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Abstract High-temperature oxide-melt calorimetry and
Rietveld refinement of powder X-ray diffraction patterns
were used to investigate the energetics and structure of
the hematite—corundum solid solution and ternary phase
FeAlOj; (with FeGaOs structure). The mixing enthalpies
in the solid solution can be described by a polynomial
AHpix = WX hem(1=Xpem) with W = 116 + 10 kJ mol™".
The excess mixing enthalpies are too positive to repro-
duce the experimental phase diagram, and excess
entropies in the solid solution should be considered.
The hematite—corundum solvus can be approximately
reproduced by a symmetric, regular-like solution model
with AGexcess = (WH_TWS‘)XhemXcorn where Wy =
116 £ 10 kJ mol™" and Wg =32 + 4 J mol-! K-1. In
this model, short-range order (SRO) of Fe/Al is ne-
glected because SRO probably becomes important only
at intermediate compositions close to Fe:Al = 1:1 but
these compositions cannot be synthesized. The volume
of mixing is positive for Al-hematite but almost ideal for
Fe-corundum. Moreover, the degree of deviation from
Vegard’s law for Al-hematite depends on the history of
the samples. Introduction of Al into the hematite
structure causes varying distortion of the hexagonal
network of oxygen ions while the position of the metal
ions remains intact. Distortion of the hexagonal network
of oxygen ions attains a minimum at the composition
(Feg.05Alg.05)203. The enthalpy of formation of FeAlO;
from oxides at 298 K is 27.9 + 1.8 kJ mol™'. Its esti-
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mated standard entropy (including configurational en-
tropy due to disorder of Fe/Al) is 98.9 J mol™' K™/,
giving the standard free energy of formation at 298 K
from oxides and elements as +19.1 £ 1.8 and
—1144.2 + 2.0 kJ mol™', respectively. The heat capa-
city of FeAlOs is approximated as C,(T'in K) = 175.8 -
0.002472T — (1.958 x 10%)/T? — 917.3/T% +(7.546 x 107°)
T? between 298 and 1550 K, based on differential
scanning calorimetric measurements. No ferrous iron
was detected in FeAlO; by Mdssbauer spectroscopy.
The ternary phase is entropy stabilized and is predicted
to be stable above about 1730 = 70 K, in good agree-
ment with the experiment. Static lattice calculations
show that the LiINbOs-, FeGaOs-, FeTiOs-, and disor-
dered corundum-like FeAlO5 structures are less stable
(in the order in which they are listed) than a mechanical
mixture of corundum and hematite. At high tempera-
tures, the FeGaOs-like structure is favored by its en-
tropy, and its stability field appears on the phase
diagram.

Keywords Hematite - Corundum - Solid
solution - FeAlO3 - Thermodynamics

Introduction

It is important to understand the geochemical similari-
ties and differences between ferric iron and aluminum.
Both elements are commonly incorporated in minerals
and dissolved in natural waters (Anovitz et al. 1991;
Cornell and Schwertmann 1996). Solid Fe*" and AI**
phases exhibit extensive polymorphism with a number of
isostructural compounds. On the other hand, there are
also crystal structures of iron oxides (e.g., akaganeite)
and structures of aluminum oxides (e.g., gibbsite) that
have no isostructural counterpart with the other metal,
although some Al substitution in the akageneite struc-
ture has been reported (Cheng et al. 2001). Some of the
solid solutions between isostructural Fe and Al end
members appear to be continuous (jarosite—alunite,
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Stoffregen et al. 2000); in others the solubility is limited
(hematite—corundum, goethite—diaspore, Cornell and
Schwertmann 1996).

Hematite («-Fe,O3) is abundant in soils and sedi-
ments (Cornell and Schwertmann 1996), and aluminum
is the most common substituent in its crystal structure.
The hematite—corundum solid solution was studied by
Schwertmann et al. (1979), Barron et al. (1984), De
Grave et al. (1988), and others (see Cornell and Schw-
ertmann 1996 for more references). The experimental
techniques employed in these studies included X-ray
diffraction, infrared spectroscopy, transmission electron
microscopy, thermal analysis, Mdssbauer spectroscopy,
and EXAFS. Mongelli and Acquafredda (1999) ana-
lyzed ferruginous concretions from Italian karst bauxites
and found that they consist of Al-hematite (average
composition FepggAlp12015) and boehmite. Grubb
(1971) and Wells et al. (1989) addressed the occurrence
and origin of corundum and Al-hematite in bauxitic
rocks.

Mixtures of hematite and corundum are also en-
countered in industrial applications. Addition of Fe’™
to Al,O3 precursors may enhance nucleation kinetics
and preserve nanocrystalline features of corundum ce-
ramics (Polli et al. 1996). Fe,O3/Al,O5; assemblies find
their use in catalysis for the reduction of NO, in flue
gases (Willey et al. 1991) and oxidation of CO and C,H,
in automotive exhaust gases (Walker et al. 1988). Al,Os-
rich scales (with corundum structure) are a common
corrosion product of Fe-Al-Cr alloys (e.g., Stott et al.
1998).

In this study, we investigated the thermochemistry
and crystal chemistry of the hematite—corundum solid
solution series and the ternary phase FeAlOs;. Measured
enthalpies of formation and heat capacity were com-
bined with the phase diagram of Muan and Gee (1956)
to present a full thermodynamic description of the solid
solution and the ternary phase. The experimental cal-
orimetric data are supported by static lattice calcula-
tions. In addition, the calculations allow assessment of
the energetics of ordered FeAlO; phases which cannot
be synthesized and were not found in nature. The crys-
tallographic data are used to explain previous observa-
tions of Schwertmann et al. (1979) and De Grave et al.
(1988).

Experimental procedures

Sample synthesis

The hematite—corundum solid solution samples and FeAlO; (AL-
1.6 through AL-1.18) were prepared by mixing appropriate pro-
portions of reagent grade ferric and aluminum nitrate nonahydrate.
The mixture was dissolved in deionized water and heated to boil off
the water rapidly. The rusty residuum was gently ground, pressed
into ~1 g pellets and preannealed at 673 K for 4 h. The pellets were
then annealed at chosen temperatures (1623 K for hematite-rich
samples, 1673 K for corundum-rich samples) in a vertical Deltech
furnace. The thermocouple was calibrated against the melting point
of pure gold (1337 K). The temperature was controlled within

+ 5 K of the preset value. Two days of annealing were sufficient to
produce a coarse well-crystalline product. The samples were
quenched in water and dried in vacuum at room temperature.
These samples will be referred to as the high-temperature hematite—
corundum samples.

Another set of Al-hematite samples was prepared by thermal
decomposition of Al-goethite at 975 K overnight. The goethite
samples were synthesized by following the procedure described by
Schwertmann and Cornell (2000). Characterization, thermody-
namics, and crystal chemistry of these goethite samples will be the
subject of a separate contribution. In this study, only the Al-hema-
tite samples derived from these Al-goethite preparations have been
studied, and are referred to as low-temperature Al-hematite samples.

Chemical analysis

The high-temperature hematite—corundum samples were mounted
for optical and electron microprobe examination. We found that
optical microscopy in reflected polarized light is more sensitive to
impurities than X-ray diffraction. The samples were polished only
with diamond pastes to avoid contamination of the surface layer
with Al from Al,O3-based abrasives. Electron microprobe analyses
were performed with a Cameca SX-50 electron microprobe, with an
accelerating voltage of 15 kV, a current of 10 nA, a beam size of
5 um, and counting time of 10 s for each analyte, with synthetic
corundum and hematite as the standards.

Low-temperature Al-hematite samples were analyzed by elec-
tron microprobe although it was much more difficult to obtain
good analyses owing to poor polish of the fine powder. The pre-
cursor Al-goethite samples were analyzed for Fe and Al by ICP-
AAS, and the results of the two analytical techniques were in good
agreement.

Water content of low-7" Al-hematite was determined by heating
the samples at 1180 K in corundum crucibles overnight because
Gualtieri and Venturelli (1999) have shown that hematite loses all
excess (adsorbed and structural) water by firing at > 1080 K. Re-
peated firing of empty corundum crucibles showed that an error of
+ 0.03 mg is associated with the procedure. Approximately 20 mg
of sample was used in each experiment, and the samples lost at least
0.07 mg upon firing, well outside the random error quoted above.

X-ray diffraction (XRD)

XRD patterns were collected with a Scintag PAD V diffractometer
(Cu Kua radiation) with a diffracted beam graphite monochroma-
tor. The high-7 hematite samples were ground in a McCrone
micronizing mill to particle size 1-10 um. The milling time was
2 min, as determined by particle-size measurement of a milled he-
matite sample using a laser-scattering particle-size distribution
analyzer (Horiba LA-910). Only one corundum sample was milled
to minimize abrasion load on the plastic grinding jar and agate
cylinders. The low-T Al-hematite samples were not milled as they
are sufficiently fine-grained. Milling significantly improves the fit of
the peak shape and intensities of the X-ray lines, but the position of
the XRD peaks does not shift. The lattice parameters derived from
the XRD patterns of the ground and unground sample are equal.
The samples were backloaded on a frosted glass slide to minimize
preferred orientation. GSAS software (Larson and von Dreele
1994) was used to calculate the lattice parameters (and atomic
positions and site occupancies for selected samples) by Rietveld
refinement. Starting models for the Rietveld refinement were taken
from Finger and Hazen (1978) for corundum, Blake et al. (1966)
for hematite, and Bouree et al. (1996) for FeAlO;.

High-temperature calorimetry
The enthalpy changes of interest were measured by high-tempera-

ture oxide-melt solution calorimetry (Navrotsky 1997). This tech-
nique was selected because of the ease of dissolution of corundum



and hematite in the calorimetric solvent (lead borate, 2PbO-B,0O5 at
975 or 1075 K). The calorimeter was calibrated by dropping ~5 mg
pellets of corundum (99.997% metals basis, Alfa Aesar) into an
empty crucible and relating the integrated signal to the known heat
content. Prior to the calibration, the Al,O3; powder was annealed at
1773 K overnight to remove trace moisture and ensure full con-
version to corundum. Three types of high-temperature calorimetry
experiments are possible. Dropping a pellet of a sample into an
empty platinum crucible at temperature 7" gives the heat content,
Hz-H,eg. Samples can be also equilibrated over the calorimetric
solvent and dissolved at calorimeter temperature 7, giving the heat
of solution AHg,; 7. The sum of heat content and heat of solution
can be measured directly by dropping the sample from room
temperature into the molten solvent, giving heat of drop solution
AHgso1,7 at temperature 7. Because enthalpy is a state function,
(Hr-Haos) + AHgo 7 = AHgsor.7- This relation was used for deri-
vation of thermochemical properties of low-7" Al-hematite samples.
This relation can also be used to check the accuracy of calorimetry
because the sum of (H7-Haog), AHgo17, and —AH g1, 7 represents a
circular integral of dH, zero by definition. The (Hz-Haogs), AHgo1 7,
and AH o, 7 for corundum at 975 K are 74.90, 34.53 + 1.47, and
108.46 + 0.60 kJ mol™', and for hematite at 975 K 96.86 £+ 0.45,
73.94 £ 2.74, and 170 59 + 1.29 kJ mol ™, respectively These
values give the circular integral of —1.0 £ 1.6 kJ mol~! for co-
rundum and —0.2 + 3.1 kJ mol™' for hematite, thus documenting
good accuracy of the calorimetric procedure. The (Hz-Hog) value
for corundum was calculated by integrating the tabulated heat
capacity of corundum rather than experimental measurement be-
cause this value is used for calibration of the calorimeter.

Scanning calorimetry

Scanning calorimetric measurements of heat capacity were per-
formed with Setaram DSC-111 and Netzsch-404 DSC calorimeters.
The Setaram DSC-111 (a true Calvet microcalorimeter used in
scanning mode) operates in the temperature range 300-970 K.
Corundum (powdered, 99.997% metals basis) was used as the heat
capacity standard. Quartz and hematite were used to judge the
accuracy of the data; the data collected for quartz and hematite
deviated less than 2% from the C, of Robie and Hemingway
(1995). Heat capacity at high temperatures (300-1550 K) was
measured with a high-temperature Netzsch-404 differential scan-
ning calorimeter (DSC). Low-temperature heat capacity was mea-
sured with a low-temperature Netzsch-404 DSC in the temperature
range 200400 K. Cooling was provided by liquid nitrogen boil-off.
The measurements were performed in an atmosphere of ﬂowmg He
(40 ml min~", low-temperature DSC) or air (40 ml min~, high-
temperature DSC) A sapphire disk served as the heat- capac1ty
standard for the Netzsch-404 DSC instruments. Heat capacity was
calculated using the software supplied by the manufacturer. The
combination of Setaram DSC-111 and Netzsch-404 calorimeters
was chosen because the Setaram DSC-111 offers better reproduc-
ibility of the data (using ~200 mg of sample) while the Netzsch-404
DSC requires a significantly smaller amount of sample (£ 50 mg)
and operates up to ~1700 K. The collected data were averaged and
fitted to a Haas—Fisher polynomial (Haas and Fisher 1976) in the
range 298-1550 K.

Méssbauer spectroscopy

STFe Mossbauer spectra of FeAlO; were obtained in a transmis-
sion geometry at 298 K with a microcomputer-controlled
spectrometer, operating in a constant acceleration mode. A 25-
milliCurie 37Co/Rh source was employed; this source is known to
result in narrow spectral lines. The absorber was prepared using
an acetone-Duco cement slurry of 20 mg of FeAlO; that was
allowed to dry in a 2.5-cm circular area on aluminized mylar. The
assembly of shielded absorber holder, shielded detector, and ve-
locity drive were aligned on an optical bench which was mounted
on a vibration-isolated optical table. The spectrometer was
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calibrated by means of standard absorbers of sodium nitroprus-
side and iron metal.

The Mossbauer spectra were obtained at two velocities: one
over a range of —4 mm s~ to 4 mm s~! in order to detect the
presence of ferrous i iron or magnetic impurities, and the other over
a range of =2 mm s~! to 2 mm s™! in order to obtain a high-pre-
cision spectrum of the FeAlO; phase. The spectra were analyzed by
nonlinear least-squares fits. The spectra were adequately fitted with
symmetric quadrupole doublets and Lorentzian line shapes. The
details of the data collection and analyses have been given previ-
ously (Clark 1997; Dotson 1998).

Molecular modeling

Selected crystal structures were optimized using the program
GULP (Gale 1997). After optimization, the program calculated
phonon density of states and thermodynamic properties (Helm-
holtz free energy, entropy, and heat capacity) for the optimized
configuration. The core—shell model (Gale 2001) was used for ox-
ygen ions, whereas the cations were represented only by a core with
the full formal charge assigned to it. The Al-O and O-O Buck-
ingham potential, spring constant for oxygen core—shell interac-
tion, and the three-body O-Al-O bending potential were taken
from Winkler et al. (1991). These potentials were found to repro-
duce the experimental C, of corundum with excellent accuracy
(average difference C,, tabule lted C1 calculated — =051 mOI_ l
maximum difference 1.5 J mol~! , between 10 and 330 K). For
other cation—oxygen pairs, the agreement between calculated and
experimental heat capacity was not satisfactory when the potentials
of Wlnkler et al (1991) were, used The Born—Mayer potentials for

*-0, Ca®’"-0, and Mg?>"-O were derived by relaxed fitting
(Gale 2001) using GULP. The crystal structures for fitting were
taken from Rietveld refinement for hematite from this study and
the ICSD database (Berndt 1997) for CaO (NaCl structure type,
a=4.805 A) and MgO (NaCl structure type, a = 4.212 A). The

entropy and heat capacity values were taken from Robie and
Hemingway (1995). The elastic constants for hematite were taken
from Liebermann and Maasch (1986), and the elastic constants of
periclase and lime were the same as used by Bush et al. (1994). The
derived potentials were required to reproduce the experimental
crystal structure, heat capacity, and entropy, thus dictating the
choice of the weighting scheme for the fitting. The most heavily
weighted input parameters were fractional positions of the atoms in
the asymmetric cell. An equal and lesser weight was put on lattice
parameters and the entropy and heat capacity values. The least
weight was attached to the elastic constants. The transferability of
the derived potentials (Table 1) to other phases was probed by
calculation of vibrational entropy for a number of Ca(Mg)—Fe(Al)
phases (Fig. 1). MgFe,O,4 was modeled as a fully ordered inverse
spinel. The two quantities in Fig. 1, C, and C,, are not strictly
comparable, but the difference between the two [as
100 x (C, - C,)/C,, where C, — C, = aZTV/ﬁ] is small, for exam-
ple 0.8% for corundum and 1.1% for hematite, lime, and periclase
at 298 K. While structural parameters test the first derivative of the
derived potentials, elastic constants provide a constraint on the
second derivative of the potentials. Although the least weight in the
fitting procedure was attached to the elastic constants, they were
reproduced well by the derived potentials (Table 2), in general
better than by the potentials of Bush et al. (1994).

The FeTiOs-like and LiNbOs-like structures of composition
FeAlO; were optimized in full R3 symmetry. FeAlO; (with Fe-
GaOj structure) was optimized by GULP using full symmetry
(Pna2,). The atomic positions and lattice parameters were taken
from Bouree et al. (1996), but the structure was optimized as fully
ordered. One of the Al positions was simulated as tetrahedral and
one as octahedral, in agreement with the structural data, the dif-
ference between the two being only in equilibrium angle © in the
three-body bending potential (Table 1). For the optimization of the
disordered FeAlO; with corundum structure, a 2 x 2 x 2 supercell
of hematite and corundum was relaxed to P1 symmetry. After
convergence with respect to the number of sampled & points was
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Table 1 Parameters of the interatomic potentials used for optimi-
zation and thermodynamic properties calculation of Ca—Mg—Fe—-Al
solids. The functional form of the potentials that use the adjustable

parameters A4, p, k, and © were given by Winkler et al. (1991)

Atom pair A p
Fe*™-0 630.096 0.3748
ABT-O 1460.300 0.29912
Mg’ -0 837.611 0.3233
Ca2zt-0O 1150.227 0.3406
k
0086902 ¢ore- 0286902 ghel] 60.00
k (€]
O-AP’T-0 2.09724 90, 109.47
~ 200 ——
*x Ca,Fe,0,0
©
>E> 150 ,,"/Ca(;I,Q
o v CaFe,0,
3 _OMgFe,0,
O. 100 Feyoa:v,x’/\’/CaAIZO‘
bl
3 50 Om,
§ MQOQ/CCaO
U)s 0 " L L L L L L
0 50 100 150 200

S° (experimental, J/mol*K)

Fig. 1 Comparison of experimental standard entropies and calculated
vibrational entropies (GULP, Gale 1997) at 298 K for a number of
Ca-Mg-Fe-Al phases. Note that the relationship between the
calculated and experimental entropy should not be 1:1 because the
experimental entropy includes dilatational entropy and, in the case of
Fe-bearing phases, magnetic entropy. Because the magnitude of these
contributions is not exactly known, the total standard entropy (from
Robie and Hemingway 1995, and from King 1955 for calcium
aluminates) is plotted versus the calculated vibrational entropy. The
error bars on the experimental entropy data are smaller than the
symbols

Table 2 Comparison of experimental (Liebermann and Maasch
1986, Bush et al. 1994) and calculated elastic constants (10'" dyn
cm™>), using the potential parameters in Table 1 and GULP (Gale
1997)

Corundum Hematite  Periclase Lime
C11 exp. 49.69 35.59 29.70 22.35
calc. 66.52 32.88 29.84 21.73
Cl2  exp. 16.36 18.50 9.50 9.87
calc. 29.03 21.89 16.58 9.85
ci3  exp. 20.94
calc. 7.17
Ci4  €xp. -1.04
calc. 2.87
Cx»  exp. 49.69
calc. 66.52
C33  exp. 49.80 29.92
calc. 52.42 28.27
Cqs  €XP. 14.74 5.80 15.60 9.87
calc. 14.79 3.66 16.58 9.85

achieved, the results for both phases were found to be identical
(within < 0.1%) for optimization using full (R3c) and relaxed (P1)
symmetry. The 2 x 2 x 2 supercell contains 96 metal cations.
Ninety-two random and distinct configurations of the 2 x 2 x 2
supercell with 48 iron and 48 aluminum atoms were generated
(symmetry P1) and optimized by GULP.

Results
Hematite—corundum solid solution

The enthalpies of drop solution for the high-T hematite—
corundum samples, determined in lead borate solvent at
1075 K, are listed in Table 3. The enthalpies of forma-
tion from oxides (AH/xiqes) (Table 3) were calculated
using a thermochemical cycle outlined in Table 4. The
AHfoyiqes values are equal to the enthalpies of mixing
(AH,,ix)- The hematite—corundum samples show positive
deviation from ideal mixing (Fig. 2a).

The low-T Al-hematite samples, prepared by de-
composition of Al-goethite at 975 K, can be expected to
be different from the Al-hematite synthesized at 1623 K,
in terms of their particle size and excess water content.
The calorimetric data, determined in lead borate at
975 K, are given in Table 5. The excess water (Table 5)
was treated as bulk liquid water in the thermochemical
cycle (Table 6). The enthalpies of mixing for these Al-
hematite samples are positive, at both 298 and 975 K
(Table 5; Fig. 2a,b). Furthermore, the AH,;, values at
298 K and 975 K overlap within their respective uncer-
tainties (Table 5). Thus, AH,,; is independent of tem-
perature.

The lattice parameters of Al-hematite show deviation
from ideal behavior (Vegard’s law) (Fig. 3), in agree-
ment with Barron et al. (1984) and Schwertmann et al.
(1979). The magnitude of the deviation from Vegard’s
law is not only a function of Al substitution in hematite
but also depends on the history of the sample. The
volume of mixing and lattice parameter « for the high-T
Al-hematite samples show smaller deviation than those
for the low-T Al-hematite. While the lattice parameter ¢
of the low-T Al-hematite shows positive deviation from
Vegard’s law, high-T Al-hematite shows a slight negative
deviation. The lattice parameter ¢ of Fe-corundum
shows slight negative deviation, and the lattice param-
eter a even smaller positive deviation. These virtually
compensate each other to approximate an ideal (zero)
volume of mixing. These crystallographic differences
between low- and high-temperature samples do not seem
to affect their energetics significantly, as discussed
above.

FeAlO;

The enthalpy of formation of FeAlO; (with FeGaO;
structure) from hematite and corundum
(27.9 + 1.8 kJ mol™', Table 3) was determined for the
first time in this study. The enthalpy of formation from



Table 3 Chemical composition (g), lattice parameters (a,c), frac-
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samples only), and the enthalpy changes measured and calculated

tional atomic positions (x,0,1/4 for oxygen; 0,0,z for metal) and for the high-T hematite-corundum samples and FeAlO;. The
statistics of the Rietveld refinement (y°, w R,) (for hematite-rich  subscripts on enthalpies refer to reaction numbers in Table 4
Sample g mol mol™'as x for oxygen x a (A) AH 3 AH,, oxides, = AH4
[Fe/(Fe+ Al)] z for Fe/Al WR, c(A) (kJ mol~ D) (kJ mol™")
Hematite 1 0.3553(1)¢ 2.13 5.0367(1)¢ 189.91* + 0.94°(27)° 0
0.3119(9) 0.2049 13.7550(4)
AL-1.6 0.966*+ 0.001°(24)° 0.3554(1) 1.74 5.0283(2) 182.29 £ 1.54(14) 53+ 1.8
0.3117(9) 0.1773 13.7275(9)
AL-1.8 0.908 £ 0.001(27) 0.3550(1) 1.97 5.0140(3) 171.72 £ 1.71(15) 11.8 £ 1.9
0.313(1) 0.1864 13.6783(12)
AL-1.9 0.878 £+ 0.002(14) 0.3553(1) 1.77 5.0081(2) 173.93 £+ 1.12(9) 75 + 1.4
0.310(1) 0.1744 13.6579(9)
AL-1.12 0.502 £ 0.001(12) a=4.9842(2) 127.36 £+ 1.74(17) 279 £ 1.8
b=28.5544(4)°
¢=9.2347(5)
AL-1.16 0.091 £ 0.002(14) 4.7874(1) 115.88 £ 1.63(14) 10.8 £ 1.7
13.0545(3)
AL-1.17 0.061 £ 0.002(9) 4.7783(1) 118.63 £ 1.22(11) 60 £ 1.3
13.0350(2)
AL-1.18 0.029 £ 0.001(13) 4.7693(2) 118.30 £+ 1.41(20) 41 £ 1.5
13.0159(6)
Corundum 0 4.7618(6) 120.38 £ 0.54(41) 0
12.9981(18)
zlAverage
®Two standard deviations of the mean
CNumber of experiments
4 Atomic position or lattice parameter and estimated standard deviation on the last decimal digit
¢ The structure of the FeAlO3 phase has an orthorhombic symmetry
Table 4 Thermochemical cycle A .
for the high-T Al-hematite and Reaction and reaction number
B ﬁf&mdum samples and 2-Fe;0s (cr, 298) = 5-Fe,0; (sol, 1075)° 1
a-AlO; (cr, 298) = a-Al,Oj3 (sol, 1075) 2
(Fe,Al;,)>03 (cr, 298) = ¢ a-Fe;O5 (sol, 1075) + (1-q) a-Al,O5 (sol, 1075) 3
q a-FeyO3 (cr, 298) + (1 q) o-Al,O3 (cr, 298) = (Fe, Al _,)>0s3 (cr, 298) 4

AH; = AHgsol(2- F6203)

AH; = AHgs01(0- A1203)
AHS = Al—ldsol[(l:eqp‘ll q)203]
AH4 =

H/OdeC§ - qA 1t (1 CI) AHZ_AH.“a

dcr = crystalline solid; sol = solution in lead borate

®This study; data in Table 3

oxides of a hypothetical disordered FeAlO; phase with
corundum structure is 29.0 + 2.5 kJ mol™!, calculated
from AI_Iﬁoxides =AHix = (1 16 + l())/Yc:or(1 - Xcor) at
Xeor = 0.5. The oxidation state of Fe in FeAlO; was
explored by Md&ssbauer spectroscopy because any pres-
ence of ferrous iron could significantly alter the calori-
metric results. Within the limits of the sensitivity of
Méssbauer spectroscopy (~0.1 wt% Fe?™), no ferrous
iron was detected in the FeAlO; sample. Neither were
any magnetically ordered impurity phases (hematite,
magnetite—hercynite) detected.

The standard entropy of FeAlOs3 has not been mea-
sured previously. The vibrational contribution to S° can
be estimated by integrating over the calculated phonon
density of states (using GULP). The phonon calcula-
tions were tested for convergence with respect to the
number of sampled k points. The vibrational entropy of
FeAlO; at 298 K was calculated as S, =75.2

Jmol~! K™', larger than the mean of experimentally
determined vibrational and dilatational entropies of
hematite and corundum of 67.9 J mol™' K"

Bouree et al. (1996) investigated the crystal and
magnetic structure of FeAlO; by neutron diffraction.
They found that the phase is ferrimagnetic at 30 K and
paramagnetic at 298 K. They also stated that FeAlO;
undergoes a magnetic transition at ~280 K, but pro-
vided neither experimental evidence nor a literature
reference supporting this datum. Our heat capacity
measurements show no detectable C,, anomaly between
240 and 1550 K. The phase is paramagnetic at 298 K, as
indicated by the presence of a single doublet in the
Mossbauer spectrum (Fig. 4) and small positive mag-
netic susceptibility. In this case, the magnetic contribu-
tion to entropy at 298 K (i.e., well above the magnetic
transition temperature) is Spyae = nRIN(2S+1) (Gopal
1966), where S is the spin of the magnetic ions (in this
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case 5/2), and n is the number of magnetic ions in the
formula. For FeAlOs, Si,e = 149 J mol™ ' K.
Bouree et al. (1996) refined atomic positions and
occupancies of Fe and Al at four distinct crystallo-
graphic sites in the structure of FeAlO;. We have
attempted to refine all these parameters by a Rietveld
refinement of the powder XRD pattern. The refinement

20— ——T——
a
_ 15 r /'/ \\ i
9] /
£ / \
2 / \
10 \ |
= 1’/ ‘\
5 / % N
5t %//% X
/ \
/ \
/L \

0 0.05 0.15 0.85 0.951

Fel/(Fe+Al)
20 T X T T T
b

15 R
©
£

210t + :
:
T
<

| .

0.90
Fe/(Fe+Al)

0.80 0.85 0.95 1.00

Fig. 2 a Enthalpies of mixing in the hematite—corundum solid
solution at 298 K (low-T Al-hematite circles; high-T hematite—
corundum diamonds) (per two cations). The dashed curve is the best
fit [116 £ 10 Xpem(1—Xhem)] for the AH i for the high-7" samples.
b Enthalpies of mixing in the hematite—corundum solid solution at
975 K

of occupancies from the XRD powder pattern gave an
incorrect composition, Fey;,Al;,303. Fazey et al.
(1991), in their Rietveld refinement of Al-goethite, were
also unable to refine the Fe/Al occupancy of the metal
sites. The reason for this inability to refine the correct
occupancies from powder XRD data remains unclear.
Our results are at least in qualitative agreement with the
results of Bouree et al. (1996), showing that the tetra-
hedral site has a strong preference for Al [Fe/(Fe +
Al) =0.09(2) (this work), Fe/(Fe + Al)= 0.10(1)
(Bouree et al. 1996)], and the regular octahedral site also
prefers Al [0.27(2), 0.34(1)]. Bouree et al. (1996) deter-
mined that the two irregular sixfold sites are occupied
mostly by iron [site 1: 0.49(4), 0.78(1), site 2: 0.58(2),
0.76(1)]. The configurational entropy is Sconr = —RX
[XInX; + (1 — X)In(1 — X})], where X; is the mole
fraction of Fe on the i-th site. Using the data of Bouree
et al. (1996), Sconr— 8.5 J mol~! K- (mol~! FeAlOs).

The Mossbauer spectrum provides additional evi-
dence of a disordered distribution of Fe over several
sites, consistent with the XRD refinement data. The
spectrum is asymmetric, with one line being broader and
less intense than the other, and with appreciable varia-
tions in the electric quadrupole splittings but a narrower
range of isomer shifts (Table 7). The isomer shift is
characteristic of ferric iron in octahedral sites in insu-
lating oxides. The explanation of the variation in electric
quadrupole splitting is more ambiguous; however, for
the ferric ion, it is not unreasonable to associate the
larger quadrupole splitting with the more distorted site.
The difference in the linewidths is noteworthy. The
smaller value is typical of ferrites with the ferric ion on a
single site. The larger value is a strong indication of
substantial local disorder, e.g. variations in the site pa-
rameters and/or environment of neighboring ions. The
iron sites giving rise to the two subspectra occur with
roughly equal frequencies.

Dilatational entropy [Sdil:fT(Cp— C,)dInT] repre-
sents the smallest contribution to the standard entropy.
The Sg; for corundum is 0.20 J mol™! K™, for hematite
0.38 J mol™! K~!. We assume that the Sg; of FeAlO; is
close to the mean of the Sg;; for hematite and corundum,
0.3 J mol™' K™, and use this value for Sai(FeAlOs).

The standard entropy of FeAlO; is then the sum of
vibrational, magnetic, and dilatational entropy; addition

Table 5 Excess water content (v), and the enthalpy changes measured and calculated for the low-7 Al-hematite samples. The subscripts on

enthalpies refer to reaction numbers in Table 6

Sample v (mol of H,0) AH; (kJ mol™) AHj (kJ mol™) AHmix(298 K) = AH,;;  AH,.x(975 K) = AH,,
(kJ mol™") (kJ mol™")

hem-ALO 0.020°+ 0.005°(8)°  168.12%+ 1.97°(8)° 95.83+ 1.58%@8)° - -

hem-AL3 0.012 + 0.005(7) 161.60 = 2.05(8) 99.11 + 1.61(11)  8.56 + 2.41 10.41 = 2.92

hem-AL6 0.016 + 0.005(6) 164.08 = 1.14(9) 96.98 + 1.52(8) 576 + 1.69 545 £ 2.31

hem-AL14 0.029 + 0.009(6) 160.22 + 1.95(8) 99.95 + 1.03(9) 8.78 + 2.29 11.14 + 2.54

hem-AL20 0.025 + 0.005(6) 158.55 + 2.43(8) 100.24 £ 1.07(9) 8.34 + 2.70 11.92 + 2.92

& Average

> Two standard deviations of the mean
¢ Number of experiments
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Reaction and reaction number

(Fe,Aly_,),05(cr,298) + vH0(1,298) = gFe;05(s01,975) + (1-¢)Al,05(s01,975) + vH,0(g,975)* 5
(Fe,Aly_,),05(cr,298) + vH,0(1,298) = (Fe,Al;_,),05(cr,975) + vH,0(g,975) 6
H,0(1,298) = H,0(g,975) 7
o-Fe;03 (cr,975) = Fey03(s01,975) 8
o-Al, O3 (cr,975) = Al,05(s01,975) 9
q @-Fe03 (c1,975) + (1-q)a-ALO5 (cr,975) = (Fe,Al;_,),05(cr,975) 10
o-Fe;03 (cr,298) = Fe,03(s01,975) 11
a-ALO; (cr,298) = Al,O5(s01,975) 12
q @-Fey03 (c1,298) + (1—q) a-AlLO5 (cr,298) = (Fe,Al;_,),05(cr,298) 13
AHs = AHgso1 [(Fqull—q)ZOS]b

AHg = AHyq [(Fe,Ali_),05]°

AH; = Hygzs-Haos (H,0) = 69.0° kJ mol™!

AHg = AH, (a-Fe,03) = AH;, — (96.86 + 0.42%) = 73.73 + 1.35 kJ mol™!

AHQ = AHS(,] (O(-A1203) = AH]zf [Hg75-H29g (OC-A1203)C] = 33.56 £ 0.60 kJ I'I‘lO]_1

AH;9 = AHpi (975 K) = — AHs + AHg + gAHg + (1—g) AHo"

AH,;, = AHg (0—Fe>03) = 170.59 + 1.29¢ kJ mol™

AH, = AHgy (¢—A1LO3) = 108.46 + 0.60° kJ mol ™

AH; = AH,.ix (298 K) = — AHg + vAH, + gAH,, + (1—¢q) AH;,®

% ¢r = crystalline solid; 1 = liquid; g = gas; sol = solution in lead borate

° This study; data in Table 5

¢ Calculated from Robie and Hemingway (1995)
9 This study

¢ Majzlan et al. (2000)

of the configurational entropy gives S°9g=98.91
mol~! K™'. The Gibbs free energy formation of FeAlOs
from oxides at 298 K is +19.1 + 1.8 kJ mol™'; there-
fore, FeAlO; is not stable at 298 K with respect to
hematite and corundum. The Gibbs free energy of for-
mation of FeAlO; from elements is —1144.2 +
2.0 kJ mol ™.

The measured heat capacity of FeAlOs in the tem-
perature range 298-1550 K was fitted by a Haas—Fisher
polynomial ~ C,(T") = 175.8-0.0024727—(1.958 x 10%)/
T2 - 917.3/T%% + (7.546 x 107 T?. For the thermo-
dynamic calculations (below), the same polynomial was
used up to 1700 K because the slope of the C, curve
remains small and constant up to at least 1700 K.

Discussion

Thermodynamics of hematite—corundum
solid solution

The enthalpies of mixing in the hematite-corundum solid
solution can be used to calculate the position of the
solvus between these two end members, and compare the
calculated solvus to the experimentally determined sol-
vus of Muan and Gee (1956). The enthalpies of mixing
(Table 3) can be fitted by a polynomial WX},er(1—Xnem)s
where W is the temperature-independent interaction
parameter with value of 116 £ 10 kJ mol™! and X is
the mole fraction of hematite in the solid solution. All
values of interaction parameters are reported here per
two cations in (Fe,Al),Os; the uncertainties are two
standard deviations of the mean. Therefore, as a first

approximation, regular solution behavior can be as-
sumed. Doing so, we find that the thermochemical data
from this study overestimate the extrapolated position of
the crest of the solvus. The exact position of the crest of
the solvus is not known because the stability field of Al-
hematite is intersected by the stability field of FeAlO;
above 1591 K and Fe-Al spinel at temperatures
>~1800 K (Muan and Gee 1956). However, an inter-
action parameter W =69 + 5kJ mol™', calculated
from the phase diagram of Muan and Gee (1956), doc-
uments the difference between the regular solution model
based on our data and the phase diagram. The slight
asymmetry of the solvus can be accounted for in the
subregular solution model where AGeycess = XnemXcor
(WecorXhem T WehemXcor)- Fitting the solvus of Muan
and Gee (1956) gives Wgoor =62 + 4 and Wepem =
74 + 4 kJ mol™". Similar values of these two interaction
parameters suggest that the asymmetry, if it exists, is
quite small (note that if W pem = W .cor then the solvus
is symmetric). Hence, we feel that neither the experi-
mental points of Muan and Gee (1956) nor our data are a
strong indication of an asymmetric solvus. The AH
values do not change significantly with temperature
(Table 5), and excess entropies must be included in the
thermodynamic description of the hematite—corundum
solid solution in order to reproduce the phase diagram.
Using our mixing enthalpies, the hematite—corundum
solvus can be approximately reproduced by a symmetric,
regular-like solution model with a temperature-depen-
dent interaction parameter W = Wy — TWs, where
Wy =116 + 10 kJ mol™" and Wg=32 + 4 Jmol™' K™".
Irrespective of the solution model adopted, the equilib-
rium solubility of hematite in corundum and vice versa at
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Fig. 3 Lattice parameters and volume of the unit cell in the hematite—
corundum solid solution as a function of Al(Fe) substitution in
hematite(corundum). Large symbols: high-T hematite-corundum
(diamonds); low-T Al-hematite (circles). Small symbols: Schwertmann
et al. (1979), Barron et al. (1984), Wells et al. (2001), Van San et al.
(2001). The dashed lines represent Vegard’s rule (ideal mixing)

298 K is essentially zero, and Al-hematite found in nat-
ural low-temperature environments in metastable with
respect to hematite and corundum.

Thermodynamics of FeAlO;

The thermodynamic stability of FeAlO; (with FeGaO;
structure) was explored here for the first time. The
contradictory experimental evidence is not helpful in
evaluation of thermodynamic stability of the ternary
phase FeAlO;. Muan and Gee (1956) could neither
synthesize nor decompose the phase below 1591 K. They
also determined its upper temperature stability limit to
1673 K, when FeAlO; transforms to Fe—Al spinel and

100 fzs

98

96

transmission (%)

94

92 :
-2 -1 0 1 2
velocity (mm/s)

Fig. 4 Mossbauer spectrum of FeAlO;

Table 7 3'Fe M&ssbauer spectroscopic parameters of FeAlO; at
298 K. All isomer shifts are relative to iron metal

Quadrupole Isomer shift Linewidth  Relative

splitting (mms™') (FWHM) intensity

(mm s™) (mm s
Subspectrum 1 0.505(6) 0.336(6) 0.349(6) 45%
Subspectrum 2 0.933(6) 0.342(6) 0.453(10) 55%

Fe—corundum. Polli et al. (1996) prepared FeAlOj; at
~1073 K by heating nanocrystalline 7y-(Fe,Al),Os.
Prolonged heating (24 h at 1073 K) resulted in par-
tial transformation of FeAlO; into Al-hematite and
Fe-corundum. MacKenzie and Berezowski (1984)
observed (by XRD and Mossbauer spectroscopy)
FeAlO; in a mixture of phases prepared by thermal
decomposition of aluminous berthierine at temperatures
1223-1473 K. Donnet (1993) prepared a mixture of
Fe—Al oxides with FeAlO; by annealing an Fe-ion-im-
planted corundum disk at temperatures between 1273
and 1673 K. We were able to synthesize the phase by
annealing the nitrate precursors as well as a corundum
and hematite mixture at 1623 K.

The enthalpic contribution to the free energy of Fe-
AlO; destabilizes the phase with respect to hematite and
corundum from 298 up to 1700 K. Because the phase
can be synthesized from its constituent oxides, it must be
entropy-stabilized at high temperatures. At room tem-
perature, the sum of Sy, Sconr, and Sg; of FeAlO; is
752 + 8.5 + 0.3=284.0J mol ' K™'. The difference
between this value and the mean of S,;, and Sy; for
hematite and corundum (67.9 J mol™' K™') is 16.1
Jmol™" K™'. Note that above the Néel transition in
FCQO3 (950 K), 1/2(FC2O3 + A1203) and FeAlO3 both
have the same magnetic entropy, so the magnetic con-
tribution to the entropy of formation is zero. Assuming
temperature-independent enthalpy of formation of
FeAlO; from oxides, the entropy needed to compensate
the unfavorable enthalpy at the lower stability limit of
FeAlO; (1591 K) is (27.9 + 1.8 kJ mol™")/1591 K =
17.5 £ 1.1 J mol-! K-!. Hence, the entropy needed to
stabilize the phase approximately matches the entropy
difference between FeAlO; and hematite and corundum.



Molecular modeling

Helmholtz free energy (AF) was calculated for each
optimized FeAlOjs structure in order to explore the en-
ergetics of ordered and disordered FeAlO; phases. The
calculated data for FeGaOs- and corundum-like FeAlO;5
can be compared to the experimental results of this
study. For the reactions where both reactants and
products are solids, AF=AH + PAV =AH, and
therefore the AFaiculated aNd AHcxperimental €an be com-
pared (Fig. 5). For example, for the reaction between
hematite, corundum, and FeAlO;, the PAV term at
P =1 bar accounts for 0.2 J, as opposed to the AH term
of 27 900 J. The ordered ilmenite- and LiNbO;-like
FeAlO; phases were never reported to be synthesized or
found in nature. Consequently, their energetics can be
explored only through the calculations, bearing the
limitations of such calculations in mind. All optimized
FeAlO; structures are higher in energy than a mechan-
ical mixture of hematite and corundum. In agreement
with the experiment, the FeGaOs-like structure is stable
with respect to the corundum-like disordered FeAlOs;.
The FeTiO3- and LiNbOs-like configurations are stable
with respect to disordered corundum-like FeAlO;, sug-
gesting that there may be a driving force favoring or-
dering in the hematite—corundum solid solution. At high
temperatures, when entropy plays an increasingly im-
portant role, the FeGaOs-like structure is favored over
the fully ordered (FeTiOs- and LiNbOs-like) phases by
its entropy.

Fitting a regular-like solution model to our data gives
an estimate of the enthalpy of mixing for fully disor-
dered (Fe,Al),O;, neglecting possible short-range cation

AFcalculated (k‘J/mOI) AHexperimental (kJ/mOI)
1 1+ 30 corundum
corundum FeGaO,
] =1 25
: i
‘_% =120

115
FeTiO,
FeGaO, 1 10
LiNbO,
I 5
YaFe,0, + ¥2A1,0, I o Fe,0, + :ALO,

Fig. 5 A comparison of AHcperimentar for the FeGaOs- and corun-
dum-like FeAlOj; structures, and AF ycuaea (GULP, Gale 1997) for
FeTiOs-, LiNbOs-, FeGaOs- and corundum-like FeAlO; structures.
The mechanical mixture of hematite and corundum (1/2Fe,O; +
1/2A1,05) corresponds to the zero of energy. The structure type of
each FeAlO; phase is indicated in italics. The results of energy
calculations for all 92 corundum-like FeAlOs structures are shown,
together with a histogram of distribution of the calculated energies
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order. Any possible short-range order could be poten-
tially investigated by annealing samples of intermediate
composition at variable time and temperature, just like
for the hematite-ilmenite solid solution (Brown and
Navrotsky 1994). In the hematite—corundum series, the
intermediate compositions cannot be synthesized, be-
cause at these compositions, clustering of Fe and Al and
unmixing of hematite and corundum occurs. Hence,
possible short-range order can be explored only through
computations. Becker et al. (2000) presented a theoret-
ical study on barite-celestine (BaSO4—SrSOy,) solid so-
lution, including the role of short-range order in this
solid solution. They have shown that at low tempera-
tures (<800 K), the short-range order leads to a re-
duction in the enthalpies of mixing, with several ordered
configurations located in local energy minima. We have
attempted to perform similar Monte Carlo calculations
on the hematite—corundum solid solution. However,
because all simulated configurations had composition
Fe43Al450096, the matrix necessary to derive the interac-
tion energies (see Eq. 1 of Becker et al. 2000) was too
close to numerically singular, and these calculations
were abandoned. Even if we proceeded with the com-
putational experiment, it would be restricted to corun-
dum-like structures, never reaching the FeGaOs-like
configuration which actually shows up as an intermedi-
ate phase.

For the solid-solution compositions accessible ex-
perimentally, the regular-like solution model is a satis-
factory description. These compositions are dilute, and
little or no short-range ordering can be expected. The
postulated temperature-independent enthalpies of mix-
ing are also valid for the dilute compositions. The exis-
tence of intermediate composition with corundum-like
structure was never reported, ordered or not. Two fac-
tors are responsible for the absence of the intermediate
compositions. The first one is of thermodynamic nature,
and lies in the stability of the FeGaOs-like phase at in-
termediate temperatures. The second factor is kinetic:
the system reacts sluggishly even at 1500 K (Muan and
Gee 1956), and at low temperatures, when the driving
force for ordering might increase, the slow diffusion of
ions through the structure prohibits the structure to
achieve any lower-energy, ordered state.

Crystallography of hematite—corundum solid solution

Changes in the structure of Al-hematite were investi-
gated by Schwertmann et al. (1979), who found that the
full width at half maximum of all diffraction peaks of
Al-hematite had a minimum between 3 and 5 mol%
substitution. They attributed this observation to “lattice
strain relief through small amounts of the smaller Al
cation in the octahedral positions”. In their Mdssbauer
spectroscopy study of Al-hematite, De Grave et al.
(1988) detected a sharp maximum in Debye temperature
and isomer shift at composition FeggsAlg 0403. There is
no indication of such behavior in our thermochemical
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data, but the energy associated with strain in minerals
(e.g., Liu et al. 1995) may be too small to be detected. On
the other hand, the X-ray diffraction data collected in
this study support the observations of Schwertmann
et al. (1979) and De Grave et al. (1988). The crystal
structure of hematite or corundum is completely de-
scribed by four parameters: lattice parameters a and ¢
and the parameters in fractional atomic position of the
metal (0, 0, z) and oxygen (x, 0, 1/4). The value of z
remains the same over the Al substitution range
achieved in this study (Tables 3, 8; Fig. 6a). The x value
shows greater variability (Tables 3, 8; Fig. 6b), although
the small scattering power of oxygen, as compared to
that of iron, leads to significantly larger uncertainties in
the positional parameters of oxygen. The variation of
the parameter x can be approximated by a quadratic
function with a maximum at ~Feg¢sAlj 05s03. To visu-
alize the structural changes, note that the oxygen ions
reside in an arrangement close to hexagonal close-
packing in layers stacked along the z axis. Regular
hexagonal close-packing would be achieved for oxygen
position (1/3, 0, 1/4) (Fig. 6b). Decreasing value of x
causes progressive distortion of the hexagonal network
(Fig. 6b). Thus, a small amount of aluminum substitu-
tion allows the hexagonal network of oxygen ions to
adopt a more regular arrangement but further Al sub-
stitution enhances the distortion of the hexagonal net-
work. The character of changes in the Al-hematite
structure can be further investigated through calculation
of the displacement of the cation from the centroid of
the octahedron and the sphericity of the octahedron, as
defined by Bali¢c-Zuni¢ and Makovicky (1996). The
sphericity of the octahedron, related to the standard
deviation of the distance between the centroid and the
ligands, remains unchanged with increasing Al substi-
tution. The displacement of the cation, on the other
hand, varies. It is interesting to notice that the dis-
placement is different for the high-7" and low-T Al-
hematite samples, most likely manifesting the different
degree of OH™ for O substitution in the structure. The

Table 8 Chemical composition (g), lattice parameters (a,c), frac-
tional atomic positions (x,0,1/4 for oxygen; 0,0,z for metal) and
statistics of the Rietveld refinement (y°, wR,) for the low-T Al-
hematite samples. Estimated standard deviation on the last decimal
place on the lattice parameters or atomic positions given in par-
entheses

data for both series can be approximated with a qua-
dratic polynomial with a maximum at ~Feg9gAly 0403
(Fig. 7). Thus, the changes observed by Schwertmann
et al. (1979) and De Grave et al. (1988) are caused by a
variable degree of distortion of the hexagonal network
of oxygen ions.
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Fig. 6a, b Atomic positions in the hematite-corundum solid solution
(low-T Al-hematite circles; high-T Al-hematite diamonds) a Metals
(Fe/Al). b Oxygen. The degree of distortion of the oxygen network is
shown schematically in b for oxygen atoms in positions (1/3, 0, 1/4) or
(0.26, 0, 1/4)
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019}

Sample ¢ [mol mol™ a (é) x for oxygen %°
of Fe/(Al+Fe)] ¢ (A) z for Fe/Al wR,
hem-ALO 1 5.0348(1) 0.3553(1) 2.33
13.7484(4) 0.3132(9) 0.1886
hem-AL3 0.979 5.0320(1) 0.3553(1) 2.10
13.7397(5) 0.3136(8) 0.1708
hem-AL6 0.971 5.0321(4) 0.3554(1) 2.00
13.7396(13) 0.315(1) 0.2056
hem-AL14  0.942 5.0266(2) 0.3552(1) 2.71
13.7220(7)  0.314(1) 0.2073
hem-AL20 0913 5.0212(2) 0.3553(1) 2.34
13.7049(7) 0.3133(9) 0.1958
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Fig. 7 Displacement of central ion in the hematite-corundum solid
solution: low-7' Al-hematite (circles), high-T' hematite-corundum
(diamondls)



Conclusions

The mixing enthalpies in the hematite—corundum solid
solution series are positive. The mixing enthalpies alone
are not sufficient to reproduce the experimental phase
diagram of Muan and Gee (1956), and excess entropies
in the solid solution should be considered. The volume
of mixing is positive for Al-hematite but almost ideal for
Fe-corundum. Moreover, the degree of deviation from
Vegard’s law for Al-hematite depends on the history of
the samples. Introduction of Al into the hematite
structure causes varying distortion of the hexagonal
network of oxygen ions while the position of the metal
ions remains intact.

The ternary phase FeAlO; is unstable in enthalpy
with respect to hematite and corundum at 298 K. It is
entropy-stabilized at high temperatures. FeAlO; con-
tains no ferrous iron as determined by Mdossbauer
spectroscopy.
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