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The oxygen fugacity-composition isotherm at 1473°K has been established for the MnO-TiO,-Ti,0,
system for fo, in the range 10~*-5-107'8 atm. The quenching method was used and control of oxygen
fugacity was achieved with CO,/H, mixtures. Phase equilibria results are presented for the reduced
rutile Magneli phases, Ti,03,_1~-MnTi,_,0,,-1,and for the partial solid solutions Ti;Os—*‘MnTi,Os”
(M;05), Ti;03~-MnTiO; (x-oxide), and MnTi,O4~Mn,TiO, (spinel). Loss of manganese by
volatilization is a problem in this system at low oxygen fugacities.

1. Introduction

We have recently reported the application
of phase equilibria data to an interpretation
of ilmenite reduction (/). It was shown that the
phase diagram for the Fe-Ti-O system was
inadequate for describing the reaction se-
quences in the reduction of natural ilmenites,
containing 1 or 29, manganese. Even such a
small amount of the fourth component can
have a marked effect because the MnO
remains unreduced while iron is separated
from the oxides as metal. Thus, as reduction
proceeds, manganese concentrates in an oxide
phase assemblage bounded by the com-
positions FeO-MnO-TiO,-Ti,0,. Analyses
of reduction products taken from a commer-
cial ilmenite upgrading plant show approxi-
mately equal concentrations of iron oxide and
manganese oxide in the phase assemblage
remaining after metallic iron has been leached
out (2).

An understanding of the reaction sequences
occurring in the reduction of natural (West
Australian) ilmenites thus requires a
knowledge of the phase diagram for the
quaternary system Mn-Fe-Ti-O. As part of
a study of this complex system we have
investigated phase equilibria in the MnO-
TiO,-Ti,O; system at 1473°K, using the
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quench method. We report here the results of
a controlled atmosphere study for oxygen
fugacities in the range 107*3->~1018 atm.,

2. Previous Work

Very little work has been published on the
phase equilibria of the MnO-TiO,-Ti,O,
system, although the three associated binary
systems have been studied in some detail.
The system TiO,~Ti,05 has been investigated
over a wide temperature range, 1173-1873°K,
using sealed tube experiments (3, 4), con-
trolled atmosphere quench methods (5, 6, 11),
thermogravimetry (7-9), and solid state emf
studies (10). At the temperature of our study
the end member phases have, respectively,
rutile and corundum-type structures with
composition ranges of TiO, o4 to TiO, 4o and
TiO, 4 to TiO, 5; (3). Adjacent to Ti,O; is
Ti;Os, with a distorted pseudobrookite struc-
ture and a very narrow range of homogeneity
(3). The composition range TiO, 4, to TiO, o
is spanned by series of crystallographic shear
structures derived from the rutile structure
type (/1). Between TiO, ¢, and TiO, 44 the
seven discrete phases with general formula
Ti,0,,_y, n=3-9, are known as Magneli
phases. The thermodynamics of these phases
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have been well characterized by a number of
workers (5-10).

In the MnO-TiO, system, the end member
compound MnO has a region of nonstoichio-
metry extending to MnO, o at 1473°K (12).
The binary system has two stable compounds:
MnTiO; with ilmenite structure and Mn,TiO,
with spinel structure (73). The only reported
compound in the MnO-Ti,O; system is the
spinel, MnTi,0, (14).

In the ternary MnO-TiO,-Ti,O; system,
MnTi,0, and Mn,TiO, form a continuous
spinel solid solution series at 1473°K (/4).
We have previously reported results for the
a-oxide solid solution (MnTiO;-Ti,0;) and
M, 04(ss) solid solution (Ti;Os—“MnTi,05"),
from sealed tube equilibration studies (7). The
a-oxide solid solution has a large miscibility
gap at 1473°K extending from about 10 to
75 mole %, Ti,0;. The M;05(ss) extends from
0 to 65 mole % of the hypothetical compound,
MnTi,05 in Ti;05. There have been no data
published on ternary solid solutions of any
of the reduced rutile or Magneli phases.

3. Experimental

3.1. Gas Equilibration Studies

Phase equilibria at 1473°K in the MnO-
TiO,-Ti,O; system were determined by the
quenching technique. Suitable mixtures of
Mn,0; and TiO, were equilibrated at a
controlled oxygen fugacity for 1-3 days and
then rapidly quenched in an inert atmosphere.
The phases present were determined by X-ray
diffraction and compositions of phase assem-
blages estimated from chemical analyses.
Fisher certified reagent titanium dioxide
(anatase) was dried at 1073°K for 2 days prior
to use, and Mn,0; was prepared by decom-
position of A.R. MnCl,.6H,0 in airat923°K.

Control of oxygen fugacities was achieved
by mixing carbon dioxide and hydrogen in
various ratios by use of calibrated flow meters
(15). The analytical grade carbon dioxide had
a purity of 99.99 %, (H,O < 30 ppm; air < 100
ppm). The hydrogen used was of high purity.
As our studies were mainly at low oxygen
fugacities, corresponding to high hydrogen/
carbon dioxide ratios, we further purified the
hydrogen by passage through B.T.S. catalyzer
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(active copper on alumina substrate) then
through molecular sieves.

The equilibration runs were carried out in a
horizontal closed-end Alsint alumina tube
fitted with a water-cooled quench-end made of
brass. This design, similar to that described by
Webster and Bright (/6), allows efficient pre-
heating of the gas mixture through the inlet
tube which extends to the closed end of the
work tube (6). Heat was supplied by a horizon-
tal platinum wound furnace; temperature
stability to +0.5°K was maintained with a
Transitrol (Ether Ltd., United Kingdom)
potentiometric controller. Temperatures were
measured with a calibrated Pt/Pt-13% Rh
thermocouple.

The sample pellets were contained in a
molybdenum boat fitted with a molybdenum
draw wire by which the samples could be
rapidly withdrawn from the hot zone.
Quenching was facilitated with liquid nitrogen,
which was directed onto the sample through
ports in the brass quench end.

Further details concerning the experimental
apparatus and procedure, as well as an
analysis of the accuracy of results obtained
using this method are given in (6). The maxi-
mum uncertainty in log fo, is estimated to
be +0.05 (6).

3.2. Chemical Analyses

The samples were analyzed for total
manganese and titanium and trivalent tit-
anium. For total manganese and titanium, the
samples were fused with sodium bisulphate to
render them acid soluble. Total manganese
was determined by potentiometric titration
with potassium permanganate in neutral
pyrophosphate solution. The total titanium
content was obtained by reduction to the
trivalent state with aluminium followed by
titration with standardized ferric alum.

For the trivalent titanium determination
the sample was dissolved in a hydrofluoric~
sulfuric acid solution containing excess penta-
valent vanadium. The Ti(Il) content was
determined by back titration of the excess
vanadium(V) with standard ferrous sulphate
solution. Ti(II) was also determined from
the increase in weight of the sample after
heating to constant weight at 1323°K. We
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verified that there was no oxidation of Mn(II)
in the presence of titanium at this temperature
by heating a sample of MnTiO; along with
the reduced samples. There was no detectable
change in weight of MnTiQ; after heating
periods of up to 48 hr. Mn2*, Ti®*, and total Ti
contents were estimated to be determined to
within +0.59%.

3.3. X-Ray Diffraction

X-ray powder diffraction patterns were
obtained with a Philips diffractometer fitted
with a graphite monochromator and using
CuKa radiation. Silicon was used as an
internal standard for lattice parameter deter-
mination, and slow scan rates (0.25°/min)
ensured high precision in the data.

4. Limitations of the Gas Equilibration Study:
Volatilization of Manganese at Low Oxygen
Activities

A possible source of major errors in
thermodynamic studies of multicomponent
systems at elevated temperatures is the partial
loss of a component by volatilization. Such a
possibility could be overlooked easily if the
volatile phase did not have a counterpart in
the condensed system being studied, e.g., loss
of a component as gaseous metal from a
condensed system consisting only of metal
oxides. Such a situation occurs in the man-
ganese—oxygen system; at temperatures near
1473°K the fugacity of gaseous manganese
above solid MnQO can be up to 107 times
greater than the fugacity of gaseous MnO.
The extent of volatilization of metallic
manganese vapor from the solid oxide is a
function of both temperature and oxygen
fugacity. The relationships between the equili-
brium fugacities of the volatile species over the
condensed oxide and elemental phases and the
oxygen fugacity at a fixed temperature are best
illustrated using log fyu,o, vs log fo, diagrams.
These diagrams were first used extensively by
Kellogg (/7) and Jansson and Gulbransen (/8).
Using published thermodynamic data (/9-21),
we calculated the various log fumo, Vs log fo,
relationships for the Mn—O system at 1473°K,
using a computer program written by Dr. A. G.
Turnbull. These are given in Fig. 1. The
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Fic. 1. Thermochemical diagram for the Mn-O
system at 1473. Fugacities of gaseous Mn and MnO
above solid Mn and MnO as a function of the oxygen
fugacity. The dashed line represents the fugacity of
gaseous Mn above the hypothetical compound
MnTi,Os.

fugacity of gaseous MnO above solid MnO
is 10745 atm. It is independent of oxygen
fugacity, and loss of MnO as gaseous oxide
would be negligible over reaction periods of a
few days. However, the fugacity of elemental
manganese over solid MnQO increases with
decreasing oxygen fugacity; at low oxygen
fugacities considerable loss by volatility will
occur. The seriousness of the problem may be
illustrated with an example. Consider a 0.5 g
pellet of MnO equilibrated in a flowing gaseous
atmosphere (flow rate = 0.5 liter min™') for
2 days. If it is assumed that the gas flow is
saturated with elemental vapor, the Ideal Gas
law may be used together with the data in
Fig. 1 to calculate the loss of manganese from
the pellet as a function of oxygen fugacity.
The calculations show that if one wishes to
keep the loss of manganese at less than 0.5,
of the original manganese content (i.e.,
corresponding approximately to the error in
determination of manganese by chemical
analysis) then the oxygen fugacity must be
kept higher than 10-'* atm. In the ternary
Mn-Ti-O system, the presence of titanium
oxide results in a lowering of the activity of
solid MnO with a concomitant reduction in the
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fugacities of the vapour phases as shown by
the dotted line in Fig. 1. From a study of
analyses on a large number of samples it was
concluded that losses of manganese by
volatilization at 1473°K were negligible from
samples with a Mn/(Mn + Ti) ratio less than
0.5 when equilibrated at oxygen fugacities
higher than about 107*7 atm for periods up to
2 days. Although samples were sometimes
studied outside these limits (see Fig. 2) and
characterized with complete analyses, the
results are probably not very precise because
the continuing process of volatilization may
preclude complete equilibration.

The use of CO,/H, mixtures in general
restricted the oxygen fugacity range of the
study, to values above 107'7-> atm, since
carbon deposition occurs below this value.
Some equilibrations were carried out in
hydrogen only.

Because of the manganese volatilization
problem, this study is mainly concerned with
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Fic. 2. Oxygen fugacity vs composition for the
Mn-Ti-O system at 1473°K and for Mn/(Mn + Ti)
ratios between 0.00 and 1.00. Circles represent experi-
mental data. @, single phase regions; O, two-phase
regions; O, three phase regions. Pyroph. and tagirov.
refer to pyrophanite(ss) and tagirovite(ss). (See Section
5.3)
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the investigation of the reduced rutile phases
and the Ti,Os—“MnTi, 05" solid solution
series, which have equilibrium oxygen fugaci-
ties higher than ~10'7 atm. A parallel study
of those regions of the MnO-Ti,0,-TiO,
system which equilibrate at lower oxygen
fugacities is being made by the sealed silica
tube technique and will be reported elsewhere.
However, certain of the sealed tube results
pertinent to the present work have been
included here.

5. Results and Discussion

The results of the equilibration experiments
are shown in Fig. 2 as a plot of oxygen fugacitv
vs the metal atom ratio, expressed as Mn/
(Mn + Ti). This diagram gives no explicit
information on the oxygen content of the

TABLE I

THERMODYNAMIC DATA FOR MnO-TiO,-Ti,O; AT
1200°C; INVARIANT OXYGEN FUGACITIES FOR THREE

(SoLiD) PHASE EQUILIBRIA

fo, Equilibrium Composition of
(atm) phases phases

10-13-95 a-oxide MnTiO;

+ M;05(ss) (Mny_2,Tip.78)305

+ Reduced rutile (Mnyg,02Ti4.98)0; 05
10-14-91 M305(ss) (Mny.16Tio.84)305

+ Magneli phase (Mng_011Tio.980)801 5

+ Magneli phase (Mno_015Ti0.981)7013
1014.98 M;305(ss) (Mng.15Ti0.95)305

+ Magneli phase (Mng 013Tig.987)7013

+ Magneli phase (Mny_025Ti0.975)6011
10-15.48 M305(ss) (Mny, 1,Tio.88)305

+ Magneli phase (Mny_006Ti0.994)6011

+ Magneli phase (Mng_015Ti0.981)s0s
1071555 M;0,4(ss) (Mny 115Tio.s85)30s

+ Magneli phase (Mny _017Ti0.983)50s

+ Magneli phase (Mno.030Ti0.970)407
10-17-2 M;0s (Mnyg. 11 Tio.86)305

+ Tagirovite(ss) (Mnyg_12Tio.88)203.02

+ Pyrophanite(ss)  (Mno.44Tio.56)203.02
10-18:2 Spinel(ss) (Mng 43Tio.57)304

+ Tagirovite(ss) (Mno.12Tio.88)205

+ Pyrophanite(ss)  (Mng_44Tio.56)203
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different phases. Oxygen contents were cal-
culated from chemical analyses for Mn?*,
Ti3*, and Ti** in the quenched products, and
any significant deviations from stoichiometry
of the phases shown in Fig. 2 are discussed
below. The data for the invariant points are
listed in Table I.

Figure 2 shows a negligible solubility of
titanium in MnO, ,, an a-oxide solid solution
with a large miscibility gap, and extensions of
the titanium oxides Ti,0,,_,, n=3-8, by
incorporation of manganese. The various
solid-solution series are discussed in detail
below.

5.1. Reduced Rutile Magneli Phases

The Magneli Phase region (cf. Fig. 2) is
reproduced on a larger scale in Fig. 3, where
the data are for samples equilibrated by
reduction of Mn,0; + TiO, mixtures. In
some runs we equilibrated different samples
by oxidation and reduction paths and observed
a hysteresis effect similar to that previously
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Fig. 3. Oxygen fugacity vs composition for the
Magneli phase region of the Mn-Ti-O system at
1473°K. Samples were equilibrated by reduction of
Mn;O; plus TiO, mixtures. Bivariant behavior in the
binary Ti-O system is shown at Mn/(Mn + Ti) = 0.0.
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reported in the Ti—O and Fe-Ti—O systems (6);
i.e., the samples equilibrated by oxidation had
a lower O/(Mn + Ti) ratio than those equili-
brated by reduction at the same oxygen
fugacity. Bivariant behavior was also observed.
The magnitude of both the hysteresis and the
bivariant behavior decreased with increasing
manganese content of the Magneli phases.
This is illustrated in Fig. 4, where log fo, vs
O/(Mn + Ti) is plotted for a Mn/(Mn + Ti)
ratio of 0.06. At this value of the metal ratio,
the Magneli phases are all in equilibrium
with M;0s(ss) (see Fig. 2), and the reduction
and oxidation paths coincide.

The solubility of manganese in the Magneli
phases, M, 0,,_,, increases with decreasing n
from 1.4 wt% in MgO,s to 1.8% in TigOy,
and t0 2.29, in M,0,. For the odd numbered
homologues, M0, and M-0,;, the maximum
solubilities for manganese are about 1.4 and
1.3 wt 9] respectively, i.e. lower than for their
adjacent n-even homologs. Also, as shown in
Figs. 3 and 4, the oxygen fugacity ranges are
much narrower for single phase (Ti, Mn);O,
and (Ti, Mn),0,; than for (Ti, Mn),0,,
(Ti, Mn)¢O,,, and (Ti, Mn)gO,s. A similar
greater stability of n-even homologs relative
to n-odd members has previously been
reported for Magneli phases in the Fe-Ti-O
system (6).
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TABLE 11

LATTICE PARAMETERS FOR MAGNELI PHASES, (Mn,Ti;_),0,,_,

Lattice parameters

log fo, G e —_—
Compositions (atm) a(A) b(A) c(A) a(®) B 7 )
Ti,O, -16.17 5.593(1) 7.119(1) 12.452(3) 95.06(1) 95.12(1) 108.75(1)
TisO, (25) 5.593(1) 7.125(1) 12.456(3) 95.02(1) 95.21(1) 108.73(1)
(Mnyg.017T10,983)404 -15.90 5.597(4) 7.118(5) 12.424(9) 95.06(3) 95.02(3) 108.79(3)
(Mno.023Tio.977)404 —15.75 5.610(2) 7.123(2) 12.466(3) 95.04(1) 95.22(1) 108.74(1)
J —15.76 5.563(2) 7.110(3) 8.853(3) 97.48(1) 112.36(2) 108.52(1)
TisOy —15.80 5.568(1) 7.117(1) 8.861(2) 97.54(1) 112.35(1) 108.54(1)
l——15.95 5.566(2) 7.119(2) 8.863(3) 97.49(1) 112.35(1) 108.52(1)
TisOs (3) 5.569 7.120 8.865 97.55 112.34 108.50
(Mny 617T0.983)5O00 —15.50 5.574(3) 7.112(3) 8.872(4) 97.52(2) 112.43(2) 108.48(2)
TisO,y (22) 5.56 7.14 24.04 98.5 120.8 108.5
(Mno.023T10.977)601.1 —15.16 5.561(2) 7.130(3) 24.055(9) 98.46(1) 120.84(1) 108.49(1)
Ti;0,3(22) 5.54 7.13 15.36 98.9 125.5 108.5
(Mnyp.017Ti0.983)7013 —14.95 5.545(4) 7.130(5) 15.365(10)  98.96(1) 125.48(2) 108.43(1)
Tig0,5(22) 5.57 7.10 37.46 97.2 128.8 109.6
TigO, 5 5.530(2) 7.134(3) 37.59(1) 99.13(1) 128.34(1) 108.51(1)

Chemical analyses carried out on a number
of samples shown by X-ray diffraction to be
single phase were consistent with a formula-
tion as solid solutions of the type Ti,O,,_,—
MnTi,_,0,,_,, i.e., Magneli-phase solid solu-
tions formed by the partial substitution of
Ti,0; by MnTiO; in (Ti,05)(TiO,),-,- All
lines of the powder patterns of the manganese
containing phases could be indexed using the
unit cells given by Andersson and Jahnberg
(22) for Ti,0,,_,. Some examples of calculated
cell parameters are given in Table II. Incor-
poration of manganese leads to a slight
expansion of the unit cells. From chemical
analyses, the O/(Mn + Ti) ratios were cal-
culated for a number of single phase samples,
and were found to agree within +0.005 with
those expected for stoichiometric (Mn, Ti),-
OZn—l'

In the reduced rutile region, alternate one-
and two-phase reduced rutile regions were not
resolved for O/(Mn + Ti) ratios above 1.888,
i.e., (Mn, Ti);0,,. For reduced rutiles with
higher O/(Mn + Ti) ratios the X-ray powder
diffraction line positions changed continuously
as the oxygen fugacity was varied. The
solubility of manganese in these phases was

almost independent of the oxygen fugacity at
about 1.5 wt%. At an oxygen fugacity of
10713-°% atm a reduced rutile of composition
(Mng 0, Tiy.95)O; o5 is in equilibrium both with
M;05(ss) of composition (MnTi,05)g ¢5(Ti;-
Os)o.35 and with a-oxide with composition
close to MnTiO,;.

5.2. M;0; Solid Solution

An M;0s(ss) solid solution is shown in
Fig. 2 to extend from the titanium end-mem-
ber, TizOs, to Mng ¢sTi, 3505, which, as
stated above, is in equilibrium with reduced
rutile and o-oxide at the invariant oxygen
fugacity of 10713-%% atm. At oxygen fugacities
above 10713-%% atm the M,;0s(ss) is unstable
relative to a phase assemblage containing
a-oxide plus reduced rutile.

The range of oxygen nonstoichiometry of
the M,0(ss) was studied using the sealed tube
method. Solid solution compositions with
variable oxygen content, Mn,Ti;_,Os,4, x =
0-0.65 and 6 =0-0.05, were prepared and
equilibrated in sealed silica tubes. For
compositions with ¢ greater than about 0.02
the X-ray diffractograms always showed a
second phase present: reduced rutile for 6



MnO-TiO,-Ti, 0,

349

TABLE III

LATTICE PARAMETERS FOR MEMBERS OF THE Mn, Ti;_,Os SOLID SOLUTION

Lattice parameters

10gf02
Compositions (atm) a(A) b(A) «(A) BC)
. [ —14.15 9.875(2) 3.770(1) 10.1302)
Mno 65Tiz.350s | Sealed tube 9.873(2) 3.772(1) 10.131(2)
My oTiy 1.0 { —15.04 9.868(3) 3.776(1) 10.104(3)
60712.40%5 Sealed tube 9.867(3) 3.773(1) 10.112(3)
Mno, 55Tis 4505 ~14.78 9.877(3) 3.782(1) 10.100(3)
- ~15.04 9.868(3) 3.778(1) 10.091(3)
Mno.s0Tiz.500+ { —15.45 9.869(3) 3.782(1) 10.088(3)
~15.45 9.863(2) 3.785(1) 10.067(2)
Mng.40Ti5. 6005 { —15.88 9.854(3) 3.781(1) 10.058(2)
—~16.70 9.860(2) 3.777(1) 10.057(2)
~16.80 9.860(2) 3.783(1) 10.030(2)
Mny_34Ti; 6605 { —175 9.860(2) 3.782(1) 10.030(2)
~17.3 9.872(3) 3.784(1) 10.044(3)
Mn, 30T, 7005 —15.88 9.851(2) 3.783(1) 10.034(2)
M 30Tiz 760457 Sealed tube 9.857(2) 3.783(1) 10.023(2)
Mny 30Tiz.7005. 02 Sealed tube 9.855(2) 3.784(1) 10.043(2)
Mny.20Ti; 5005 —16.80 9.848(3) 3.783(1) 10.013(3) 90.54(1)
Mny.14Ti; 5605 —16.80 9.831(3) 3.782(1) 9.989(3) 90.68(1)
M 5Tiz,0505 ~16.80 9.827(3) 3.785(1) 9.970(3) 91.02(1)
Ti;05" 9.82 3.78 9.97 91.0

“ Second phase observed in X-ray patterns.
® From Ref. (26).

positive or a-oxide for & negative. It is con-
cluded that M,04(ss) has a very narrow range
of homogeneity at 1473°K, MO, ¢¢710.005
Refined values of lattice parameters for a
number of well-characterized members of the
solid solution series are given in Table III.
For samples prepared at low oxygen fugaci-
ties, the variation in the refined parameters for
different preparations were sometimes an
order of magnitude larger than the standard
deviations estimated for the known phases.
Thisis attributed to a nonequilibrium situation
applying at low oxygen fugacities, when there
is relatively rapid vaporization of metallic
manganese from the sample. In Fig. 5 the
lattice parameters for characterized members
of the M;0,(ss) series are plotted as a function
of composition. It is seen that replacement of
2Ti** by Mn?* + Ti** leads to an expansion
of the unit cell due both to the large size of the

divalent manganese ion and also to the break-
down of metal-metal bonding between pairs
of trivalent titaniums, cf. (23). Also apparent
from Table 111 is a change from orthorhombic
to monoclinic symmetry as the manganese
content decreases. The monoclinic distortion
was first discernible in the X-ray patterns at
the composition Mng ;0Ti; 50Os.

5.3. a-Oxide Solid Solution

Figure 2 shows a large miscibility gap in
the a-oxide solid solution for the Mn/(Mn +
Ti) range 0.44-0.12. To avoid confusion, the
manganese-rich series is called pyrophanite(ss)
while the titanium-rich series, close to Ti,0;,
is called tagirovite(ss) (24). The pyro-
phanite(ss) is unstable relative to mixtures of
spinel and tagirovite(ss) at oxygen fugacities.
below about 107!® atm. Because of the
difficulties discussed in Section 4 there is
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considerable uncertainty associated with the
region. This is indicated by the dotted phase
boundaries in Fig. 2. The tagirovite(ss) is
unstable relative to pyrophanite(ss) plus
M,04(ss) at oxygen fugacities above 10717-2
atm. For fugacities between 107'7-2 and
10-18-2 atm, the pyrophanite(ss) and tagiro-
vite(ss) coexist as an equilibrium phase
assemblage for Mn/(Mn + Ti) ratios between
0.12 and 0.44.

5.4. Spinel Solid Solution

The lower boundary of the spinel(ss) in
equilibrium with MnO,,, remained almost
unchanged over the oxygen fugacity range, at
a composition close to Mn,TiO,. The upper
boundary, of spinel(ss) in equilibrium with
a-oxide(ss), moved to lower Mn/(Mn + Ti)
ratios as the oxygen fugacity decreased. For
a sample equilibrated in flowing hydrogen
with ah oxygen fugacity less than 1078 atm
the boundary of the spinel(ss) was (MnATi,-
0.)0.50(Mn,TiO,)o 20. Lecerf et al.-(/4) have
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shown, from sealed tube studies, that the solid
solution between MnTi,O, and Mn,TiO, is
complete at 1473°K. The MnO,,, phase
showed negligible solubility for titanium
oxide over the oxygen fugacity range 10713-5—
107*8 atm. Mixtures with Mn/(Mn + Ti)
ratios of 0.975 always contained spinel(ss) as
a second phase.

6. Comparison of Phase Equilibria in the
FeO-TiO,-Ti,O; and MnO-TiO,-Ti,O,
Systems

The results of the controlled oxygen fugacity
studies on the reduced rutile and M;04(ss)
compounds have been used, together with the
results of chemical analyses on the quenched
products, to derive an isothermal composition
diagram for the section of the Mn-Ti-O
system bounded by TiO,, Ti;Os, and “Mn-
Ti,O5”. This is shown in Fig. 6. The data
obtained for samples equilibrated by reduc-
tion of TiO, + Mn,0; mixtures are shown in
this figure.

It is instructive to compare the phase
equilibria in Fig. 6 with the corresponding
equilibria in the FeO-Ti,O,-TiO, system as
shown in Fig. 7. It is apparent that in the oxide
structures studied, the thermodynamic stabili-
ties of the two ions Fe?* and Mn?* are con-
siderably different. While this may be partly
due to differences in their ionic radii, rg.z+ =
0.78 A and ry,2+ = 0.83 A (27), it appears to
be primarily a reflection of the much lower
free energy of formation of Fe, 50 as com-
pared with MnO and the consequent ease of
reduction of oxide compounds of Fe?* in
general as compared with those of manganese.
Thus, in phase assemblages containing triva-
lent titanium, ferrous iron is unstable and is
easily reduced to the metal. The equilibrium
2Ti** + Fe?* — 2Ti*+ + Fe° lies very much to
the right, and lattice stabilization energies
allow only a fraction of 1% of ferrous iron
in most of the trivalent titanium-containing
oxides. The effect is most apparent in a
comparison of M;0s; compositions. Ti;Os
will incorporate 15.6 wt%, manganese in a
solid solution of the type (Ti;O;).(MnTi,-
0.);_x, whétas only 0.6 wt %/ of ferrous iron
is soluble in Ti;Os. Beyond this the 'solid
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F1G. 6. Isothermal section of the Mn-Ti~O phase diagram at 1473°K, showing the composition region bounded
by TiO;, Ti;0s, and “MnTi,0s.” Compositions are given in mole percent. Details of compositions and oxygen
fugacities are given in Table I.
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FiG. 7. Isothermal section of part of the Fe~Ti-O phase diagram at 1473°K, showing details of the composition

region bounded by TiO,, Ti,0;, and FeTi,Os. Compositions are given in mole percent. Data used in Fig. 7 are
taken from (/) and (6).
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solution is unstable relative to a mixture of
metallic iron and an oxide with a lower Ti**
content, M,0O,. It is interesting that the
thermodynamic behaviour of the FeTi,Os-
Ti,04(ss) almost exactly complements that of
the MnTi,0,5-Ti;O; series. Thus, whereas the
former solid solution is stable only above an
oxygen fugacity of 107*3-%% atm, the latter
solid solution is stable only below the same
value of the oxygen fugacity.

The different thermodynamic stabilities of
Mn2* and Fe?* in reduced oxide assemblages
are also seen by a comparison of the Magneli
phase regions. Thus, while the solubility of
manganese in the Magneli phases M,0,,_;
increases with decreasing n, the reverse is true
for iron. We have previously reported the
combining of the phase equilibria data for the
Fe-Ti-O and the Mn-Ti-O systems to inter-
pret the effect of manganese on ilmenite
reduction (7).
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