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During oxidation in air of submicronic synthetic titanomagnetites (Fe?},Fe3?» Ti* )03 (0 < x < 0.82)
the temperature dependence of the electrical conductivity over a temperature range 300-1000 K was
investigated. Below 700 K the titanomagnetites are oxidized in cation deficient spinels and the
evolution of electrical conductivity might be closely associated with the position and the oxidation
degree of iron cations in the spinel lattice. The profile of the o = f(z) curves shows that the mechanism
of electrical conduction can be related to the electronic exchange between the Fe?* and Fe?* ions in
octahedral as well as tetrahedral positions of the spinel lattice. Above 700 K, the electrical
conductivity yields discontinuities in the log o = (f(1/T) curves attributed to the generation of new
phases of a-Fe,0;, TiO,, and Fe,TiOs. Titanium does not appear to have a stabilizing effect on the

phase change. © 1988 Academic Press, Inc.

Introduction

In this paper we report the results of our
attempt to use electrical conductivity to
characterize the process of oxidation of
finely grained titanomagnetites Fe;_, Ti, O,
(0 < x < 0.82). Previously, it was shown
that these spinels containing iron(Il),
whose crystallite sizes are less than 100 nm,
could be oxidized to defect phase y with the
same spinel structure (cation deficient spi-
nels known generically as titanomaghe-
mites) at temperature <700 K. From ther-
mogravimetric data (/) it was found that the
diffusion rates of ions in the two sublattices
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of the spinel structure are not equal and
that consequently the availability for oxida-
tion of Fe?* ions in tetrahedral sites (A
sites) is much less than that for Fe?* ions in
octahedral sites (B sites). This results in a
two-stage reaction in which tetrahedrally
sited Fe?* ion is only oxidized after octahe-
drally sited Fe?* ion reacts (2-5); this infor-
mation has been used to determine the iron
cation distributions between the sublattices
(I). Moreover, titanomaghemites are meta-
stable above about 740 K and a systematic
study of the decomposition of these cation
deficient spinels has recently been made by
IR spectroscopy (6). Infrared spectra re-
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TABLE 1
CATION DISTRIBUTIONS AND PHYSICAL PROPERTIES IN UNOXIDIZED Fe;_,Ti, O,

Crystallite Lattice
size parameter T.
x Sample composition (nm) (nm) (K)
0.20 (Fe3*)a(Fej sFel boTig 500807 100 0.8405 754
0.61 (FedhoFes ) a(Fed i Fel s Tios)s05 70 0.8467 515
0.82 (FedhoFed o) a(FedbsFel 13 Tio k)04 90 0.8516 324

vealed that inversion products of highly
oxidized compositions may contain hema-
tite (a-Fe,03), rutile (TiO,), and pseudo-
brookite (Fe,TiOs).

Because of the possibility of electron
“hopping”’ between Fe?* and Fe’* ions
which may occur at octahedral sites as well
as tetrahedral sites for these spinels con-
taining iron cations of variable valency and
because electrical conductivity is also a
sensitive physical technique to study the
phase changes (7), an investigation of the
electrical behavior was undertaken to un-
derstand the physical and chemical changes
occurring during the oxidation in synthetic
titanomagnetites over the temperature
range 300 to 1000 K. The only attempt that
has been made to study the electrical prop-
erties of oxidized titanomagnetites (8) was
achieved by oxidizing natural titanomagne-
tites separated from tertiary and quaternary
igneous rocks. However, in such speci-
mens appreciable amounts of other cations
and a wide range in grain size might change
the oxidation mechanism.

Samples—Experimental

The conditions of preparation of finely
grained titanomagnetites and of characteri-
zation (differential thermal analysis, X-ray
analysis, specific area, chemical analysis,
morphology) have already been published
in (I, 6). The thermal decomposition of
mixed iron titanium oxalates leads, through
appropriate thermal treatments at low tem-

perature (<700 K), to the solid solutions
(Fe;040-yFe,TiOy,)) which are extremely
finely divided solids and hence very reac-
tive. The samples consist of almost spheri-
cal grains with an average diameter in the
range between 70 and 100 nm (Table I).
X-ray crystallographic analysis shows that
the samples contain only the spinel phase
with a lattice parameter which increases
with x (Table 1) and the cation distribution
determined by thermogravimetry (I) is
mentioned in Table I. In this procedure, the
Fe?*(B) and Fe?"(A) concentrations versus
composition x are calculated from the Amg/
Amex, and Ama/Amgeyp ratios, where Amg
and Am, represent the values of the weight
gain for each site and Amgeyp is the weight
gain for pure magnetite. The distribution of
Fe?* ions on B and A sites given in Table I
approaches that deduced at low tempera-
ture (300 K) by Trestman-Matts et al. (9)
using thermoelectric coefficient measure-
ments and by Wechsler et al. (10) which
indicates that no Ti*" resides tetrahedrally.

Until now, the method selected to pro-
duce laboratory titanomagnetites in the
form of small grains (<1 pm) had in general
been performed by the ball milling in water
of sintered samples obtained by the ceramic
method (at 1450 K) and prepared from
a-Fe;0; and TiO, (11, 12). Under these
conditions, it is difficult to obtain homoge-
neous grains without absorbed water re-
maining after grinding. The presence of
absorbed water through wet grinding seems
to provide an oxygen source and in this
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case it soon becomes apparent that the
amount of oxidation is not particularly sen-
sitive to the atmosphere since the samples
can remain oxidized in an atmosphere of
flowing hydrogen (12).

In our case the samples were oxidized in
air (Po, = 2 x 10* Pa) isothermally in the
conductivity apparatus, or the temperature
was increased at a linear rate from room
temperature to 1000 K. The dc conductivity
was measured point by point by means of a
two-probe device on compressed pellets as
reported in Ref. (13). Before each experi-
ment great care had to be taken during heat
treatment in the cell (1000 X for 1 hrin a
flow-through N, atmosphere) to ensure that
the powder was not partially oxidized and
that other phases (for example, FeTiO,,
FeO) did not appear. Under these condi-
tions to check for oxidation during the
thermal treatment process, heating samples
were X-rayed and in all cases the lattice
parameters agreed very well with those of
the initial specimens indicating that no oxi-
dation was present. In N, atmosphere, the
compounds in all cases exhibit semicon-
ducting behavior with a change in the slope
of log oT vs I/T curves which may be
attributed to a Curie temperature (noted T,
in Table I) as observed for iron-zinc, iron—
cobalt, or iron-manganese ferrites in the
vicinity of the Curie point (I14-16). It is
known that the slope of the log oT vs I/T
curve changes at the Curie point and that
the conductivity activation energy in-
creases on passing from the ferrimagnetic
(Es) to the paramagnetic (E,) phase. The T,
values agree reasonably well with the re-
sults of Ref. (/12). However, Hauptman (/7)
pointed out that for unoxidized titano-
magnetites with x = 0.60, T, is about 440 K
whereas the reported value of 515 K (Table
I) for the same composition must indicate
an oxidation. The most reasonable expla-
nation involves differences in titanomagne-
tite preparation technmiques to produce
fine-grained samples and in impurity con-

211

centrations. In particular, as mentioned in
Ref. (18), titanium clustering appears to be
characteristic of the sintering process and
the formation of iron-rich regions couid
account for differences in Curie tempera-
ture. The intermediate phases present after
oxidation were determined by X-ray pow-
der diffraction from samples rapidly cooled
from various temperatures in the cell.

Results

The effect of temperature on oxidation
characteristics was demonstrated directly
by observing the plots of log o vs I/T when
samples of different compositions (x =
0.20, x = 0.61, and x = 0.82) were heating
in air at a constant rate of 3 K min™! from
room temperature to 1000 K (regions I and
II, Fig. 1). In region I and for samples
heating at 1 K min~! (Fig. 2), the conduc-
tivity increases up to 470 K giving a maxi-
mum at about 460 K for x = 0.20 and x =
0.61 (curves a and b) and two maxima at
515 and 590 K for x = 0.82 (curve c¢}. Then,
the spinels undergo a large conductivity
decrease during further oxidation until the
sample transforms to nonstoichiometric ti-
tanomagnetites with a & value approaching
unity (point A, Fig. 1) related to the genera-
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F1G. 1. Behavior of electrical conductivity of ti-
tanium-substituted magnetites heated in air at 3 K/min.
(a) x = 0.20; (b) x = 0.61; (c) x = 0.82.
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F1G. 2. Log o = f{1/T) curves showing conductivity
maxima (indicated by arrows) in region I during pro-
gressive oxidation of titanomagnetites. (a) x = 0.20; (b)
x = 0.61; (c) x = 0.82. Heating rate: 1 K/min.

tion of Fe3* ions and vacancies ((J) (19) in
the spinel lattice according to 3 Fe’* — 2
Fe’* + [J. However, for x = 0.82, the
conductivity decreases slowly and a dis-
continuity is observed at around 740 K
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F1G. 3. Log o = f(1/T) curves showing the disconti-
nuities (represented in dashed lines) during the phase
transformation. (a) x = 0.20; (b) x = 8.61; (¢) x = 0.82.
Heating rate: 1 K/min.
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before point A (noted A, in Fig. 3) although
X-ray analysis confirmed that at this tem-
perature a single-phase cation deficient spi-
nel was formed (curve a, Fig. 4). In addi-
tion, the minimum (point A) is shifted
toward higher temperatures with increased
titanium substitution (Fig. 3). After oxida-
tion of the samples, superstructure lines
were found indicating a 5:1 and, in some
cases, possibly a 3:1 order of cations and
vacancies (20).

The decrease in o is then followed by an
increase in o (region II, Fig. 3) but for all
compositions this evolution is not com-
pletely linear and one or two breaks (repre-
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Fi1G. 4. X-ray powder diffraction pattern during
oxidation at different temperatures of a sample with x
= (.82 and oxidized at (a) 740 K, (b) 810 K, (c) §70 K,
(d) 973 K. sp, spinel; x, TiO;; a, a-Fe,0s; ps, pseudo-
brookite.
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sented by dashed lines as in region I) can be
distinguished. These breaks can be re-
garded as being caused by structural
changes (7) or as due to chemical decom-
position (21). During an examination of the
powder diffraction pattern of the sample
heated above 800 K (Fig. 4) a large number
of lines were observed in contrast to the
few lines of the spinel structure. Some of
the lines can be identified with those of
a-Fe, 04 for x = (.20, whereas for x = 0.61
and x = 0.82 a whole series of other phases
is generated: titanomaghemite, o-Fe,0s,
TiO, at a temperature of 810 and 870 K
(curves b and ¢, Fig. 4), and a-Fe,0; and
pseudobrookite Fe,TiOs above 900 K
(curve d, Fig. 4).

Discussion and Conclusion

One interesting result from this study is
that single-phase cation deficient spinels
were formed in air for temperatures <700
K. It has been shown (22) that the oxidation
process produces homogeneous grains of
titanomaghemites with vacancies uniformly
distributed throughout the grain bulk for
different values of x and & (§ = oxidation
degree) probably because of the smaller
grain sizes resulting from the preparation
method at low temperature. The X-ray
peaks and the lattice parameters of partially
or totally oxidized fine-grained samples
with a high surface area indicated that the
titanomaghemites have homogeneously ox-
idized, which is important for understand-
ing the electrical behavior in relation to
cation distribution. This is similar to the
results of Keefer and Shive (12) concerning
the production of synthetic titanomaghe-
mites with no oxidation gradients. Also, the
majority of studies made on titanomagne-
tites produced from sintered samples did
not agree with these results because of the
formation of inhomogeneously oxidized
grains which depend upon crystallite size
(23).

213

It has been established from kinetic stud-
ies that the oxidation process is controlled
by a law of diffusion, under variable work-
ing conditions, of the vacancies generated
at the solid—gas interface. The B site Fe?*
ions will be oxidized more rapidly than A
site Fe?" ions as ions in B sites are ionically
bound whereas those in A sites are more
strongly bound due to covalency. The two
maxima at 515 and 590 K for x = 0.82
probably represent the two stages of oxida-
tion. In order to discriminate the reactivity
of tetrahedral and octahedral ferrous ions,
the formation of cation deficient titano-
magnetites was also followed by observing
the time dependence of electrical conduc-
tivity at an oxygen pressure of 3.30 x 10’
Pa. For the three compositions, the plots of
o versus time at constant temperature be-
tween 400 and 530 K (Fig. 5) exhibit a
maximum related to the oxidation of Fe?*
ions located at B sites. It is known that the
octahedral sites favor electron exchange
between Fe?™ and Fe’" ions and Fe?* ions
on B sites are initially more numerous than
those on A sites (Table 1) and are oxidized
preferentially (/). Then, versus time, the
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Fi1G. 5. Oxidation isotherm of Fe?* ions located at B
sites for composition x = 0.82 and for T < 550 K.
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Fi1G. 6. Oxidation isotherm of Fe?* ions located at A
sites for composition x = 0.82 and for 7 > 600 K.

conductivity decreases related to the gener-
ation of Fe’* jons and vacancies on B sites.
Pure magnetite (x = 0), with a high initial
conductivity (Fe** and Fe’* ions initially
present in equal amounts), always under-
goes a large conductivity decrease during
oxidation.

For x = 0.82, the conductivity reaches a
stable level at about 520 K (curve d, Fig. 5)
which can be regarded as being caused by
the total oxidation of Fe** ions on B sites.
Thus, in this temperature range and for this
composition only a part of the total Fe?*
ions is readily oxidized and some Fe?* ions
(those located on A sites) remain unoxi-
dized, becoming oxidized at higher temper-
atures. In order to analyze the effect of this
oxidation, the evolution of electrical con-
ductivity o vs time is shown in Fig. 6 for
temperatures above 600 K. It can be seen
that the conductivity decreases initially
(due to the oxidation of Fe?** ions on B
sites) against time and then exhibits a maxi-
mum. The presence of Fe?* ions at A sites
appears to provide an explanation for the
fact that the conductivity undergoes a max-
imum. This is due to the simultaneous
presence of Fe?* and Fe®* ions on A sites
which allows electron exchange between
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cations on equivalent sites. Indeed, elec-
tron hopping between tetrahedral sites con-
tribute to the conductivity of certain fer-
rites, and has an activation energy of 0.2 to
0.3 eV (24). This is considerably smaller
than the observed activation energy of the
oxidation reaction (~1.3 eV) (I), and elec-
tron hopping should therefore make an ef-
fective contribution to the process. When
the amount of Fe** ions becomes large, the
electronic exchange is upset and the con-
ductivity decreases. For x = 0.61, we ob-
serve no maximum because there are ini-
tially fewer Fe?* ions in A sites than Fe*
ions.

From these results it is possible to con-
clude that the electrical conductivity will be
governed by the initial cation distribution.
If the degree of oxidation of the titano-
magnetite (Fe?, Fel!, Ti*" )O3 is defined
by an oxidation parameter & given by the
reaction

Fe** + (6/2)0 —

8Fe* + (1 — §)Fe?* + (3/20* (1)
and on the assumption that Ti** ions and
vacancies are located only in octahedral

sites, the number of Fe?" ions and of vacan-
cies per molecule would be, respectively,

8(1 — &)1 + x) 38(1 + x)

8+ 58(1 + x) 8+ 8(1 +x)°
The cation distribution, after partial oxida-
tion of Fe** ions on B sites, may then be
written
[Fei’ Fe2t1a

[3F 81— 8)(1-+0(8+5(1 +) -2
Fegtr—2e+8)(1-+x)/(8+5(1+)+21

@

4+ 2—
* Tige/s+ s+l s +x08+50+0)1805 ,  (3)

where 7 is the number of unoxidized Fe?*
jons on A sites and [J denotes vacancies.
From the arguments already given, z will
remain constant as oxidation proceeds in B
sites and the cation distribution in B sites is
therefore completely described by x and 8.
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F16. 7. Schematic representations of the various Fe?*—Fe** “‘hopping’” possibilities on B and A sites
as functions of x and &, [J, cation vacancy. For each composition, we have represented the scheme of
the evolution of o vs time. The arrows indicate the theoretical values of 8 for which the amounts of
Fe?* and Fe** ions on B or A sites are equivalent. The pure magnetite (x = 0) is given for comparison.

Figure 7 shows the various possibilities
of electronic exchange between Fe?' and
Fe’* ions as a function of x and §. For 8 <
0.5 and for all compositions, the Fe?* ions
in A sites are not oxidized and the maxi-
mum conductivity obtained at low tempera-
ture (<550 K), as observed experimentally
(Fig. 5), can be attributed to the oxidation
of Fe?* jons located on B sites. Theoreti-
cally, this maximum of conductivity ap-
pears when the amounts of Fe?* and Fe’*
ions are equivalent. Calculation of & for
which the amounts of Fe?* and Fe** ions on
B sites are equivalent may be made from
the cation distribution given in Table I
using Eq. (3). The results of this calculation
are respectively 8 = 0 forx = 0, 6 = 0.22 for
x=0.20,5=0.33forx =0.61,and § = 0.18
for x = 0.82 (Fig. 7). When all the Fe?* ions
have been oxidized (6 > 0.5) the reaction
can only proceed by the oxidation of A
ions, resulting for the composition x = 0.82

of a second maximum (Fig. 6) because Fe?*
ions in A sites are initially more numerous
than Fe** ions. This maximum of o results
when the Fe?* and Fe’* on A sites are equal
in concentration, i.e., 6 = 0.67 (Fig. 7). One
must, however, also consider that, in the
study by Schmidbauer (25) using Moss-
bauer spectroscopy on cation deficient
Fe,TiO4, a small amount of tetrahedral va-
cancies (about 20%) may slightly modify
the & value at maximum, particularly for
high degrees of oxidation.

Although the availability for oxidation of
Fe?* ions in A sites is much lower than that
in B sites, the oxidation of A site Fe** ions
allows the retention of the original spinel
structure without the formation of multi-
phase oxidation products over the range of
composition 0 < x < 0.7 since the presence
of other phases would imply a discontinuity
in plots of log o vs 1/T before the point A
(7). At this point the oxidation is complete
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(6 = 1). For x = 0.82, completely oxidized
titanomagnetite cannot be obtained without
a rhombohedral phase since the plot of log
o vs 1/T shows a discontinuity before the
point A. For x = 0.82, in fact, the entire
range 0 < & < 0.80 was accomplished
without the presence of a rhombohedral
phase as confirmed by X-ray diffraction.
The implication of this result is that the
second maximum in the o = f(z) (Fig. 6)
which appears at about 8 = 0.67 cor-
responds to a nonstoichiometric titano-
magnetite.

X-ray analysis indicated that single-
phase cation deficient spinels were ob-
tained up to point A, (Fig. 3) which can be
considered as the onset of the phase
change. Figure 3 shows that the titano-
maghemite inversion temperature is not
consistently influenced by titanium con-
tent, as the point A is little displaced with x;
thus, titanium has no apparent effect on the
stability of the titanomaghemite lattice al-
though for the titanomaghemite with x =
0.61 and § = 1 (curve b, point A;) we
observe a small increase in transformation
temperature (740 K for x = 0.61 and 724 K
for x = 0.20) as confirmed by differential
thermal analysis. Keefer and Shive (26)
also noted that titanium does not appear to
stabilize the spinel structure, which is con-
sistent with our finding. Vacancies, on the
other hand, do appear to have a stabilizing
effect since titanomaghemite with x = 0.61
(0.50 vacancy per molecule) is more stable
than the titanomaghemite with x = 0.20
(0.39 vacancy per molecule). However, in
the present case, the effect of particle size
(Table I) may explain the increase in stabil-
ity. Previously, it has been found for the
v-Fe;0; — a-Fe,O; transformation (7) that
the reduced particle size facilitates the re-
lease of strain which increases the transfor-
mation temperature.

At elevated temperatures in air the na-
ture of the transformation products de-
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pends upon the composition of the cation
deficient spinels. a-Fe,0; is always formed
and for highly substituted titanomaghe-
mites the decomposition appears to take
place in two steps as indicated by the two
breaks in the log o = f(¢) curves. In the first
step a-Fe;O; and TiO, are present and in
the second step at T > 900 K pseudobrook-
ite is formed in addition to a-Fe,;0;.
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