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ABSTRACT 

Equilibria between a metal phase (either cobalt or nickel), a gas phase of known 
oxygen pressures, and pairs of solid-solution phases in the systems MnO-Coo-TiO, 

and MnO-NiO-Ti02 are used to calculate activity+zomposition relations in the 
solid-solution series hIn2Ti0,-Co2Ti0,. hlnTiO,-CoTiO,, MnTi,O,-CoTi205. 
Mn2Ti04-NizTi04 and MnTiO,-NiTiO,. and free energies of formation of the 
manganese titanates Mn,TiO,, MnTiO, and MnTizO, and of nickel orthotitanate, 
Ni,TiO,. 

The spine1 solid solutions (Mn,TiO,-Co,TiO, and Mn,TiO,-Ni,TiO,j show 
negative deviations from idea!I:y. the pyrophanite solid solutions (MnTiO,-CoTiO, 
and MnTiO,-NiTiO,) show small positive deviations from ideality, and the pseudo- 

brookite solid solution MnTi,O,-CoTizO, probably displays a very smaif positive 

deviation from ideality. 

The following free energies of formation were determined for the various 

manganese and nickei titanates from their oxide components at 1250%: 

2Mn0 + TiOz _’ Mn,TiO, dG” = -77.6 +0.5 kcal 
MnO -!-Ti02 s MnTi03 dG” = -77.0 +O.S kcal 
MnO+ZTiO, + MnTi,05 dG” = -6.3 iO.8 kcal 
2NiO ;TiO, -_‘ Ni?TiO, AC*= -1.0 f.1.0 kcal 

INTRODUCTION 

The present investigation is part of a series of studies aimed at expanding our 
knowledge of the energetics of compound formation and solid-solution behavior 
of oxidic materials of common structure types. In the present paper, we extend 
previous studies of silicate and titanate systems at elevated temperatures to the titan- 
ates of manganese, for which no thermodynamic data have been available previously. 

l Conuibution h’o. 69-15 from ColIege of Earth and Mineral Sciences. The Pennsylvania State 
University; Atomic Energy Commission No. (NYO-378145). 
**Present address: Research Laboratory, Armco Steel Corporation, Middletown, Ohio 45042, U. S. A. 
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278 L. G. EVANS, A. MUAS 

The I25O’C isothermal sections through the two systems MnO-Coo-X0, 
and MnO-NiCkTiOz are shown in Figs_ I and 2, respectively. Manganese oxide and 

titanium oxide form two compounds at elevated temperatures, riz. Mn,TiO, with 

Fig. 1. The IZSO’C isothermal section of the system MnO-CoO-Ti02, showing the extent of the 
various soIid soktiori. and conjugation lines between coexisting solid-solution phases (Iight lines). 
Solid dots represent compositions of rnkturcs studied- 

spine1 structure and MnTiO, with geikielite structure. Each of these compounds 
forms a complete solid-solution series with the analogous cobalt compounds for 
which stability data are available from previous studies’. SimiIarIy, MnTiO, forms 
a wmplete soIid-solution series with the analogous nickel compound, NiTiO,, for 

which stabiIity data are avaiIable from previous studies’, and Mn,TiO, is the starting 

point for a solid-soiution series extending partway toward the hypothetical nickel 
analogue, Ni,TiO,, which is not stable in its pure form and for which approximate 
instability data ha%-e been derived in previous studies’_ FinaIIy, there is a partial 
solid solution from the stable cob& compound CoTi20s toward the unstable, 
hypothetical manganese anaIogue, MnTi,O,_ By studying the activity-composition 
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relations of these solid solutions, and knowing the free energies of formation of one 
of the end members of each solution, the free energy of formation of the other end 
member, from its oxide components. may be calculsted. 

30- 570 
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Fig. 2. The 1250°C isothermal section of the system MnO-MO-TiO zI showing rhe extent of the 
~rious solid solutions, and conjugation lines between coexisting solid-solution phases (.iight lines). 
Solid dots represent compositions of mktures studied. 

Activity-composition relations in the two systems MnO-CoO and MnO-NiO 
have been determined previously. The system M&-Co0 at 1200°C was found to be 
close to idea13, whereas the system MnO-NiO dispIays a considerable positive 
deviation from ideality in the temperature range of I IOO-13OOC. (Ref. 4). 

The free energies of formation of the various cobalt titanates (Co2TiOJ, 
CoTiO, and CoTi,O,) at eIevated temperatures have been determined by two groups 

of investigators by different experimental techniques’-‘, and with satisfactory 
agreement among the results. The stability of NiTiO, has also been determined with 
good accuracy2, whereas only approximate free energies of formation of the two 
unstable, hypothetical nickel titanates, Ni2Ti04 and NiTiZ05, have been calculated 
from solid-solution equilibria in the system MgO-NiO-TiO, (Ref_ 2). 

Tizermocfiim. Ada, 2 (1971) 277-292 
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The approach in the present work will be to use equilibrium data from the 
system MnO-CoO-Ti02 in conjunction with the known stabilities of the cobalt 
titanates to caIculate the stabilities of the manganese titanates. The latter will then 
bc u-&d, in conjunction with equilibrium data for the system MnSNiO-TiOz, to 
calculate free energies of formation of the nickel titanates. The results for the latter 
w-ill be compared with those previously obtained from equilibria in the system MgO- 
NO-Ti02 _ 

The theoretical basis for evaluating activity-composition relationsand stabilities 
of end-member compounds from metal-oxide-,oas equilibria have been described 
eIsewhere6-‘. The form&s applicabIe to the various phase assemblages of the present 
system can be derived by substituting the appropriate subscripts in the equations 
presented in these previous publications. For the solid solutiozis of the present 
systems, the activity expressions will be 

u ~kTi~.~0: = 1y3CcTio.~O: * ?~lcTi~_~O: = Ll~lc~ _ a$& (I! 

aaTi0, = iY ~fcTiO~‘~.MeTi0~ = nMcO”-aTiO~ (2) 

and 
2 

asscTilor = & _a. 
McTi205 IMcTi=O~ = Q.SkOmaTiO~ (3) 

for the spinel, pyrophanite and pseudobrookite solid solutions, respectively. where 

Me represents one of the elements Mn. Co. or Xi, and the u’s, N’s and y’s with 
appropriate subscripts represent activities, moi fractions and activity coefficients. 
respzctiveIy_ 

EXPERIME?G~AL WZTEIODS 

The experimenta! methods used were simiIar to those described previousIyz*6, 
and only a brief acco-_nt of the main procedure and of specific details applicable to 
the present study will be given here. 

Mixtures of desired compositions were made up from reagent-grade (“Baker 
Analyzed”) oxides and pie-reacted in C02-C0 atmospheres at - 1250°C to yield 
the coexisting pairs of oxide phases corresponding to the equilibrium relations in the 
systems MnO-CoO-Ti02 and MnO-NiO-TiOt (see Figs. I and 2). in order to attain 
homogeneity of each of the coexisting solid solutions, the prereaction was continued 
for considerabIe ~riods of time (one to four days) with one or more intermediate 
grindings. 

The pre-reacted, densely sintered mixtures were broken into chunks suitabie 
for suspension with a thin (0.004” diameter) platinum wire into a vertical. tube quench 
furnace for the final equilibration runs at 125OC under carefully controlled oxygen 
pressures of the atmczphere. The Iatter was achieved by mixing COz and CO in 
desired proportions *. The oxygen pressure was decreased in small increments until 
a point was reached where a trace of metal (either cobalt or nickel) was present in 
contact with the o-tide phases_ The pattern of precipitation of the metal phase was 



used as a means of judging whether the phases of the pre-reacted sampIe had attained 
satisfactory homogeneity: when the metal phase precipitated in the form of tiny 
bright specks uniformly distributed over the whole section, the samples were consi- 
dered homogeneous. If. on the other hand, larger metal particles -.i-ere precipitated 
locally, it was taken as a sign of heterogeneity in the pre-reacted mixtures, and such 
mixtures were ret::rned for further pre-reaction treatment_ The reversibility of the 
reaction between the oxide phases, the metal phase and the gas phase was checked by 
approaching the equiiibrium aIso in the opposite direction.. This was done by increasing 
in small increments the oxygen pressures of the gas phase in equilibrium with samples 
from which a small amount of metal had been precipitated_ This caused the metal 
phase to disappear at or only slightly above the oxygen pressure determined from 
the meta precipitation runs_ 

The temperatures In the equilibration runs were measured with a Pt LX 
VO%Pt-lO%Rh thermocouple calibrated against the melting points of gold (1063°C) 
and synthetic diopside (I 391.5 “C). The overall accuracy of the temperature measure- 
ment is estimated to be within +5’C. 

RESULTS 

The system ilfn O-Co 0- 270, 

Phase assemblage oxide solid sohtion -i- spinel soiid sohrion 
ResuIts of equilibration runs involving this phase assembiage are listed in 

Table I and shown in the form of conjugation lines in Fig. 1. For the equilibrium 

(MnO) + (CoTi,_s02) G+ (COO) f (MnTi,_s02) (4) 

the activity coefficients are calculated from the Eqns.6-7-9 

log ;“CoTio.,Oz = (I - NCoTio.~O~) log c f 

where C is the quotient 

(6) 

(7) 

The activity-composition relations of the MnO-Co0 solid solution [acOo and 
aSfnO in Eqn. (7)] at l25O’C were determined by the same method as used for t%e 
other solid-solution series of the present study. The results are listed in Table II and 
shown graphically in Fig. 3. A moderate positive deviation is observed. This is a 
refinement of the data of Aukrust and Muan3_ Their data a!so suggested a smaI1 

Thernrochim. Arfa, 2 (1971) 277-292 
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EXPERIMEhTALL’I‘ DE-I-ERMI~~D co~;co R.4TIOS OF GA5 PHASE IS E@CiiLlBRIUW WITH METALLIC COBALT 

ASD P.~IRsoFO~DICPHWES~THES~'S~~ MnO-Coo-Ti02 AT 1250 C 

Composirion of mixrrire 

(moi /radon) 

r( = co=.:Co) 

MRO coo TiO: 

RutiIc+pyrophanitc(ss) 0.35 0.09 0.5, 0.48 
O-32 0.16 0.' 0.32 
0.25 0.23 0.X 1.18 
0.18 0.30 0.52 1.41 

0.47 

0.41 
0.30 
G.20 
0.10 

0.53 
0.40 
0-Z 

0.15 

0.05 

0.11 
0'7 .-- 
0_3? 

0.4; 

0-I' 
0.25 
0.3s 
020 

0.45 1.11 
0.4s i.SS 
0.48 2'.45 
0.48 2.6~ 

0.48 z.ss 
O-35 I-03 

0.35 1.86 

0.35 2.53 

0.35 Z-76 

0.49 020 0.3 I 2.46 
0.33 0.36 0.5 I 4.30 
G.57 0.26 0.17 2.4 1 
0.35 0.48 0.17 4-30 

O-16 0.67 0.17 5.77 

0.08 0.27 
O_O-t 0.: I 
O-13 028 
0.05 0.36 

0.12 0.36 
0.06 0.41 

Ru~ilc~ppscudobrookile(ssjipyroph~nir~ss) 0.09 
O-12 

G-23 
0.13 

0.65 1.58 
0.65 1.95 

0.59 1.48 
0.59 2.00 

0.52 I.70 
0.51 202 __ 

0.6s l-at 
0.65 I.43 

TABLE II 

RESGLTS OF 

MnG-CoO 
EQLXLIBRATiOS RUSS FOR DFfTER~IISISG ACTlYITY-CO~fPOSITIOS RELATIOXS IX THE SYSTE!bI 

AT tz%-C 

0.15 1.175 0.18 

0.30 -3 
3:s 

0.34 

0.a 0.52 

O-63 3.4 0.65 

1.00 6.7 I.00 
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NGO 
Fig. 3. Accivity-composirion relations in the system MnO-Co0 at IZOT, as determined in the 
present investigation. The CU~LZ for MnO WCS obtained by Gibbs-Duhem integration. Tix light 
dashed line sho-as relations according to Raoult’s lam-. Data from previous work3 are included for 
comparison. 

positive deviation from ideality, but the deviation was within the somewhat wider 
limits of error associated -with their experimental method. 

Values of 10s C as calculatecJ for Reaction (4) are shown as part of Fig. 4, and 
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Fig. 4. Plot of log C (rs. composition for coexistence of spine1 solid solutions with either oxide solid 
soIutions (solid circles) or pyrophanite solid solutions (open circles) in the system MnO-CoO-TiOz 
at IZSO’C. 
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activities for the spine1 solid solution as derived from these data are shown in Fig. 5. 
(The latter diagram is based also on more extensive activity data for this solid solution 

Fig 5_ Activit_v-composition relations in Mn,TiOz-Co2TiOl soiid solutions at IEO’C. as calculated 
from directions of conjumtion lines between co&sting oxide and spine1 solid sotutions. and from 
di~rczrions between coexisting pyrophrlnitc zl:d spine1 solid solutions. The light dashed lint shows 
rcfationk according to Raoult’s Iaw. 

as derived from the pyrophanite-spine1 equilibrium. as discussed in a later section.) 
The chanse in standard free enerz. d(_AG’), for Reaction (4) 

d (AGO) = f ~G&=:T~o+ - f dGFo:TiO, (8) 

is then calculated from the equation 

Knowing AG~02TiOa, and determining AtAG’) experimentally, the value of AG~n_TiOl 

is obtained as 

AGFlnzTiol = AGzeo2Tio. + 24 (AGO) (IO) 



The vaIue of d(dG”) for Reaction (4) as calculated from Eqn. (9) is - 1.0 kcal. and 
the free energy of formation of Mn,TiO, from its oxide components according to 
the equation 

2MnO + TiOz = Mn,TiO, (II) 

is d Go = -7-6 kcal at 125O”C, based on a va11.1~ of - 5.6 kcal for d G~~-D-TioI at 
125O’C’. 

Phase assemblage rzirife + pyrophanite Jorid solution 

The results of equilibration runs involving this phase assemblage are listed in 
Table I. For the equilibrium 

(CoTiO,) i- CO S Co t Ti02 t CO2 (12) 

the activities of CoTiO, in the pyrophanitc solid sofuiion are calculated from the 
expression 

(13) 

where r and r0 are the COJCO ratios of the equilibrium above and of the equilibrium 
between CoTiO,, TiOt and metallic cobalt in the binary system COO-TiO,, respect- 
ively. The latter phase assembiage is not stable at 125O’C. but the r,-value is readily 
calculated from the free-energy data available* for each of the compounds involved 
in the equiIibrium_ The plot of r LT. hTc&'CArcaO f Nsrno) in Fig. 6 indicate sa moderate 
positive deviation from ideality of the pyrophanite solid sotution. 

Phase assemblage p-rrophanire solid solution i spinel solid solution 

Equilibrium data for this phase assemblage are listed in Table i and shown in 
the form of conjugation lines in Fig. I _ Using the known activity-composition 
reIations of the pyrophanite solid solution, as determined from the pyrophanite- 
rutiIe equilibrium, values of log C [C = (acOTiO, - N~“Tio_,ol)j(aMnTio~ - iVcoTio~,o,)] as 
caiculated for the reaction 

(MnTiO,) +(CoTio_,02) =$ (CoTiO,)+~MnTi..,O,) (141 

from the above data are obtained as shown in Fig. 4. It is seen that the slopes of 
the two cures in Fig_ 4 are practically identical. and hence the deviations from 
ideaiity of the spine1 solid solution as determined from the present equilibrium are in 
agreement with those determined from the oxide-tspinel equilibrium. Activities of 
the components of the spine1 solid sofution are shown in Fig. 5. A considerable 
negative deviation from ideality is obsesed. 

The value of d(dG’) for reaction (-14) as calculated from these data is 2.6 kcal. 
Combining this with the known values of the free energies at 125O’C of the other 
components involved in the pyrophanite + spine1 equiIibrium (ColTiO,. - 5.6 kcaI* ; 

Thernrochim_ Acrcr. 2 (197 I) 277-292 
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Fig 6. Plot of CO,.CO ratios (rj rx composition for pyrophanite solid solutions (solid circles) 

am.! pscudobrookitc solid solutions (open circles) in equilibrium with futile and metallic cobalt in 
the system hInO-COO-Ti02 at 1250 ‘C. 

-. 

~lnnZTiOl. - 7-6 kcal. this \vork ; CoTiO,. - 3.3 kcal’), we obtain for the free enera 
of formation of MnTiO, from its oxide components according to the reaction 

MnO;TiO, z$ XinTiO, 

a ~I~~~~~~~-value of -i_O kcal at 1250 ‘C. 

Phase asstmblage pseudobrookire solid solurion + pwophanire solid solurion 
EquiIibrium data for this phase assembIage are !isted in TabIe I and shown in 

the form of conjugation lines in Fig. I. Values of log C 
[C = (ac~=io,-:~~~nTi_O~)l(a~HnTio,- NcoTilo5)] as caIcuIated for the reaction 

(MnTi03j+(CoTi205) s (CoTi0,);(MnTi,05) (16) 

are shown in Fig. 7_ The acti\+ties of CoTi03 and MnTi03 used in the expression for 
C Kere those determined from the rutiic+ p_vrophanite equilibrium. The composition 
range of the pseudobrookite solid soluticn is too smaII, and the number of points 
obtained is too small, to permit a reliable and accurate description of the behavior 
of this soIid solution. However, the C-vaIues change very little with composition, 
and the data suggest that the pseudobrookit, e solid solution shows a very small 

positive deviation from ide&ity_ 



MASGANESE AXD XICKEL TITASATES AT 1250 ‘C 257 

0.2: j 

i 

0, 
f 

0 
7 

;: i 
_1 

-0.2--- 
! 
I 

-_.-----___j 

-0 41 
! 

7 

! i 

! 
0.5 016 0.7 0.8 09 1.0 

%a TI~O, 

Fig. 7. Plot 0: tog C cs. composition for coexistcnco of pscudobrookitc and pyr<Tpi:anite solid 
solutions in the system MnO-CoO-Ti02 r?t 1250eC. 

The value of d(_AG’) for Reaction ~16) at 125O’C is 1.3 kcal. Combination of 
this value with the known free energies of formation of the other components invoIved 
in Reaction (16) (CoTiO 3, - 3.4 kcal ’ ; CoTizOS _ - 4.0 kcal ’ ; MnTiO 3. - 7.0 ksal, 
this workj gives for the free energy of formation of MnTizO, from its oxide com- 
ponents according to the equation 

MnO+ZTiO z S’ %lnTiz05 (17) 

a A GO-value of -6.3 kcal at 125O=C_ Because of the long extrapolation involved, 
this figure is quite uncertain. The value is consistent with the observed instability of 
MnTi,05 in the binary system MnO-TiO?. inasmuch as the AGo-value calculated 
for the reaction 

MnTi,05 z$ MnTiO, tTi0, 

is -0.7 kcal, based on the data obtained in the present investigation. 

Phase assemblage rariie + pscridobrookire solid sohrrion t p_l-ropfrunite so lid solution 

Results of equilibration runs involving this phase assemblage are included in 
Table I and in Fig. 6. The pseudobrookite phase of this assemblage is the end point of 
a sohd-solution series starting at CoTi,O, and extending part-way toward the hypo- 
thetical compound MnTizOS. For this solid soIution, we may write 

(CoTi,O, j + Co _’ Co + 2Ti0, + CO, (-18) 

and activities of CoTilO, are calculated from the expression 

r 
[I CoTi: = - 

r0 

(19) 

where r and r. are the CO,jCO ratios of the equilibrium above and of the equiIibrium 
between CoTi205, TiO, and metallic cobalt in the binary system COO-TiO?, res- 

Thermochim. Acra, 2 (1971) 277-292 
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pectively. The composition range over which the pseudobrookite solution is stable is 
too small to derive accurately the properties of this solution, but the data suggest 
(see Fig- 6) that the soiution has a small positive deviation from ideality, confirming 
the conclusion reached from the pyrophanite-pseudobrookite equiiibrium (see 
preceding sturtion). 

Phse assemblage aside solid solution + spine1 solid solution 

Results of equilibration runs for this phase assemblage are listed in Table III 

and shown in the form of conjugation lines in Fig. 2. Values of Iog C 

IC = (~gi~~~~~~~Tio~~O~)!(~~~~~~ *VNiTi~_3011 for the reaction 

(hln0)+(NiTi0.502) ~(NiO)+(MnTio.sOzj (20 

TABLE If1 

ESPERIYEYiiALLY DETERMIXED coz. co RATfOS OF GA!~ PHASE IN EQUILIRRIUM WfTH METALLIC SICREL 
ATD PAIRS OF OSIDIC PIfASES IN THE SYSTEM MnO-NiO-Ti02 AT 125O’C 

Phuse assemblage Composirion of mixture 
~molfmcfion) 

Spine&s) i aide&) OS? 0.12 0.31 11.6 
O-46 G-23 0.3 I 'I.5 
0.41 0.25 0.31 26.1 
0.36 0.33 0.31 79.3 
0.32 0.37 , 0.31 31.3 
0.26 0.43 0.31 32.8 
0.1s 0.51 0.31 34-Z 
0.39 0.49 0.02 ll.4 
0.27 0.71 0.02 '6.5 

RutiIe f pyrophanitek) 0.13 0.20 0.67 13.7 
0.00 0.45 0.55 19-S 
0.39 0.09 0.52 6.G 
0.28 0.20 0.52 10.7 
0.15 0.33 0.52 15.2 
0.07 0.41 0.52 17.7 

Pycophanite(ss) + spin&s) 0.40 
G 3-, . _ 
025 
0.1s 

Pycophanirc(ss) + spincI(ss) i oxidc(ss) 0.12 

Pwophanitefss) + o.xide(ss) G.CU 

0.25 0.35 is.5 
0.33 0.35 21.1 
G.-u) G-35 28-G 
0.47 0.35 33.6 

0.53 0.35 

0.48 

34.2 

0.4s 34.5 

as calculated from the above data are shown graphically in Fig. 8. Activity+omposi- 
tion relations for the spine1 soIid solution within its stability range, based on the 
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Fig. S. Plot of log C CS- compsoition for the coexistence of spine1 solid solutions with either oxide 

solid soIutions (solid circles) or pyrophanite solid solutions (open circies) in the system XInO-NiO- 

TiOz at 125O’C. 

analogues of Eqns. (5) and (6) (see p_ 281) are illustrated in Fig. 9. The solution 
dispIays a ccziderable negative deviation from ideality_ The value of d(dGG) for 

Reaction (20) is - 3.6 kcal. Combination of this value with the previousIy determined 

AGo-value for Mn,TiO, at 125O’C (-7.6 kcal) from the MnO-Coo-TiO, equili- 
brium data gives a value of -0.5 kcal for the free energy of formation of Ni?TiO, 
from its oxide components according to the reaction 

2NiOtTi0, T_ Ni,Ti04 (21) 

This is in reasonable agreement with the value (- I.9 + I .8 kcai) previously deter- 
mined for this compound at 1400cC from equilibria in the system MgO-NiO-TiOZZ 
and with the value (- 1.7 2 1.0 kcal) determined for this compound at 1050°C from 
equilibria in the system ZnO-NiO-TiO,‘O. 

Phase assemblage rutiie +pyropha;lite solid soldion 
Results of equilibrations involvin, m this phase assemblage are listed in Table III. 

For the equiIibrium 

(NiTiO, j + CO -_‘ Ni + TiOz -I- CO, (22) 

the activities of NiTi03 in the MnTiO~-NiTi03 solid soiution are ca!culated from 
the expression 

r 
QNiTiOJ = - 

r0 

(23) 

Thermochim. Acto. 2 (1971) 277-292 
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Fig- 9. Xctivity-composition relations dong the spine1 solid-solution series (Mn,Ti0;-1Vi2Ti0J in 
the system MnO-%0-X0, 3t IZSO’C. 

where r and r. are the C02/C0 ratios of the equilibrium above, and of the equili- 
brium between NiTiO,, TiO, and metallic nicke1 in the binary system NiO-TiO,, 

respectively. Activity-composition relations alon g the MnTi03-NiTi03 join, as 

c,alcuIated on this basis, are illustrated graphically- in Fig. 10. The system shows a 

considerable positive deviation from ideality. 

Phase assemblage spineli pyophanire solid solution 

The data for this phase assemblage may be used to check the consistency 
between the data for the spine1 soIid sofution, as obtained from the oxide +spinel 

phase assemblage, and the data for the pyrophanite solid soiution, as determined 

from the rutiie+ppvrophanite phase assemblage_ Rest&s of equilibration runs for a 

few mixtures having spine1 and pq’rophanite as the coexistin,o phases are listed in 
TabIe III and shown in the form of conjugation lines in Fig. 2. Values of log C 

[cc= (aSiTio,-I~~~nTio.~ol).!:(a~“~~o,-NNiTio_~O-)l for the reaction 

(MnTi03)+(NiTio_,02) s (NiTiO,)+ MnTi,.,O,) (24) 

as calculated from the abob-e data are included in Fig. 8. In these cahxlations, the 
activity_comFosition relations used for the pyrophanite solid solution were those 
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Fig. 10. Plot of C02!C0 ratios (r) and activities of NiTi03 cs. composition for pyophanite solid 
solutions in equilibrium with rutilc and metallic nickel in the system MnO-NiO-Ti02 at 12SO’C. 

determined from the rutiiefpyrophanite equilibrium. Taking the value of 10s C at 

Nh’iTio_sOz = NMnTio 501 = 0.5 as an approximate measure of d(dG’) for Reaction 
(24)‘, and using dGo-values determined previously for the other species of Eqn. (24) 

(MnTio_,02, -3.8 kcal, this work; NiTiOs, -2.3 kcal’; MnTiO,, -7.0 kcal, this 
work), we calculate from this equilibrium a d GO-value of - I-6 kcal for the formation 
of the hypothetical compound NitTiO, from its end members at 1250°C. This is in 
excellent agreement with the data for this compound as obtained from the systems 
MgO-NiO-Ti022 and ZnO-NiO-TiO, 1 ‘, and in satisfactory agreement with the 
data obtained from the oxide+spinel equilibrium in the present work. The slope of 
the curves showing log C P.S_ composition in Fig. 8 is a measure of the deviation from 
ideality of the spine1 soIid solution. It is seen that the slopes of the two curves over 
the composition ranges studied for both equilibria are similar, and hence the limited 
data obtained for the spinel+pyrophanite equilibrium tend to confirm the negative 
deviation from ideality of the spine1 solid solution and demonstrate the internal 
consistency of the data. 
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