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Phase equilibria in the system Fe-Nb-0 at 1200°C are established by changing the oxygen partial 
pressure from 0 to - 15.00 in log (Po,latm) and are represented in the Nb205-Fe-Fe203 system. In this 
system, FeNb04, FeNbZ06, Fe4Nb209, niobium-iron spinel, and NbOz phases appear and have non- 
stoichiometric compositions. Lattice constants of the compounds and the solid solutions are deter- 
mined and discussed with respect to the oxygen partial pressure dependency and to the coexistence of 
the other compounds. The lattice constant of the spine1 solid solution increases with the increasing of 
the content of “Fe,Nb20,2.” The standard Gibbs energies of the reactions appearing in the phase 
diagram are calculated. 0 1987 Academic Press, Inc. 

Introduction 

Subsolidus phase equilibria of the oxides 
in the system Fe-Nb-0 were experimen- 
tally determined at 118o”C, 1 atm, and vari- 
able oxygen partial pressures by Turnock 
(1). As the quenched method was adopted, 
details of the phase diagram were not clear 
and the oxygen partial pressures in equilib- 
rium with three solid phases still had large 
errors. No thermochemical data were given 
either. 

The objectives of the present study are to 
establish the phase diagram at 1200°C by 
the thermogravimetry and to calculate the 
standard Gibbs energy of the reactions 
found in the diagram. The Nb02-Nb205 
system is reinvestigated at 1200°C in rela- 
tion to the Fe-Nb-0 system. 

Experimental 

Analytical-grade Fe203 (99.9%) and 
NbZOS (99.9%) are used as starting mate- 

rials. Both oxides were previously dried at 
900” and 1200°C in air, respectively. 

Desired ratios of Nb205/FezOj are ob- 
tained by mixing thoroughly in an agate 
mortar under ethyl alcohol. The mixtures 
thus obtained are calcined at 1200°C at sev- 
eral times during the intermediate mixing 
and are treated by the same procedures as 
in the previous paper (2). A 2- to 6-g sample 
is used considering the content of the Fez03 
in the mixtures. The apparatus and proce- 
dures for controlling the oxygen partial 
pressures and keeping a constant tempera- 
ture, the method of the thermogravimetry, 
and the criterion for the establishment of 
equilibrium are the same as those described 
in the previous papers (2-4). 

The chemical composition of the 
niobium-iron spinels is volumetrically de- 
termined. Fe2+ and total iron content are 
determined by KMn04 standard solution. 
Nb205 content is indirectly obtained as the 
difference between the weight of Fe0 + 
Fe203 and the total weight. 
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FIG. 1. The relationship between the composition, 
O/Nb, and the oxygen partial pressure in the NbZO1- 
Nb205 system at 1200°C. 

Results and Discussion 

(1) Phase Equilibria 

Nb02-Nb205 System 

Many investigations of the binary system 
Nb02-Nb20s at high temperatures have 
been published (5-12). Kovba et al. (5) re- 
ported the existence of a single phase be- 
tween Nb02.454 and Nb02.474 at 1 loo”- 
12OO”C, and only Nb20spx was found at 
900”-1200” (6). At 1300” and 1400°C five 
discrete compounds, Nbi20z9, Nb22054, 
Nb4,01 i6, Nb250G2, and Nb530132, were ob- 
served (II). 

In Fig. 1 the relationships between the 
composition of the sample, O/Nb ratio, and 
the oxygen partial pressure, log (Po,latm), 
are shown. The Nb205 phase shows non- 
stoichiometric compositions. The composi- 
tion NbzOs is maintained by keeping -log 
PO2 between 0 and 4.00. From -log PO2 = 
4.00 to 12.00, the composition is repre- 
sented by the equation Xo/XNb205 = 0.0045 

log PO2 + 0.018. Here, Xo and XNb205 are 
the mole fractions of the subscripted spe- 
cies in the solid solution. From 12.00 to 
13.40 in -log Po2, the composition is repre- 
sented by the equation Xo/XNb205 = 
-O.O2667(log PoJ2 - 0.6334 log PO2 - 
3.811. 

The existence of a nonstoichiometric in- 
termediate phase, Nb204.sq, is found from 
13.40 to 13.90 in -log Po2. This phase al- 
ready has been seen at higher temperatures 
(7-10). The composition is represented Xol 
XNW’c+t = 0.05 log PO2 + 0.695. The pow- 
der X-ray patterns of the samples which are 
made at log Po2 = -13.00 and -13.75 are 
very similar. This was already pointed out 
at 1350” to 1400°C by Brauer (13) and at 
1300°C by Lavrent’ev et al. (14). 

As shown in Fig. 1, the Nb02 phase is 
stoichiometric within experimental errors. 
But Schaffer et al. (7) and Marucco et al. 
(9) reported Nb02.024 at 1300°C and 
Nb02.0060 at 1 IOO’C, respectively. 

Fe-Nb-0 System 

Ten samples with Nb205/Fe203 mole ra- 
tios of 85115, 812, 75125, 713, 1, 45155, 317, 
218, l/9, and 5195 were prepared for use in 
thermogravimetry. 

In Fig. 2 the relationships between the 
oxygen partial pressure, -log (Po,latm), on 
the ordinate and the weight change, WO,/ 
WT, on the abscissa are shown with six rep- 
resentative samples, S/2 (a), 713 (b), 1 (c), 
2/8 (d), 1/9(e), and 5/95 (f). Here, WO, is the 
weight decrease of the samples from the 
reference weight in 1 atm O2 and WT is the 
total weight decrease of the sample which 
might be expected if all the Fe203 in the 
sample changed into Fe metal. From Fig. 2, 
abrupt weight changes are observed at 
14.13, 12.53, 12.27, (11.94), 11.00, 8.17, 
6.22, 3.83, and 3.50 in -log Po2. These val- 
ues correspond to the oxygen partial pres- 
sures in equilibrium with the three solid 
phases and are shown in Fig. 3. The value 
in parentheses, which is that in equilibrium 
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with Fe + “FeO” at 1200°C is tentative. 
Turnock already pointed out that a liquid 
phase appears in this region. As the exact 
isothermal section including the liquid 
phase could not be established, discussion 
about this region will be omitted. 

The identification of phases is carried out 
with samples of different starting materials 
at different conditions of oxygen pressure. 
Some of these results, obtained by powder 
X-ray diffractometry with Fe& radiation, 
are shown in Table I. Tokizaki et al. (15) 
reported that the crystal form of FeNbzOe 
depends upon the conditions of the prepa- 
ration, log(COz/HZ), and temperature. The 
quench samples prepared at the different 
conditions of oxygen partial pressure show 
the same columbite-type pattern in the 
present study. 

Based upon the above results from the 
thermogravimetry and the phase identifica- 
tion, a phase diagram was drawn and is 
shown in Fig. 3. The diagram is similar to 
that of Turnock (I ) at 1180°C. Dashed lines 
are the iso-oxygen partial pressure lines in 
two-phase fields and values are indicated 
on each line. There are eight phases, NbzOS 
0% NW4 (F), FeNbOb (B), FeNb06 KX 
Fe&b09 (D), “FeO” (W), niobium-iron 
spine1 (M), and a-Fe. These all have non- 
stoichiometric compositions except for CY- 
Fe and FezOj . The composition of F2, be- 
ing richest in FeNbzOe, is Fe0.28Nb0,7202, 
which is comparable to Fe0.27Nb0.7302 at 
1180°C. The niobium-iron spine1 solid solu- 
tion also has a wide range of composition, 
its end composition being Fe2.43Nb0.5404.00, 
- 80 mole% “Fe7Nb2012,” which is also 
identical to that at 1180°C. The small differ- 
ence in temperatures does not affect these 
compositions. 

Turnock (I) showed that Fe20j has a 
nonstoichiometric range, but it cannot be 
found explicitly because of the sluggish re- 
action and log Po2 = - 3 SO is different from 
-2.94 at which Fe20j and Fe304 coexist in 
equilibrium at 12OO“C. Compositions of C4 

TABLE I 

IDENTIFICATION OF PHASE 

NbzOsiFe203 -log Paz 
(mole ratio) (atm) 

85115 15.00 
812 12.50 

15125 14.50 
13.00 
12.20 
4.00 
3.60 
0.68 

713 14.00 
45155 15.00 

14.50 
14.00 
13.00 
12.00 
8.30 
8.00 
6.50 
6.00 
3.60 
2.60 
0.68 

317 12.30 
11.90 
11.20 
10.90 
8.30 

l/9 12.30 
11.90 

5195 9.50 

rime 
(W Phase 

- 

8 
8 

10 
14 
15 
21 
19 
7 
I 
8 

10 
I 

14 
15 
22 
18 
23 
23 
19 
12 
I 

15 
15 
14 
15 
22 
15 
15 
15 

NbO> 
NbOz + NblOI 
NbOz 
NbOz 
NbOs + FeNblOc 
NW5 + FeNb206 
NWs + FeNbOd 
NbzOs + FeNb04 
NbOs + FeNb20a 
Fe + NbOz 
Fe + NbO> 
Fe + FeNbZOs 
Fe + FeNb206 
FelNbzOp + FeNb*Oh 
FedNbzOs + FeNb206 
SP + FeNb20n 
SP + FeNb20n 
SP + FeNbOp 
SP + FeNb04 
FeNb04 + Fe103 
FeNb04 + FezOx 
Fe + Fe4Nb209 
Fe0 + Fe4Nb209 
Fe0 + Fe4Nb209 
SP + FedNbZOP 
SP + Fe4Nbz09 
Fe + Fe4Nb209 
Fe0 + Fe4Nb209 
Fe0 + SP 

a Tetragonal. 

and C5 and of B2 and B3 are not identical, 
while those in Turnock (I) were illustrated 
as if these pairs were identical. A com- 
pound FeNb,rOZ9, of orthorhombic type, 
has been reported by Turnov et al. (16) and 
Brunner and Gruehn (17). According to the 
present results, the Nb205 phase has non- 
stoichiometric composition not only on the 
Nb204 side but also on the FeNb04 side, 
where the end composition is FeNb1iOZ9 
(Ed. 

In Table II the compositions, symbols, 
and stability ranges in the oxygen partial 
pressure of the solid solutions, are tabu- 
lated together with activities of each com- 
ponent in the solid solution. The activity of 
the Fe4Nb209 component in the solid solu- 
tion is calculated using the Gibbs-Duhem 
equation, giving XoIXre4~b209 = 0.0596 log 
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FIG. 2. The relationship between the composition, Wo2/WT, and the oxygen partial pressure in the 
system Fe-Nb-0 at 1200°C with ratios of Nbz05/FeZOj of (a) 8/2, (b) 7/3, (c) 1, (d) 2/8, (e) l/9, and (f) 
5195. 

PO2 + 0.756. The latter equation is derived determined with the aid of the previous 
assuming that the oxygen content in the data. The values of FeNb20b still have large 
solid solution changes with the change of errors compared with the previous data; 
the oxygen partial pressure as shown in Ta- therefore, they are not included in Table 
ble II. III. The lattice constants of FeNb04 pre- 

Lattice constants of the compounds are pared in air are almost the same and are 
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Fe 

FIG. 3. Phase equilibria in the Fe-FeZO1-Nb205 system at 1200°C. Dashed lines are the iso-oxygen 
partial pressure lines in the two-phase areas. Numerical values in the three-phase regions are the 
oxygen partial pressure in -log(Po,/atm) in equilibrium with the three solid phases. Symbols are the 
same as those in Table II. 
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TABLE II 

COMPOSITIONS, SYMBOLS, STABILITY RANGES IN 

THE OXYGEN PARTIAL PRESSURES, AND ACTIVITIES 

OF SOLID SOLUTIONS 

-log PO* 
Component Composition Symbol Mm) log ai 

NW5 

FeNbOl 

FeNbzOs 

Fed%09 

Fe&h 

NbOz 

E O-4.00 
El 3.83 
E2 12.27 
B 0 
BI 3.50 
B2 3.83 
B? 6.22 
C 14.13 
Cl 12.53 
C2 12.27 
C3 8.15 
C4 3.83 
c5 6.22 
D 12.53 
DI (11.94) 
D2 11.00 
D? 8.15 
Ml 3.50 
M2 6.22 
M 9.14 
M3 8.15 
M4 11.00 
F2 14.13 
Fl 12.27 

0 
- 

-0.079 
- 

0 
- 
0 
0 
0 

- 
0 

-0.0079 
-0.042 
-0.306 

-0.014 
0 

- 
- 

- 

independent of the coexistence of other 
compounds, Fe203 and FeNb,,029. This 
might mean that FeNb04 has no large non- 
stoichiometric range on the FeNb,lOzg and 
Fe203 sides. Values for FeNb04 prepared 
at -3.62 atm from the 75/25 sample and at 
-6.00 atm from the 3/7 sample are well fit 
not to an orthorhombic but to a rutile struc- 
ture. Also, values of Fe4Nb209 and 
niobium-iron spine1 are not affected by the 
coexistence of another phase at any oxygen 
partial pressure. 

In Table IV the relationship between the 
lattice constant and the composition of the 
spine1 solid solution is shown together with 
the conditions of preparation, starting ma- 
terials, and lattice constants of tantalum- 
iron spinel. Here, X means the mole frac- 
tion of the assumed Fe$+Nb:+(or Ta5+)012. 
These data are plotted in Fig. 4 together 
with the niobium-iron spine1 data reported 
by Turnock. The present values change lin- 
early with X up to 0.5 and then slightly 

TABLE III 

THE LATTICE CONSTANTS OF THE COMPOUNDS 

Nb205lFe203 -log PO* b V 
Compound (mole ratio) @m) Coexisting phase Li, (A) CL (A’) Ref. 

FeNb04 75125 0.68 FeNbttOzv 
45155 0.68 Fez03 
75l25 3.62 FeNbttOm 
45155 3.80 SP 

3rl 6.00 sP 

FeNbt& 75125 3.62 

Fe*Nbz% 45155 8.50 FeNblOs 
2l8 8.50 sP 
3/7 Il.90 Fe0 

45155 12.00 FeNb206 

sP 3i7 6.00 FeNb04 
3l7 8.00 FeNb206 
5l95 8.00 FeNbzOa 
2l8 9.50 FedNb209 
5195 9.50 Fe0 
5195 10.90 Fe0 
2/8 10.90 FeN+zOs 

5.004 + 0.008 
5.007 + 0.001 
4.723 t 0.001 
5.032 ‘t 0.001 
4.738 It 0.002 
5.005 

28.70 f 0.03 
28.70 

5.221 f 0.003 
5.216 k 0.003 
5.224 + 0.002 
5.221 + 0.002 
5.233 
8.404 k 0.001 
8.459 k 0.001 
8.451 zk 0.001 
8.551 f 0.008 
8.479 + 0.001 
8.593 + 0.002 
8.592 k 0.001 

5.622 k 0.006 4.657 + 0.007 
5.622 k 0.001 4.654 k 0.001 

3.063 k 0.003 
5.647 + 0.001 4.669 t 0.001 

3.058 k 0.003 
5.613 4.647 
3.828 + 0.001 20.618 f 0.001 
3.829 20.61 

14.245 + 0.013 
14.206 + 0.020 
14.211 + 0.007 
14.238 + o.ow 
14.236 

131.1 + 0.3 
131.0 k 0.1 
68.32 2 0.07 

132.7 f 0.1 
68.65 k 0.09 

2266 + 3 

336.3 t 0.5 
334.7 + 0.6 
335.9 5 0.3 
336.1 k 0.3 

593.5 -+ 0.2 
605.3 + 0.3 
603.5 + 0.1 
625.2 + 1.8 
609.5 + 0.2 
634.5 k 0.3 
634.2 + 0.1 
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TABLE IV 

THE COMPOSITIONS OF NIOBIUM-IRON SPINEL AND TANTALUM-IRON SPINEL AND LATTICE CONSTANTS 

Nb20S/Fe203 
-la PO2 

Mm) X” 
-log PO* 

Ta205/Fe203 (atm) X” 

Oil 9.00 0 8.395 5195 9.00 (0.22 -r- 0.01) 8.456 
5195 9.00 0.21 * 0.01 8.450 l/9 9.00 (0.43 ” 0.02) 8.517 

(0.22 f O.Ol)b 
l/9 9.00 0.43 t 0.03 8.515 15/85 11.00 (0.73 2 0.04) 8.601 

(0.44 2 0.01) 
5195’ 10.90 (0.77 2 0.04) 8.593 2/8d 11.90 (0.80 k 0.08) 8.635 

R XFe7Z2012 . 3(1 - X)Fe,04 [Z = Nb or Ta] 
b Values in parentheses were calculated from the thermogravimetric data. 
c “FeO” coexists. 
d Fe4Ta209 coexists. 

curve convexly, while those of Turnock’s mixtures are shown in relation to the oxy- 
change linearly but are smaller than the gen partial pressure. 
present values. The values of tantalum- 
iron spine1 change linearly, too. (2) The Standard Gibbs Energy of 

From Fig. 3 the lattice constants of the Reactions 
spine1 solid solution are expected to be dif- On the basis of the established phase dia- 
ferent if the different starting materials gram, the standard Gibbs energies of reac- 
were used at the same oxygen partial pres- tions which appear in the diagram can be 
sure. In Fig. 5 the lattice constants of the calculated from the equation AG” = -RTln 
spine1 solid solution of different starting K. Here, R is the gas constant, T the abso- 

8.6 

a/A 

0.5 

8.4 

, I # 

.O 8.0 101) 12.0 

0 0.5 1.U 
-lo*atd 

-X 
FIG. 5. The relationship between the oxygen partial 

FIG. 4. The relationship between the lattice constant pressure and the lattice constant of samples which 
and the composition, X, of the spine1 solid solutions. were made from different starting compositons. 

6.6 

ai6 

6.5 

8.4 c 
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TABLE V 

THE STANDARD GIBBS ENERGIES OF REACTIONS 

Reaction 
-log P@” -AGo Correction 

btm) &J) term 

(I) Nb204 + 0.4202 = Nb204.84 13.90 164.6 
(2) NbZ04.84 + 0.0802 = Nb20S 13.40 26.9 
(3) Fe + 2Nb02 + O2 = FeNb206 14.13 398.5 
(4) 3Fe + FeNbzOc + 30, = Fe4NbZOg 12.53 530.1 
(5) FeOZ8Nb0.,202 + 0.0402 = 0.08Nb205 + 0.28FeNbz06 12.27 14.0 
(6) 1.3SFeO + 0.27Fe4NbZ09 + 0.1102 = Fez43Nb0.5404.W 11.00 35.6 

(7) Fe4Nbz09 + 40, = FeNb206 + Fel104 8.15 123.5 

(8) FeNbzOG + fFe304 + 40, = 2FeNb04 6.22 14.2 

(9) 2FeNb206 + $0, = 2FeNbOd + Nb205 3.83 54.0 

- 
UNbOZ 03) 

- 

a kO.05. 

lute temperature, and K the equilibrium 
constant of a reaction. The standard state 
of the activity can be chosen arbitrarily in 
each solid solution, and the necessary ac- 
tivities of the components for the calcula- 
tions are tabulated in Table II. Results are 
shown in Table V. In the last column in the 
table the “correction term” is listed which 
needs to be determined in the future in or- 
der to calculate AG” values accurately. 
Here, UNbOZ (F2), for example, means the ac- 
tivity of the Nb02 component at the compo- 
sition F2. Therefore, AG” values in Table V 
imply the energies which were obtained as- 
suming that the activities of the “correction 
term” are unity. The AG” value for the re- 
action Nb204 + 40, = Nb205 is calculated 
as the sum of those for reactions (1) and (2) 
and is -191.5 kJ/mole. This value is in 
fairly good agreement with - 194.8 W/mole, 
as calculated from the data of Elliott and 
Gleiser (18). 
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