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A solid state galvanic cell technique has been employed to determine the phase diagram of the 
ternary system Y—Fe—0 in the temperature range from 900 to 1250 °C. Only electrical quan-
tities need to be measured and the samples do not have to be quenched. YFe03 and YßFesO^ 
exist over the entire temperature range, whereas the third ternary compound YFe204-x is only 
thermodynamically stable above 1010 + 9 °C. Above 1078 + 1 5 °C YFe204-x comes into equi-
librium with Y2O3. 

With the same experimental arrangement the standard Gibbs free energies of formation AG 
of the ternary compounds YFe03, Y3Fe50i2 and YFe204 have been determined to be —1366.0 
+ 0.2525 X T kJ/mol (1173 ^ T [K] ^ 1523), - 4912.2 +0.9990 x T kJ/mol (1173^T[K] ^ 
1523) and -1615.9 + 0.3068 x T kJ/mol (1283 sST[K] ^ 1523) as functions of the tempera-
ture, respectively. 

I. Introduction 
Several ternary compounds of the system 

Y-Fe -0 have interesting magnetic properties and 
are therefore of great technological importance for 
applications such as microwave devices and in 
magnetic bubble and magneto-optic elements. In 
spite of this fact, fundamental properties concerning 
phase equilibria and thermodynamic data are 
unsufficiently known. This information is essential, 
however, to properly control the conditions foi the 
growth of single crystals and the formation of the 
compounds during sintering. 

Previously, phase studies have been performed 
by annealing samples of various Fe: Y-ratios in air 
[1—3], in pure oxygen [4—5] and in one case in 
pure CO2 [4]. Van Hook [2, 4] has in addition 
measured the weight losses of the samples in order 
to determine their oxygen contents. Recently, 
Kimizuka and Katsura [6] have studied the phase 
equilibria with the help of thermogravimetric 
measurements under defined oxygen partial pres-
sures at a fixed temperature of 1200 °C. On the 
basis of these measurements one part of the phase 
diagram bounded by the triangle Y203-Fe203-Fe 
has been constructed. Tretyakov et al. [7] have 
measured the oxygen equilibrium pressure over 
Y203-YFe03-Fe mixtures in the temperature range 
from 900 to 1100 °C. 
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In a preceding paper [8] we have investigated the 
dissociation pressures of YsFeöO^ and YFe03 in 
the temperature range from 900 to 1250 °C by EMF 
measurements using a solid state galvanic cell 
technique. On the basis of these measurements, the 
standard Gibbs (free) energies, enthalpies, and 
entropies of formation of YsFesO^ and YFe03 
from metallic iron, yttria (Y2O3) and oxygen were 
calculated. 

A recently developed generally applicable electro-
chemical technique [9 — 11] allows the determina-
tion of the complete phase diagrams of ternary 
systems and thermodynamic data related to the 
formation of all existing compounds in an experi-
mentally very tractable and precise manner. Only 
measurements of electrical quantities are involved 
and it is also possible to study materials which 
cannot be quenched. This method has been employed 
to study the phase equilibria in the ternary system 
Y-Fe-0 in the temperature range from 900 to 
1250°C. 

2. Experimental and General Considerations 

The solid state galvanic cell employed in this 
study is shown schematically in Figure 1. Stabilized 
zirconia is used as a solid electrolyte for oxygen ions 
for determining the oxygen activity of the sample 
and also for varying its oxygen content by precisely 
known amounts upon passing a current through 
the cell. Porous Pt/air or in some cases a two-phase 
mixture of Fe + Fei-yO were used as oxygen sources 
or sinks with well defined oxygen reference activities. 
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Fig. 1. Schematic representation of the galvanic cell used 
in this investigation and the electrical circuit. 

Samples of various Y : Fe ratios were prepared in 
a similar manner to the procedure described 
previously [8]. Mixtures of Y 2 0 3 — 99.99% (Alfa 
Products, Ventron) and Fe203 — Specpure (John-
son, Matthey & Co.) were used. 

Depending on the direction of the current we 
have been able to oxidize or to reduce the sample. 
The compositions covered by the electrochemical 
variation of the oxygen content are located along 
the lines connecting the pure oxygen corner and the 
oxygen-free composition on the Y-Fe side of the 
Gibbs triangle of Y-Fe-0 [11]. The steady state 
equilibrium cell voltage E is recorded as a function 
of the oxygen content. It is related to the oxygen 
activity ao or the oxygen equilibrium pressure po2 

of the sample by Nernst's equation 

E = 
RT «o(ref. electrode) 

In 
2 F 
RT 

«o (sample) 
P02 (ref- electrode) 

P02 (sample) U) 

where R, T, and F are the universal gas constant 
(8.31441 J/mol • K), the absolute temperature and 
Faraday's constant (96484.56 C/mol), respectively. 

According to Gibbs' phase rule, the cell voltage 
is independent of the oxygen content in the presence 
of three co-existing solid phases and may be 
expressed by their standard Gibbs energies of 
f ormat ion AGF° (per mole ) 

E = j ^ j h - AGf°(YaiFeßtOyi) (2) 

where d is the determinant formed by the stoichio-
metric numbers of the three compounds, 

d = 
ßi 
ßi ß3 

(3) 

diz is the minor of d, which is formed by eliminating 
the third row (i.e., the stoichiometric numbers of 

the conducting oxygen species) and the i-th line 
of the determinant d. 

Using Eq. (2), the Gibbs energies and related 
thermodynamic properties of all compounds exist-
ing in the system may be evaluated. 

A voltage change with oxygen concentration has 
to be observed in 2- and 1-phase regions which 
separate 3-phase regions from each other (gaseous 
phases are disregarded in these considerations). The 
voltage (with reference to a pure oxygen electrode) 
has to decrease with increasing oxygen content of 
the sample and the plot of the cell voltage against 
the oxygen content has a step-like shape. The phase 
diagram may be identified in this way [11]. 

For studying variations of the phase diagram 
with temperature it is usually sufficient to deter-
mine the equilibrium cell voltages of the 3-phase 
regions as functions of the temperature. A change 
in the phase diagram would produce a break in the 
linear voltage versus temperature plot. 

It is essential that all oxygen added to or taken 
from the sample is quantitatively determined by 
the charge flux in the external circuit. The transport 
of uncharged oxygen through the gas phase or the 
solid electrolyte (i.e., if electrons or holes are 
simultaneously moving with the oxygen ions) has 
to be negligibly small. For this purpose, tubes made 
from the electrolyte material with separated inside 
and outside electrode compartments were used. 
The parts covered with porous platinum served as 
electrolytes. In order to reduce oxygen permeation, 
a double walled tube arrangement was chosen which 
is shown in Figure 2. The voltage across the inner 
tube was always kept at zeio during the equilibra-
tion of the sample with the help of a potentiostat 
(Lead 3 is connected to the reference, 4 and 5 to 
the working and 6 to the counter electrode output). 
Any deviation of the oxygen partial pressure in the 
space between the tubes from the equilibrium 
partial pressure of the sample is then eliminated by 
a current flow through the outer tube. This removes 
any driving force for the permeation of oxygen. For 
the change of the oxygen content of the sample, 
oxygen has to pass through both tubes and across 
the gaseous gap between. 

Alternatively and in order to test the new measure-
ment technique we have also performed some 
measurements with the help of an arrangement 
which is shown in Figure 3. Using this arrangement 
we have measured the oxygen equilibrium pressures 
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Fig. 2. The experimental galvanic 
cell with a double tube solid elec-
trolyte and an air reference elec-
trode which also acts as an oxygen 
sink or source. 

of those 3-phase regions which have oxygen 
activities close to Fe + Fei-yO mixtures. The space 
in-between the Zr(>2 ( + C a O ) tubes was filled with 
Fe and Fei-^O in this case. Due to the small 
gradient of the oxygen activity across the inner 
tube, the oxygen permeation was decreased to a 
very small level. 

3. Results 

3.1. Phase Diagram 

In Fig. 4, the logarithm of the oxygen partial 
pressure as calculated using Eq. (1) from the 
observed voltages for the various 3-phase regions 
is plotted against the reciprocal of the absolute 
temperature. The data have been treated by the 
least squares (linear regression) method. For 
comparison the results obtained by Kimizuka and 
Katsura [6] and Tretyakov et al. [7] are also 
included. 

The straight lines shown in Fig. 4 belong to the 
3-phase regions as listed in Table 1. The values x', 
x", x'", y', y", and y'" represent specific deviations 
from the ideal stoichiometry of the compounds 
YFe 2 0 4 - a ; and Fei- j ,0 . 

The corresponding experimentally observed com-
position independent oxygen equilibrium pressures 
of these 3-phase regions may be expressed by 
Eqs. (4) —(10) which are included in Table 1. 

Table 1. Compilation of the investigated 3-phase regions of 
the ternary system Y-Fe-0 and their equilibrium oxygen 
partial pressures. 

3-phase region of the Logarithm of the oxygen 
ternary system equilibrium partial pressure, 
Y-Fe-0 log po2 [Pa] 

A Fe-Y 2 0 3 -YFe0 3 - 29345 
+ 13.00 ± 0 . 0 4 (4) A Fe-Y 2 0 3 -YFe0 3 -

T + 13.00 ± 0 . 0 4 (4) 

B Fe-Y 2 0 3 -YFe 2 0 4 -z ' 28685 
+ 12.53 ± 0 . 0 4 (5) B Fe-Y 2 0 3 -YFe 2 0 4 -z ' 

T 
+ 12.53 ± 0 . 0 4 (5) 

C Fe-Fei-^O-YFeOs 1 27855 + 12.03 + 0.04 (6) D Fe-Fei-2 /<0-YFe204-z" j T 
+ 12.03 + 0.04 (6) 

E Y203 -YFe204 -*<"-YFe03 -
39375 

+ 20.43 + 0.04 (7) E Y203 -YFe204 -*<"-YFe03 -
T 

+ 20.43 + 0.04 (7) 

F Fe1_2 / "0-YFe204 -YFe03 -
45325 

T 
+ 25.64 + 0.05 (8) 

G Fei_3 /" '0-Fe304-YFe03 -
33245 + 18.45 + 0.04 0 ) G Fei_3 /" '0-Fe304-YFe03 - T 

+ 18.45 + 0.04 0 ) 

H Fe304-YFe03-Y3Fe50i2 -
26365 + 17.13 + 0.06 (10) H Fe304-YFe03-Y3Fe50i2 -

T 
+ 17.13 + 0.06 (10) 

It is noted that regions C and D have the same 
oxygen activity because they are both bounded by 
the same Fe-Fei-^O 2-phase region on the Fe-0 leg 
of the Gibbs triangle and the amount of the third 
compound YFeÜ3 or YFe2C>4-;r, respectively, is not 
changed during oxidation or reduction. 

It may be seen from Fig. 4 that the two lines C 
and A branch at points a and b, respectively, where 
neighbouring 3-phase regions approach the same 

Fig. 3. Experimental arrangement 
of the galvanic cell with an auxil-
i a r y Fe + Fei-yO electrode. 
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Fig. 4. Temperature dependence of the oxygen equilibrium 
pressures of the various 3-phase regions in the Y—Fe—O 
system. The capital numbers are explained in Table 1. The 
broken line I is estimated for the 3-phase region 
F e - Y F e O s - Y F e a O W . 

oxygen equilibrium pressures. Under the conditions 
indicated by a ((1010 ± 9) °C, log 2>o2[Pa] = — 9.68 
± 0.05) the four solid phases Fe, Fei-^O, YFe204-a; 
and YFeC>3 can be in equilibrium simultaneously. 
Likewise, at point b ( (1078± 15) °C, log p 0 2 [ P a ] = 
— 8.71 ± 0.05) Fe, Y 2 0 3 , Y F e ^ - * and YFe0 3 can 
co-exist simultaneously in equilibrium in the solid 
state. According to the phase rule, the system at 
those points has no degree of freedom anymore. 
Points a and b are therefore invariant points of the 
system. 

Figure 5 shows the phase diagram of the system 
Fe-Fe203-Y203 obtained at temperatures above 
(1078±15)°C. Y 2 0 3 is in equilibrium with YFe 20 4 - :r 
in this temperature region as indicated by the 
2-phase region connecting these compositions. The 
phase diagram is in accordance with the results 
obtained by Kimizuka and Katsura [6] at 1200 °C. 

Below (1078 ± 15) °C Y 2 0 3 and YFe204-a; are no 
longer in equilibrium and YFe03 and Fe may 
co-exist instead. The phase diagram as shown in 
Fig. 6 is observed. It is valid for the temperature 
range from (1010 ± 9) °C to (1078 ± 15) °C. 

Below (1010 + 9 ) °C the 2-phase regions connect-
ing YFe204-a; with Fe, Y F e 0 3 and F e ^ O will 
disappear. The oxygen equilibrium pressures of all 
3-phase regions D, F, and I around YFe204_a; 
become equal. YFe204-a; cannot exist anymore as 
a stable phase at temperatures below (1010 + 9 ) °C. 
It decomposes into Fe, Fei-^O and YFeC>3. The 

}v2o3 

Fig. 6. Equilibrium phase diagram of the partial system 
Fe—Fe203—Y2O3 in the temperature range from 1010 to 
1078 °C. 
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phase diagram transforms into the one shown in 
Figure 7. 

At point c ( (1098±13)°C, l o g p 0 2 [ P a ] = — 8 - 2 9 
^ 0.04) two lines intersect which represent the 
oxygen partial pressure of two 3-phase regions 
without common boundaries in the phase diagram. 
This has no implications on the phase diagram. 

3.2. Thermodynamic Calculations 

The reactions 

1 /2 Y 2 0 3 + Fe + 3/4 0 2 = YFeOg (11) 

and 

3 Y F e 0 3 + 2/3 Fe 30 4 + 1/6 0 2 = Y 3 Fe 5 0 i 2 (12) 

have been studied in our previous paper [8] and the 
corresponding Gibbs (free) energies of reactions 
have been determined to be 

AGfn) = { - 421.3 + 0.1184 xT ± 0.7) kJ/mol 
(1173 ^ T[K] ^ 1523) (13) 

and 

AG?i2) = ( - 84.1 + 0.0387 xT ± 0.2) kJ/mol 
(1173 ^ T[K] ^ 1523). (14) 

In order to calculate the standard Gibbs energies of 
formation of yttrium iron perovskite, AG/0 (YFe03 ) , 
and yttrium iron garnet, AG/0 (Y3FesOi2), the 
thermodynamic properties of Y 2 0 3 and Fe3C>4 have 
to be known. The data for magnetite are well 

Fig. 7. Equilibrium phase diagram of the partial system 
Fe—Fe203—Y203 at temperatures below 1010 °C. 

established [12] whereas discrepancies exist in the 
case of yttria. In contrast to thermodynamic tables 
[12], Y 2 0 3 exists only in the C-type rare-earth 
sesquioxide modification [13] in the relevant 
temperature range. We have selected from Gmelin's 
Handbook [14]: 

A H l 298.15 (Y 20 3 ) = - 1905.6 kJ/mol, 
> 9̂8.15 (Y 2 0 3 ) = 99.12 J / m o l - K , 
Cp° (Y 2 0 3 ) = (11.78 + 14.64 x 10~3 X T 

- 17.45 X 105 x T-2) J/mol • K 
(298 ^ T[K] ^ 1615). 

With the help of these data the standard Gibbs 
energies of formation can be expressed by the 
following equations which are linear within the 
experimental error: 

ZlG/°(YFe03) 
= ( - 1366.0 + 0.2525 x T±0.7) kJ/mol 

(1173 ^ T[K] ^ 1523), (15) 

AGF0(YSFE5O12) 

= ( - 4912.2 + 0.9990 xT ± 2.3) kJ/mol 
(1173 ^ T [K] ^ 1523). (16) 

The indicated errors include both the standard 
deviations of the cell voltage and the inaccuracy of 
the temperature measurement. Errors due to data 
taken from the literature are not considered. The 
same holds for all other results presented in this 
paper. 

From the temperature dependence, the standard 
enthalpies of formation, AHF°, and standard 
entropies of formation, Zl>S/0, are obtained to be 

zl#/>(YFeOg) = ( - 1366.0 ± 0.7) kJ/mol 
(1173 T[K] 5S 1523), (15a) 

zl$/0(YFeO3) = ( - 252.5 ± 4.0) J/mol • K 
(1173 ^ T [ K ] ^ 1523), (15b) 

zJ#/>(Y3Fe50i2) = ( - 4912.2 ± 2.3) kJ/mol 
(1173 ^ T[K] ^ 1523), (16a) 

ASF° (Y 3Fe 50i 2 ) = ( - 999.0 ± 13.05) J/mol • K 
(1173 ^ T[K] ^ 1523). (16b) 

Making use of these results and the present experi-
mental data we are able to determine also the Gibbs 
energy of formation of the compound YFe2C>4. 

According to Eqs. (2) and (3) the cell voltage of 
the 3-phase region YFe03 -Fei_2 /"0-YFe204 (F) 
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with reference to a pure oxygen electrode of atmo-
spheric pressure is given by 

E = - - ^ 7 7 [(1 - y") AmYFe03) (17) 

+ AG/>(Fei-jrO) - (1 - y") AG? (YFe 2 0 4 ) ] . 

This equation takes into account the fact that 
YFe 2 0 4 has practically ideal stoichiometric com-
position (x = 0) if it is in equilibrium with Y F e 0 3 

and Fei -y -O [6]. Also, the solubility of YFe(>3 and 
Y F e 2 0 4 - x may be assumed to be negligibly small 
in wuestite [6]. The same holds for the solubility of 
Fei-yO and YFe204- ; r in the stoichiometric 
perovskite YFeOs. 

Solving Eq. (17) for the Gibbs energy of formation 
of YFe 2 0 4 and substituting the cell voltage E by 
the oxygen equilibrium pressure of the 3-phase 
region F according to Eqs. (1) and (2), yields 

RT 
AG/0 (YFe 20 4 ) = - — — lnpo2(E) (18) 

z\L ~ y ) 

+ Zlö/0(YFeO3) ~ ^ l y " ) i - y " 0 ) • 

zlG/°(Fei_j /"0) may be determined by integration 
of the cell voltage (with reference to a pure oxygen 
electrode of atmospheric pressure) as a function of 
the oxygen content along the tie line (co-ordinate z) 
connecting the Fe corner of the Gibbs triangle and 
the composition Fe i -^ 'O [11] 

i/(i—w") 
AGfO(Fe1-y>0) = -2(1-y")F fE(z)dz (19) 

6 
(1 - y") RT m-v") 

= « J lni>o.(2) d z -
z o 

The cell voltage or equilibrium oxygen partial 
pressure of the 2-phase mixture of Fe and F e i - ^ O 
can be taken from the literature [15—22]. Data 
taken from Refs. [17, 18, 21, 22] are in very good 
agreement with the results obtained in our study 
for the regions C and D in which the third com-
pound does not influence the voltage since its 
solubility is negligibly small and its amount is not 
changed during the process of variation of the 
oxygen concentration. Therefore, we have employed 
Eq. (6) for the integration along the 2-phase region 
Fe-Fei-^'O. With regard to the single phase region 
Fei-^O it is known that its stoichiometric deviation 
varies nearly linearly with the cell voltage E or the 
logarithm of the equilibrium oxygen pressure [21, 

23]. The integration was carried out according to 
this stoichiometric dependence up to the oxygen 
partial pressure of the region F as expressed by 
Equation (8). The result of this calculation is 

AG/0 (YFe 2 0 4 ) 
= ( - 1615.9 + 0.3068 x T ± 2.5) kJ/mol 

(1283 ^ T [ K ] ^ 1523). (20) 

From this expression, the standard enthalpy of 
formation, AHF°, and the standard entropy of 
formation, AS/0, are obtained to be 

Zl# />(YFe 20 4 ) = ( - 1615.9 ± 2.5) kJ/mol 
(1283 ^ T [ K ] ^ 1523), (21) 

and 

Zl$/°(YFe204 ) = ( - 306.8 ± 20.8) J/mol • K 
(1283 ^ T[K] ^ 1523), (22) 

respectively. Further thermodynamic data may be 
derived from these results by employing known 
thermodynamic relationships. 

4. Discussion 

The applied electrochemical technique has been 
proved to be a powerful, highly precise and elegant 
tool for the determination of the phase diagram and 
the thermodynamics of the ternary system Y-Fe-O. 

The results obtained in this work confirm the 
measurements of Kimizuka and Katsura [6] 
performed at 1200 °C. The differences in the 
logarithms of the oxygen equilibrium pressures of 
all 3-solid-phase regions at this temperature are 
very small and fall within the limit of the experi-
mental error. 

Moreover, the oxygen equilibrium pressures of 
the regions Fe-Fei-^O-YFeOs (C) and Fe-Fei-^O-
YFe204 -a; (D) agree well with the data reported for 
the Fe-Fei-^0 system. In contrast, the oxygen 
equilibrium pressures of the Y203-Fe-YFe03 region 
(A) are lower than those obtained by Tretyakov 
et al. [7]. The oxygen equilibrium pressures of the 
Fei_ ? / 0-Fe 3 0 4 -YFe0 3 region (G) are consistent 
with the data given in [19] for the Fei_2 /0-Fe304 

system. However, the agreement with other 
published data is poor and it should be emphasized 
that the differences are greater than our experi-
mental error. 
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