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The 1200°C. isotherm in the system Fe-Ti-O
has been studied by equilibrating mixtures of
iron oxide (Fe;0;) and titanium oxide (TiOQ,)
with atmospheres of controlled oxygen partial
pressure. These atmospheres consisted of CO,,
air, oxygen, mixtures of CO, and H,, and mix-
tures of CO; and CO. The resulting oxide mix-
tures were examined at room temperature by
chemical analysis and by X-ray diffraction. The
stability regions of the a-oxides (Fe,Ti,.,,0;),
of the spinels, (Fe,Ti,_,0,), and of the ortho-
rhombic oxides (Fe,Ti;—,0;) were determined.
‘Some nonstoichiometry occurs in the spinels and
in the a-oxides. The oxygen partial pressures
at which spinel is reduced to (iron 4+ a-oxides)
and at which a-oxide (ilmenite) is reduced to
(iron 4+ orthorhombic oxide) were determined
as2.1 X 107"*and 9.3 X 10~ "*atm., respectively.
The orthorhombic solid solution series extends
over the whole range of oxygen partial pressures
studied.

1. Introduction

ne chemistry of the system iron-titanium-oxygen is of

considerable interest because of the occurrence of large

deposits of ilmenite which are becoming increasingly im-
portant as sources of pigment-grade titanium dioxide and,
in some precesses, as a source of iron.  Titaniferous magnetite
ores are alsn a source of iron but generally are less attractive
than nontitaniferous materials. Studies of this system at con-
trolled oxygen partial pressures should be useful in under-
standing certain features of the pyrometallurgical treatments
for such titaninm-hearing ores.

The temperature of 1200°C. was chosen chiefly for reasons
of expcrimental suitability; equilibrivm was attainable more
rapidfly than at lower temperatures, and attack on the re-
fructory material (thoria), used to hold the test samples,
was negligible at this temperature. This temperature also
is within a range which has heen considered for the solid-
state reduction of ilmenite, !

A considerable amount of previous data has been pub-
lished on the system Fe-Ti-O. The binary system Fe-O
has been extensively studied, the description of this system
given by Darken and Gurry being generally accepted.?
The system Ti-0 alsa has been extensively studied but has
not been so well defined.»* Itisof interest to note that rutile
deficient in oxvgen (TiO; — ;) exists under reducing condi-
tions; the compesitions of the noustnichiomeiric rutile in
equilibrivim with 11,-11.0 mixtures have been studied up to
177°C. by Michaud and Pidgeon.?

The equitibrium

FeTiOs 4+ Hy == TiO + Fe + H,0
(ilmenite) (rutile)
has been studied over the temperature range 05(1° to 1100°C.

in two separate investigations, with goed agreement in re-
sults . 3
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Several studies on the system FeO-Fef),-TiO; have been
reported in the literature.. MacChesney and Muan® iu-
vestigated this svstem in air from 1400°C. to above the liqui-
dus, and Karkhanavala and Momin’ made a similar study
from G20° to 1200°C. The phases stable in ajr at 1200°C.
were reported to be hemaltite, pseudobrookite, and rutile.
A study of this system at 1350°C. also has been reported by
Schmahl and Meyer,* who used oxygen pressures dawn to
about 10-2 atm. Most of the studics, however, have been
made without reference to the oxygen partial pressure.®®

The following three principal solid-solution series have been
described as existing in the system FeQ-Fe05-Ti0,:

(1) a-FeOy to FeTiO; (ie., FemTiz—n0s), referred to in
this paper as “‘a-oxides,” Ilematile and ilmenite have
limited solid solubility in cach other at low temperatures,
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hut form a comiplete solid-solution serics at higher tempera
tres.  The consolte tewmperature is veported (o be in the
region 950° to [OA°CH  This solid-solution series has a
hexagonal hombohedral) stracture,

1) Fey o FeTiOy (e, Feylia. ,0), referred to as
“gpinel” i this paper. Magnetite and uivispinel (FeTiOy)
are reported o form a continuous solid-solution series at
sufliciently lgh tewperatires.  The consolute tenmperature
is probably about 600°C. " “This salid-sadution series has the
enbie spinel structure.

¢ FeeTi0; to FeTh0, (e, PepTian 0%), referred to as
“orthorhimubic oxides™ i this paper. Psendobrookine and
ferrons ditianate borm a continuous solid solntion series at
HENCC.? Memtbers of this series have an ortharhombic
structure,

Other phases encountered in the conrse of this investiga-
tion were rulile (Ti0s, tetragonal), wiistite (I4ey - ), cubic,
NaCl-type structire), and metallic iron (face-centered cubic
At 1200°C. but body-centered cubie when examined al room
tewperature).

The svstem “FeO-Ti(," has been reported by Grieve and
White™ to contain the compounds “Fe(),” ¥eyTiO,y, FeTil),,
and TiOs.  The orthorhombic compound FeTiiQ;, however,
apparently was not recognized in that investigation.

1. Experimental

The general procedure nsed in the present stndy was Lo
caquilihrate pellets ol appropriate mixtares of ey and Ti0),,
al the desired tewpersitire, withe an atmospdiere of known
composition. The pellets were then cooled rapidiy (o room
temperature, generadiv ig s inert gas, and examined by N ruyv
diffraction aned by chemical sualvsis. Fisher Certilied Rea
sent ferric oxide and Baker Analvzed reagent titauim
daxide Golase) were userd as starting materials

(1) Apparatus

A G040 PR allov, inmternally wound I'\ln.mcc, cottlrolied
by a Brown controller-pyrowieter, wis used with a horizontal,
closed-end, mullite working tube 1'/y in. in iuside diameter.
The sample pellets were hield ina thoria boat which lay on an
alumina hoat.  An alamina bloek, acting as a radiation shield,
was placed in frout of the alwmina boat. A platinum draw-
wire was attached to the alumina boat; this wire enabled
the pellets to he withdrawn to the cnol end of the furnaee
tube, withoul exposure to air, at the conclusion of the equi-
libration perind,  The gas being used as the controtling atines-
phere entered through an inlet tube, which was arranged to
carry the preheated gas to the clused end of the working tube.
The temperature of the furnace was measured by a shiclded
PL-Ut-1057, Rl thermoconpie placed above the pellets.  The
temperatures reported represent those of the pellets, prob-
ably to within £ 10°C,

(2) Atmospheres

The atmosplieres used (o give the controlfed oxygen par-
tial pressures were oxvgen and air at l-atin, pressure, air at
l-ent Hyg pressure, CO., CO-CO, mixtures, and COy-11,
nixtures.  The theory governing the use of such atmospheres
has heen discussed hy Muan.' Oxyyen partial pressures were
caleulated using the data summarized by Conghlin.”  Gus
mixtures were prepared by transferring appropriate quanti-
ties of gas from commercial evlinders into a smafler exvlinder,
which serverd as a reservoir tn supply the gas as required.
Argon was added o the CO-CO; and CO,-11. mixtures Lo re-
duee thermal diffusion. ' The gases were passed aver Dricrite
and, when appropriate, over copper al M0°C., before use.
For alt atmosplieres except air and oxyvgen, heating and cool
ing of the saples were conducted i an inert alimosphere.

With CO-CO), and COu-11, .1lmn\|)hcrt< the samples were
renerally held at the desired temperature for two periods,
cach 3 to 1 howurs, with crushing and repelicting between
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heating cveles. One cequilibration periad of 13 to 20 hours
wis nsed with the other atmosphieres.

(3) Chemical Analyses

The following procedures were used for analysis of the
samples:

(@) Total fvon and total Gtamum:  Alter fusion witls
KIS0, the sampde was dissolved in 109, 1180 and made up
to o known volumé,  Tron was determined on an aliguot
portion by reduction with stannous chloride, fedlowed by
titration with KMnQy  Titaniia was determined  colori-
metricatle after the addition of hydrogen peroxide,

th) Total reducing capacity (i.e., combined Pe(1l) and
TiIID):  After crushing the samples in an inert atmosphere,
they were dissolved i .80, containing standardized van-
adate solution.  Hydrofluorie acid was added o aid dissola-
tion. - After the sample had dissolved, the solution was diluted,
boric acid aud phosphorie acid were added, and the residual
vanadate was  Utrated with ferrous  ammoniom  sulfate,
For a few scunples, solution was effected by heating the sample,
sealed in a Pyrex-brand glass tube, with 1ICL; the reducing
capacity was then determined by permanganate titration.

In some instances, the Fe/(Fe -+ Ti) atom ratios in the
samples were assumed o be as given by the proportions of
Fes3 and Ti0O, used in preparing the samples, but in other
cases they were determined by eliemical analvsis.  The root-
mcan-square difference hetween determined and prepared
Ferlie + 1D ratios was 001

(4) X-Ray Diffraction

NXerav diliraction patterns were deterntined on the sonples
at roonn temperalure, nsing a 97,3 mme-diameter Debve
Sclierrer powder camera and CoKee radiation.

(5) Microscopical Examinotion

Mictoscopical examinationt af polished sections for phase
deterntinations in the eqguitibrated pellets was made difficult
by the high porogity of the samples and by the similarity in
color of certain of the phases enconntered.  The technique
was of little valie except in the detection of iron metat.

INl. Results
(1) General Results

AL 1200°C., over Lhe region of oxygen partial pressures in-
vestigated, 1o liguid phases were found in the system Fe-
Ti-0. The stable phases at 1200°C., as determined by
X-rav diffraction on samples enoled to room temperature,
are indicated in Fig. 1 as functions of the Fe/(Fe -+ Ti) atlom
ratio in the total solid and of the logarithnt of the oxygen par-
tial pressure (log pa,). It shoutd be noted that this diagram
gives nn divect indication of the oxygen contents of the con-
densed phases.  The stability vegions of the iron oxides con-
taining no titanium, plotted on the left-hand side of Fig. 1,
were laken from the data of Darken and Gurry.?2  In general,
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