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Phase equilibria involving the pseudobrookite-type solid solution
series Mg, _, Ti,, 05, 0.1 < x < 1, were determined as a function
ol oxygen fugacity at 1473 K. The quenching method was used
and oxygen fugacities in the range 10~"-10~"? atm were obtaincd
using H,/CO; and TL/HHO mixtures, Members of the solid solution
have orthorhombic symmetry lor x < 0.72 and monoclinic symme-
try for x > 0.72. From Rictveld refinements, the origin of the
symmetry lowering was [ound to be Ti**~Ti'* bonding in the M2
sites. M2-M2 is constant at 2.92 A in the orthorhombic phases
and decreases monotonically in the monoclinic phases to a value
of 2.74 A at x = 1. The solid solution members were found to be
nonstoichiometric with the oxygen to metal atomic ratio, [O)/[M],
higher than the stoichiometric value of 1.667. The [Q)/[M] ratio
has a maximum value of 1.705 near the orthorhombic to monoclinic
transition. Constrained site occupation refinements gave (Mg in
M1 ZMg = 0.6 at x = 0 and increasing with increasing x to 1.0,
corresponding to full ordering, at x = 0.9. An alternative interpre-
tation of the results was considered: thé apparent Mg ordering
obtained in the refinements was compensating [or ordering of cat-
jon vacancies in ML. On this basis, and assuming that the Mg
ordering had the same dependency on x as for the corresponding
Fe,_,Ti,, 05 solid solution, site occupancy refinements led to
calculated values of [O]/[M] that agreed with the experimental
values obtained from analyses.  © 19%4 Academic Press, Inc.

INTRODUCTION

Pscudobrookite-type (1) M;0; solid solutions con-
taining MgTi,0 and Ti,0¢ as principal components, 1o-
gether with FeTi,O4 and ALTIO;, form the dominant
phase in high-titania slags produced by clectrosmelting of
ilinenite (2). The slags are used as feedstocks for titania
pigment production by thc sulphate process (3), which
accounts for half of the 3 million tonnes of pigment pro-
duced annually. Additicn of MgO during reduction of
ilimenite, to stabilise an acid-soluble M;0, phasc, has also
been proposed as a means of producing a sulfate-route
fecdstock at subslagging temperatures (4). There is there-
fore constderable intcrest in the preparation and proper-
tics of the M;0; solid solutions.

The solid solution between MgTi,O0 and Ti,0s,
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Mg, _.Ti,,Os, was investigated at slagging lemperatures
(1823 and 1923 K) by Tuset (5) as part of a study of the
system MgTiO;--TiO,-Ti,0,. The samples were equili-
brated in controlted gaseous atmospheres (H,/H,0 mix-
tures) and cooled in argon or quenched in water. The
solid solution was found to be discontinuous at 1823 K,
with a miscibility gap extending from x = 0.88 to x =
0.94. A change in the symmetry from orthorhombic to
monoclinic was observed for compositions with x greater
than 0.66. MgTi,0Os showed no observable deviation from
stoichiometry. However, with increasing Ti,O¢ content
the solid solution displayed increasing nonstoichiometry,
toward higher [O]/[Ti] ratios. The range of [O)/[Ti] found
for Ti,Oq, ; at 1823 K was 1.66—1.70.

Borowiec and Rosenqvist reported results on the stabil-
ity field of the Mg,_,Ti,, 0, solid solution as part of
a broader study on the system Fe—Ti-Mg-0 (6). Their
cquilibrations, at temperatures in the range 1173-1373 K,
were carried out in sealed evacuated silica tubes. A phase
diagram was presented for the subsystem TiO-TiO,~MgO
at 1323 K which showed a miscibility gap in the M,0;
solid solution extending from x = 0.85 to x = 0.95. Within
this composition range the monoclinic form of Ti,Os (7),
containing 1.7 mole% MgO, coexisted with the ortho-
rhombic, pscudobrookite form of M,0s, containing §
mole% MgO. At high Ti,O4 contents the M;05 composi-
tions extended towards the MO components, giving non-
stoichiomctric phases with [O)/[M] < 1.667, in contrast
to the oxygen-excess compositions found at higher tem-
peratures by Tuset (5). For example at x = 0.85 the com-
position range, as measured off Fig. 13 in Ref. (6), was
1.60 < [O)/[M] < 1.66. For the titanium end-member the
singlc phase composition range was for 1.63 < [O]/|M]
< 1.69 (6). From their broader study of the Fe,TiO¢-
MgTi,05-Ti, Oy system, Borowiec and Rosengvist con-
cluded that the solid solution was oxygen deficient,
M;0;_g, for all ternary compositions with a molar ratio
Ti;04/Fe,TiOs greater than 2.

Teller et al. (8) characterised four M,0; compositions
containing both magnesium and iron by Rietveld refine-
ment of ncutron data and Mdssbauer spectroscopy. Two



PROPERTIES OF SOLID SOLUTIONS OF MgTi,05—Ti;0; 63

of the compositions were essentially single phase slags
produced by electrosmelting of ilmenite at > 1973 K. One
composition, with x = 0.36, was stoichiometric whereas
the other, with higher x = 0,52, was nonstoichiometric
with [O)/[M] = 1.72. The structure refinement showed
that the nonstoichiometry was due to cation vacancies
that were localized at the M1 sites (fourfold sites in the
ortherhombic structure),

The most recently reported study of the system MgTi,
0,-TiyO;5 is by Steinbruck and Feltz (9). They prepared
solid solution members by reacting mixtures of MgTi,0;,
TiO,, and Ti,0; in gettered argon at 1573 K. The oxidation
state of titanium in the single-phase reaction products was
checked by coulometric titration and found to agree within
the experimental error with that calculated for the stoi-
chiometric compositions. Steinbruck and Feltz measured
the electrical and magnetic properties of solid solution
members. They found a large drop in the activation energy
for electrical conductivity at an x value between 0.5 and
0.7 which they attributed to Ti-Ti pair formation at the
higher Ti** concentrations.

As part of a general study on phase equilibria and crystal
chemistry of M0 solid solutions incorporating Ti;O; (10,
11) we carried out controlled gaseous atmosphere equili-
bration studies on the solid solution MgTi,O,-Ti;O, at
1473 K, supplemented with sealed silica tube studies at
1323K. In view of the contrasting results obtained by
different authors on the nonstoichiometry in this system
as described above, we paid particular attention to this
aspect of the study. The phase studies were supplemented
with Rietveld refinements of the powder X-ray diffraction
patterns of single phase compositions to gain an under-
standing of the structural origins of the deviations from
stoichiometry. The results of the phase equilibria and
powder XRD studies are reported here.

EXPERIMENTAL

Controlled Atmosphere Studies

Starting materials for the equilibration studies were
Fisher certified, anatase form TiO, and analytical reagent
grade MgO. The titania was dried at 1073 K before use
and the magnesia was heated to constant weight at 1073
K to determine the amount of adsorbed water and carbon
dioxide. An appropriate correction was made when mak-
ing mixtures of the two components. Weighed miXtures
of the two powder samples were thoroughly mixed and
pressed into l-cm-diameter pellets. A number of pellets
with different [Mg]/[Mg + Ti] atomic ratios were placed in
separate compartments of a boat made from molybdenum
metal sheet, and simultaneously equilibrated in a flowing
gascous atmosphere in a horizontal tube furnace. At the
end of the equilibration period the samples were rapidly
cooled by withdrawing the boat to a brass quench-end

(12). To obtain equilibrium products it was necessary to
regrind and reheat at least once. Most samples underwent
two or more reheats for periods of typically 20-70 hr.
Oxygen fugacity cycling was also used to ensure that
equilibrium was achieved.

For oxygen fugacities higher than 10~'% atm at 1473 K,
the controlled gaseous atmospheres were obtained using
H,/CO, mixtures. For oxygen fugacities lower than 10~
atm, more accurate control of the gas ratios and avoidance
of carbon deposition was achieved using H,/H; 0O mixtures
in a two-stage gas control system. In the first stage hydro-
gen was saturated with water vapor at 273 K. The H,/
H,0 mixture was then mixed with high purity hydrogen
in a second stage. H,/H,O ratios up to 10*: 1 could be
obtained by this method. It was necessary to increase the
reaction time to allow for the very low rate of oxygen
exchange when the high ratios were used.

The oxygen content of the pellets was determined from
the weight gain on oxidation to mixtures of TiO, and
MgTi,O; at 1173 K. The [Mg]/[Mg + Ti] ratio for selected
samples was checked by quantitative energy dispersive
analyses using a scanning electron microscope. The range
of oxygen fugacities studied was 10~ "-10"'% atm. Further
details of the apparatus used and the procedure are given
in Ref. (12), and a discussion of experimental errors is
given in Ref. (11).

For the determination of the phase boundaries of the
M0, phase, XRD was used to detect the first appearance
of a second phase, M,0, or reduced rutile, MO,_,. In the
case of the reduced rutile phase boundaries, the level of
incorporation of Mg was very low and the appearance
of M;0; as a second phase did not give a precise location
of the reduced rutile¢ phase boundary. The procedure used
in this case was to equilibrate a number of pellets with
[Mg]/[Mg + Ti] ratios higher than that at the boundary.
The height of the (101) diffraction peak of the minor M;0;
phase was measured in the XRD patterns of each of the
two-phase products. The plots of peak height versus [Mg]/
{Mg + Ti] were linear, and extrapolation t0 zero peak
height gave the boundary composition for the reduced
rutile phase.

Sealed Silica Tube Studies

The determination of the nonstoichiometry range for
Ti;05 at 1323 K made use of the transport of oxygen
between oxide pellets in a temperature gradient. The prin-
ciple of the method is shown schematically in Fig. 1. Up
to nine small pellets with identical compositions close to
Ti;05, made from mixtures of TiO, and Ti,0,, were sealed
in an evacuated silica tube and placed in a temperature
gradient of 1323-1313 K over the 6-cm tube length. The
tube was held at temperature for 60 hr, during which time
oxygen transport occurred from pellets at the hotter end
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FIG. 1. Stoichiometry determination by inter-pellet oxygen transfer
in a sealed evacuated tube in a temperature gradient. Pellets in tubes
A and B have starting compositions with 1.67 < [O}/[Ti] < and 1.50 <
[O)/[Ti] < 1.667, respectively.

to pellets at the cooler end. The tube was quenched in
liquid nitrogen and the phases in each of the pellets identi-
fied by XRD. Depending on the starting composition, the
pellets comprised Ti;0, with different amounts of either
Ti,0, or Ti,O,. Pellets which contained the smallest trace
of a second phase were oxidised to constant weight at
1273 K to determine the oxygen content at the limits of
the nonstoichiometry range of Ti;O;.

Rietveld Refinements

X-ray intensity data on micronized single phase M,0;
samples were collected on a Philips diffractometer fitted
with a graphite monochromator in the diffracted beam
and employing CuKa radiation. Step-scan intensity mea-
surements in the 26 range 16—140° were made at intervals
of 0.025°. A variable step-counting time strategy (I13) was
used that increases the counting time with diffraction
angle in a manner inversely proportional to the intensity
fail-off from factors such as Lorentz-polarization, form
factor and thermal parameters. This results in a relatively
uniform intensity distribution over the whole angular
range. The total counting time was typically 30,000 sec.
The X-ray tube was operated at 40 kV and 40 mA, with
a 1° divergence slit, a 0.2-mm receiving slit, a 1° scatter
slit, and soller slits.

Least-squares structure refinements were carried out
using the Rietveld program RIET7, a local modification
of the code by Hill and Howard (14) and Wiles and Young

(15) which takes account of variable-time data sets. Profile
refinement parameters included a scale factor, a pseudo-
Voigt peak shape parameter, a peak full-width at half
maximum (FWHM) function (16) of the form FWHM? =
Utan’® + Vtan @ + W, where U, V, and W are refinable
parameters which were calculated for seven half-widths
on either side of the peak maximum, a 26 zero parameter
and the unit cell parameters. The background was refined
using a four-parameter polynomial in 2" where n has
values from 0 to 3 inclusive. An experimentally deter-
mined value of .91 was used for the monochromator
polarisation correction (17). X-ray scattering factors for
both icnized and neutral atoms, including anomalous dis-
persion, were taken from the “‘International Tables for
X-Ray Crystallography™ (18).

Refinements were initiated using the reported atomic
coordinates for pseudobrookite (1), high-Ti,O¢ (19) and
low-Ti;0; (7) as starting coordinates for the orthorhombic,
high-monoclinic (H) and low-monoclinic (M) structures
respectively. Ccmm was used as the space group setting
for the orthorhombic phases to maintain the same cell
parameter sequence as for the monoclinic phases with
space group C2/m, i.e., a ~ 9.8, b ~ 3.8, ¢ ~ 9.9 A,
Refinement of the end member compositions MgTi,O5 and
Ti;0O5 (both low and high forms) was hampered due to
preferred orientation. This was minimised by grinding the
samples in a McCrone micronizing mill and back loading
them onto a textured paper surface. A correction was still
necessary, and a number of refinements were carried out
using different preferred orientation planes. The refine-
ment program uses the March model for preferred orienta-
tion, as implemented by Deollase (20). The lowest Bragg
R-factor was obtained using [010] as the scattering vector
for MgTi,0; and [001] for Ti,O;. The sign of the refined
orientation factor was of opposite sign for the two cases,
consistent with a lath or needle [010] habit for the former
and a (001) plate-like habit for the latter. The two different
habits were confirmed by optical microscopy. The solid
solution members had less well developed morphologies
and the preferred orientation effects were very small.

RESULTS AND DISCUSSION

Phase Equilibria

The results of the controlled equilibrations at 1473 K
are presented in Fig. 2 as a plot of log fO, vs [Mg]/
[Mg + Ti] atomic ratio. The stability field for the M;0;
solid solution is delineated in Fig. 2, as well as the phase
boundaries for those phases that coexist with M;0;. These
are the M,0; solid solution (MgTiO,-Ti,0;) and the re-
duced rutile phases. The incorporation of Mg into the
reduced rutile phases was found to be very low; typically
the limiting [Mg]/[Mg + Ti] ratio was less than 0.005,
corresponding to less than 0.3 wt% MgO. Borowiec and
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FIG. 2. Oxygen fugacity versus composition for the Mg-Ti-O sys-

tem at 1473 K, for 10~ < fO, < 107"° atm. Experimental data: filled
circles, single phase; open circles, two phases; and half-filled circles,
trace of second phase.

Rosengvist (6) reported MgO contents of less than 0.1
wt% in reduced rutile phases coexisting with M,0; at a
temperature of 1373 K, while at a temperature of 1823 K
Tuset (5) reported limiting MgO contents in the range
0.8-2.5 wt% for reduced rutile phases having [O}/[M]
ratios in the range 1.8 to 2.0.

From Fig. 2, the M,0; solid solution phases are seen
to exist over narrow f O, ranges. For Mg, _,Ti, . ,0; com-
positions with 0.1 < y < (1.5, the oxygen fugacity range
separating M,0, + M,0, from M,0, + M;0; s less than
0.5 log fO, units. This is consistent with the presence of
a large region of immiscibility in the M,0; solid solution
at lower temperatures (6). According to the recent study
of the MgTi0O;-Ti,0, system by Sheikh and Irvine (21),
the immiscibility dome closes at a temperature just below
1273 K. From XRD studies on samples quenched from
various temperatures, they established a first-order phase
transition from MgTiO; (ordered R3 ilmenite-type struc-
ture) to Ti,O, (disordered R3¢ corundum-type structure)
at a boundary that intercepted the solvus at close toy =
0.5, ¢ = 1073 K, and moved to lower y values with increas-
ing temperature. According to Sheikh and Irvine's (21)
phase diagram (Fig. 4 in Ref. (21)), samples quenched
from the temperature of our study, 1473 K, should com-
prise a corundum-type phase for all values of y. In prac-
tice, we observed sharp cation-ordering reflections due
to the ordered itmenite-type structure in the XRD patterns
for y less than about 0.1. For 0.1 < y < 0.5 the cation-
ordering reflections became progressively broader and

weaker, while for y > 0.5 the XRD peaks corresponded
to the disordered corundum-type phase only. Evidently
the cation diffusions are fast enough to establish domains
of the ordered structure measuring some 100’s of ang-
stroms during the rapid cooling (of the order of 100 K
sec™ '} used in our study,

For the oxygen fugacity range used in our study,
10-"-10-'% atm, the Mg, ,Ti,, ,Os solid solution extends
from x = 0.1 to x = 1. The end member composition
with x = O was also prepared, by reaction in air, to provide
a sample for structure refinement. For compositions with
x < 0.7 the XRD patterns were indexed with an ortho-
rhombic pseudobrookite-type cell. At x = 0.76, splitting
of certain XRD peaks due to a monoclinic distortion was
discernible. The monoclinic distortion increased with in-
creasing x, to a maximum £ angle of 91.26° at x = 1. A
plot of 8 vs x gave the transition from orthorhombic to
monoclinic symmetry at x = 0.72. The XRD patterns for
compositions with x > 0.94 comprised peaks due to two
monoclinic phases, corresponding to the high- and low-
temperature forms of T1;05 (7). The high- to low-tempera-
ture reversible reaction occurs at 448 K in pure Ti,O;
(22). The coexistence of the two phases in rapidly cooled
samples may reflect a discontinuity in the solid solution,
as reported by Tuset (5) from studies at 1823 K. Alterna-
tively the results can be interpreted in terms of incomplete
conversion of the high- to the low-temperature form on
cooling, the kinetics of which become more sluggish as
the amount of MgO substituting into Ti;0; increases. The
relative amounts of the low- and high-temperature forms
varied in different equilibrations of the same composition.
This is interpreted to be due to small local fluctuations in
the [Mg]/[Mg + Ti] ratio within the sample. A more ex-
treme representation of this effect was the coexistence of
orthorhombic and monoclinic M,05 phases in quenched
products from single equilibrations of compositions with
x > 0.7. Regrinding and reequilibrating resulted in single-
phase monoclinic M,0s. This type of small-scale inhomo-
geneity in the MgQ distribution may explain the miscibil-
ity gap in the range 0.85 < x < 0.95 at 1323 K reported by
Borowiec and Rosengvist (6), where a single equilibration
was employed.

Nonstoichiometry in M;0;

Figure 2 gives no information on the oxygen content
of the solid solution phases. This was obtained from the
weight gain on oxidation to mixtures of MgTi,O; and TiO,.
The results are plotted as [O]/[M] atomic ratio vs x in
Fig. 3. The filled circles correspond to phases equilibrated
at fO, values close to the upper (M;0; + MO,_,) phase
boundary, while the open circles correspond to equilibra-
tions at fO, values close to the lower (M;0; + M,0,)
phase boundary. The [O]/[M] ratios are higher than the
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FIG. 3. [Q]/[M]atomic ratio vs x for Mg,_,Ti,, Os. Filled and open
circles represent samples equilibrated close to the upper (M,0; +
MQ,_,) and lower (M;0; + M,0;) phase boundaries, respectively.

stoichiometric value of 5/3 = 1.667. The nonstoichiome-
try increases with increasing x to a broad maximum value
of [0)/[M] of 1,705 centred at x -~ (.75 for phases equili-
brated near the upper phase boundary. For x > (.85 the
nonstoichiometry progressively decreases towards a
value of 1.675 for the titanium end member. The [O]/[M]
ratios in phases equilibrated close 1o the lower boundary
are closer to the stoichiometric value. These results are
in general agreement with those obtained by Tuset (3),
who also employed equilibration in controlled gaseous
atmospheres, at the higher temperature of 1823 K. In
contrast, Borowiec and Rosengvist (6), who equilibrated
their samples in sealed evacuated silica tubes at 1323
K, obtained [O]/[M] ratios lower than the stoichiometric
value. The results of our sealed silica tube experiments
at 1323 K for Ti;0; are given in Table 1. At this lower
temperature the nonstoichiometry range is seen to be very
narrow, with deviations of no more than 0.002 in the [O]/
(Ti] ratio.

In an attempt to glean further information on the non-
stoichiometry, structure refinements were undertaken for
single-phase M,0; samples. Given that the essential fea-
tures of the pseudobrookite structure are maintained, the
observed high [O]/[M] ratios may be due to either extra
anions occupying cavities in the structure or to cation

TABLE 1
Determination of Stoichiometry Range of Ti;0O; at 1323 K
Pellet Starting Phases present Measured
no. [O}/Ti] (by XRD) [OJ/[TH]

1-5 1.650 Ti;* + Ti; (decreasing 1 to 5)

6 Tiy + Ti, {trace) 1.663
7-9 Ti; 1.665
1-4 1.685 Tiy 1.666

5 Tiy + Ti, (trace) 1.668

6 Ti; + Ti, (minor)

7 Tiy, + Ti, (trace}

8-9 Ti, 1.748

“ Ti, an abbreviation for Ti,0,,_;-

vacancies. The latter is the more usual way of accomodat-
ing positive deviations from stoichiometric [O]/[M] ratios
in close-packed oxides. Cation vacancies were recently
reported in M,0; from a titania slag produced at very
high temperatures (8). However, the M,0; structures are
relatively open structures with large cavities and so the
possibility of excess oxygen cannot be ruled out. An ex-
amination of the pseudobrookite structure shows that cav-
ities centred at ~(0.525, 0, 1/4) are surrounded by nine
oxygen atoms at distances in the range 2.4-2.9 A plus
two oxygen atoms at 3.8 A Clearly, only small relaxations
of the surrounding oxygen atoms are needed to provide
a suitably sized site for an extra oxygen atom,

Difference Fourier maps were used to check for the
presence of interstitial oxygen. No evidence was found
for extra scattering matter in the cavity regions. The maxi-
mum measured [O]/[M] ratio of 1.705 corresponds to ~0.5
excess oxygen per unit cell. If it was confined to a fourfold
site, (x 0 1/4), at the cavity centre, this represents only
1/8 oxygen per site or | electron, which would be at the
limit of detection in a Fourier map produced from powder
data. Attempts to incorporate a partially occupied cavity
site into the Rietveld refinements resulted in significant
deteriorations in the fit parameters when the scattering
was increased above about 1/16 oxygen per site. The re-
sults, although not conclusive, do not suppert excess oxy-
gen in the structure.

Checking for the presence of cation vacancies also pre-
sents formidable difficulties, both because of the small
changes in cation site scattering involved (MO, =
M, 00, »05), and because of the unknown distribution
of the low atomic number element magnesium over the
cation sites. It was anticipated that a refinement of the
average scattering in the two independent metal atom
sites, M1 and M2, coupled with results on the bulk (Mg)/
[Mg + Ti] ratio and bond length—bond strength relation-
ships would provide the required information on the pres-
ence and distribution of cation site vacancies. To check
the validity of this approach an initial series of refinements
was carried out to measure the sensitivity of the refined
occupancy of sites M1 and M2 to various factors (23).
The data for MgTi,05, which has the smallest deviation
from stoichiometry, was used. Unconstrained refinement
of the Mg to Ti ratio was allowed in both sites.

It was found that preferred orientation had no signifi-
cant effect on the refined site occupancies (23). However
the ionisation state of the atoms had a profound effect. The
average refined metal atom scattering was 7.3 electrons
when neutral atoms were used and 19.8 electrons when
fully ionized atoms, Mg?™, Ti*t, O?~, were used, cf. 18.7
electrons for Mg, Tiye; and 18.3 electrons for
(Mg 33Tl 67)0.980.02- Clearly the effect due to cation va-
cancies would be completely swamped by errors intro-
duced in the choice of ionisation states. Careful determi-
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FIG. 4. Plots of the fraction of M in the M1 site vs x in M, _, Tiy,,O;s
obtained from constrained site occupancy refinements for M = Mg
(circles) and from Mossbauer spectroscopy for M = Fe {crosses). Filled
and open circles represent samples equilibrated close to the upper
(M;0; + MO,_)and lower (M,0; + M,0;} phase boundaries, respec-
tively. Results for M = Fe from Ref. (26).

nation of atomic charges from electron difference density
studies on titanates (24) gives values in between fully
ionised and neutral and the choice remains somewhat arbi-
trary.

In addition, the distribution of Mg and Ti between the
two sites was found to be strongly dependent on the choice
of atomic charges. Values of (Mg in M1)/ZMg obtained
were 0.51(1) for neutral atoms and 0.79(2) for fully ionized
atoms. It was found that when the site occupancy refine-
ments were constrained to maintain the [Mg]/[Mg + Ti]
ratio at the bulk composition value (1/3 for MgTi,0s), then
the refined distribution was essentially independent of the
atomic charges used. Values of (Mg in M1)/ZMg obtained
were 0.60(1) and 0.62(1) for neutral and fully ionized atoms
respectively. For comparison a value of 0.600(4) was ob-
tained in a recent neutron powder diffraction study on a
sample quenched from 1773 K (25). It was thus decided
to proceed with this type of constrained refinement, using
neutral atom scattering factors. Although the constraints
imposed would give no direct information on cation site
vacancies, it was anticipated that indirect evidence might
be obtainable from thermal parameters and bond
length—bond strength considerations.

The (Mg in M1)/:Mg values obtained from the con-
strained refinements are presented as a function of x in
Fig. 4, The results show that ordering of magnesium into
the M1 site increases continuously with increasing x. This
ordering is consistently lower for M0 solid solution
phases equilibrated near the lower fO, phase boundary,
shown by the open cireles in Fig. 4. The results are in
contrast to those for the corresponding Fe, _ Ti, , ,Ossolid
solution (26), plotted as crosses in Fig. 4, which show
relatively constant Fe ordering in M1 over most of the

composition range, with a decrease at higher x, in the
monoclinic phases. The latter results were obtained by
direct measurement of the relative peaks areas for Fe in
M1 and M2 in the Mdssbauer spectra (26). Based on the
similar sizes and site preferences of Mg”* and Fe’*,
and their reported parallel ordering behaviour in
Mg, sFe, sTi,05 (27), the ordering of Mg in Mg, _, Ti,; Os
would be expected to be qualitatively the same as for Fe
in Fe,_ Ti,, 0. (Although see Ref. (8) for a counter
example.) On this basis, the results shown in Fig. 4 are
open to an alternative interpretation; that the observed
increased ordering of the light scatterer Mg in M1 with
increasing x is only apparent, and represents an attempt
by the refinement to mimic the effect of increasing cation
vacancies in M! with increasing x.

To test the alternative interpretation, an algorithm was
established for refinement of the cation site occupancies
that maintained the [Mg)/[Mg + Ti] and (Mg in M1)/>Mg
ratios at constant values and maintained full occupancy
of site M2, while allowing refinement of the occupancy
of site M1. The [Mg]/[Mg + Ti] ratio was set to the bulk
value, while the (Mg in M1)/ZMg ratio followed the same
change with x as reported for the corresponding Fe,_,
Ti,, .05 system (26). From the refined site occupancies,
the [O1/[M] ratio was calculated. The values are compared
in Table 2 with experimental [O]/[M] ratios obtained by
weight gain experiments. Because the scattering by metal
atoms relative to oxygen atoms was varied in the refine-
ment, the derived site occupancies are dependent on the
values chosen for the atomic charges. In a few of the
refinements the neutral atom scattering curves were re-
placed with those for fully ionized atoms, and the results
are compared in Table 2. In comparison with the uncon-
strained refinements, the effect of ionization state was
relatively small and it did not obscure the main results;
that the [O}/[M] ratio obtained from the refinement is
consistently higher than the stoichiometric value and that
it has a maximum value in the vicinity of the orthorhom-
bic-to-monoclinic transition. The closer agreement be-
tween the measured [Q]/[M] ratios and the values derived
from the refinements using neutral atoms may be fortu-
itous, but it is consistent with the near-neutral atomic
charges obtained in single crystal studies of electron distri-
butions in titanates (24). The generally good agreement
between the measured and calculated [O)/[M] values
lends support to the proposed model in which cation va-
cancies are confined to M1 sites and ordering of Mg be-
tween M1 and M2 has a similar dependence on x as in
Fe, ,Ti;.,Os.

Structure Results

In addition to providing information on nonstoichiome-
try as discussed above, Rietveld refinements were used
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TABLE 2
Comparison of [O]/[M] Ratios Obtained from Weight Gain Experiments and Calculated from XRD
Refinement Results

[OV/1M] from XRD refinements

xin Mg, _,Ti;, O log FO, [O1/[M] from analyses Mg®, Ti% Q° Mg?*, Tit*, O-
0.25 —14.5 1.680 1.693(4) 1.686(3)
0.25 —-16.2 1.674 1.675(4) 1.667(3)
0.40 —14.5 1.684 1.690(4}

0.40 —-17.4 1.677(3)
0.55 - 15,0 1.688 1.702(4)
0.60 — 155 1.706 1.709(4) 1.695(5)
0.60 —18.2 1.691 1.694(4)
Q.85 —-16.2 1.704 1.695(4)
(.85 —18.5 1.684 1.693(4)
0.91 —18.2 ’ 1.699 1.692(4) 1.671(4}

to study systematic trends in the M0, structures, particu-  single phase products from the controlled atmosphere
larly in relation to the change from orthorhombic to mono-  runs are summarised in Tables 3 and 4 for orthorhombic
clinic symmetry as a function of composition. Resuits of and monoclinic phases, respectively. For selected compo-
the structure refinements using the Rietveld method on sitions, results are compared for phases prepared at fO,

TABLE 3
Results of Structure Refinements for Orthorhombic Mg, _,Ti, , O; Phases: Cell Parameters and Atomic Coordinates
for Space Group Ccmm

X

0.0 0.1 0.25 0.4 0.4 0.55 0.70
log fO, Ailr —14.0 —14.5 —14.5 -17.2 —-15.0 —16.2
Rip 11.4 12.4 11.4 11.8 10.9 12.3 10.5
Ry 5.1 53 4.8 4.8 4.5 4.9 3.9
Goodness of fit 30 2.4 2.8 3.2 2.6 2.7 2.5
a 9,74926(5) 9,755579) 9.76470(9) 9.7753(1) 9,78360(9) 9.7894(1) 9.8070(1)
b 3.74650(2) 3.75230(3) 3.76178(3) 3.76851(4) 3.77211(3) 3.77516(5) 3.78029(4)
C G,98563(6) 9.98684(9) 9.98855(9) G,9864(1) 9.98000(9) 3.98361(1) 9.9774(1)
v 3164.73 365.58 366.96 167.88 368.31 368.96 369.9
Ml (x O 1/4)
x 0.8074(1) 0.8069(1) 0.8064(1) 0.8060¢1) 0.8063(1) 0.8059(1) 0.8054(1)
B 0.48(4) 0.35(4) 0.28(14) 0.42(4) 0.29(13) 0.34(4) 0.41(13)
M2{x02z)
X 0.1353(1) 0.1350(1) 0.13511) 0.1348(1) 0.1350(1) 0.1349(1) 0.1346(1)
z 0.0637¢1) 0.0637(1) 0.0637(1) 0.0635(1) 0.0628(1) 0.0629(1) 0.0618(1)
B 0.58(2) 0.38(2) 0.33(2) 0.38(2) 0342 0.40(2) 0.41(3)
Ol {(x 0 1/4)
X 0.2305(4) 0.2287(5) 0.2289¢4) 0.2300(5) 0.2325(4) 0.2309(¢5) 0.2331(4)
B 0.98(6) 0.68(7) 0.61(6) 0.63(7) 0.69(6) 0.60(7) 0.66(7)
02 (x02)
X 0.0463(3) 0.0461(3) 0.0466(3) 0.0471(3) (.0475(3) 0.0472(4) (.0475(43)
z 0.8840(2) 0.8843(2) 0.8839(2) (.8830(3) 0.8823(2) 0.8827(3) 0.8811(3)
B 0.89(5) 0.61(5) 0.68(5) 0.796) 0.60(5) 0.88(6) 0.77(6)
03 (x02)
x 0.3114(3) 0.3118(3) 0.3122(3) 0.3120(3) 0.3117(3) 0.3122(3) 0.3129(3)
z 0.9313(2) 0.9312(3) 0.9321(3) 0.9319(3) 0.9309(3) 0.9318(3) 0.9316(3)

B 0.85(3} 0.66(5) 0.60(5) 0.67(5) 0.62(5) 0.60(5) . 0.46(5)
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TABLE 4
Resuilts of Strocture Refinements for Monoclinic Mg, _ . Ti,, ,0;, Space Group C2/m

X

0.76 0.85 0.85 0.91 0.94 1.0 (H) 1.0 (L)

log fO, —16.2 —18.5 -16.2 —-17.0 —16.7 —18.8 ~18.8
Ry i3.2 1.0 10.4 9.3 9.4 i1.35 1.5
Ry 49 4.0 3.8 39 18 5.1 5.5
Goodness of fit 2.8 1.7 1.6 1.8 1.7 1.9 1.9
a 9.8143(2) 9.8230(1) 9.82R4(3) 9.8307(2) 9.8285(1) G.8261(2) 9.7568(2)
b 3.7829(6) 3.78434(6) 3.7820(1) 3.7837(1) 3.78632(6) 3.78937(9) 3.80077(9)
¢ 9.9746(2) 9.9696(1} 9.9741(3) 9.9700(3) 9.9694(1} 9.9694(2) 9.4389(1)
B 90.402(1) 90.831(1) 90.790(2) 91.011(1) 91.103(1) 91.258(2) 91.547(1)
v 370.31 370.56 370.70 370.79 370.92 371,12 349.90
Ml{xD2D)

X 0.8052(2) 0.8047(2) 0.8044(2) 0.8038(2) 0.8047(1) 0.8041(3) 0.7781(5)

2z 0.2485(2) 0.2471(2) 0.2466(2) 0.2458(2) 0.2461(1) 0.2461(2) 0.2663(2)

B 0.30(5) 0.31(4) 0.19(5) 0.16(4) 0.40(2) 0.23(4) 0.10(4)
M2a(x02z)

x 0.1341(2) 0.1323(1) 0.1323(2) 0.1310(2) 0.131041) 0.1301(3) 0.1276(5)

z 0.0592(2) 0.0555(1) 0.0561(2) 0.0547(2) 0.0533(1) 0.0529(2) 0.0437(2)

B 0.42(4) 0.41(4) 0.26(5) 0.45(4) 0.4002) 0.52(4) 0.10(4)
M2b(x 0 2)

x 0.1350(2) 0.1350(1) 0.1347(2) 0.1342(2) 0.1346(1) 0.1354(3) 0.0546(4)

H 0.4370(2) 0.4351() 0.4345(2) 0.4346(1) 0.4345(1) 0.4337(2) 0.3650(2)

B 0.29(4) 0.35(4} 0.22(4) (.28(4) 0.28(2) 0.44(4) 0.10(4)
Ol (x02)

x 0.2348(6) 0.2366(6) 0.2336(5) 0.2336(6) 0.2362(5) 0.237(1) 0.233(2)

z 0.2520(1) 0.2502(6) 0.2508(8) (.2507(6) 0.2505(5) 0.2506(9) 0.246(1)

B 0.57(9) 0.55(8) 0.4 0.48(9) 0.5(H 0.3} D.64(7)
02a(x 02)

X 0.0476(8) 0.0469(7) 0.0467(9) 0.0467(7) 0.0471(6) 0.046(1) 0.051(2)

z 0.8767(7) 0.8744(5) 0.8782(7) 0.8752(6) 0.8727(5) 0.8736(8) 0.844(1)

B 0.7(1) 4.9 0.9(1) 0.8(1) 0.8(1) 1.0(1) 0.64(71
O2b(x 02)

x 0.0491(7) 0.0502(6) 0.0543(8) 0.0532(7) 0.0517(6) 0.053(1) 0.130(2)

z 0.6170(7) 0.6158(6) 0.6149(8) 0.6129(6) 0.6150(5) 0.6116(8) 0.560(1)

B 0.6(1) 0.6(1) 0.4(1) 0.6(1) 0.41) 0.8(1) 0.64(7)
Q3a(x0y)

x 0.3177(7) 0.3180((8) 0.3134(8) 0.183(7) 0.3186(6) 0.321(1} 0.328(2)

z 0.9324(6) 0.931%5) 0.9312(D 0.9321(5) 0.9326(5) 0.9368(8) 0.939(1)

B 0.0(1} 0.4(1} 0.0(2) 0.4(1) 0.3(1) 0.0C1) (0.64(T)
03b(x02)

x 0.3108(8) 0.3101(6) 0.3144(8) 0.3116(7) (.3098(6) 0.307(1) 0.408(2)

z 0.571%8) 0.572((6) 0.5716(7) 0.5731(6) 0.572%(5) 0.5740(8) 0.653(1)

B 0.9(2) 0.7(1) 0.4(2) 0.4¢1) 0.4(1) 0.7(1) 0.64(7)

values close to both the upper and lower phase bound-
aries. With the lowering of the space group symmetry
from Ccmm in the orthorhombic phases to C2/m in the
monoclinic phases the eightfold sites M2, 02, and 03
each split into pairs of fourfold sites. To maintain the
obvious relationship between the two situations, these
sites are labeled M2a, M2b, O2a, O2b, and O3a, O3b in
Table 4. A typical Rietveld plot, for the monoclinic phase
Mg 0sTi; 9505, is shown in Fig. 5.

Plots of the cell parameters and cell volume vs x for
single-phase M,0; compositions are given in Fig. 6. The
solid solution involves the progressive substitution of
2Ti** for (Mg** + Ti**). The average ionic radii are
similar, 0.67 and 0.66 A, respectively, and this is reflected
in the small unit cell volume change of 1.75% over the
full composition range. The changes to the individual cell
parameters are anisotropic; a and b increase while ¢ de-
creases with increasing x. The cell parameters obtained by
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FIG. 6. Variation of cell parameters and unit cell volume as a func-
tion of x in Mg, _,Ti;, Os. Filled and open circles represent samples
equilibrated close to the upper (M;0; + MQ,_) and lower (M;0; +
M,0;} phase boundaries, respectively.

Rietveld refinement have high relative precision, allowing
fine detail to be discerned in the relationships between
cell parameters and composition, The filled circles in
Fig. 6 correspond to samples equilibrated close to the
M;05 + MO, _, phase boundary, where the nonstoichiom-
etry is greatest, while the open circles correspond to sam-
ples equilibrated close to the M,05 + M,0; phase bound-
ary. Smooth curves have been drawn through the filled
circles, For .25 < x < (1.7 (orthorhombic phases), the
open circles (lower f0,) are consistently displaced from
the curves such that a, b, and V are higher, while ¢ is
lower than for corresponding samples equilibrated at
higher fO,’s. The direction of change of the cell parame-
ters and volume with increasing fO, is the same as that
observed for the parameters of MgTi,O; and
Mg, ;Fe, sTi,05 when they are quenched from progres-
sively lower temperatures (25, 27). In these latter cases the
observed parameter changes correspond to an increase in
the size of the M1 octahedral site {increased ordering of
Mg, Fe into M1). An expansion of the M1 site is also
expected to result from increasing the vacancy content
of this site (28). For x > 0.7 (monoclinic phases) the effect
of fO, on the lattice parameters is significantly smaller
and less well defined than for the orthorhombic phases.

The average M1-Q and M2-0O bond lengths in the
Mg, _,Ti,, O, phases, obtained from the Rietveld re-
finement results, are plotted as a function of x in Fig. 7.
The general trends are a decrease in {(M1-0O) and an in-
crease in {M2-0) with increasing x. For the monoclinic
phases, M2 splits into M2a and M2b, and there is a diver-
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FIG. 7. Average {M1-0), (M2-0}, and shortest M2-M?2 distances
as a function of x in Mg,_,Ti,, 0.

gence of the {M?2a-0) and {M2b-0} average bond lengths.
The {(M2a-0O) remain relatively constant while the
{M2b-0) values increase steeply with increasing x up to
x = 0.97. At x = 0.97, the calculated valences for MI,
M?2a, and M2b from bond length-bond strength calcula-
tions (29) are 3.42, 3.46, and 3.18, respectively, corre-
sponding to partial ordering of Ti** into the M2b site. For
x = 1.0 (high-Ti;O;) the corresponding values are 3.23,
3.45, and 3.41, respectively, closer to a random distribu-
tion of T>* and Ti**. The change in distribution for high-
Ti; O is reflected in the reversal of the (M-0O) trends at
x = 1 in Fig. 7. This may be partly an artifact of the
refinement, which was for a two-phase mixture of high-
and low-Ti;O; for the end-member composition. The
{Ti1-0), (Ti2a-0) and (Ti2b-0) distances for low-Ti,O;
obtained from the two-phase refinements were 1.989,
2.016, and 2.053 A, respectively, more in line with the
trends for Mg, _, Ti,, .Os, and giving calculated valences
of 3.75, 3.46, and 3.06, respectively,

Figure 7 also shows the variation of the shortest M2-M2

separation as a function of x. This distance is essentially
constant in the orthorhombic phases. In the monoclinic
phases the M2a-M2a and M2b-M2b distances diverge
sharply; M2a—M?2a increases while M2b-M2b shows a
pronounced decrease with increasing x, from 2.923(2) A
atx = 0.7102.744(6) A at x = 1 (high-Ti,0s). This distance
decreases further, to 2.608(9) A in low-Ti;O;. The
decrease in M2b-M2b due to increasing Ti**-Ti**
bonding is by far the major structural change in the
monoclinic phases and is clearly the driving force for the
lowering of symmetry at x = 0.72. Studies on electronic
conductivity indicate that local Ti**-Ti** pairing begins
in the orthorhombic phases, between x = 0.5 and x =
0.7 (9).

A useful way to view the structural changes in the M;0;
solid solution is the pelyhedral approach (30). Following
Swanson and Peterson (31), octahedral volumes for M1
and M2 have been calculated by summing the volumes
of the eight MO,0,0,segments comprising the octahedra.
The variance of the cight segment volumes, ¢, has been
used as a measure of the distortions of the octahedra.
o, = 2V, — VP/(n ~ 1) where V, is the volume of an
octant of an undistorted octahedron having a bond length
equal to (M1-0) or (M2—-0). The results are given in Table
5. The individual octahedral volumes are summed to give
the octahedral volume per unit cell, and this has been
subtracted from the cell volume to give a measure of the
total interstitial volume per unit ¢ell in Table 5.

From Table 5 it is seen that the MO, octahedron is
considerably more distorted than the M20, octahedron
in the orthorhombic solid solution members, but they
become comparable in the monoclinic phases due to a
large increase in the distortion of M2a0, and M2bO; and
a decrease in the distortion of M10,. With increasing x
there is a progressive increase in the volumes of both
M10, and M20,, although the relative increase is much
greater for the latter. The effect of increase of fO, at fixed
x is to decrease the size of M20, and increase the size of
M10;. This may be due to an increasing vacancy concen-
tration in M1 with a corresponding increase in Ti**
in M2, but increasing ordering of Mg®" into M1 with in-
creasing f(), would also explain the observed changes.
The increase in the M10, volume with increase of fO,
was not observed for the x = 0.7 composition. This
is at the limit of the orthorhombic series, and strong
jocal Ti**-Ti** bonding may be contributing to the differ-
ence.

Table 5 shows that significant polyhedral changes ac-
company the high- to low-Ti,0s transformation. There is
a large increase in M2a0, and M2bQ, volumes due both
to increased Ti** ordering from M1 into these sites and
to a marked decrease in the distortion of the M2a0y and
M2bOgoctahedra. The large decrease in volume accompa-
nying the transformation is seen to result exclusively from
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TABLE 5
Polyhedral Volumes (A%) and Distortions in Mg, _ Ti,, Os

QOctehedral volume

Distortion index

(O.V.) (A} TV — vptie — |
X log fO, M1 M2 0.V, Interstitial volume Mi M?2
0.0 Air 10.12 10.05 120.85 2431 .85 0.028 0.017
0.4 -14.5 10.23 10.16 122.16 245,72 0.027 0.017
0.4 -17.4 10.16 10.23 [22.51 245.80 0.024 0.017
0.7 —-16.2 10.23 10.34 123.6 246.3 0.024 0.015
0.7 —18.2 10.25 10.38 124.1 246.1 0.025 0.016
M2a M2b M?2a M2b
(.85 -16.2 10.28 10.36 10.60 125.0 245.7 0.021 0.018 (.022
0.85 —18.5 i0.14 10.36 10.74 124.7 245.8 (.020 0.019 0.020
1.0 (1) —18.8 10.22 10.15 10.76 124 % 246.6 0.021 0.022 0.024
1O (L) —18.8 10,14 10.60 11.16 127.6 222.3 0.015 0.012 (.008

a decrease in the interstitial volume (the total polyhedral
volume actually increases). The ratio of interstitial to octa-
hedral volume is in a relatively narrow range of 1.97-2.02
over the complete solid solution, whereas for low-Ti,0;,
in which the anion packing approximates to face-centered
cubic close packing, this ratio drops to 1.74.

CONCLUSIONS

The Mg, _,Ti,, ,O; solid solution is complete at 1473 K.
Members of the solid solution series have orthorhombic
symmetry for x < (.72 and monoclinic symmetry for high
x values, From siructure refinements on the solid solution
members, the origin of the symmetry lowering has been
shown to be cooperative metal-metal bonding in the M2
sites. In the monoclinic phases the eightfold M2 sites split
into two fourfold sites and the M~Af bonding is confined to
one of these sites, M2b. The M2b—M2b distance decreases
from 2.92 to 2.74 A as x increases from 0.7 to 1.0.

The M,0; phases prepared in H,/H,0 and H,/CO, gas
mixtures at 1473 K are nonstoichiometric, with [O}/[M]
ratios higher than the stoichiometric value of 5/3 = 1.667.
The nonstoichiometry goes through a broad maximum,
with [O)/[M] = 1.703, at compositions close to the ortho-
rhombic to monoclinic transition. The nonstoichiometry
range of Ti;O; was also determined at 1323 K, using in-
terpellet oxygen transport in a sealed evacuated silica
tube. The deviation in [O]/[Ti] is only ~0.001 under
these conditions.

Constrained refinement of site occupancies gave prefer-
ential ordering of Mg into M1, with (Mg in M1)/EMg =
0.6 at x = 0, and progressively increasing to a fully or-
dered value of 1 at higher x values, Analternative interpre-
tation of the results is that the apparent Mg ordering

obtained in the refinements is compensating for ordering
of cation vacancies in M1. On this basis, and assuming
the Mg ordering has the same dependency on x as for the
corresponding Fe,_,Ti,,,O; solid solution, site occu-
pancy refinements led to calculated values of [O]/[M]
that agree reasonably well with the experimental values
obtained from analyses. However, an unambiguous reso-
lution of the magnesium and vacancy ordering requires
further study. We have recently undertaken a neutron
diffraction study to help resolve the ambiguity. Prelimi-
nary results support the ordering of cation vacancies in
site M1, as found in an earlier study (8).
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