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The thermal decomposition of two metastable ferrous titanium oxide compounds of commercial interest
have been studied by in situ X-ray and neutron diffraction at elevated temperatures as well as by
5'Fe Mossbauer effect spectroscopy. Thermal decomposition was monitored by collecting neutron
diffraction data (taken at the Argonne National Laboratory Intense Pulsed Neutron Source (IPNS)
powder diffractometers) at 30-min intervals at 900 and 1000°C. Previous work has shown that each of
these materials (pseudobrookite structure, AB,Os), (MnygsFey3Tig ) (Tiz )05 and (Mg 5 Feg 33Tig 46)-
(Ti; ¢Mgy 1)O;, has a significant amount of Ti in the + 3 oxidation state and is completely ordered (no
Fe located in the “*B’’ site). The results of these ‘‘in situ’” diffraction studies show that, prior to the
thermal decomposition of the slags, there is a redistribution of cations within the pseudobrookite
structure. Specifically, at temperatures in the range 600—700°C, iron cations move from the “A’’ sites
to the ‘B’ sites and Ti cations move from the ‘B’ to the ‘A’ sites. It is after this order—disorder
transition that decomposition commences. At temperatures above 900°C, the neutron diffraction data
show at least two modes of decomposition describing the high temperature chemistry of these disor-
dered materials. The first mode produces iron metal and rutite (TiO,) and is modeled by the equation

2Fe, sTi, 05 — Fe + STiO,.

The second mode of decomposition produces an iron-doped titanium oxide of the rutile structure and
is modeled by the equation

4M, 3Tiy ;05 — 2M sTi, 505 + SFeq o Ti; 10, (M = Fel*, Mn?*, Mg**).
© 1990 Academic Press, Inc.

Introduction noted that the temperature of preparation
and the conditions of reduction largely de-

During the course of structural investiga- termined the distribution of metal atoms
tions of ferrous titanium oxides with the within the AB,Ojstructure. Neutron diffrac-
pseudobrookite (AB,0;) structure (I), it was  tion and “Fe Mossbauer effect spectros-
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copy studies of titanium-rich compounds
(Fe,_,Ti,, O, x > 0) prepared at low tem-
peratures (1200°C) demonstrated that fer-
rous ions are distributed between both A and
B sites (1, 2), whereas studies of compounds
prepared at higher temperatures (>1700°C)
under carbon monoxide atmospheres found
ferrous ions only at the A site (I). It is well
known that these materials are metastable.
For example, it has been shown that
FeTi,0; is thermodynamically unstable with
respect to FeTiO; and TiO, (3), and that
titanium-rich compounds, which necessar-
ily possess both Fe?* and Ti** cations, are
unstable with respect to the metals in their
0 and +4 oxidation states, respectively (4).

Based on these observations, an in situ
high temperature diffraction study of the de-
composition of pseudobrookite materials
that were prepared at elevated temperatures
(above 1700°C) was undertaken. Two sam-
ples were studied by powder X-ray and neu-
tron diffraction: slag I and slag II. These are
commercial samples synthesized by the high
temperature reduction of ilmenite ore.
These titanium-rich (M3*, Ti,, ,Os) materi-
als differ in the identity of the M** cation;
inslagl, M = Fe and Mn, x = 0.52, and in
slag II, M = Fe and Mg, x = 0.36.

This work consists of in situ powder X-
ray diffraction experiments at several tem-
peratures to determine the temperatures at
which changes in slags I and II occur, and in
situ powder neutron diffraction experiments
at 900°C for slag I and at 1000°C for slag II
to determine the detailed chemistry of the
decomposition process for each of these
samples at these temperatures. Diffraction
data were analyzed by the Rietveld tech-
nique (5), a least-squares fitting process in
which models for all contributions to the
diffraction pattern are fit to observed dif-
fraction data. Rietveld analysis is well suited
to extract structural information from pow-
der diffraction data. (6). Also, zero-field,
S7Fe (natural abundance) Mossbauer effect
data were obtained for slags I and II after
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the high temperature neutron diffraction ex-
periments.

Neutron diffraction offers two distinct ad-
vantages over X-ray diffraction for these
particular studies. The first advantage is due
to the difference between X-ray and neutron
scattering physics. Since X-rays are scat-
tered by electron density, the similarity of
the atomic numbers of iron and titanium
makes distinguishing between these ele-
ments difficult in an X-ray scattering experi-
ment. Neutrons, however, are scattered by
nucleii, and it happens that Ti and Fe pos-
sess very different neutron scattering
lengths (—0.33 x 1072 and 0.95 x 107"
cm, respectively). This large difference
allows the distinction between these metals
necessary for this work. The second advan-
tage results from the disparity of X-ray and
neutron absorption coefficients. With the
exception of a few elements (cadmium, lith-
ium, etc.), neutron absorption coefficients
are orders of magnitude smaller than X-ray
absorption coefficients in the wavelength
range of interest (1.0-3.0 A). Since furnaces
mounted on diffractometers necessarily
have shielding of some kind to maintain in-
ternal temperatures, the quality of X-ray dif-
fraction data collected at elevated tempera-
ture is degraded due to absorption of X-rays
by this shielding. But because correspond-
ing thermal neutron absorption coefficients
are much smaller, this degradation in data
quality due to ancillary devices is much less
severe for neutron data. In fact, if a well-
designed furnace is employed, it is very dif-
ficult to distinguish between neutron diffrac-
tion data collected with and without a
furnace.

Experimental

Samples slag I and slag II are commercial
iron (magnesium) titanium oxide mixtures
prepared by the reduction of ilmenite with
carbon at temperatures above 1700°C. The
process is roughly described by the follow-
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ing equation:

2FeTiO; + C— CO + FeTi,Os + Fe. (1)

At the synthesis temperatures, molten Fe is
easily separated from the slag (FeTi,0Os).
For samples I and 11, carbon in excess of
that described by Eq. (1) was used in the
reduction, producing a titanium-rich, Fe, _,
Ti,, ,Os, material that is nearly 100% pure.

The difference between samples slag I and
slag I1 is the presence of significant amounts
of Mg in the starting material for II and small
amounts of Mn in I. Elemental analyses
(XRF) of I and II yield the following stoi-
chiometries (based on 5 oxygen atoms):
Ti, s;Feg 33Mng 505 and Ti, 3cFeq 33Mg 3,05,
respectively.

Neutrondiffraction measurements. Time-
of-flight (TOF) neutron diffraction data
were collected at ambient pressure at Ar-
gonne National Laboratory with the IPNS
(Intense Pulsed Neutron Source) on the spe-
cial environment powder diffractometer.
Data from the backscattering detectors (20
= 150°) were used in the refinements as this
is the highest resolution data available from
each instrument (ca. 0.3%). In the TOF
technique, the sample, detector, and source
are fixed and neutrons of differing wave-
lengths are detected. The data are binned in
5-usec intervals. Each sample was con-
tained within a 1/2-in.-diameter seamless
vanadium tube (due to the very small scat-
tering length of vanadium, this renders the
sample holder virtually invisible), capped at
both ends with aluminum plugs. Details of
the instrument and the data collection and
data analysis software package have been
previously published (7).

The neutron experiments were conducted
in a locally designed and constructed fur-
nace. The sample is held in a vanadium cyl-
inder and resistance heating raises the tem-
perature of the sample. The entire sample
chamber was maintained at pressures below
10~* Torr throughout the course of the ex-
periment. Thermocouples placed at each
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end of the cylindrical holder monitored the
sample temperature. At no time during data
collection did these two temperature read-
ings differ by more than 5°C, or each vary
by more than 3°C from the setpoint.

The experimental strategy employed for
collection of the neutron diffraction data
was as follows: an initial data set was col-
lected (for 2 hr) at room temperature, Fol-
lowing this the temperature of the sample
was gradually increased to 500°C, then
raised to the desired set point (900 or
1000°C) as rapidly as possible (usually in
about 2—4 min). The time at which the de-
sired temperature was reached was arbi-
trarily designated # = 0 min. Data were then
collected for 15 or 30 min at intervals sepa-
rated by 1 or more hours. At the conclusion
of each run, the sample was allowed to cool
to room temperature, equilibrated for a min-
imum of 4 hr, and then another high preci-
sion data set taken (2-hr data collection
time). Because the diffraction data taken at
elevated temperature was collected for
short periods (in order to get a ““snapshot”
of the state of the mixture), the precision of
the results derived from these data sets do
not match those of the first and last data sets.
The results of these runs are summarized in
Tables I and II. The final set point tempera-
tures were 900 and 1000°C for slags I and 11,
respectively.

To extract kinetic as well as structural
information from the neutron diffraction
data, each data set was subjected to Rietveld
analysis. The least-squares software utilized
for the analysis was developed at Argonne
National Laboratory and is written for time-
of-flight neutron data and multiphase sam-
ples (7¢). Starting structural parameters for
the least-squares process were taken from
the open literature. For the ferrous pseudo-
brookite structure, a crystallographic model
isostructural with that of ferric pseudo-
brookite was chosen (8) (Cmcm, two metal
sites, metal atoms at 4c 100% Ti, 0% Fe =
0.0, 0.19, 0.25 and 8/50% Ti, 50% Fe = 0.0,
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0.135, 0.56.) In the following discussion, the
4c site is designated as ‘“‘A’" and the &f as
“B’’. In the least-squares refinement, only
the scale factors and background parame-
ters were initially allowed to vary. Upon
convergence, more parameters were added
until, for the final cycles of least-squaring,
all reasonable parameters were allowed to
vary. They include isotropic thermal and
atomic positional parameters, unit cell con-
stants, background, and peak shape param-
eters. In addition to these, occupational pa-
rameters of the metal sites were also allowed
to vary: each cation was refined as though
it were a Ti atom. This is equivalent to refin-
ing the scattering length because the alge-
braic sum of the individual scatterers can
be readily calculated. Oxygen occupancies
were also varied for one set of least squares,
and since the values did not differ signifi-
cantly from zero they were subsequently
fixed at 100%. Scattering lengths used in
subsequent calculations are —0.33 for Ti,
0.95 for Fe, 0.52 for Mg, —0.36 for Mn,
and 0.575 (x 1072 ¢cm) for O. Particularly
important parameters to be gained from
each Rietveld analysis are the scale factors
(normalized to constant incident neutron
flux) for each phase in each data set. These
scale factors are directly proportional to the
mole fraction of each phase (9) and the varia-
tion of the mole fraction of each phase as a
function of time yields kinetic information
regarding the solid state chemistry of the
system.

In addition to pseudobrookite phases, ti-
tanium oxide (of the rutile structure) and
iron were detected in each sample. These
phases were present as impurities and also
as decomposition products. Cell, positional,
and thermal parameters for these phases
were also allowed to vary, and as the tita-
nium oxide content of each sample in-
creased, the occupancy of the Ti atom site
as well as an interstitial tetrahedral site were
also allowed to vary. All refinements con-
verged rapidly. Final plots showing the raw
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diffraction data, calculated data, and differ-
ence plots for selected patterns are given in
Figs. 1-4.

X-ray diffraction data. X-ray diffraction
data were collected on a Rigaku DMAXB
powder diffractometer equipped with a ro-
tating copper anode X-ray tube. The flat (19
X 16 mm) specimen was mounted vertically
and para-focusing geometry was used in the
data collection. The white X-ray beam is
postsample graphite monochromatized.
One degree divergence slits and a 0.3-mm
receiving slit were used during data collec-
tion. The furnace utilized is a Rigaku-fur-
nished device. The sample holder is plati-
num, and compression of the sample into
ridges in the holder keep the powder in
place. No reaction was detected between
the sample holder and the sample at the con-
clusion of each experiment. Resistive heat-
ing is provided to the sample holder, and the
sample holder temperature is monitored by
a thermocouple. Temperature control was
+1°C. During the course of the experiments,
the sample holder and its environment were
continuously bathed in a stream of high pu-
rity nitrogen gas. Data collection was car-
ried out by raising the temperature of the
sample to the desired temperature, holding
for 5 min and then collecting data over a
narrow angular range (14 <2 ® < 56)in 15
min. Data were collected at 100°C intervals
between 600 and 1300°C.

Mossbauer effect measurements. Zero-
field, natural abundance iron-57 Mossbauer
effect data were collected on the finely
powedered slags (I and II after exposure to
900 and 1000°C, respectively) which were
supported between boron nitride plates (1-
in-diameter x 0.025-in.-thick PDS BN-975,
Standard Oil Engineered Materials). The
sample masses (ca. 0.28 g) were calculated
to provide ideally-thin absorbers, ca. 1.0/
{(u/p), where u/p is the nonresonant elec-
tronic mass absorption coefficient (cm?/g) at
14.41 keV (10). A Ranger Scientific MS-900
Mossbauer effect spectrometer was em-
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ployed for transmission measurements. The
source (ca. 10 mCi cobalt-57 diffused into
rhodium foil; Amersham) and slags were
maintained at room temperature. The MS-
900 was operated in the constant-accelera-
tion mode using a triangular (symmetric)
waveform to drive the Ranger Scientific VT-
1200 velocity transducer. Velocity calibra-
tion over the region 0 = 9 mm/sec was main-
tained by use of a natural iron, a-Fe, ab-
sorber foil (0.025 mm thick); all isomer shifts
are quoted relative to natural iron at room
temperature. The zero velocity calibration
(i.e., 0 mm/sec isomer shift) was taken as
the midpoint of the inner four resonances of
the iron foil. A linear velocity scale was used
for the velocity per channel (mm/sec/ch)
conversion over the entire range. A Reuter-
Stokes proportional counter (fill gas: 97%
Kr-3% CQ,), fitted to a Ranger Scientific
preamplifier (PA-900), and 1024 channel
multichannel analyzer/scaler was used for
the y-ray detection. The entire MS-900 sys-
tem was controlled with an IBM AT per-
sonal computer. All Mossbauer effect data
were recorded to suitable background levels
of ca. 2,100,000 and 1,300,000 counts per
channel for slags [ and 11, respectively (after
folding). The primary experimental data
were folded and fit with Lorentzian line
shapes. Estimated standard deviations for
isomer shifts, quadrupole splittings, and
FWHM (full width at half maximum) line
widths are 0.02 mm/sec.

Results and Discussion

The pseudobrookite structure is adopted
by a wide variety of metal oxides, particu-
larly iron titanium oxides. The details of the
structure have been reported elsewhere (8)
and, for our purposes, only a summary of
the key structural features require repeating
here. A polyhedral representation of the
structure is presented in Fig. 5. There are
two distinct cation sites in the pseudobrook-
ite AB,O; structure situated such that A site
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metal oxygen octahedra edge and corner
share only with B octahedra, whereas B sites
edge and corner share with both A and B
octahedra. Since all the A site second near-
est neighbors are B sites, any cation ex-
change between A sites must be preceded
by prior exchange with B sites.

The results of the X-ray diffraction ex-
periments are illustrated in Figs. 6 (slag I)
and 7 (slag II). Figures 6A and 7A illustrate
the diffraction data of the high temperature
quenched phases taken at room tempera-
ture. All large Bragg peaks are due to the
dominant phase (pseudobrookite struc-
ture), with the largest impurity peak (rutile,
TiO,_,) indicated. This pattern remains
unchanged (with the exception of shifting
due to lattice parameter expansion) as the
temperature is raised. Between 500 and
600°C, however, a dramatic change in the
diffraction pattern occurs. This is illus-
trated in Fig. 6B. All of the peaks except
two pseudobrookite peaks ([110] and [200])
are significantly broadened, despite the fact
that the temperature is well below the
melting point of this phase. This pattern is
largely reproduced at 700 and 800°C (Figs.
6C and 6D) except that one can observe
the growth of a decomposition product
(rutile) at 800°C. At 900°C (Fig. 6E), the
pattern has sharpened again, and the de-
composition process has greatly acceler-
ated as evidenced by the dominance of the
Bragg peaks due to rutile.

This general pattern is repeated for slag 11
(Figs. 7A-7F). At 600, 700, and 800°C (Figs.
7B, 7C, and 7D, respectively) most of the
Bragg peaks due tothe pseudobrookite phase
are broadened, and at 800°C one can observe
the growth of the largest rutile Bragg peak.
At 900 and 1000°C (Figs. 7E and 7F, respec-
tively) the pseudobrookite peaks are once
again sharpened and decomposition to rutile
is greatly accelerated.

One possible explanation for the observed
broadening of Bragg peaks at these low tem-
peratures is rapid exchange of cations within
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FiG. 1. A portion of the neutron diffraction data for stag I. Data is represented by points, and the
calculated plot by a line. A difference plot is presented at the top of the figure. Tick marks indicate the
positions of Bragg peaks. Three phases are present: pseudobrookite (short tick marks), rutile (TiO,,
longer tick marks), and iron metal (longest tick marks).
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FIG. 2. Neutron diffraction data for slag I after 500 min at 900°C. Data is represented by points, and
the calculated plot by a line. A difference plot is presented at the top of the figure. Tick marks indicate
the positions of Bragg peaks as in the legend to Fig. 1.



THERMAL DECOMPOSITION OF FERROUS TITANIUM OXIDES 357

R= 0.089

nm HHIIIIIIIIIII n ’I' It pmn [} mon e [RIA R

11000.

8800. -

o |

INTENSITY

4400. it
]
|

2200. I i
&ﬁnu WdAinanw&-bJVtw
0 ™ el d . -
1.0 1.8 2.0 2.2 2.4 2.8
D SPACING

F1G. 3. Neutron data for slag II. Data is represented by points, and the calculated plot by a line. A
difference plot is presented at the top of the figure. Tick marks indicate the positions of Bragg peaks.
Two phases are present: pseudobrookite (short tick marks) and iron metal (long tick marks).
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FiG. 4. Neutron data for slag II after 800 min at 1000°C. Data is represented by points, and the
calculated plot by a line. A difference plot is presented at the top of the figure. Tick marks indicate the
positions of Bragg peaks. Three phases are present: pseudobrookite (short tick marks), rutile (‘“TiO,,”
longer tick marks), and iron metal (longest tick marks).
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F1G. 5. Representation of the octahedral coordination polyhedra of the pseudobrookite (AB,05)
structure as viewed down a. A single chain of edge and corner-shared octahedra are shown. All cations
are located on a mirror plane in the be plane (a = 1/4). A sites lie on a line defined by the intersection
of this mirror plane with mirror planes at & = 1/4 and 3/4. A sites share octahedron edges with B sites
in sets of three. B sites are on the outside of each set of three edge-shared octahedra. The structure
is generated by translating these chains by 1/2 unit cell in the ¢ and b directions. Outlines of the unit
cell are shown.
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FIG. 6. (A) Room temperature X-ray diffraction data for slag I. The largest Bragg peak of the major
impurity phase, TiO,, is indicated by the letter *‘R’’. The remaining peaks are due to the pseudobrookite
phase. (B) Slag I at 600°C, note the absence of numerous pseudobrookite Bragg peaks. (C) Slat I at
700°C; (D) Slag I at 800°C, and (E) Slag I at 900°C. Note that the most intense peaks in the pattern are
due to a TiO, species (labeled with ““R”’), and pseudobrookite phase Bragg peaks are again sharp.
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Fic. 7. X-ray diffraction data for slag 11. As for Fig. 6, the letter *‘R’” is used to mark TiO, Bragg
peaks, while the remaining Bragg peaks are due to the pseudobrookite phase. (A) At room temperature,
the major phase is pseudobrookite. At elevated temperatures (B—D) the pseudobrookite Bragg peaks
diminish in intensity. At 900°C (E) decomposition of the pseudobrookite commences and all Bragg
peaks are again sharpened with respect to lower temperatures.

the metastable pseudobrookite structure at
temperatures above 500°C. Such a situation,
in which the oxide lattice remains largely in-
tact, and the long range ordering of the cat-
ions is lost due to rapid exchange between
two exclusive cation ordering schemes,
would give rise to the dramatic broadening
observed. As the temperature is increased,
the equilibrium mixture of these two phases
changes until, at some temperature between
800 and 900°C, one of the two distributions
dominates and the pattern begins to sharpen
once again. Lastly, itis this final cation distri-
bution that decomposes to rutile. The cation
distribution of the original material (ferrous
and titanium ions located on the A site, tita-
nium only on the B site) is labeled the high
temperature (HT) distribution because it is
quenched from 1700°C. The second cation
distribution which is stabilized at 900°C (vide
infra)islabeled the low temperature (L T) dis-
tribution. This process is summarized in Eq.

Q)

K k
(AB,O5)yr —>¢q (AB,05) r— products.

2

The hypothesis that this phase change oc-
curs ((AB,Os)yr — (AB,Os). 1) is supported
by the neutron diffraction data. Some fits
between the observed neutron diffraction
data and calculated plots from Rietveld re-
finements are given in Figs. 1-4. Results of
the refinements are summarized in Tables
I-III. Table III shows that there are dra-
matic changes in scattering lengths of the
two pseudobrookite cation sites as the tem-
perature of these materials is raised. At
room temperature the neutron scattering
lengths of the A and B site for slag I are
0.09(1) x 1072 and —0.33(1) x 1072 cm,
respectively, whereas at 900°C the corre-
sponding scattering lengths are —0.06(2) x
1072 and —0.28(2) x 107> cm. Similar
changes are also observed in the scattering
lengths of the A and B sites for slag I1. Exam-
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TABLE 1
ResuULTs OF RIETVELD REFINEMENTS OF SLAG I AT DIFFERENT TEMPERATURES

Pseudobrookite (Cmcm)

Titanium oxide (P4,/mnm)

Iron
Normalized Normalized Normalized

Conditions scale factor Unit cell scale factor Unit cell scale factor
25°C — a = 3.7828 — a = 4.6015 —

b = 9.7938 ¢ = 2.9647

¢ = 10.0280
=0 0.083 a = 3,795 0.673 a = 4,642 0.027
900°C b = 9.924 c = 2.993

¢ = 10.135
t = 60 min 0.052 a = 3.793 1.223 a = 4,642 0.079
900°C b = 9924 c = 2.993

¢ = 10.136
t = 120 min 0.042 a = 3.792 1.349 a = 4.642 0.087
900°C b = 9.920 c = 2.993

¢ = 10.136
t = 180 min 0.039 a = 3.792 1.388 a = 4.642 0.094
900°C b = 9.920 c = 2993

c = 10.134
t = 375 min 0.031 a = 3.787 1.456 a = 4.642 0.104
900°C b = 9913 c = 2.994

c = 10.139
t = 510 min 0.030 a = 3.786 1.400 a = 4.642 0.101
900°C b = 9912 c = 2.993

¢ = 10.137
Exp. end — a = 3.7640 — a = 4.6067 —
25°C b = 9.8178 c = 2.9653

¢ = 10.0421

Note. Estimated standard deviations in lattice parameters are 0.002-0.003 for data taken at 900°C and

0.0002-0.0004 for data taken at 25°C.

ination of Table III also reinforces the
strength of neutron diffraction as a tool for
distinguishing various cation site distribu-
tion models in iron titanium oxides. A small
difference in cation distributions (FeTi,Os
versus [FegTi J[Fe Ti, 4]Os) yields signifi-
cantly different neutron scattering lengths
for the two pseudobrookite sites. As dis-
cussed above, this is due to the difference
in the sign of the iron (0.95 x 107! ¢m)
and titapium (—0.33 x 10~ cm) neutron
scattering lengths.

It is clear from the X-ray and neutron
diffraction experiments that different cation

distributions distinguish the high and low
temperature pseudobrookite phases. Fur-
thermore, since the scattering length of the
A site has decreased and that of the B site
has increased, it is reasonable that this
change is a simple exchange of Ti from the
B site to the A site with concurrent transfer
of ferrous ions from the A to the B site. The
high to low temperature phase changes are
summarized below, for slag I,

(Mno.osFeo.ssTio.52)(Tiz.oo)05_—’ )
(Mny osFeg 23 Tig 6)(Ti sFeq 1)Os

and for slag II;
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TABLE 11

REeSULTS OF RIETVELD REFINEMENTS OF SLAG II AT DIFFERENT TEMPERATURES

Pseudobrookite (Cmcm)

Iron
Normalized

Titanium oxide (P4,/mnm)

Normalized Normalized scale factor

Conditions scale factor Unit cell scale factor Unit cell
25°C — a = 3.7620 — a = 4.5957 —

b = 9.7547 c = 2.9612

c = 9.9989
t=20 0.100 a = 3.769 0.474 a = 4.638 0.0
1000°C b = 9.893 c = 2992

¢ = 10.138
t = 80 min 0.098 a = 3.768 0.557 a = 4.639 0.0
1000°C b = 9.891 c = 2.992

¢ = 10.140
t = 160 min 0.093 a = 3.767 0.620 a = 4.638 0.022
1000°C b = 9.890 c = 2.992

c = 10.142
t = 300 min 0.093 a = 3.766 0.651 a = 4.639 0.061
1000°C b = 9.888 c = 2,992

¢ = 10.142
t = 450 min 0.089 a = 3.766 0.669 a = 4.638 0.082
1000°C b = 9.888 c = 2992

c = 10.142
t = 590 min 0.093 a = 3.766 0.713 a = 4,638 0.103
1000°C b = 9.888 c =299

¢ = 10.143
t = 810 min 0.094 a = 3.766 0.719 a = 4.638 0.096
1000°C b = 9.887 c = 2992

c = 10.142
Exp. end — a = 3.7497 — a = 4.6000 —
25°C b =9.7718 c = 2.9619

¢ = 10.0177

Note. Estimated standard deviations in lattice parameters are 0.002-0.003 for data taken at 900°C and

0.0002-0.0004 for data taken at 25°C.

(Mgo.2|Feo‘33TioA46)(Ti1'.9Mg0,})Os -
(Mgy 21 Feq 23 Tig 56)(Ti) sMgg 1 Feg 1)Os.

In other words, there has been a transition
between an ‘‘ordered’ structure (essen-
tially 100% Ti on the B site) at 1700°C to a
disordered structure at the lower tempera-
ture. The cation distributions suggested
above are consistent with the observed neu-
tron scattering lengths at elevated tempera-
tures (see Table I1I for calculated scattering
lengths for the cation distributions listed
above).

The hypothesis that cation reordering
occurs as the temperature is raised is fur-
ther supported by observations made on
materials synthesized at different tempera-
tures. *’Fe Mossbauer effect spectroscopy
and neutron diffraction experiments (/) on
slags I and II quenched from temperatures
above 1700°C have indicated that the re-
spective cation distributions were (Mng gs
Feg 33Ty 52)(Ti; 99005 and (Mgg 51 Fe€0 33Tio.46)-
(Ti; oMg, )Os, respectively. This is in con-
trast to Mossbauer effect experiments re-
ported in the literature (2) that have been
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TABLE 111
NEUTRON SCATTERING LENGTHS? OF A AND B SITES IN PSEUDOBROOKITE (AB,0;5) COMPOUNDS

Slag I Slag II
Conditions A site B site Conditions A site B site
25°C,t =0 0.09(1) —-0.33(1) 25°C,t =0 0.26(1) —0.29(1)
900°C,t = 0 —.06(2) —-0.28(2) 1000°C, t = 0 0.10(2) —-0.17(2)
900°C, t = 510 min —.10(2) —0.30(2) 1000°C, ¢ = 810 min 0.14(2) —-0.17(2)
25°C, end —.09(1) —0.28(1) 25°C, end® 0.26(1) —0.24(1)
Model compound scattering lengths
Pseudobrookite composition A site B site
(Mny gsFeq 33Tig 52)(Tip00)Os 0.12 —0.33
(Mny gsFeg 53 Tip 6)(Thy 9Fep )05 0.00 -0.27
(Mg 21Feg 33Ty 46)(Tiy sMgy )Os 0.27 -0.29
(Mg 21Feq Ty 56)(Tiy sMgg 1 Feg )Os 0.14 -0.22

a Scattering lengths are in units of 10”2 cm. Scattering lengths of Fe and Ti are 0.95 x 1072 and —0.33 x

10~ cm, respectively.

b Probably (Mg ;Ti ;)(Mg,Ti, 5)Os with a trace of iron (see text).

performed on samples prepared at lower
(1200°C) temperatures, in which ferrous
ions were found in both A and B cation
sites.

Structural characterization of titanium
oxide compounds formed in the decompo-
sition of pseudobrookite compounds. The
cell constants of the titanium oxide phases
formed from the decomposition of the slags
(Tables I and II) are noteworthy in that
they differ significantly from that of pure
(i.e., TiO,) rutile (a = 4.594(2), ¢ =
2.959(2) A) (11). The cell constants of the
titanium oxide phases formed in the de-
composition reactions are a = 4.6067(1)
and ¢ = 2.9653(1) A for slag I, and a =
4.6000(1) and ¢ = 2.9619(1) A for slag
II. These significant differences from the
accepted values for TiO, prompted a re-
finement of the metal occupancy for each
of these titanium oxide phases. The model
which yielded the best fit to the observed
neutron diffraction data for both slags I and
II includes nuclear density at an interstitial
(tetrahedral, x = y = 0.167, z = 0.5) site

in the rutile structure. Because the refined
scattering length of this site is positive,
titanium is ruled out as occupying this
site. Assuming that iron is located at this
interstitial site, one possible stoichiometry
of this phase (calculated from the refined
scattering lengths of the atomic sites) is
Tiy osFeg 0250, 99 (hereafter referred to as
“Ti0,”"). This model includes the con-
straint that occupation of an interstitial
tetrahedral site requires that two adjacent
regular rutile octahedral sites be vacant
due to their close proximity.

The possibility that ferrous ions exist
within the titanium oxide phase was investi-
gated by use of zero-field, ’Fe Mossbauer
effect spectroscopy. The Mossbauer effect
data for slag samples I and 11 heated at 900
and 1000°C, respectively, are displayed in
Figs. 8a and 8b, respectively. The spectrum
for slag I is dominated by the six line mag-
netic hyperfine pattern due to the presence
of elemental iron. The magnetic hyperfine
pattern of elemental iron is also observed in
the spectrum for slag 11, which is, neverthe-
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FIG. 8. Zero-field, natural abundance *’Fe Mossbauer effect for (a) slag I and (b) slag II. Raw data
are shown as points and the fit is shown as a solid line.

less, dominated by an intense quadrupole
split doublet that is typical of high-spin fer-
rous ions in the fourfold sites of pseudo-
brookite, FeTi,Os (I, 2), in addition to a
smaller quadrupole split doublet that is typi-
cal of high-spin ferrous ions in the eightfold
sites of pseudobrookite. The resonances of
a weak quadrupole split doublet typical of
FeTi,Os are also observed at ca. —0.3 and
2.6 mm/sec in the Mossbauer-effect data for
slag I (Fig. 8a). The spectrum for slag I was
nicely fit with one sextet (Fe) and one dou-
blet (FeTi,05); the pertinent curve fitting pa-
rameters are presented in Table 1V. The
small mole fraction of ferrous pseudobrook-

ite remaining in slag I after high temperature
decomposition, combined with the low pop-
ulation of ferrous ions believed present in
the eightfold site of this material, precludes
the direct observation of this signal in the
Mossbauer spectrum. The ’Fe Mossbauer
effect *“difference spectrum’’ (experimental
data minus the fitted data) did not reveal
any features of either structural or statistical
significance. In view of the small fraction of
Fe’* postulated to occupy interstitial sites
of rutile (Tij¢sFe 450, 60) and the interfer-
ences from the resonances due to Fe and
FeTi,0s, it was not possible to substantiate
the siting of ferrous ions at tetrahedral inter-

TABLE IV
RESULTS OF LEAST-SQUARES FITS OF LORENTZIAN LINE SHAPES TO Y’FE MOSSBAUER EFFECT DATA®

Pseudobrookite sites

Other sites

Isomer Quadrupole Area Isomer Quadrupole Area

Slag shift? splitting FWHM % shift? splitting FWHM %

I 1.17 2.83 0.41 7 0.00 0.00 0.25 93
(Fe)

11 1.05 3.15 0.30 S0 0.00 0.00 0.26 22
1.02 1.96 0.70 27 (Fe)

1.10 0.59 0.24 1

(FeTiO5)

4 Units for isomer shift, quadrupole splitting, and FWHM line widths are millimeters per second. Estimated
standard deviations for these parameters are 0.02 mm/sec. Estimated standard deviation for the area percentage

is 5%.

b All isomer shifts are relative to natural iron, o-Fe, at room temperature.
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stices with the available Mossbauer effect
data for slag I. Similarly, for slag II, the
combination of the aforementioned interfer-
ences with those from the unresolved reso-
nances between ca. 0.8 and 1.4 mm/sec that
are typical of ferrous ions in ilmenite,
FeTiO;, (12), may obscure weak resonances
due to Fe?* ions at tetrahedral interstitial
sites in rutile. The Mossbauer effect data for
slag I were well-fit with one sextet (Fe) and
three doublets (FeTi,Os with Fe?* in the
four- and eightfold sites (I, 2) and FeTiO,).
The results of the curve fitting analysis are
summarized in Table IV. There were no sig-
nificant peaks observed in the Mossbauer
effect difference spectrum.

Chemistry of decomposition of iron tita-
nium oxides. The nonoxidative decomposi-
tion of ferrous titanium oxide phases of
the pseudobrookite structure can vary de-
pending upon the iron/titanium ratio as
well as the presence of nonferrous cations
in the material. Three highly idealized po-
tential modes are illustrated below:

FeTi,O;— FeTiO; + TiO,  (3)
2Fe, sTi, ;05— Fe + 5TiO, @

4M, ;Ti, ;05 —2M, sTi, 505
(M = Fe?*, Mg** Mn?*) (5)

The first mode (Eq. (3)) may be operative in
iron-rich materials and reflects the thermo-
dynamic instability of pseudobrookite with
respect to ilmenite and rutile (3). The second
decomposition mode (Eq. (4)) may be opera-
tive for samples with a titanium/iron ratio
of 5 and recognizes the thermodynamic in-
stability of Fe?* and Ti** with respect to
Fel and Ti** (4). The third mode (Eq. (5))
may be observed in very titanium-rich
phases and allows for the possibility that
ferrous ions may be found in a rutile-like
titanium oxide phase. The reactant and
product pseudobrookite phases in Eq. (5)
are assumed to coexist in solid—solution.
The eventual fate of the pseudobrookite
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phase produced in Eq. (5) depends upon the
cation identity. Pseudobrookite phases rich
in Mg?* are stable, whereas ferrous-rich
phases will decompose according to Eq. (4).
Additional decomposition pathways that in-
clude the formation of other reduced tita-
nium oxides (Ti,0,,_;) could also be in-
cluded as possible reaction modes.

The kinetics of the decomposition of the
pseudobrookite phases of slags I and II are
illustrated in Figs. 9 and 10, respectively.
Tables I and II contain cell constant and
other information gained from Rietveld
analyses as a function of time at 900 and
1000°C. Examination of Tables I and II indi-
cates that the only products of decomposi-
tion are titanium oxide and iron. This is con-
firmed by YFe Mossbauer effect spectros-
copy. The Mossbauer effect spectra of slags
1 and II taken at the conclusion of the high
temperature experiments show resonances
due to iron metal and unreacted ferrous
pseudobrookite. There were no other iron-
bearing components in slag I. For slag I1, the
Mossbauer-effect data also revealed small
concentrations of ilmenite that were identi-
cal to the phase distribution in the starting
slag. Based on these findings, Eq. (3) (ilmen-
ite production) can be eliminated as a de-
composition mode in these slag samples.

The cell constants of the pseudobrookite
phases also vary during the pseudobrookite
decomposition. For slag I, unit cell parame-
ters (Table I) are essentially constant from
0 to 180 min and then change slightly and
gradually from 180 to 510 min. For slag II
(Table II) the situation is reversed; from 0
to 160 min a slight change in unit cell param-
eters is noted, whereas for the time period
300 to 810 min the cell constants do not
change. For both I and II the overall change
in cell parameters is confirmed by compar-
ing the more precise lattice parameters de-
rived from the room temperature data taken
before and after the decomposition experi-
ment. Changes in these parameters indicate
that the compositions of the pseudobrookite
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Fi1G. 9. The scale factors irom Rietveld refinements
of three phases, iron, titanium dioxide, and pseudo-
brookite for slag I at 900°C are plotted versus time.
Note the continuous nature of the change in scale fac-
tors. This supports the suggestion that one single de-
composition manifold is operable. Scale factors are
directly proportional to relative mole fractions (X =
SZV where S = scale factor, V = unit cell volume,
and Z = 2 for TiO,, Z = 4 for M;0;, and Z = 4 for
iron metal).

phases for slags I and Il vary during the
decomposition. This is confirmed by the ob-
served scattering lengths of the two cation
sites in the pseudobrookite structures: they
also vary as a function of time at elevated
temperatures.

In Figs. 9 and 10, the normalized scale
factors for each phase resulting from Riet-
veld refinements of each data set taken at
elevated temperatures (see Tables I and 1I)
are plotted as a function of time. Because
the scale factors are proportional to the mole
fractions of each phase (9), these plots quan-
tify the appearance and disappearance of
products and reactants, respectively.

A discontinuity in Fig. 10 (slag II) indi-
cates that at least two processes occur
during decomposition of this sample. From
0 to approximately 160 min, a decomposi-
tion mode that produces only a metal oxide
(MO,_,) whose parameters are consistent
with titanium oxide with the rutile structure
is in evidence. During this first 160 min
the decomposition of slag II is modeled by
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Eq. (5), wherein an iron-doped, oxygen-
deficient titanium dioxide is the only prod-
uct. Also, the variation of cell constants
with time reflects an increase in Fe content
of the remaining pseudobrookite phase.
After this 160-min induction period, iron
metal appears as a product in addition to
titanium oxide, and the rate of disappear-
ance of the pseudobrookite phase de-
creases sharply. Calculating the increase
in the mole fractions (9) of iron metal
and titanium oxide during this time frame
(160—810 min) indicates that the titanium
oxide phase content of the sample has
increased about five times that of the iron.
This behavior is best modeled by Eq. (4),
wherein iron and rutile are produced at a
ratio of 1:5. This is also supported by the
lack of change of cell parameters for the
pseudobrookite phase during this time pe-
riod. Decomposition according to Eq. (4)
does not produce a pseudobrookite phase
of differing composition.

No corresponding discontinuity is ob-
served in Fig. 9 (slag D), and during the
course of the decomposition reaction, both
an iron-doped, oxygen-deficient titanium di-

® Pspudobrookite
o Rutitle
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Fi1G. 10. The scale factors from Rietveld refinements
of three phases, iron, titanium dioxide, and pseudo-
brookite, for siag II at 1000°C are piotted versus time.
Note the discontinuity at 160—180 min. This supports
the suggestion that two decomposition modes are uti-
lized in this reaction. Conversion of scale factors to
mole fractions is described in the legend to Fig. 9.
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oxide and iron metal are formed continu-
ously. We ascribe this behavior to the occur-
rence of a reaction modeled by a
combination of Egs. (4) and (5).

The difference in decomposition between
I and II can be rationalized by recognizing
their different cation composition. Slag 1I,
which contains a significant amount of Mg,
will decompose to iron metal and ‘‘TiO,,”’
until a Mg?*-rich phase results. At that
point, decomposition will be severely re-
tarded (note that MgTi,0; is stable under the
reaction conditions employed here). This is
the behavior observed (see Fig. 10). Con-
versely, slag I contains no Mg to stabilize
the pseudobrookite phase at 900°C. This dif-
ference is reflected in the diffractograms of
the products of decomposition. For I (Fig.
2) the Bragg data are largely due to Fe and
“TiO,,”” whereas for II (Fig. 4) a significant
amount of a pseudobrookite phase remains.
Assuming the remaining pseudobrookite
phase (after 800 min at 1000°C) to be com-
posed largely of magnesium and titanium
oxides (a small amount of iron must be pres-
ent to remain consistent with the Mossbauer
data), the cation distribution corresponding
to the scattering lengths given in Table III
is (Mg ;T 3)(Mg,Ti, g)Os.

Summary

Two distinct steps have been observed in
the decomposition of metastable titanium-
rich pseudobrookite phases (M{Z,Ti, Os,
M predominantly Fe and Mg) synthesized
above 1700°C under reducing conditions.
The first step involves a phase transition
that occurs above 500°C from a high temper-
ature, ordered structure to a low tempera-
ture, disordered pseudobrookite (AB,Os)
phase. This order—disorder transition in-
volves cation redistribution wherein ferrous
ions are transferred from the A site to the B
site (which previously contained no iron)
and titanium is transferred from the B site
to the A site. The second step observed is

TELLER ET AL.

the low temperature phase decomposition
of the disordered pseudobrookite structure
to the reaction products. In situ neutron dif-
fraction experiments, as well as ’Fe Moss-
bauer effect spectroscopy, have been used
to study the decomposition of the low
temperature, disordered pseudobrookite
phases. There are at least two manifolds of
decomposition for these phases: the decom-
position products are iron metal, and an
iron-doped, oxygen-deficient titanium oxide
(TiO, _,) of the rutile structure.

The two step mechanism described above
(cation distribution followed by decomposi-
tion) is worthy of further discussion. Recall
that in the high temperature phase, ferrous
cations are restricted to A sites within the
pseudobrookite structure and that due to the
three-dimensional structure, this isolates
them from each other. It may not be coinci-
dental that phase decomposition proceeds
only after the ferrous ions are randomly dis-
tributed over all cation (A and B) sites. One
mode of decomposition (Eq. (4)) involves
electron transfer from Ti®* to Fe?*,

ITi** + Fe?* — 2Ti** + Fe,  (6)

and the possibility that this reaction is kinet-
ically allowed only when ferrous ions are
distributed over all sites exists. This possi-
bility will be the subject of future work.
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