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Phase equilibria of the Mn-Fe-O system (Fe/Mn = 2) were studied in the temperature range 1223- 
1393 K and in oxygen partial pressure from 10-r to lo5 Pa by measuring the electrical conductivity and 
the weight of the sample. The standard enthalpy and entropy changes per one mole oxygen for the 
phase boundary reaction between spine1 and spine1 + hematite were calculated from thermogravime- 
tric data. A slight break in the plots between the oxygen partial pressure and weight change at constant 
temperature was observed in the single phase of manganese ferrite, where the lattice constant also 
showed a break in the plots of lattice constant against oxygen partial pressure. The oxygen potentials 
were calculated by assuming that the break point in the plots between the oxygen partial pressure and 
weight change is the stoichiometric composition of manganese ferrite. 

1. Introduction 

Manganese ferrites as well as manganese 
zinc fenites are some of the magnetic mate- 
rials widely used for electronic applica- 
tions, and it is known that their magnetic 
and electrical properties are strongly influ- 
enced by the procedures of preparation and 
fabrication (I). However, the thermody- 
namic properties of manganese ferrites at 
high temperatures are not well known and 
the phase boundaries in the Mn-Fe-O sys- 
tem are not fully established. 

Muan and Sdmiya (2) have extensively 
studied the phase relations of the iron ox- 
ide-manganese oxide system in the temper- 
ature range 1073-1858 K in air (PoZ = 2.1 x 
104 Pa), and found the presence of the fol- 
lowing phases: spine1 solid solution 
((Fe,Mn),O,), hematite solid solution (a- 
FeZOx with some manganese oxide dis- 

solved in its structure), bixbyite solid solu- 
tion (a-Mn203 with some iron oxide 
dissolved in its structure), tetragonal haus- 
mannite solid solution (Mn304 with some 
iron oxide dissolved in its structure). They 
proposed a phase diagram of the Mn-Fe-O 
system (in the form of a pseudobinary dia- 
gram of the oxides) in the temperature 
range from 873 to 1873 K in air. Bergstein 
and Kleinert (3) studied the effect of oxy- 
gen partial pressures (Po, = 2.0 X 104, 3.3 
x lo*, and 53 Pa) on the phase boundaries 
of the two-phase region (sesquioxide + 
spinel) in the Mn-Fe-O system (Mn/Fe = 
0.5, 0.75, 1.0, and 1.285) by means of high 
temperature X-ray diffraction and dilato- 
metric measurements. Ono et al. (4) estab- 
lished the isobaric phase diagrams in air 
and in helium (PO, = 1.99 Pa) in the temper- 
ature range 1073-1573 K and the phase dia- 
gram of an isothermal section at 1173 K. 
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They also determined the equilibrium rela- 
tionship between spine1 and manganowtis- 
tite at 1173 K. 

As for the nonstoichiometry of oxygen in 
manganese ferrites, Wickham (5) deter- 
mined the excess oxygen 6 as a function of 
the ratio of Mn/(Fe+Mn) for Mn, 
Fedh+~ in the temperature range 1250- 
1673 K in air. He found that the substitution 
of a small amount of manganese decreases 
6 considerably, and for a given atomic frac- 
tion of manganese 6 decreases with increas- 
ing equilibrium temperature. Tanaka (6) 
measured the lattice constants of the 
quenched Mn,Fe3-,04+s samples (x = 
0.950,0.916, 0.861, or 0.802) equilibrated at 
1473,1573, and 1623 K in the oxygen partial 
pressure range l-lo5 Pa by X-ray diffrac- 
tometry at room temperature. He found a 
maximum in the relation of lattice constant 
versus oxygen partial pressure curve at 
each temperature, and the maximum was 
suggested to be the lattice constant at nearly 
stoichiometric composition. 

In this paper, the phase relation of the 
Mn-Fe-O system (Fe/Mn = 2) was studied 
in the temperature range 1223- 1393 K and 
in oxygen partial pressure from 10-i to IO5 
Pa by measuring the electrical conductivity 
and weight of sample, and each phase was 
confirmed by X-ray diffractometry and by 
electron probe microanalysis. The oxygen 
potentials in a single phase of MnFe204+& 

n 

spine1 at high temperatures were calculated 
from thermogravimetric data. 

2. Experimental 

2.1. Sample 

Manganese carbonate (MnC03) and fer- 
ric oxide (Fe203), both with high purity, 
were mixed in metal composition Fe/Mn = 2 
in an agate mortar and the mixture was 
heated at 973 K for about 10 hr. Then it was 
cooled to room temperature and mixed 
again carefully and pressed in a 7-mm circu- 
lar die at about 20 kg/mm2 to make a pellet. 

For thermogravimetry and X-ray diffrac- 
tometry, the pellet was sintered at 1523 K 
in air for about 100 hi and pulverized again 
and used for the measurements. 

For electrical conductivity measurement, 
the pellet was preannealed at 1073 K in air 
for about 3 hr and cooled. Then four holes 
of 0.3-mm diameter were drilled in a line 
and a platinum wire of 0.3-mm diameter 
was inserted into each hole as an electrode 
(7). The pellet was sintered in the same way 
as the samples for thermogravimetry and 
X-ray diffractometry. 

2.2. Apparatus 

A schematic diagram of the apparatus 
used in this study is shown in Fig. 1. Both 
argon and oxygen gases were purified by 

Ar 

micro - 
balance 

(1) flow meter 

(2) dry ice cold trap 

- sample q-x0 

electrical 
conductivity 

FIG. 1. A schematic diagram of the apparatus. 



PHASE EQUILIBRIA OF Mn-Fe-O 275 

passing through a dry ice cold trap to re- 
move water vapor. The oxygen partial pres- 
sure was controlled by adjusting the mixing 
ratio of Ar and O2 gases in the oxygen par- 
tial pressure range 10-1-105 Pa, and moni- 
tored by measuring the electrical resistance 
of Co,-,0 (8). The Cal-,O monitors were 
placed before and after an X-ray diffrac- 
tometer as shown in Fig. 1. 

The samples with the same composition 
for both electrical conductivity and gravi- 
metric measurements were placed close to 
each other in the same furnace. The tem- 
perature was measured by a Pt-Pt 13% Rh 
thermocouple placed near the samples, and 
the temperature of the furnace was regu- 
lated within +2 K by an electronic control- 
ler. The electrical conductivity was mea- 
sured by means of the four inserted wires 
method as described in the previous paper 
(7). This method is not precise enough to 
measure absolute values of electrical con- 
ductivity, but it is adequate to indicate the 
relative variations (7). 

The gravimetric measurement was car- 
ried out with a microbalance. The weight of 
a powdered sample was about 500 mg, and 
changes in the weight could be read down 
to &5 ,ug, which corresponds approxi- 
mately to a change of +0.00005 in O/(Mn + 
2Fe) ratio. Measurements of the electrical 
conductivity and the weight change of sam- 
ples were made by decreasing oxygen par- 
tial pressure, and then increasing it, and 
both were in good agreement in the single 
phase of spine1 and in the two-phase region 
of spine1 and hematite. When reduction and 
oxidation reactions are in agreement re- 
versibly, we concluded that the equilibrium 
was achieved. Equilibrium was usually 
reached within 4-g hr. However, a hystere- 
sis was observed near the phase boundary 
where three phases of bixbyite, hematite, 
and spine1 coexist. Equilibrium could not 
be achieved within a reasonable period of 
time. 

High temperature X-ray diffraction data 

were obtained with a diffractometer 
equipped with a platinum resistance fur- 
nace using Fe& radiation. A very thin 
layer of a finely pulverized sample was wet- 
ted with acetone on a sample holder (Pt 
10% Rh alloy), which also served as a 
heater. Before measurement, the acetone 
was removed slowly in a vacuum at about 
373 K. The temperature was measured with 
a Pt-Pt 13% Rh thermocouple welded on 
the back of the sample holder. Reflections 
of higher angles (511), (440), (533), and 
(731) were used for the measurement of 
lattice constants. The imprecision of the 
measurement of lattice constants was 
+0.0003 A. 

The electron probe microanalysis was 
carried out for both manganese and iron by 
using quartz as an analyzing crystal. 

3. Results and Discussion 

3.1. Phase Equilibria of the Mn-Fe-O 
System 

Preliminary measurement of electrical 
conductivity has been carried out by vary- 
ing oxygen partial pressure at a constant 
temperature. Figure 2 shows plots of the 
electrical conductivity against oxygen par- 
tial pressure at 1273 K. The electrical con- 
ductivity was constant until IO4 Pa as oxy- 
gen partial pressure decreased, then 
increased with decreasing oxygen partial 
pressure as shown by a solid line in the fig- 
ure and again became nearly constant. 
When the oxygen partial pressure in- 
creased, the electrical conductivity fol- 
lowed the same line below 103.’ Pa, but then 
showed hysteresis as shown by a dotted 
line in Fig. 2. Three phases of spinel, he- 
matite, and bixbyite were observed by high 
temperature X-ray diffractometry in the re- 
gion shown in the dotted line, while only 
two phases of hematite and bixbyite were 
detected in the region of the solid line. The 
hysteresis observed by the electrical con- 
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FIG. 2. The log (T vs the oxygen partial pressure at 1273 K. The hysteresis was observed as shown by 
solid and dotted lines in the figure. The values of electrical conductivity measured in the direction of 
reduction and oxidation are shown by circles and dots in the figure, respectively. 

ductivity measurement shown in Fig. 2 can 
be explained on the basis of the results of 
high temperature X-ray diffractometry. As 
the electrical conductivity of spine1 is 
higher than that of a mixture of hematite 
and bixbyite, the electrical conductivity in 
the direction of oxidation is higher than that 
in the direction of reduction. It is sug- 
gested, therefore, that the system does not 
reach the equilibrium state yet in the region 
where hysteresis is observed, but it can be 
claimed that the reduction experiment path 
is closer to equilibrium than the oxidation 
one, since the phase rule prohibits the co- 
existence of three phases at equilibrium in 
the wide range of oxygen partial pressure at 
a constant temperature. 

Figure 3 shows plots of electrical conduc- 
tivity and O/(Mn + 2Fe) ratio against oxy- 
gen partial pressure at 1273 K. In this fig- 
ure, the O/(Mn + 2Fe) ratio was calculated 
from weight change of the sample by as- 
suming a break in the plots between weight 
and oxygen partial pressure in MnFe204+& 
spine1 phase to correspond stoichiometric 
composition as will be discussed later. It is 
seen from Fig. 3 that both values of electri- 
cal conductivity and O/(Mn + 2Fe) ratio are 
reversible for the variation of oxygen par- 
tial pressure below 1@.3 Pa. Thermogravi- 
metry as well as electrical conductivity 
measurement showed hysteresis as shown 

in dotted line in Fig. 3. When the samples 
were kept for 1 month in pure oxygen gas at 
1273 K, the values of O/(Mn + 2Fe) and 
electrical conductivity gradually ap- 
proached the values measured in the direc- 
tion of reduction. It is also seen in Fig. 3 
that the oxygen partial pressure where hys- 
teresis in the direction of oxidation begins 
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FIG. 3. The log (+ and the O/(Mn + 2Fe) ratio vs the 
oxygen partial pressure at 1273 K. The values of elec- 
trical conductivity and O/(Mn + 2Fe) ratio measured 
in the reduction and oxidation experiments are shown 
by circles and dots in the figure, respectively. 
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is higher for the case of thermogravimetry 
than that for electrical conductivity mea- 
surement. This may be explained by the 
fact that equilibrium could be reached 
faster in powdered sample used for thermo- 
gravimetry than in pellet for electrical con- 
ductivity measurement. Five regions may 
be designated from the dependence of oxy- 
gen partial pressure of electrical conductiv- 
ity and O/(Mn + 2Fe) ratio as shown in Fig. 
3. In the region I, the oxygen partial pres- 
sure dependences of both electrical con- 
ductivity and O/(Mn + 2Fe) ratio were very 
small, and high temperature X-ray diffrac- 
tion study showed the presence of both bix- 
byite and hematite phases. Therefore, the 
region I should be the two-phase region of 
bixbyite and hematite. As seen from Fig. 3, 
the weight of the sample near the boundary 
between regions I and II changed very 
sharply, and a spine1 instead of a bixbyite 
was observed from high temperature X-ray 
diffraction measurement. At the phase 
boundary, the phases of hematite and bix- 
byite may be coexisting with the phases of 
spine1 and hematite, where the degree of 
freedom of the system is zero. The ratio of 
O/(Mn + 2Fe), thus, should jump in a con- 
stant oxygen partial pressure as expected 
from the phase rule. Although the values of 
O/(Mn + 2Fe) ratio decreased monotoni- 
cally at the boundary between regions II 
and III and high temperature X-ray profiles 
still showed the presence of two phases of 
spine1 and hematite, an anomaly in the elec- 
trical conductivity measurement was ob- 
served at the boundary as seen from Fig. 3. 
The difference between phases II and III 
may be related to the difference in distribu- 
tion of hematite and spine1 in a sample as 
will be discussed later. In the regions IV 
and V, only a spine1 phase was observed by 
high temperature X-ray diffractometry. The 
dependences of electrical conductivity and 
O/(Mn + 2Fe) ratio against oxygen partial 
pressure are very small, but the slope of the 
plots of weight against oxygen partial pres- 

sure varies at boundary between the re- 
gions IV and V as seen in Fig. 3. So the 
regions IV and V may be regarded as hy- 
per- and hypostoichiometric manganese 
ferrites, respectively. 

To confirm the aforementioned assign- 
ment, X-ray diffractometry and electron 
probe microanalysis were carried out. 
Three powdered samples equilibrated at 
1273 K and at different oxygen partial pres- 
sures S1, SZ, and S3 shown in Fig. 3, were 
quenched rapidly into ice temperature. A 
room temperature X-ray diffractometry 
showed that sample S, was a mixture of 
spine1 and hematite, whereas samples S2 
and S3 were spine1 alone. Since the sample 
S2 is very near the phase boundary between 
regions III and IV, it may be difficult to 
detect the presence of hematite. 

The concentration profiles for both Fe 
and Mn in the samples Si , S2, and SJ ob- 
tained by electron probe microanalysis are 
shown in Fig. 4, where a distance of about 
50 pm is scanned. It is observed from Fig. 4 
that (1) the concentrations of manganese 
and iron are nearly constant for all regions 
scanned in the samples S2 and S3, whereas 

distance 

FIG. 4. The concentration protiles obtained by elec- 
tron probe microanalysis for both Fe and kin in the 
samples S, , S2, and S, which were equilibrated at 1273 
K and at different oxygen partial pressures shown in 
Fig. 3. 
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FIG. 5. The oxygen potential diagram which is pre- 
pared from the electrical conductivity and thermo- 
gravimetric measurements: 0, Ref. (2); x , Ref. (3); A, 
Ref. (4); 0, thermogravimetry; 0, electrical conduc- 
tivity measurement. 

this is not the case for some regions in the 
sample Si , and (2) the intensity of manga- 
nese decreases in the place where the inten- 
sity of iron increases, as seen clearly in the 
sample Si . Case (1) indicates that no depo- 
sition of hematite in spine1 is detected 
within a resolution of 1 Frn, while case (2) 
indicates the occurrence of the deposition. 
It may be concluded from room tempera- 
ture X-ray diffractometry and electron 
probe microanalysis that the sample Si is a 
mixture of spine1 and hematite, but samples 
S2 and S, do not show any evidence of a 
deposition of hematite. If the spine1 and he- 
matite in a sample are distributed homoge- 
neously, the electrical conductivity of a 
mixture of spine1 and hematite may vary 
continuously with the oxygen partial pres- 
sure. However, if the spine1 in a mixture is 
formed heterogeneously, the electrical con- 
ductivity of the heterogeneous mixture may 
be higher than that of a homogeneous mix- 
ture, since spine1 has higher electrical con- 
ductivity than hematite in the mixture and 

the deposition of spine1 phase may make a 
short path for the electric conduction. The 
anomaly in electrical conductivity at the 
boundary between regions II and III as 
shown in Fig. 3 may be due to the heteroge- 
neous distribution of hematite and spinel. 

Figure 5 shows the oxygen potential dia- 
gram prepared from electrical conductivity 
measurement and thermogravimetry, 
where previous results (2-4) calculated by 
the present authors from their pseudo- 
binary phase diagram (Temperature-Mn/ 
Fe ratio at a constant oxygen partial pres- 
sure) are also shown. The solid line 
represents the phase boundary of two 
phases (spine1 and spine1 + hematite) which 
is obtained from both oxidation and reduc- 
tion data. The dotted line shows a tentative 
phase boundary of three phases (spine1 + 
hematite and hematite + bixbyite) which is 
obtained from reduction data alone. The 
phase boundary of two phases (spine1 and 
spine1 + hematite) obtained by the present 
authors from thermogravimetry and electri- 
cal conductivity measurements are in good 
agreement as seen from the figure. The 
results by Bergstein and Kleinert (3) and 
those by Ono et al. (4) are in fairly good 
agreement with the present study at high 
temperatures, but not in agreement at low 
temperatures. From the facts that their data 
agree well with our present results at high 
temperatures and the present results are 
obtained reversibly for variation of oxygen 
partial pressure, the data by Bergstein and 
Kleinert (3) and those by Ono et al. (4) 
might be out of equilibrium at low tempera- 
tures. 

Since the linearity at the regions II and 
III by thermogravimetry is better than that 
by electrical conductivity measurement as 
seen in Fig. 3, the oxygen partial pressure 
for phase boundary of two phases by the 
former is more reliable than that by the lat- 
ter. Therefore, only thermogravimetric 
data were used for the calculation of ther- 
modynamic properties for phase boundary 
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reaction of two phases. The standard en- 
thalpy change APO2 per 1 mole O2 for the 
phase boundary reaction of two phases was 
calculated from the slope of straight line for 
the phase boundary by thermogravimetry 
shown in Fig. 5. The standard entropy 
change AS& per 1 mole O2 for the phase 
boundary reaction was evaluated from the 
slope of the oxygen potential against tem- 
perature by thermogravimetry. The stan- 
dard enthalpy and entropy changes per 1 
mole O2 for the phase boundary reaction 

3.2. Nonstoichiometric Manganese Ferrite 

Sp.(MnFe,O,+s) + O2 * 
Sp.((Fe,Mn),O,) + Hem.((Fe,Mn),O,) 

are -414 + 11 kJ * mole-’ and -274 ? 8 
J * K-r * mole-‘, respectively. 

Probable errors of AWo, (1 l/414 x 100 - 
2.7% error) and AS& (8/274 x 100 - 2.9% 
error) were calculated from linear regres- 
sion by methods of least squares, using 
thermogravimetric data alone. A major 
source of error may be caused by measure- 
ment of oxygen partial pressure, since the 
temperature was regulated within ?2 K 
(-0.16% error) and O/(Mn + 2Fe) ratio was 
observed in the change of *0.00005 
(-0.004% error). 

The lattice constants of MnFezOd+& as a 
function of oxygen partial pressure at 1323 
K are shown in Fig. 6, where the oxygen 
partial pressure at phase boundary between 
spine1 and spine1 + hematite and that at the 
stoichiometric composition obtained from 
Fig. 5 are also given by arrows. The similar 
behavior for the plots of lattice constant 
against oxygen partial pressure in a single 
phase of manganese ferrite has been ob- 
served by Tanaka (6). He observed from 
the measurement of oxygen content of sam- 
ple by an electron probe microanalysis at 
room temperature that the lattice constant 
of a sample with a nearly stoichiometric ox- 
ygen content, i.e., 6 = 0, took a maximum 
value. It is seen from Fig. 6 that the oxygen 
partial pressure at the break in the plots 
between oxygen partial pressure and the 01 
(Mn + 2Fe) ratio in spine1 phase shown in 
Fig. 3 corresponds to that at point A in Fig. 
6. But the minimum in the lattice constant 
(point B in Fig. 6) does not occur at the 
alleged boundary curve (see arrow in Fig. 
6). The minimum can be caused by the dif- 
ferent dependence of lattice constant on ox- 
ygen partial pressure in hyper-manganese 
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FIG. 7. The log Paz vs IIT for constant compositions 
in a single phase of manganese ferrite. The phase 
boundaries are given by solid and dotted lines, while 
the broken lines represent the lines of constant compo- 
sitions within a single phase. 

ferrite and in two phase region of hyper- 
manganese ferrite and hematite. The nega- 
tive dependence of oxygen partial pressure 
on lattice constant in hyper-manganese fer- 
rite may be caused by the formation of cat- 
ion vacancy, which was proposed in the 
case of Fe304 (11). The fact that a lattice 
constant of spine1 coexisting with hematite 
increased with increasing oxygen partial 
pressure can be explained by the substitu- 
tion of manganese for iron in spinel, accom- 
panying with deposition of hematite, be- 
cause it has been reported by Muan and 
Somiya (2) that d spacing for (440) reflec- 
tions of the spine1 solid solution, (Mn, 
Fe)J04, increased with increasing manga- 
nese contents. 

Figure 7 shows the logarithm of oxygen 
partial pressures plotted against reciprocal 
temperature for constant compositions of 
manganese ferrite, obtained from isother- 
mal plots of O/(Mn + 2Fe) ratio vs oxygen 
partial pressure at 1223, 1273, 1323, and 

1389 K as shown typically for 1273 K in 
Fig. 3. The phase boundaries are also given 
by solid and dotted lines in the figure, while 
the values at a constant composition within 
a single phase of manganese ferrite are 
shown by broken lines. It is observed from 
Fig. 7 that the slopes of the plots of oxygen 
partial pressure against l/T are less nega- 
tive with increasing the O/(Mn + 2Fe) ra- 
tio. The similar dependence of O/M (M: 
metal) ratio is also seen for Coo.165Fe2.83504 
by Macklen (9) and for MnZn ferrite by 
Blank (10). 

It is seen from Figs. 3 and 6 that the 
oxygen partial pressure dependence of 01 
(Mn + 2Fe) ratio and that of lattice con- 
stant in the region of hyper-manganese fer- 
rite are larger than those in the region of 
hypo-manganese ferrite. This may indicate 
the presence of different defect structures 
in hyper- and hypo-manganese ferrites. 
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