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Activities in the FeTiO3-NiTiO3 Solid Solution
from Alloy-Oxide Equilibria at 1273 K
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Nine tie-lines between Fe-Ni alloys and FeTiOs;-NiTiO; solid solutions were determined at
1273 K. Samples were equilibrated in evacuated quartz ampoules for periods up to 10 days.
Compositions of the alloy and oxide phases at equilibrium were determined by energy-dispersive
x-ray spectroscopy. X-ray powder diffraction was used to confirm the results. Attainment of
equilibrium was verified by the conventional tie-line rotation technique and by thermodynamic
analysis of the results. The tie-lines are skewed toward the FeTiO; corner. From the tie-line data
and activities in the Fe-Ni alloy phase available in the literature, activities of FeTiO; and NiTiO;
in the ilmenite solid solution were derived using the modified Gibbs-Duhem technique of Jacob
and Jeffes [K.T. Jacob and J.H.E. Jeffes, An Improved Method for Calculating Activities from
Distribution Equilibria, High Temp. High Press., 1972, 4, p 177-182]. The components of the
oxide solid solution exhibit moderate positive deviations from Raoult’s law. Within experimental
error, excess Gibbs energy of mixing for the FeTiO3-NiTiO; solid solution at 1273 K is a sym-
metric function of composition and can be represented as:

AGE = 8590 (i 200) XFeTiO; XNiTiO3 J/mol

Full spectrum of tie-lines and oxygen potentials for the three-phase equilibrium involving Fe-Ni
alloys, FeTiO;-NiTiOj; solid solutions, and TiO, at 1273 K were computed using results obtained
in this study and data available in the literature.

Keywords ilmenite solid solution, lattice parameters, oxygen
potential diagram, phase equilibria, system Fe-Ni-Ti-O,
thermodynamic activities

1. Introduction

Thermodynamic data on titanates and their solid solutions
are important for understanding metal-support interactions in
MITiO, catalysts,!"! stability domains of anodes for photo-
electrolysis of water,'** and a new generation of solid-state
lubricants.[*! Optimization of the processes for the recovery
of metals and alloys from ilmenite minerals also requires
thermodynamic input. As part of a larger program of research
on ternary oxides and their solid solutions, phase equilibria
were explored in part of the Fe-Ni-Ti-O quaternary system at
1273 K. Studies on phase equilibria in the oxide systems
MnO-CoO-TiO, and MnO-NiO-TiO, at 1523 K were
reported earlier by Evans and Muan. ™!
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2. Experimental Procedure

2.1 Preparation

Fe-Ni alloys were prepared by melting together metals of
99.99% purity in yttria-stabilized zirconia crucibles under
ultrahigh purity argon. The argon gas of 99.999% purity was
first dried by passing through silica gel, anhydrous
Mg(ClOy),, and P,Os, and then deoxidized by passing
through copper wool at 723 K and titanium granules at
1100 K. Alloy powders were prepared from the quenched
ingot by filing. Nickel titanate (NiTiO3) was synthesized
from NiO and TiO, by the solid-state ceramic route. Iron
titanate (FeTiO;) was prepared by intimately mixing Fe,
Fe,03, and TiO, in the appropriate molar ratio and reacting
the compacted mixture at 1373 K for 3 days. The pellets
were contained in a zirconia crucible, which was sealed
inside an evacuated silica quartz ampoule. After the first
heat treatment, the pellet was ground, repelletized, and heat
treated again under identical conditions for a further period
of 3 days. After each heat treatment, a thin layer of the pellet
in contact with the zirconia crucible was removed by
grinding to minimize contamination. X-ray powder diffrac-
tion (XRPD) indicated the formation of single-phase
titanates with ilmenite structure (space group R3). The
structure can be visualized as a nearly close-packed
hexagonal lattice with cations occupying 2/3 of the octahe-
dral interstices. Solid solutions were prepared in a similar
way by heat treating intimate mixtures of nickel and iron
titanates at 1473 K.
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2.2 Equilibration

Precisely weighed quantities of selected alloy and oxide
solid-solution powders were pressed into a pellet and placed
in a zirconia crucible. The crucible was put into a quartz
tube, which was rinsed three times under vacuum (~1 Pa)
with pure argon and then flame sealed under vacuum.
Powders of the alloy and oxide solid solution were mixed in
approximately equimolar ratio and pelletized at 200 MPa
pressure in a steel die. In preliminary experiments, the initial
compositions of the two phases were selected such that the
mole fraction of FeTiO; in the oxide solid solution was
approximately 30 times higher than the mole fraction of Fe
in the alloy because of the relatively higher stability of
FeTiO; compared to NiTiOs. In subsequent experiments, the
compositions were chosen using the equilibrium composi-
tion ratios established in earlier runs.

2.3 Chemical Analysis

Part of the quenched sample was mounted and polished
for energy-dispersive x-ray spectroscopy (EDS) and optical
microscopy. Part of the sample was analyzed by XRD.
Mixed with powder sample for XRD was elemental silicon,
which acted as an internal standard, so that accurate cell
dimensions can be obtained by least-squares refinement of
lattice spacings. The variation of the lattice parameters of
the titanate solid solution with composition is shown in
Fig. 1 and 2. Within experimental uncertainty, the lattice
parameters vary linearly with composition in conformity
with Vegard’s approximation. These calibration plots were
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Fig. 1 Variation of the lattice parameter, a, with composition of
the titanate solid solution

used to assess the composition of the titanate phase in
equilibrated samples. Quantitative analysis of individual
phases was done by EDS on a JEOL 7830F Auger
Microprobe (JEOL, Japan). A narrow electron beam was
focused on either the oxide or alloy phase to minimize the
interference from neighboring phases. Pure Fe, Ni, and TiO,
were used for calibration.

3. Results and Discussion

3.1 Tie Lines

The Fe-Ni alloys coexist with the ilmenite solid-solution
FeTiO5-NiTiO5. Experimental tie-line compositions of the
alloy and the oxide solid solution at 1273 K are summarized
in Table 1 and displayed in Fig. 3. The upper scale allows
the alloy composition to be read more accurately. The tie-
lines are skewed toward the FeTiO5 corner. Attainment of
equilibrium was verified by the conventional tie-line
rotation technique as demonstrated in Fig. 4. After a tie-
line was experimentally determined, a set of compositions
of alloy and ilmenite solid solution on opposite sides of the
tie-line were selected and mixed in the required ratio to
produce a sample with the same average composition. The
selected compositions are joined with a dotted line (a) in
Fig. 4. The sample was equilibrated first for 5 days and then
for another 5 days. During equilibration the compositions of
the two phases were found to move toward the equilibrium
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Fig. 2 Variation of the lattice parameter, ¢, with composition of
the titanate solid solution
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value, and the dotted line connecting the actual composi-
tions of the two phases at any given time was found to rotate
toward the equilibrium tie-line. The experiment was
repeated starting with a set of compositions corresponding
to the dotted line (b) on the opposite side of the equilibrium
tie-line as shown in the figure. When compositions from

Table 1 Compositions of the FeTiO5;-NiTiOj3 solid
solution in equilibrium with Fe-Ni alloy at 1273 K
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opposite sides converged, attainment of equilibrium was
ascertained.

3.2 Thermodynamic Properties of the Oxide Solid
Solution

The standard Gibbs energy of formation of FeTiO;
according to the reaction,
Fe + 1/202 + T102 — FCTIO3 (Eq 1)

has been accurately measured by Jacob and Kale.[® For
1184 K < T< 1275 K

AG] = —294405 + 47.547T 4+ 3.783TInT  J/mol
(Eq 2)
For the formation of NiTiO5 according to the reaction,
Ni + 150, 4 TiO; — NiTiO; (Eq 3)
the standard Gibbs energy change is given by Jacob et al.[”!
AG§ = —503468 +253.283T7 — 9.796TInT  J/mol
(Eq 4)

The formation of the solid solution between FeTiO5; and
NiTiO; involves the mixing of one Fe*" and Ni** on a

— X —

Composition Composition Ratio of the activity
of the oxide solid of the alloy coefficients of the alloy
solution, Xr.rio, phase, Xy, phase (a), Yre/Yni
0.116 0.00281 0.1862
0.184 0.00405 0.1891
0.286 0.00621 0.1903
0.386 0.00822 0.1928
0.512 0.01149 0.1974
0.676 0.01658 0.2036
0.766 0.02153 0.2110
0.870 0.03241 0.2255
0.944 0.06139 0.2661
(a) From Ref 9
0.00 0.02 0.04

Fe

0.06 0.08 0.10

Fig. 3 Relation between compositions of coexisting alloy and ilmenite solid solution phases at 1273 K. The lower curve shows the low

concentration data on an expanded scale
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cationic site. The other ions are common and occupy
crystallographically distinguishable sites. Activity coeffi-
cients of components of the solid solution FeTiO5-NiTiO3
can be derived from the compositions of the oxide-solid
solution and the Fe-Ni alloy connected by tie-lines. Each tie-
line is defined by the intercrystalline ion-exchange reaction:

Fe + NiTiO; — FeTiO3 + Ni (Eq 5)
for which the equilibrium constant K5 is defined as,

Ky = ONAETIOs _ (-AGY/RT) (Eq 6)

AFedNiTiO

where AG? is standard Gibbs energy change for reaction 5.
Expressing each activity as a product of activity coefficient
and mole fraction (a; = v:X;), and rearranging,

Ke = { <XNiXFeTi03> (YNl) (YFeTiO3> } (Eq 7)
XreXNiTio; / \Yre/ \VNiTiO,

VEeTiOs _ Ks{ (XFeXNiTi03> <h> } (Eq 8)

YNiTiO; ANiXFeTios / \Vni

The modified Gibbs-Duhem integration technique of
Jacob and Jeffes® can be used to calculate activity
coefficient of a component in the solid solution from the
knowledge of the variation of the ratio of activity coefficients

130

_—

Ni

Illustration of the tie-line rotation technique to check for the attainment of equilibrium

with composition across the full composition range. Follow-
ing the modified technique,

KFeTioy

YFeTi
In Yeerio, = / AniTio, dln{ﬁ}

(Eq 9)
| YNiTiOs

Substituting for the ratio of activity coefficients from
Eq 8,
XFeTioy
X J—
Xaitios dln{ ( FeXN1T103> (E)}
XNiXretios /) \VNi

(Eq 10)

In Yperio, =

Since K5 is a constant, its actual value does not affect the
area under the curve and the evaluation of activity
coefficients. The composition ratio on the right side of
Eq 10 is calculated from experimentally determined tie-line
compositions and the ratio of the corresponding activity
coefficients in the alloy phase obtained from the literature.

The Fe-Ni system is well studied and several groups!®"'"!
have independently assessed the data. The evaluated data
sets are in reasonable accord. The data suggested by Chuang
et al.’? appears to be more reliable and has been chosen in
this study. At 1273 K, there is a continuous range of solid
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Table 2 Activity coefficients of FeTiO; and NiTiO;
in the oxide solid solution with ilmenite structure

at 1273 K obtained by the modified Gibbs-Duhem
integration technique

XFeTio, In Ygerio, In Ynirio,
0.116 0.6342 0.0109
0.184 0.5404 0.0275
0.286 0.4138 0.0664
0.386 0.3060 0.1209
0.512 0.1933 0.2128
0.676 0.0852 0.3709
0.766 0.0444 0.4762
0.870 0.0137 0.6143
0.944 0.0026 0.7233

solution between Fe and Ni with face-centered cubic (fcc)
structure. The Gibbs energy of the Fe-Ni solid solution with
fce structure has a small magnetic contribution.”! Activities
exhibit mild negative deviation from Raoult’s law.

The modified Gibbs-Duhem integration plot of Xxirio,
against In{ (Xxitio, /Xretio; ) (are/ani) } is shown in Fig. 5. A
straight line can fit the experimental data within experi-
mental uncertainty. Area under the curve between limits of
integration gives the value of In yp.rio, corresponding to

Integration plot for deriving activity coefficients from tie-line data

any selected oxide composition. The activity coefficient of
FeTiOj; obtained by integration is shown in Table 2 and can
be adequately represented by the regular solution model:

InVgerio, = 0.8116 (£0.019) X2irio, (Eq 11)

Similarly, the activity coefficient of NiTiO3; can be
evaluated, as a function of composition, from the area above
the curve in Fig. 5:

ANiTiOs

Yni | [XNiXFetio
Sy )
YNlTlo;:. FeTiO; ’YFC XFeXNiTiO3

1
(Eq 12)

The activity coefficient of NiTiO3; as a function of
composition can be represented as:

In yxirio, = 0.8116 (£0.019) X710, (Eq 13)

The activity-composition relation for ilmenite solid
solution at 1273 K is shown in Fig. 6. The components of
the oxide solid solution exhibit moderate positive deviations
from Raoult’s law. The positive deviation is caused by the
difference in the ionic radii of the ions Fe?" and Ni**, which
are listed in Table 3.
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Fig. 6 Variation of activities of FeTiO; and NiTiOz in the
oxide solid solution with ilmenite structure at 1273 K

Table 3 Ionic radii of the cations in the ilmenite solid
solution

Ton Ionic radius (CN = 6) Reference
NiZ* 0.69 [14]
Fe** 0.74 (a) [15]
Fe** 0.645 (a) [14]
Ti* 0.67 [14]
Ti* 0.605 [14]

(a) For high spin (weak field)

The excess Gibbs energy of mixing for the FeTiOs-
NiTiO3 solid solution obtained from the two activity
coefficients at 1273 K can be represented as:

AGYrio, —nitio, = RT (Xetio, In Yeerio, + XniTio; In Ynirio, )
— 0.8116 (£0.019) RT Xeerio, Xnitio,
— 8590 (4200) Xierio, Xitio, J/mol

(Eq 14)

The excess Gibbs energy of mixing is a symmetric
function of composition as shown in Fig. 7. Computing
values of the equilibrium constant or Gibbs energy change
for reaction (5) from each tie-line, one can check the

2500

2000

1500

1000 .

AGE/J mol”

500 —

0 . 1 . 1 . 1 . 1 .
0.0 0.2 0.4 0.6 0.8 1.0

FeTiO, NiTiO,

— X

NiTiO,

Fig. 7 Variation of excess Gibbs energy of mixing for the
FeTiO3-NiTiO5 solid solution at 1273 K

accuracy of the measured compositions. The average value
of Ks =474.6 with an uncertainty (twice the standard
deviation) of £7.1. The value for the Gibbs energy change
for the exchange reaction is AG? = —65226 (£160) J/mol
at 1273 K. The value of standard Gibbs energy is in good
agreement with the value of AG? = —64353 (£300) J/mol
calculated from direct thermodynamic measurements using
solid oxide galvanic cells.[®”]

3.3 Phase Diagram Calculations

Since only Ni-rich compositions (0 < Xg. < 0.0804)
were involved in experimental studies, it is useful to
compute tie-lines for alloys with higher concentration of Fe
using the thermodynamic data obtained in this study. The
computed tie-lines for the full range of compositions of
alloy and oxide solid solution are shown in Fig. 8. The
composition variables are mole fractions for alloys and
cationic fractions for the oxide solid solution.

The oxygen chemical potential is uniquely defined when
Fe-Ni alloys, FeTiO3-NiTiO3 solid solution, and TiO,
coexist at constant temperature. This oxygen potential
(Apo, = RT Inpo,) is defined by both Eq 1 and 3. Either
equation can be used for computation with an appropriate
set of activities for the alloy and oxide solid solution. The
computed oxygen potentials corresponding to three-phase
equilibria at 1273 K are displayed in Fig. 9. It is to be noted
that TiO, is a nonstoichiometric phase. The maximum
oxygen deficiency in TiO,_, at 1273 K is characterized by
x =0.008, and this occurs at an oxygen potential of
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Fig. 8 Full spectrum of computed tie lines between Fe-Ni alloy and FeTiO3-NiTiO; solid solution at 1273 K
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Fig. 9 Variation of oxygen potential for three-phase equilibrium
involving the alloy, oxide solution, and TiO,

Apo, = —450.93 kJ/mol."*! The activity of TiO, at this
limit of nonstoichiometry assessed from the data of Dirstine
and Rosal"!:

logx = —0.208 (£0.015) log po, — 5.823 (£0.225)
(Eq 15)

is 0.975. The lowest oxygen potential for three-phase
equilibrium in the Fe-Ni-Ti-O quaternary system at 1273 K
occurs at Apg, = —398.82 klJ/mol corresponding to pure
iron. The activity of TiO, in the rutile phase corresponding
to this oxygen potential is 0.992. Hence, the activity of TiO,
has been taken as unity in the oxygen potential calculations
without introducing a serious error.

3.4 Trace Concentrations of Fe>* and Ti®* in the limenite
Phase

The space group of ilmenite (R3) is a subgroup of the
space group (R32/c) of corundum and hence solid
solutions can form between the titanate phases with ilmenite
structure and oFe,O5 and Ti,Os, which have the corundum
structure, if ionic sizes are favorable. Both structures are
characterized by hexagonal close packing of oxygen ions
with cations occupying two-thirds of the octahedral posi-
tions. In the ilmenite structure, the cations order in alternate
layers perpendicular to the ¢ axis. Thus, the structure of
ilmenite is a superstructure of the basic corundum type. The
ionic radii of the different ions for sixfold coordination from
Shannon'"*! are listed in Table 3. In a solid solution
involving corundum and ilmenite phases, order can appear
gradually as a higher-order phase transition.

The activity of Fe,O; in the ilmenite solid solution
corresponding to three-phase equilibrium can be calculated
using:
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Fig. 10 Variation of activity of M,0; (M = Fe, Ti) with com-
position of titanate solid solution at oxygen potential defined by
three-phase equilibrium at 1273 K

2Fe + 3/202 — Fe, 03 (Eq 16)
Standard Gibbs energy change for the reaction at 1273 K
taken from Ref 16 can be expressed as:

2 32

AGS, = —ern<“F€2°3 ) = —493,510 J/mol  (Eq 17)
aFC'pOZ

The activity of Fe is obtained from alloy composition and
thermodynamic data for the binary Fe-Ni system.!”) The
oxygen potential for three-phase equilibrium at 1273 K has
already been evaluated (Fig. 9). The variation of the activity
of Fe,O5 with composition of the titanate solid solution at
oxygen potentials defined by three-phase equilibria is
displayed in Fig. 10.

The activity of Ti,O3 in the titanate solid solution is
defined by the reaction,

The standard Gibbs energy change for the reaction at
1273 K from NIST-JANAF Thermochemical tables!'”! can
be expressed as:

4
drio
AGY = —RT In <272

= —514,590 J/mol
aTi203 XpOZ

(Eq 19)

Table 4 Estimated regular solution parameters,
activity coefficients at infinite dilution of M,0;
(M = Fe, Ti) in the pure ilmenite phases, and the
estimated concentration of M,0; in NiTiO;3

and FeTiO; at oxygen potentials for three-phase
equilibrium at 1273 K

Interaction Activity
parameter (Q2), coefficient, Concentration,
Solid solution J/mol ™M,0, XMm,0,
NiTiO3-Fe,04 16,280 4.7 0
NiTiO3-Ti,O3 16,285 4.7 0.0014
FeTiO;-Fe,05 24,950 10.6 0.0020
FeTiO3-Ti, 05 24,950 10.6 0.0198

The variation of the activity of Ti,O3; with composition
of the titanate solid solution is displayed in Fig. 10. The
activity is evaluated at partial pressures of oxygen defined
by the three-phase equilibrium at 1273 K.

The concentration of Fe** and Ti*" ions in the ilmenite
solid solution can be estimated from the activities of Fe,O5
and Ti,O5. The activity coefficients of Fe,O3 and Ti,O5 at
infinite dilution in the ilmenite phases can be estimated
using the regular solution model for mixing on each cation
site. The value of the regular solution parameters listed in
Table 4 for different solid solutions were estimated based on
differences in ionic radii.

For a solution of 1 in 2,
AG; = QX2 = RT Iny, (Eq 20)

For a dilute solution of 1 in 2 (X;~1), Eq 20 can be
re-written as,

Q= RT Iny{ (Eq 21)

The concentrations of Fe*" and Ti*" ions in pure FeTiO;
and NiTiO;, estimated from the activities of Fe,Os; and
Ti,O3 are summarized in Table 4. Since these concentra-
tions are small, the derived activities of FeTiO5; and NiTiO3
in the titanate solid solution are probably not affected
significantly.

4, Conclusions

Although thermodynamic properties of Fe-Ni alloys
exhibit mild negative deviations from Raoult’s law, activ-
ities in the FeTiO3-NiTiO3 solid solution exhibit moderate
positive deviations from ideality. Formation of the oxide
solid solution involves the mixing of Fe*" and Ni** ions.
The dissimilar behavior of alloy and oxide solid solution is
indicative of the difference in the nature of bonding in the
two phases. Thermodynamic properties of the alloy are
determined primarily by the variation of Fermi energy with
composition and possible charge transfer between the
Wigner-Sietz cells of Fe and Ni. Thermodynamic properties
of the oxide solid solution are more influenced by the ionic
size mismatch between the next-nearest neighbor divalent
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cations and resulting distortion of the lattice. The nearest-
neighbor environment around the divalent cations remains
virtually the same, unlike in the case of alloys.
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