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Reduction of the titanium-niobium oxides follows a common pattern. TiO, is eliminated, to form a new
phase richer in titanium than the original compound, and Nb(iv) replaces Ti(iv) in the original block
structure, which is thereby enriched in niobium. With TiNb,Q;, the second phase is a TiQ,—~NbQ, solid
solution, with the rutile structure, initially with a high titanium content, in equilibrium with a solid
solution of composition Meg0;, isostructural with TiNb,O,. At log p,, (atm) about —9.0 this reaches
the limiting composition Tip ;3Nb; 2307, in equilibrium with Tiy 4sNby ,0;. The MeyO, block structure
then transforms into the Me,;0,, block structure (Ti,Nb,jO—Nb,,0, solid solution), which rapidly
increases in niobium content as reduction continues. Reduction of Ti;Nb,(O. at oxygen fugacities
above log pq, (atm) = —9.0 forms the Me,0, phase as the titanium-rich phase. Atlog po, = —9.0, and a
composition about Ti, {Nby s, the rutile solid solution takes over as second phase. The
niobium/titanium ratio in both phases rises as reduction proceeds, and the last vestiges of the Me,,0p

phase, in equilibrium with the final product, Tiy;;NbD,4,0;, are almost denuded of titanium.

In their systematic equilibrium study
of the TiO,-Nb,Oy5 system, Roth and
Coughenor (/) identified several double ox-
ide phases, which were shown, by later
crystallographic work, to have structures of
the “‘block’’ type (Table I). (2-5).

TisNb,;O. and TiNb,,Og are isostruc-
tural with the binary, mixed-valence oxides
Nb,;20; and Nb,s;Qg respectively, and it
can be assumed that a complete range of
solid solutions should be possible in each
case. TiNb,O, has no known analog in the
binary system, though Eror and Smyth (6)
found some evidence that Nb(iv) might
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partially replace Ti(iv) in the structure.
Gruehn’s careful analytical and phase
studies (7), together with the thermody-
namic equilibrium measurements by Ki-
mura (8) and by Schafer et al. (9) clearly
established that H-Nb,O; has a measurable
stoichiometric range, on the metal-excess
side, at 1300-1400°C, and Gruehn has
stated that Ti(iv) can substitute for Nb(iv)
in the substoichiometric H-Nb,Oj.

If the Me*t/Me** ratio is progressively
increased, by reducing any of these Ti—-Nb
oxides, it is evident that some structural
changes must be imposed. Since the reduc-
tion of Nb(v) to Nb(iv) is much more facile
than that of Ti(iv) to Ti(iii), the ultimate
product must be a phase or phases in the
TiO,—NbQO, system, except at extremely
low oxygen fugacities. It is less easy to
foresee how the limited number of basic
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TABLE I Experimental
Block
Me(iv)/Me(v) Unit cell structure .

ratio formula type Materials
TiO, - Nb,0, 1:2 TisNb,0, (3x 3, .
2Ti0, - SNb,0, 1is TiNbLOw (4 3. .Twenty-gram samples of TlN.b207 apd
TiO, - 12Nb,0 1:12 TiNb,Ow (4% 3), TiyNb,(0, were prepared from high-purity

block structure types, the possibilities of
coherent intergrowth and the formation of
Ti(iv)-Nb(iv) solid solutions will control
the succession of phases traversed during
the reduction.

To obtain equilibrium data, the reaction
must be studied at a sufficiently high tem-
perature. Reduction takes place readily be-
low 1000°C in the binary system Nb,Ojs-
NbO,, but coherent intergrowth produces
quasi-bivariant phases, with Wadsley-de-
fect intergrowths of the lower block struc-
tures; only at the limiting composition
Nb,,0,, is an ordered phase produced (/0).
Kimura argued that the variable equilib-
rium compositions were due to point de-
fects, rather than to Wadsley defects, but
electron microscopy by lijima (/) and nu-
merous observations in our own laboratory
have shown that Wadsley defects are in-
deed present. Some degree of metal excess
nonstoichiometry could, however, be the
outcome of overfilling the channels con-
taining  tetrahedral  sites, as in
“GeQ, - INb,Os”’ (12, 13).

These considerations about the binary
system are relevant for the ternary system
TiO,-NbO,-Nb,O;, which we have studied
at 1400°C. We discuss here the phase equi-
libria concerned in the reduction of
TiNb,O; and Ti,Nb,(O,y; the rather less
simple case of TiNb,,Og, is considered in
another paper. Common to all the reduc-
tions is that a phase richer in TiO, is
eliminated, while the original block struc-
ture compound, progressively enriched in
niobium, changes through a succession of
structures.

TiO, and Nb,O; (Johnson Matthey Spec-
pure). These were weighed out in the exact
molar ratios and mixed first in an agate
mortar and then in an agate ball mill. The
mixtures were pelleted and fired at 1400°C,
in platinum crucibles. After 24 hr, the sam-
ples were cooled, ground up as before,
repelleted and again fired at 1400°. Each
sample received 10 such heatings. The
products were homogeneous and well or-
dered, as was checked by X-ray diffraction,
electron diffraction, and high-resolution
electron microscopy.

To provide a reference material for the
TiO,-NbQ, rutile phase, a sample of
Tig sNby 50, was prepared. NbQ, was ob-
tained by reducing Specpure Nb,Oj; in hy-
drogen at 1400°C for 10 hr; it was analyzed
by reoxidation to Nb,O; on a Cahn micro-
balance. An exactly equimolar mixture of
this material with TiO, was mixed and
pelleted as before, and heated at 1100°C for
24 hr in an evacuated silica tube; mixing,
pelleting and heating were twice repeated.
Its X-ray diffraction pattern indexed with
the cell dimensions reported by Marinder et
al. (14). Under the conditions of their high-
temperature preparation, Marinder and
Magneli (/5) found the ideal tetragonal
rutile structure over a very wide range of
composition in the Ti,_ Nb O, system,
without evidence for the TiNb,Oq trirutile
structure. Sakata (/6) placed the limit of
the rutile solid solution at Ti; ;sNb, 5O, and
in the present discussion, results will be
interpreted on the basis of that wide solubil-
ity range. Complete reduction of TiNb,O,
and Ti,Nb,,0, should give rutile phases
with the compositions Ti,33Nb, 6,0, and
Tig 17Nbg 530,, respectively.
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Reduction Equilibria

Materials were equilibrated at 1400°C
with CO/CO, buffers. Preliminary experi-
ments showed that a constant composition
was usually reached in about 1 hr; to allow
for the much slower processes of ordering
and true phase equilibration, samples were
kept under equilibrium conditions for much
longer periods, up to 10 hr.

In each experiment, about 400 mg of
double oxide, in a platinum boat, was re-
duced in a furnace that permitted rapid
quenching, either in vacuo or under con-
trolled atmosphere. This furnace will be
described elsewhere. In brief, by suitable
manipulation of the connections to the gas
flow line and to vacuum, the boat could be
instantaneously withdrawn from the hot
zone of the mullite furnace tube into the
cold end. Quenching from reaction temper-
atures occurred in a few seconds, and to
room temperature within a minute.

For the buffer mixtures, CO and CO,
were purified by molecular sieves and their
flow was measured by calibrated flow me-
ters. A steady flow rate of 30 ml/min was
maintained during reduction.

Characterization of Reduction
Products—Composition

Oxygen/total metal ratios in the reduced,
equilibrated materials were determined
gravimetrically, by reoxidation to TiO, and
Nb,O;. One hundred-milligram samples
were oxidized in air at 1000°C, on a Cahn
RG4 thermobalance. The reaction was
rapid, constant weight being attained within
1 hr, but heating was continued for 3 hr.

The precision of any one determination
of the oxygen/metal ratio x in (Ti, Nb)O,,
is estimated to be about +£0.001. The accu-
racy with which the actual equilibria were
measured is less easily assessed, involving
as it does the completeness of equilibration,
the measurement of buffer gas ratios and
their constancy over long periods. From an
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examination of the results of our own dupli-
cate runs at the same (or very close) nomi-
nal buffer gas ratios, and from scrutiny of
Kimura’s results, it appears that the oxygen
fugacity is known to about +0.05 in log po,
(atm) and that equilibrium compositions are
reliable to about =0.002.

Phase Analysis

Diffraction patterns were recorded for
each sample, using a Hagg~Guinier camera
with monochromatized CuKa radiation.
The dominant structures at each composi-
tion were thus identified, although uncer-
tainties can arise in identifying the compo-
nents in mixtures of block structures. The
first appearance of any new phase was less
certainly determined. The rutile phase was
not detectable with high sensitivity in these
mixtures and, in these particular systems,
the possibility of coherent intergrowth be-
tween different structures, as Wadsley de-
fects or as small domains, militates against
detecting the first formation of a new block
structure. Transitions from one phase field
to another could be bracketed, but not
directly located with certainty.

The cell dimensions of the rutile phase
were measured from the Guinier films, and
the corresponding compositions were inter-
polated from the data recorded by Marinder
et al. (14) for the TiO,—NbQ, system. Al-
though this could be done for materials with
a fair proportion of the rutile phase, it was
not practicable during the early stages of
reduction, when weak rutile lines were
overlaid by the complex diffraction patterns
of the block structures.

Some aspects of the microstructure of
the reduced materials, as found from high
resolution electron microscopy, will be
considered in another paper.

Results

Figures 1 and 2 show how the total
composition of the reduced materials varies
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FiG. 1. Oxygen/metal ratio in reduced TiNb,O; as a
function of the equilibrium oxygen pressure.

with the equilibrium oxygen pressure, for
TiNb,O; and Ti,Nb,(0,, respectively. The
equilibrium curve for TiNb,O, has three
parts: in the initial stages of reduction,
along A-B, the solid phase composition is
not strongly dependent upon log p,,; in the
final stages, along D-E, it is strongly de-
pendent, and these segments could be
smoothly joined along B-C-D. This might
be interpreted as the equilibrium curve of a
bivariant system, but fuller consideration of
the evidence indicates that there must be a
univariant step at some point, narrow
enough to be masked by the spacing and the
scatter of the experimental points. The
probable location of this step is marked at
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FiG. 2. Oxygen/metal ratio in reduced Ti;Nb,,Os as
a function of the equilibrium oxygen pressure.

C. Diffraction patterns showed that the
material was biphasic along A-B, one con-
stituent being a block structure phase iso-
structural with TiNb,O,. This Me,O, phase
(Me = Ti + Nb) persisted down to the
point B, ie., to a total composition
MeO, ,;; from C onward (i.e., for MeO, ,,
and reduction products poorer in oxygen)
the only detectable block structure phase
was isostructural with Ti,Nb,,Os,.

The second phase, present throughout,
had the rutile structure of a Ti,_ Nb,O,
solid solution. It changed progressively in
composition as reduction continued, as is
shown in Table II. It was not practicable to
make accurate measurements of the rutile
cell along the segment A-B, but at B the
phase was approximately TijgNbg 3302,
and it became increasingly enriched in

TABLE II

Coexisting phases (mols per mol of

Oxygen atoms

log po, TiNb,O; or Ti,Nb,,O,, starting material) lost x in MeO,
-7.0 0.18(Tig 4 Nby 1603) + 0.94(Tig 9o Nbg 0507} —0.06, 2.313
-8.0 0.35(Tip.72Nbg,260;) + 0.88(Tip & Nb; 1507 —0.11, 2.295
-85 0.55(Ti.6eNby 20z) + 0.82(Tig 76Nb, 5,07) —-0.18, 2.272
~8.83 0.78(Tig ssNbo 03) + 0.74(Tig 7zNbj £07) ~0.26, 2.246
-9.0 0.87(Tiy 56Nbg.4Os) + 0.71(Tiy 7sNb; 25052) -0.28, 2.244
0.8%(Tiy 56Nbg.O2) + 0.93(Tiy sNb;g.55010)° ~0.35, 2,387
~9.62 1.53(Tig.eNbo.5,02) + 0.87(Ti, Nbio52020)° ~0.644 2,363
-10.0 2.30(Tip.uNby 5505) + 0.06(Tig 5Ny, 04Os5) —-0.712 2,122
3.16(Tig. Nbg.550z) + 0.74(Tig p6Nby1,0402)° —1.30, 2.307¢
—-10.25 5.15(Tip,37Nbg.e03) + 0.57(Tip 16Nb11.6¢020)* —2.14, 2.238¢

@ Starting material TiyNb,qOq,.
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niobium as reduction proceeded further. To
locate the isobaric tie lines in the total
equilibrium diagram, the relation between
niobium content and equilibrium oxygen
pressure could be adequately represented
as:

x = 0.279 + 0.168(log po, — 8.0)
— 0.0055(log po, — 8.0%. (1)

The reduction equilibrium curve for
Ti;Nb4O3 is similar. Along L-M (Fig. 2),
the solid phase composition changed only
from MeO, 4; to MeO, 3, for a drop of three
orders of magnitude in log po,: in the final
stage N-P, the composition changed from
MeO, 35, to MeO, 4, for a small change in
oxygen fugacity. As discussed below, this
apparently smooth curve, like the reduction
curvey of TiNb,O;, must somewhere con-
tain a univariant step; this evidently has a
very narrow compositional breadth, so that
it is masked. Its location is indicated by M
(Fig. 2). A rutile phase became detectable
toward the end of the segment L-M, with a
composition close to Tiy sNb, sO,. It rapidly
became enriched in niobium as reduction
was continued, especially from the point N
onward. The product of complete reduc-
tion, Tiy 171N, g305, lies just inside Sakata’s
reported phase range.

These data suffice to build up the essen-
tial features of the equilibrium diagram for
the relevant part of the ternary system
NbO,;;~NbO,-TiO, (Fig. 3). With both
TiNb,O; and Ti,Nb,,0,, the reduction re-
action eliminates a rutile phase that is
richer in titanium than the starting material.
Hence the ratio Nb/Ti in the block struc-
ture products must increase progressively
during reduction. Reduction of TiNb,O,
proceeds some way before any new block
structure is formed, and this implies that
Nb(iv) progressively replaces Ti(iv), to
form a phase Ti,_(Nb,+,0;, with the 3 X
3).. block structure, which can be regarded
as a solid solution of TiNb,O,; with the
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hypothetical phase Nb;O;. This solid solu-
tion has only a limited range of existence,
which can be deduced from the equilibrium
diagram (see Table II). Beyond that limit,
further increase in the Nb/Ti ratio can be
accommodated only by transformation to a
new structure, namely, the Me;0, struc-
ture: a solid solution Ti,_,Nb,,04 is
formed. It follows that the MeQ, phase, the
Me;0O, phase and the Me,,0, phase must
coexist under some conditions, and the
equilibrium diagram necessarily contains a
univariant three-phase coexistence trian-
gle. That this does not show up in Fig. 1
implies that its compositional breadth,
along the trajectory of the reduction reac-
tion, is very narrow. The experimental evi-
dence would fit a value of log p,, = about
—9.0 for this univariant equilibrium. As
reduction is continued, the Me,;0,4 solid
solution is both reduced in its turn, and
simultaneously enriched in niobium, mov-
ing towards the limit of Nb,;50,,.

The first stages in the reduction of
TigNb,,0,5 must be inferred from the equi-
librium diagram as a whole, but from the
point M onward it involves a bivariant
equilibrium between the Me,,0,, solid solu-
tion and the MeQ, rutile solid solution—
i.e., the processes are identically the same
as in the later stages of reduction of
TiNb,O,.

The relevant reactions can be expressed
in a generalized form. Equation (2) repre-
sents the first, bivariant reduction of
TiNb,O; to the Me;O, solid solution, Eq.
(3) the univariant conversion of the Me,O,
solid solution to the Me;;,0,, solid solution,
and Eq. (4) the bivariant reduction of the
Me,,0,, phase.

Tlezo'{ i a(Ti,-Nbl_,-Oz)

+ b(Til—qNb2+qO7)7 (2)
Til_qNbgﬂO'] d a(Ti,-Nbl_,-Oz)
+ b(Tiz_,,wa...pOzo), (3)



TiNb;O; AND TigNbyOyy

Ti;Nb,(O2 — a(Ti,Nb,_,O,)
+ b(Tiy_pNb14,049). (4)

For known values of the composition of
the rutile phase, these mass balance equa-
tions should enable the compositions of the
coexisting block structures to be calculated
at each experimental point. However, quite
small experimental uncertainties can result
in gross errors and, to overcome this,
values for the solid phase compositions that
corresponded to given values of log po,
were interpolated, by smoothing the curves
of Figs. 1 and 2, and from Eq. (1). A set of
isobaric tie lines, constructed in this way,
was consistent with the experimental data,
and defined both the three-phase triangle
Me;0,~Me ,0,5-MeQ, and the composi-
tion range of the Me;O; phase. No high
accuracy can be claimed for the resulting
compositions, but they must be approxi-
mately correct. The univariant equilibrium
is undoubtedly established at an oxygen
fugacity slightly higher than log p,, = —9.0,
and the change of composition, in crossing
the three-phase triangle along the reduction
trajectory of TiNb,O, is small—from about
MeO, 55 to MeQ, ,s—and reconcilable with
the data summarized in Fig. 1. Construc-
tion of the equilibrium diagram thus fixes
the limiting composition of the Me;0;
phase as approximately Tig;sNb, 25045 by
analogy with the Me,;,0,, phase, it is drawn
as a line phase in Fig. 3, with a negligible
range of the oxygen/metal ratio.

The considerations imply, further, that
the first stage in the reduction of Ti;Nb,,O;,
must involve a bivariant equilibrium with
an Me,0; phase enriched in titanium, not
with a rutile phase. The reaction can be
represented by

Ti;Nb;gO49 — a(Tiz-pNbyg4,02)
+ b(Ti;_(Nby,,07). (5)
Diffraction patterns of mixed block struc-

tures are very complex, and it is difficult to
prove directly that (5) fully represents the
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FiG. 3. Part of the equilibrium diagram for the
ternary system NbQ,;~NbO,~TiO,, for oxygen/total
metal ratio <2.417. Reduction trajectories for TiNb,O,
and Ti;Nb,(0O,, are shown without all the experimental
points. Equilibrium oxygen isobars are optimized to
give best fit with experimental results.

initial process, but electron microscope ob-
servations (to be reported elsewhere) have
disclosed Wadsley defects of the Me;O,
structure within the Me,,0,, structure. The
measured data indicate that, at the appear-
ance of the rutile phase, the reduction prod-
uct consists of 0.73 moles of Ti; gaNb;.35049
+ 1.07 moles of Ti,;sNb,os04; the X-ray
intensities would be biased in favor of the
diffraction pattern from the Me,,0,, phase.
We cannot rule out, however, the possibil-
ity that either or both of the Me;0O, and the
Me,;0,, phases may have an operationally
significant range (in respect of the
oxygen/metal ratio), through dissolution of
complementary structure elements, in the
form of Wadsley defects.

At the other extremity of the reduction
trajectory of TisNb;;Og, Kimura’s results
define the coexistence of Nb,;,0, with
NbO,, atlog pp, = —10.94. It is evident that
as the reduction of the Me,;,0,, phase ap-
proaches completion, the rutile solid solu-
tion is in equilibrium with a block structure
phase that is almost denuded of titanium.

The behavior of these double oxides thus
turns upon limitations to the extent to
which niobium(iv) and titanium(iv) can re-
place each other in the family of block
structure oxides mMeQ, - nNb,O;. When
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the limiting composition of the Me 0,
phase is reached, during reduction, contin-
ued reaction constrains the material to
transform into another structure, the
Me 0y  structure, with a  higher
Nb,0;/MeO, ratio. This mutual replace-
ability of niobium(iv) and titanium(iv) is
highly structure-specific; it appears to be
complete in the Me,sOg, and M,,0,, struc-
tures, up to about 28 mole% in the MesO,
structure but, as can be inferred from the
course of reduction of TiNb,,Og, to be de-
scribed in another paper, it can occur to a
very small extent, if at all, in the Nb,,Os,
structure.
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