy
change for Reaction [1] can be calculated for each tie-line,
using tie-line compositions and thermodynamic data for the
two solid solutions. If all the data are internally consistent,
the same value for the equilibrium constant would be
obtained from each tieline. The equilibrium constant
obtained from the analysis of thetie-linesis 1.227 (+0.019),
wheretheerror limit correspondsto twicethe standard devia-
tion. The corresponding standard Gibbs energy change is
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—2508 (+382) Jmol 1, in excellent agreement with avalue
of —2499 (+570) Jmol ~* obtained from direct emf measure-
ment on MgAI,0,2% and MgCr,0,.1%4

IV. DISCUSSION

The activity-composition relationship in the spinel solid
solution can be considered in light of intracrystalline ion-
exchange equilibria between cations on the tetrahedral and
octahedral sites. When a transition-metal ion such as Cr3*
is surrounded by an octahedron of negative ions, the five
d-orbitals no longer have the same energy but are splitinto a
lower tyq triplet, which is stabilized, and an upper g, doublet,
which is destabilized relative to the mean d-orbital. The
same phenomenon occurs in the tetrahedral sites except that
thetriplet is at a higher energy than the doublet. The differ-
ence between the stabilization energies on two competing
sites yields the site preference energy for a transition metal
ion. The stabilization of nontransition metal ions in the non-
equivalent crystallographic sites has different origins from
those of transitional metal ions. Assuming orbital energy
sums parallel total energies, Tossell?? has given aqualitative
explanation for the relative stability of the octahedral oxy-
ions of Mg and Al over tetrahedral oxy-ions in terms of
orbital binding energies obtained from X-ray emission, opti-
cal spectra, and molecular orbital calculations. The site pref-
erence energies for Mg?™ and AI®* ions may also contain a
contribution from anion polarization.

The ion-exchange equilibria between the tetrahedral and
octahedral sites are governed by site preference energies of
cations, as discussed by Jacob and Alcock.?® The value for
the octahedral site preference energies of Cr3* was obtained
by Dunitz and Orgel®! from optical spectra using crystal
field theory. Crystal field theory does not give a value for
Al ion since it has no d-electrons. The octahedral site
preference energy of AI®T was derived relative to that for
Ni2* ion from crystal field theory using the measured cation
distribution in NiAl,0,. A model based on ideal mixing
of ionson each site with theinclusion of Jahn—Teller entropy
for Ni?* on tetrahedral site was used.!? The site preference
energy for Mg?* is calculated from the experimentally deter-
mined cation distribution between tetrahedral and octahedral
sites of pure MgAl,O, at high temperature, as discussed
subsequently.

The cation distribution in MgAIl,O, has been measured
as a function of temperature by three groups using magic
angle spinning nuclear magnetic resonance (MAS
NMR)?62728 and two groups using neutron powder diffrac-
tionl?>3% techniques. The results of Millard et al.l*® and
Maekawa et al.[>l are more reliable than those of Wood et
al.,’?8 since they used more appropriate i nstrument parame-
ters for acquisition oft?! Al MAS-NMR spectra. The cation
distribution can be described quantitatively using intracrys-
talline ion exchange reaction:

(Mg?") + [APF] - [M@*] + (AIPY) (5]

The Gibbs energy change associated with the exchange reac-
tion (AG®) is zero at equilibrium:

AG* = AH* + RTIn[e?{(1 — &)(2 — a)}] = O [6]

where AH* is the enthalpy change for the reaction anda is
the disorder parameter for pure MgAI,O,. Theionic fraction
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Fig. 10—Analysis of the literature data on cation distribution in MgAI,Oy:
variation of the function —RT In { &?/{(1—@)(2—a)}} with a, where « is
the ionic fraction of AI®* in the tetrahedral sites.

of AI®* onthetetrahedral siteof pure MgAI,Q, isrepresented
by a. Sincethe cation distribution in MgAIl,O, can be repre-
sented as(M@;— Al ) [Mg, Al ]c04, adso givesthe frac-
tion of the total Mg?" ions on the octahedral sites. The
enthalpy change, which is equal to the difference in the
octahedral site preference (osp) energies of the two cations,
is related to the cation distribution:

AH = Hgb2e — Haf+ = —RTIn[?{(1 — a)(2 — a)}]
(7]

In this simple model, the standard entropy change for the
exchange reaction is assumed to be zero. The assumption
is based on the fact that the reaction is balanced both with
respect to elements and sites.

The product of absolute temperature and configurational
entropy change for the exchange reaction is plotted as a
function of the ionic fraction of AI®* ion on the tetrahedral
site in Figure 10. The variation of —RT In [o?{(1 — a)(2
— a)}] with absolute temperature is displayed in Figure 11.
The scatter of experimental data taken from recent publica-
tions does not warrant the use of more sophisticated mod-
eld?>31 in which the AH® in Eq. [7] is a function of the
disorder parameter. The cation distribution in MgAl,O, is
adequately represented by the equation

e
Ql-a)2-a
Comparison of the measured cation distribution with that

given by Eq. [10] is shown in Figure 12. The average value
of the enthalpy change for the exchange reaction is 29.1 kJ

—RTIn = 29,100 J mol ? [9]
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Tablelll. Octahedral Site Preference Energies of Cations

Octahedra Site
lon Preference Energy

(i) (H®), kimol* Source of Information

cation distribution in MgAI,O,4 and the

Mg?* -321 value for AI®* (this study)
cation distribution in NiAl,0,2 and
the value for Ni?* from the
Al -61.2 crystal field theory!?4
Cr3+ —-157.7 crystal field theory?4

mol ~1. From this average value, the octahedral site prefer-
ence energy for Mg?* ion is evaluated as —32.1 kJ mol %,
relative to the value for AI®* discussed previously. The
octahedral site preference energies of cations used in this
study are listed in Table I1l. Using these values, the two
independent intracrystalline ion-exchange equilibria can be
formulated for the spinel solid solution (Mg, Al, Cr) [Mg,
Al, Cr],0;:

(M@*) + [APT] — [M@?'] + (AI®F) [9]
o _ _ o1 1 Nl (Nage+)

AH™ = 29100 J = —RT In Nz )N ] [10]

(Mg*) + [Cr**] - [Mg*™] + (Cr*") [11]

[NM92+] (Ng3+)

AH® = 125,640 J = —RT In
(NM92+)[NCr3+] [12]

+ RTIn3

where round and square brackets indicate tetrahedral and
octahedral sites, respectively. Mixing of cations on each
sublattice is assumed to be ideal and activities of cations on
each site are assumed to equal to their ionic fractions. The
Cr3*(d3, high spin state) in the tetrahedral site produces a
Jahn—Teller distortion. In the cubic phase, the direction of
the distortion is randomized giving rise to an entropy contri-
bution R In 3 per mole. The associated mass balance equa-
tions are:

2[Nyg2t] + (Nugz+) = 1 [13]
2[Na3+] + (Nai3+) = 2Xugai,0, [14]
2[Ng3+] + (Ne3+) = 2Xuger0, [15]

In these equations, N represents the ionic fraction of cations
on each site and X represents the mole fraction of each
component of the solid solution. Combining Egs. [13] and
[14] with Eq. [10], one obtains
29,100 J =

[16]

[Nmgz12{ Xugai,0, = [Naz+]}
{1 — 2[Nmgz*]} [Nai3+]

Similarly, by combining Egs. [13] and [15] with Eq. [12],
one obtains

125,640 J =

—RTIn

[17]
[NM92+]2{ XMgCr204 — [Ng3+1}

{1 = 2[Nwg2]} [Nert]

The sum of ionic fraction on each site is unity:

—RTIn
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Fig. 13—Ilonic fractions of cations on tetrahedral and octahedral sites of
the MgAI,O,-MgCr,O, spinel solid solution at 1473 K.

[Numg2+] + [Nest] + [Nap] =1 (18]
(Nmgz) + (Ne3+) + (Nag+) =1 [19]

Using Egs. [16], [17], and [18], the cation distribution was
computed at 1473 K for different compositions of the spinel
solid solution using MATLAB (Mathworks Inc., Natick,
Massachusetts). Thevariation of cationic fractionsin tetrahe-
dral and octahedral sites with spinel composition at 1473 K
is illustrated in Figure 13. Despite the difference in the
octahedral site preference energies of the divalent and triva-
lent ions, a significant portion of Mg?" ions occupy the
octahedral site, especially for compositionsrichin MgAl,O,.
Thevariation of ionic fractions on the tetrahedral and octahe-
dral siteswith composition of the solid solution is nonlinear.

The total entropy of cation mixing on the two sites of the
spinel solid solution is given byl

ASE' = —R{Z(N) In (N
+ 23[N] In [Ni]} IJmol "t K1

Thefirst summation on theright side represents the contribu-
tion from mixing of ions on tetrahedral sites. The second
term gives contribution from mixing on the octahedral sites.
There are two ions on the octahedral sites per mole of
MgX,0, (X = Al, Cr). The configurational entropy in a
mechanical mixture of end-member components varies lin-
early between that for the pure components:

ASTY = XMgAI204 ASANEJAIZO;;

-1 -1
+ Xwuger0s ASTyer,0, J Mol ™ K

[20]

[21]

Rewriting the cation mixing entropy of pure end-members
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in terms of their cation disorder parameters (a for MgAI,O,
and B for MgCr,0,):

AST = —R {XMgAI204 [(1 —a)in(1-a)

+a|na+a|ng+(2—a)|n((2;2a))}

+ ngCr204 |:(l - ﬂ) In (l - :8) + IBInIB

+Blnﬁ+(2—ﬁ)ln<u>}} [22]
2 2

where 8 represents the ionic fraction of Cr3* on the tetrahe-
dral site of pure MgCr,O,. The configurational contribution
to the entropy of mixing of the solid solution is obtained as
the difference:

AV = AN — ASED Jmol KT [23]

The small Jahn—Teller contribution to the mixing entropy
is given by

ASMT = R In 3 {(Ngs3+)
— BXwugoro Jmol K™t

Because of the low concentration of Cr3* ion in the tetrahe-
dral site, the maximum value of AS"JT is 0.1 J mol K%,
small enough to be neglected. Similarly, total enthalpy of
mixing caused by cation disorder can be easily computed
from the fraction of trivalent ions on the tetrahedral sites.

AHZ = (Nai3+)ss AHFga1,0,

[24]

[25]
+ (NCr3+)ss AHE/IXgCrZOA; Jmol -t

where  AHffga1,0, = 29,100 Jmol ™! and  AHffycr,0,
125,640 Jmol ~+ are the cation exchange enthalpies for
MgAI,O, and MgCr,Q,, respectively. Again, enthalpy asso-
ciated with cation disorder present in a mechanical mixture
of pure spinel phases is given by

AHR = XMgAI204 LYAH%AmgA|204 [26]
+ Xmgcr,0s BAHcr0, I MOl 1
Hence, enthalpy of mixing of the solid solution is given by
AHMem = AHEM — AHST Jmol 1 [27]
Rearranging,
AHM™ = 29,100 {(Nai3+)ss — @Xmgat,0.t (28]
+ 125,640 {(Ng3+)ss — BXmger0,t d mol ™t

where the subscript ss denotes cationic fractionsin the solid
solution at the specified site. The Gibbs energy of mixing
can be obtained by combining the enthalpy and entropy
of mixing:

AGMem = AHMem — T (AGMem + ASMTY Jmol 1 [29]

Alternatively, activities can be obtained directly from the
cation distribution using the following equations:*!
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(Nug2+)[Nas3+]?

aMgAI204 = a{%/lgo.5A|02 = (1 . i)(l _ O.5a)2 [30]
(Nmgz+)[Ng:3+]?

BMgcr04 = aﬁ/lgo.scroz = L = [31]

(1 - P - 05p)7?

where the numerators on the right-hand side of the equations
represent the product of ionic fractions in spinel solid solu-
tion and the denominators the corresponding product in the
pure component spinels. The product of ionic fractions
define the activity of each end-member component relative
to the strictly normal spinel.

The Gibbs energy of mixing calculated using the simple
cation-mixing model incorporating the Jahn—Teller entropy
is compared with that derived from experimental tie-line
data in Figure 9. In this plot, the mixing species are taken
as Mgy sAIO, and MgysCrO,. The difference between the
calculated and experimental curves may be attributed to a
positive enthalpy term arising from the difference in radii
of AI®* and Cr3* ions. The Cr®* ion in sixfold coordination
(0.0615 nm) is considerably larger than the AI** ion (0.053
nm) according to Shannon and Prewit.*® The size difference
is dightly more on the Ahrens scale.l3 The lattice strain
encountered in accommodating an ion of different size was
not considered in calculating the cation distribution. Hence,
it must be added as a separate term to obtain the correct
value for the Gibbs energy of mixing. The strain contribution
(AHY) is obtained as the difference between experimenta
and calculated values for the Gibbs energy of mixing. The
strain contribution was found to be adequately represented
in the subregular model:

AH&A = XMgo.sAloz XMgo,SCroz (14’659 XM90.5A|02

_ [32]
+ 12,354 Xyigy5cro,) J mol ~*

The contribution of the positive strain enthalpy to the
Gibbs free energy of mixing become relatively more sig-
nificant as temperature decreases, producing inflections in
the Gibbs energy curve at lower temperatures and causing
the appearance of amiscibility gap. The cation distribution,
entropy, enthalpy, and Gibbs energy of mixing were calcu-
lated at various temperatures using the procedure outlined
previously. The real Gibbs energy of mixing, obtained by
adding the strain contribution to values calculated from
cation distribution, is plotted as a function of composition
in Figure 14. Inflections are seen in the Gibbs energy of
mixing curves at temperatures below 800 K. The immisci-
bility gap boundaries are obtained using the common tan-
gent construction. The calculated miscibility gap is shown
in Figure 15. It is characterized by a critical temperature
of 802 (*20) K and critical composition of Xygcr,0, =
0.46(=*0.02).

V. CONCLUSIONS

The tie-lines between the spinel and corundum solid solu-
tions in ternary system MgO-Al,O5-Cr,0O; were accurately
determined at 1473 K. The results obtained are at variance
with the limited tie-line data reported by Hino et al.[** at
1573 K. Activities in spinel solid solutions were derived
from the experimental tie-line data using the modified
Gibbs—Duhem integration technique of Jacob and Jeffes.[*8]

METALLURGICAL AND MATERIALS TRANSACTIONS B

-500

"= -1000

-1600

AG" 1 J mol

-2000

-2500 1 1 " 1 1 1 " 1 1
0.0 0.2 04 0.6 0.8 1.0

Mg, ,AIO, Mg, CrO,

XMgCr,O‘

Fig. 14—Gibbs energy of mixing curves for the system MgysAlO,-
MgosCrO, at different temperatures. The curves at lower temperatures
exhibit point of inflections and indicate phase separation.
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Fig. 15—Miscibility gap in the system MgAI,0,-MgCr,0, derived from
the results of this study.

Activities of Mgy sAlO, and MgysCrO, exhibit strong posi-
tive deviations from Raoult’s law over most of the composi-
tion range. However, the activity of Mgy sCrO, exhibits mild
negative deviation for compositions rich in MgysCrO..
Activities of Mgy sCrO, obtained in this study at 1473 K are
in reasonable agreement with values reported by Morita et
al. at 1873 K. Because the mixing occurs only on the
cation sublattices, the configurational contribution to Gibbs
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energy of mixing can be cal culated using the strain enthal py
resulting from the difference in the radii of AI®* and Cr3*
ions in sixfold coordination is obtained from the difference
between the calculated and experimental Gibbs energy of
mixing at 1473 K. A miscibility gap is predicted for the
pseudobinary MgAl,O,-MgCr,O, at temperatures bel ow 802
(£20) K. A first-order estimate of the effect of pressure on
phase relation in pseudobinary system can be obtained using
volume data obtained from lattice parameter measurement;
AVM = XM%A|204 XMgCr204 (00423 — 0.0209 XMgCr204) J
bar~! mol L.
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