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Phase equilibria in Fe-Fe@-Cr,03, Fe-Fe&-VzOS, FeO-FezMo04-Fe304, and FeO-Fe,O,- 
Zr02 systems were precisely determined. On the basis of the present results, together with the 
FeO-Fe203-Ti02 system studied by Taylor at 1300°C and by Webster and Bright at 12Oo”C, the 
following results were obtained. (1) The solid solutions Fe,TiO,-Fe,O,, and FezMoOd-Fe304 are 
approximately ideal in respect to the activity-composition relation. (2) On the contrary, the solid 
solutions FeCr204-Fe304 and FeV204-Fe304 deviate significantly from Raoult’s law, and these 
are of regular solution defined by Hildebrand. 

Introduction 

Phase equilibria in the FeO-Fe,O,-TiO, 
system were studied by Taylor (1) at 13OO”C, 
and by Webster and Bright (2) at 1200°C. 
According to them, the wiistite phase contains 
no appreciable amount of TiO,, and pure 
wiistite is directly in equilibrium with the 
stoichiometric spine1 phase. Phase equilibria 
in the FeO-Fe,O,-Moo, was partly studied 
by Abe (3), and he prepared the stoichio- 
metric Fe,MoO, which is an inverse spine]. 
However, he only estimated roughly oxygen 
isobaric lines in the field of spine1 + wiktite. 
On the other hand, the wiistite phase in the 
FeO-Fe@-Cr,O, system at 1300°C (4) and 
in the FeO-Fe,O,-V,O, system at 1500 K (5) 
contains significant amounts of Cr,O, and 
V203, respectively. Schmahl and Dillenburg 
(6) studied the phase equilibria in the Fe-Cr-0 
and Fe-V-O system at 9OO”C, and they calcu- 
lated some free energy values. Activities of 
components in the spine1 solid solutions calcu- 
lated by them were obtained without con- 
sidering the existence of the ternary wiistite 
solid solutions. 

In the present paper, we will present precise 
phase equilibria in the Fe-FezO,-Cr,O,, Fe- 

Fe203-VA, FeO-Fe,O,-FezMoO,, and 
FeO-Fe,O,-ZrO, systems in order to calcu- 
late the activity of the component Fe,O, in 
each spine1 solid solution. 

We omitted the activity calculation for the 
spine1 phase containing ZrO,, because the 
solubility of ZrO, in the magnetite phase was 
so small. The activity of the Fe,O, component 
in the Fe,O,-Fe,TiO, solid solution was cal- 
culated by using the data obtained by Taylor 
(I), and Webster and Bright (2). 

Experimental 

Materials 
We used V,O,, Fe,O,, Cr,O,, MOO,, and 

ZrOz to prepare starting materials. We ob- 
tained VzO, by decomposing guaranteed re- 
agent grade ammonium metavanadate at 
450°C in air. Analytical grades of Fe,O,, 
Cr,O,, and ZrO, were dried in air at 700°C. 
MoOz was obtained by decomposing guaran- 
teed reagent grade MOO, in a mixed gas with 
a ratio C02/H2 = 1 at 600°C for 2 hr. Thus 
obtained, MOO, was heated again in the same 
atmosphere at 1100°C for 5 hr, then quenched. 
Chemical analysis showed that MOO, thus 
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obtained has the stoichiometric composition. 
Mixtures of desired Fe,O,/V,O,, Fe,- 
O,/MoO,, Fe203/Cr203, and Fe,O,/ZrO, 
ratios were prepared by grinding repeatedly in 
an agate mortar under ethyl alcohol. Then, 
mixtures of Fe,O,/V,O, were pressed loosely 
in a small-size alumina crucible, and heated 
at 650°C in the mixed gas with a ratio CO,/H, = 
1 for 1 hr. After quenching, the sintered sample 
was crushed to obtain small size pieces 
(3 x 3 x 3 mm”). Mixtures of Fe,O,/MoO, 
were heated at 600°C for 2 hr in a mixed gas 
with a ratio of COJH, = 1, then heated again 
at 1100°C for 30 min in the same atmosphere 
in order to obtain the sintered pieces. Mixtures 
of desired Fez03/Crz03 and Fez03/Zr0, were 
heated at 1200°C in air. 

Procedures 
About 3 g of small-size pieces having a 

desired composition were put into an alumina 
crucible which had slit-cuts on the wall and 
the bottom in order to facilitate equilibration 
between the solid and the gas phases. The 
crucible was suspended in a vertical furnace, 
and subsequent thermogravimetric procedures 
were the same as those described in previous 
papers (4, 7). Solid solutions with stoichio- 
metric compositions were chosen as the 
reference for sample weight. 

The thermocouple, Pt-13 %Rh87 %Pt, was 
calibrated against the melting point of gold, 
and the fluctuation of temperature at the 
point where a sample was set inside the furnace 
was within )l “C. Partial pressures of oxygen 
inside the furnace were measured by means of 
the solid electrolyte cell composed of 
(ZrQJo.s5(Ca%ls. The differences between 
measured and calculated partial pressures of 
oxygen were within kO.01 in terms of log PO, 
in the range 1O-g-1O-‘3 atm PO,. The pro- 
cedure to measure the partial pressure of 
oxygen has been described in a previous paper 
(7). 

Results and Discussion 

(I) Phase Equilibria 
Figure 1 shows the phase equilibria in the 

Fe-Fe,O,-Cr,O, system at 1500 K. As seen 

re Fed ” F%% W, 

FIG. 1. Phase equilibria in the Fe-Fe203-CrZ03 
system at 1500 K. Heavy lines are boundary curves, 
light lines are oxygen isobars. The -log Pea value of 
each light line is as follows: a= 13.97, 6 = 12.42, 
c=11.94, d=l1.78, B=11.60, e=11.53,f=10.99, 
g=lO.58, h=10.12, i=9.6O,j=9.92, k=9.09, and 
Fe304 = 8.60. Compositions are expressed in mole%: 
A, 17.40% Fe,O,, 19.60% Fe, 63.00% Crz03; B, 
32.48% Fez03, 20.00% Fe, 47.52 % Cr203; C, 63.89 % 
Fe203, 36.11 % Fe; D, 53.73% Fe203, 46.27% Fe; 
E, 51.73% Fez03, 44.09% Fe, 4.18% Cr,O,. 

in Fig. 1, the Fe,O,-FeCr,O, solid solution 
extends to a point A. This chromite A is stable 
against an aqueous solution of HCl, and thus, 
it was easily separated from the coexisting 
metallic iron which contained a negligible 
amount of Cr. The powder X-ray diffraction 
pattern showed an identical structure with 
that of the stoichiometric FeCr,O,, with the 
cell dimension of 8.383 A which is larger than 
that of stoichiometric FeCr,O,, 8.374 A. The 
solid solution from Fe,O, to a point B in 
Fig. 1 is in equilibrium with chromian wtistite, 
C-E, and the solid solution from B to chro- 
mite A is in equilibrium with metallic iron. 

Figure 2 shows the phase equilibria in the 
Fe-Fez03-V,O, system at 1500 K. The solid 
solution from Fe,O, to a point B is in equi- 
librium with vanadowiistite, C-E, and the 
solid solution from B to FeV,O, is in equi- 
librium with metallic iron. The general 
features found in this system are quite similar 
to that of the Fe-Fe,O,-Cr,O, system. 
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FIG. 2. Phase equilibria in the Fe-Fe203-V20s sys- 
tem at 1500 K. The -log Paz value of each light line 
isasfollows:a==13.45,6=12.69,c=12.20,d= 11.87, 
e=11.68,f=11.56, g=11.37, h=10.83, i=10.45, 
j= 10.03, k=9.39, and [=8.98. Composition are 
expressed in mole%: B, 42.80% Fe203, 20.00% Fe, 
37.20% VzOB; E, 51.60% FeZ03, 41.70% Fe, 6.70% 
V&3. 

Figure 3 shows the phase equilibria in the 
Fe,O,-FezMoO,-Fe0 system. The number 
attached to the oxygen isobars mean the -log 
P, value. As seen in Fig. 3, the Fe,MoO,- 
Fe,O, solid solution is directly in equilibrium 
with binary solid solution of wiistite, and the 
general features are similar to that of the 
Fe,O,-Fe,TiO,-Fe0 found by Taylor (I) and 
Webster and Bright (2). On the basis of the 
present data, we prepared stoichiometric 

- Fe,O, 

FIG. 3. Phaseequilibria in the Fe304-FezMo04-Fe0 
system at 1200°C. The number attached to the oxygen 
isobars mean the -log PO2 value. Abbreviations used 
have the following meanings: Sp, spine1 solid solution; 
W, wiistite; Fe, metallic iron, 

TABLE 1 

THE RELATIONSHIPBETWEENCELL 
CONSTANT AND COMPOSITION OF 

SPINEL SOLID SOLUTIONS 

00 6) 
N FM% (20 001) 

FezMoOd-Fe30., 
1 8.396 
0.842 8.414 
0.667 8.433 
0.471 8.455 
0.250 8.480 
0 8.509 

Limited solid 
solution of 

Fe2Zr04-Fej04 
1 8.396 
0.970 8.408 
0.954 8.413 
0.939 8.417 
0.935 (point C) 8.419 

FezMoO,-Fe,O, solid solutions with desired 
compositions, and obtained the relationship 
between the cell constant and composition. 
Table I gives the results. From the data of 
Table I, it is clear that the cell constant is 
proportional to the composition. 

Figure 4 shows the phase equilibria in the 
FeO-Fe,O,-ZrO, system at 1200°C. As seen 
in Fig. 4, there appeared a limited ternary 
spine1 solid solution C-D-F where the phase 
boundary C-F is supposed to be on the 
Fe,ZrO,(Z)-Fe,O,(F) line. Thus, if we ima- 
gine a nonexisting compound Fe,ZrO,, mag- 
netite can dissolve about 6 + 1 mole% 
FezZrO,. The spine1 solid solution on the C-D 
line is in equilibrium with ZrO,. In the present 
study, we could not clarify the solubility of 
iron oxide in ZrO,. The spine1 solid solution 
on the C-F line is in equilibrium with wiistite 
solid solution B-B’. The wiistite solid solution 
A-B is in equilibrium with ZrO,. The com- 
position of each point is given in Fig. 4. On 
the basis of the present data, we prepared four 
stoichiometric solid solutions on the C-F line, 
and determined the cell constant. The results 
are given in Table 1. 
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FIG. 4. Phase equilibria in the FeO-Fe,O,-Zr02 
system at 1200°C. Symbols have the following mean- 
ings: 0 at 1O-3.76 atm Po2; l at 1O-7.98 atm PQ; 
0 at 10-9.09 atm Po2; @ at 1O-9.16 atm Pal; 0 at 
lO-9.21 atm P Ol; x at lO-9.6o atm PO,; A at lO-‘L.32 
atm Paz; 0 at lo- “.82 atm PO*. Abbreviations have 
the followmg meanmgs: G, ZrO,; E, Fez03; F, stoi- 
chiometric FesO,; D, magnetite with a composition 
0.546 FeO, 0.454 Fe,O, in mole fraction; R’, wiistite in 
equilibrium with (F) having a composition, 0.198 
Fe203, 0.802 Fe0 in mole fraction; B, wiistite in 
equilibrium with spine1 C having a composition, 0.027 
ZrOz, 0.515 FeO, 0.458 Fez03; A, wiistite in equili- 
brium with metallic iron having a composition, 0.948 
FeO, 0.052 Fe103 in mole fraction; Z, nonexisting 
FezZrOn. 

components would be Fe&$CrO,, Fe&VO,, 
and Feg:Fe3+0 rather than FeCr,O,, 
FeV,O,, and Fe,b4. Then, we would obtain 
the following relation, 

aFef,:5Fe3+02 - - (aFe304)1’2. (1) 

Under these considerations of atomistic 
assumption, the activity of the Fe,O, com- 
ponent for the systems Fe2Ti0,-Fe,O, and 
FezMoO,-Fe,O, may be calculated from the 
following equations. 

3Fe+20,=Fe,O, (2) 

where K is the equilibrium constant in Eq. (2), 
and where a means the activity of each 
chemical species. In the present study, we 
determined the values of log K at 1500 K and 
1200°C to be 22.175 and 22.915, respectively. 
These values are identical with those obtained 
by Darken and Gurry (9) (22.19 at 1500 K 
and 22.922 at 1200°C). Here, we will use the 
present values of log K for determining the 
Fe,O, activity. The activity of FeiFsFe3+0, 
for the systems FeCr,O,-Fe,O, and FeV,O,- 
Fe,O, will be calculated on the basis of Eq. (1). 

log aFeso4 = log K + 2 log PO, + 3 log aFe, 
(3) 

(2) Calculation of the Activity of the Fe@, 
Component in Spinel Solid Solutions 

Darken and Schvverdtfeger (8) have shown 
that the atomistic assumptions for ideal mixing 
in solid solutions of the type A,, X, - B, X, 
lead to expression, 

where a means activity and N means mole 
fraction. That is, the solution will follow 
Raoult’s law if one chooses as components 
AX,,, and BX,,, to form one gram atom of 
species being mixed. In the systems, Fe,TiO,- 
Fe,O, and Fe,MoO,-Fe,O,, since one mole 
of MO or Ti is substituting one mole of Fe, 
the proper choice of components for assessing 
the ideal behavior would be Fe304, FezTiO,, 
and Fe,MoO,. On the contrary, in the 
FeCr,O,-Fe30, and the FeV,O,-Fe,O, sys- 
tems, one is substituting two moles of Cr or V 
for two moles of Fe, and the proper choice of by Schuhmann (10). The integrations in 

Since the Fe,MoO,-Fe,O, and the Fe,- 
TiO,-Fe,O, sohd solutions are in equilibrium 
with pure wiistite solid solution, aFesO, in 
these solid solutions is readily calculated on 
the basis of the activity of Fe in the wtistite 
solid solution. In cases of the FeCr,O,-Fe,O, 
and the FeV,O,-Fe,O, solid solutions, partial 
solid solution from FeCr,O, or FeV,O, to 
a point Bare in equilibrium with metallic iron. 
Thus, the aFe;~sFe~iOl is readily calculated. 
However, partial solid solutions from B to 
Fe,O, are in equitibrium with ternary wiistite 
solid solutions having compositions on the 
C-E line. Thus, CIF~~T~F~~+~~ in spine1 solid 
solutions ranging from B to Fe,O, in both 
systems may be evaluated from a,, on the 
C-E line and by using Eq. (3). The C-E lines 
in both Figs. 1 and 2 were determined experi- 
mentally on the basis of intersections of the 
isobaric lines of oxygen. In the present study, 
we calculated the activity of metallic iron on 
the C-Eline by applying the method developed 
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- Fe FepOl - 

FIG. 5. Detailed figure of wiistite field in the Fe-Fe203-V,03 system at 1500 K for interpreting the integration 
of Schuhmann’s meThod. 

Schuhmann’s method are performed by the 
following Eq. (4), 

i 
IOg aF, (Ci’) = IOg UFe (Ei) - l/Z 

log Po2(Ct’) 

s (~no/~nFe)oo,nMd 1% PO, nFc/nM (4) 
log PO*(EI) 1 
where aFe(C1’) means an activity of metallic 
iron in any point having a composition within 
the ternary wiistite field, and where a,,(&) 
means an activity of metallic iron just on the 
D-E line having a composition Ej. Since 
wiistite with a composition on the D-E line 
is in equilibrium with metallic iron, a,,(E,) is 
unity. The composition Ci’ must have the 
Same ~~~~~~~~~~ V) ratio with that of E,. As an 
example, a detailed figure of the ternary 
wiistite field in the Fe-Fe,O,-V,O, system is 
given in Fig. 5. Here, C,’ is any composition 
on the E,-C, line which shows a constant 
nFe/nV. Because the isobaric oxygen pressure 
curve in the wiistite field is substantially 
straight, the partial derivative (6no/8nFe)a0,ny 
is evaluated by a point D, which corresponds 
to the composition of wiktite on the C-D line. 
By integrating from E2 to C,, we determine the 
activity of Fe at a point of C2 on the C-E line. 
The aFe thus obtained is used to calculate the 
aFez+ Fe+302 of the spine1 solid solution by 
applying Eq. (3). Numerical values to calcu- 
late the uFeao, and +&Fe3+02 of the stoichio- 
metric spine1 solid solutions are listed in 
Tables II and III, respectively. Figure 6 shows 

TABLE II 

THE RELATIONSHIP BETWEEN ACTIVITY AND COM- 

POSITION FOR THE Fe,MoO,-Fe,O, AND THE 

Fe2Ti04-Fe304 SYSTEMS 

-log PO2 
N -3% @tm> -log &e @Fe304 

Fe2Mo04-Fe304 (at 1200°C) 
1 9.14 I .545 1 
0.887 9.32 1 A40 0.902 
0.795 9.46 1.371 0.804 
0.664 9.70 1.232 0.668 
0.473 10.13 1 .OOO 0.452 
0.340 10.56 0.762 0.327 
0.125 11.59 0.191 0.145 

FeZTi04-Fe304 (at 13OO”C, by Taylor (I)) 
0.73 8.00 1.52 0.17 
0.59 8.62 1.14 0.61 
0.31 9.57 0.62 0.28 
0.20 10.28 0.24 0.15 
0.15 10.63 0.06 0.10 

Fe,TiO, Fe304 (at 12oo”C, by Webster and 
Bright (2)) 

0.88 9.32 I .44 0.92 
0.43 10.60 0.72 0.38 
0.31 10.79 0.61 0.33 
0.22 11.54 0.21 0.16 

the relationship between activity and com- 
position for the four spine1 solid solutions. 
The spine1 solid solution found in the FeO- 
Fe20,-Zr02 system ranged only from Fe,O, 
to about 6 mole% Fe2Zr0,, and we omitted 
the activity calculation. 

As seen in Fig. 6, the spine1 solid solutions of 
Fe2Ti0,-Fe30, and Fe,MoO,-Fe,O, seem to 
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%J,- 
FIG. 6. The relationship between activity and com- 

position. Symbols used have the following meanings: 
o FeCr204-Fe304; 0 FeV204-Fe304; 8 Fe2Mo04- 
Fe30j; x Fe,TiO,-Fe,O, at 1300°C by Taylor, and n 
at 1200°C by Webster and Bright. 

be nearly ideal in respect to the activity- 
composition relation. On the contrary, the 
spine1 solid solution of FeCr,O,-Fe,O, shows 
significantly a positive deviation from Raoult’s 
law, and that of FeV20,-Fe,O, negative. Such 
a nonideality found in spine1 solid solutions 
will be characterized by the a-function [a = log 
~~~;+j+d~/(l - NFe&*]. Figure 7 shows the 
relationship between c( and N,+.+,, in the 
FeCr,O,-Fe30, and the FeV,O,-Fe,O, solid 
solutions at 1500 K. It is clear from Fig. 7 that 
the cc-function seems to be constant within the 
present experimental errors, and thus, these 
solid solutions may behave as a regular 
solution defined by Hildebrand (II). 
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FIG. 7. The relationship between a-function and 
composition. Symbols have the same meanings as 
those in Fig. 6. 
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