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The phase equilibria and the thermodynamics of coexisting phases in the Pr-Fe-O system have been
studied using static and dynamic methods for attaining equilibrium with subsequent annealing
and identification of the condensed phases by X-ray analysis. Equilibrium phase diagrams have
been constructed to define the changes that take place in the Pr-Fe—O system on variation of the
partial oxygen pressure, the temperature, and the composition of the initial mixture of oxides. An
isothermal cross section at 1300°K and equilibrium diagrams of the type Po, = f (composition) with
T=constant, Po, =/(1/T) with one composition parameter fixed and 7= f{composition) with
P, = constant have been constructed. It has been shown in the Pr-Fe-O system that only one
ternary compound with perovskite structure, PrFeQs,, is formed, and furthermore, it is stable no

matter how high the partial oxygen pressure.

Introduction

Information about the equilibrium condi-
tions of formation and the thermodynamics
of coexisting phases in ferrite-forming systems
of the R-Fe-O type (R =rare earth element
is necessary both for selecting optimal condi-
tions for synthesis and thermal processing of
the rare-earth element ferrites and for explain-
ing the nature of their magnetic properties and
crystallographic structure. Such information
in the literature is contradictory and, at times,
completely lacking.

Praseodymium, like the first element in the
lanthanide series, cerium, possesses variable
valency in oxide phases. Therefore, the
character of ferrite-forming reactions in the
Pr-Fe-O system is sensitive to temperature
and to any change in the chemical potential of
oxygen in the equilibrium gaseous phase.

According to reports (I-3) the formation
of one intermediate phase orthoferrite

* Original manuscript received in Russian. A copy is
available on written request to the Editor.

Copyright © 1976 by Academic Press, Inc.
All rights of reproduction in any form reserved.
Printed in Great Britain

263

PrFeQ;, is possible in the Pr-Fe-O system; it
has a perovskite structure and possesses great
thermal stability with respect to oxidation
(4, 5). The attempts of (3-6) to obtain a
ferrogarnet of praseodymium, “Pr;Fe;O,,,”
were not successful. The Pr3* ion is too large
to form a ferrite-garnet structure, but Pr3*
can enter into a ferrite-garnet structure to a
limited degree, forming a series of solid solu-
tions (5, 7, 8). A structure of the pyrochlore
type also is not realized in the Pr-Fe-O
system (4).

The goal of the present work is to investigate
the phase equilibria and the thermodynamics
of coexisting phases in the Pr—Fe-O system,
limited to the range Pr,0,-PrO,-Fe,O;-Fe,
to construct equilibrium diagrams which
define the character of phase changes in the
system during changes in partial oxygen
pressure, temperature, and composition of
the initial oxide mixture, and to evaluate the
thermal stability of the intermediate product,
orthoferrite PrFeO,;, with respect to
oxidation.
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Experimental

For studying the phase equilibria, static
and dynamic methods for attaining equili-
brium were used, followed by annealing and
identification of the condensed phases by
X-ray analysis.

As starting materials for preparation of the
specimens to be studied, we used metals and
oxides of a high degree of purity. The metallic
praseodymium was 99.998%; the praseo-
dymium oxide PrgO,; contained <0.001%
by weight impurity. Praseodymium sesquiox-
ide Pr,0; was formed by reduction under
vacuum (10™* atm) at 1000°C for 8 hr. In our
work, we used iron carbonyl powder con-
taining <0.002 % by weight impurity and iron
oxide Fe,0O; which was obtained by thermal
decomposition of Mohr’s salt (amount of
any impurity was <0.0029% by weight) at a
temperature of 800°C for 5 hr in air. The
completeness of decomposition of the sulfates
was checked by reaction with BaCl,.

For research on phase equilibria in the
Pr-Fe-O system corresponding to specific
ratios of Pr: Fe: O, preparations were made in
the following manner. Measured portions of
powders Pr+ PrgO,, + Fe,O;+ Fe or of
Pr¢O,, + Fe,0; + Fe were homogenized in
an agate mortar under a layer of ether for
3 hr, pressed into tablets (diameter, 9 mm;
pressing pressure, 2 t/cm?), and sealed into
ampoules evacuated to 10> mm mercury.
Double quartz ampoules, with a tantalum chip
getter in the space between, were used for the
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firings. Heating was carried out at a temper-
ature of 1300°K for 48 hr, after which the
specimens were sharply quenched by immers-
ing the ampoules in water.

The single-phase praseodymium ortho-
ferrite PrFeO, was obtained by roasting the
Pr,0; + Fe,0; mixture for 10 hr at a temper-
ature of 1350°C with an intermediate grinding.
The product of the heating, according to
X-ray analysis data, had the structure of a
single-phase perovskite.

X-ray analysis of the condensed phases was
done with FeK, radiation. Photographic film-
ing was done in a high-resolution camera of
diameter 143.25 mm with FeK, radiation.

Basic Results and Discussion

Using data in the literature on the behavior
of binary systems of Pr-O (9, 10) and Fe-O
(11), and also data on the thermodynamic
properties of PrFeO,; (/2), we examined
possible means of triangulating the phase
triangle and then tested them by heating
mixtures of condensed phases corresponding
to strictly determined ratios of Pr:Fe:O in
sealed, previously evacuated quartz ampoules.
The compositions studied and their phase
make-up after attaining equilibrium at 1300°K
and sharp quenching are presented in Table 1.
An isothermal cross section of the phase
diagram of the system constructed on the basis
of these data is shown in Fig. 1. Here the
compositions studied are denoted by Arabic
numerals and the coexisting phases of the

TABLE I

CoMPOSITIONS OF THE Pr-Fe-O SySTEM

Overall composition

Phase composition (data from

N Pr Fe X-ray analysis)

1 0.250 0.250 0.500 Pr,0; + PrFeO; + Fe

2 0.300 0.090 0.610 Pr;0; + *“PrO,.¢” + PrFeO,
3 0.180 0.210 0.610 “PrO,.¢" + Fe,05 + PrFeO,
4 0.060 0.360 0.580 PrFeQ; + Fe,0; + Fe;0,

5 0.070 0.400 0.530 PrFeO; + Fe;0, + Fe,_ O
6 0.120 0.420 0.460 PrFeO; + Fe,_,O + Fe

7 0.030 0.375 0.595 PrFeQ; + Fe,0; + Fe 04
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F1G. 1. Isothermal cross section of the phase diagram of the Pr-Fe-O system at 1300°K.

Pr-Fe-O system in the range Pr,0;PrO,~
Fe,0;-Fe are denoted by Roman numerals.
The regions of coexisting phases are presented
in Table II. One must keep in mind that the
portion of the diagram above the Pr,O;-
Fe,O; line has not been determined in a well-
defined manner for the following reasons.
(1) The phase composition of annealed speci-
mens does not reflect the equilibrium com-
position for praseodymium oxides. In parti-
cular, we did not succeed in preventing order-

TABLE I1
COEXISTING PHASES IN THE Pr-Fe-O SYSTEM
AT 1300°K
Region Phase composition
I Pr,O; + PrFeO; + Fe
11 PrFeO; + Fe,_,O + Fe
11 PrFeO; + Fe,_,O
v PrFeO; + Fe; ;04 + Fe,_,O
\'% PrFeO; + Fe, 05 + Fe Oy
VI Pr,05 + “PrO, 6" + PrFeO;
VII “PrO, .6 + PrFeO;
VIII “PrO,; ¢’ + PrFeO; + PrO,_,
X PrO,_, + Fe;O; + PrFeO;
X PrO,_, + PrO; + Fe,0;

ing of defects in the nonstoichiometric fluorite
phase of PrO,_, with formation of ordered
structures (9, 10, 13). (2) For several of the
phase regions, for example, PrO,_, when
x > 0.28, the equilibrium oxygen pressure at
1300°K in the range PrFeO;-Fe,O;-PrO,
far exceeds 1 atm.

In order to evaluate the character of phase
changes during the change in partial oxygen
pressure, it was necessary to construct an
equilibrium diagram of Pg vs f (composition)
with T = constant. The equilibrium isothermal
diagram log Po,=f ((p), where &=np,/
(np, + ng.), is presented in Fig. 2. Figure 2a
also shows the isothermal diagram &o=f
(&p,), wWhere & = nof(nge + np,). In construct-
ing the diagram of log Py, =f (&) Kaul’s
data were used (/2, 16) for the equilibrium
oxygen pressure over the orthoferrite and its
reduction products.

The partial pressure of oxygen correspond-
ing to the equilibrium composition of the
reaction

PrFeO; — 4Pr,0; + Fe + 30, (1

is expressed by the equation
log Po,=9.21 —(32485/T) (1123-1473°K.)
(2
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FiG. 2. Equilibrium diagrams of log Po, = f(¢re) and (a) &o = £ (&r.) of the Pr-F-O system at 1300°K.

In order to evaluate the relative stability
of PrFeO; with respect to oxidation, i.e., to
find the partial oxygen pressure for the mixture
PrFeQ, + Fe,0; + PrQ, ,, (area I in Fig. 1),
we did the following calculation: The equili-
brium of orthoferrite with its oxidation pro-
duct can be expressed by the equation

Pr,0; (in the orthoferrite) + 0.220,
=2PrO; 4. (3)

It is apparent that the standard free-energy
change of reaction (3) is

2
Pr0O, 45

—RTInK, = —RTIn 20 _

°© p—
4G, = 2 po.az
Pr;03° 0,

4)

where ap,,0, = the activity of Pr,O; in the
ortheferrite, apo, ,, = the activity of PrO, ,,

in the fluorite phase, and Po, = the equili-
brium pressure of oxygen over the coexisting
condensed phases PrFeO, + PrO, ;, + Fe,0;.
Considering that PrO, ,, exists in a pure
form, i.e., @p,o, ,, = 1, we find from Eq. (4)

" AG 35y —4.575 T'log ag:,0,
log Po,= @575022)(T) ®

Consequently, for calculating Po, it is
necessary to evaluate AGG, and a@p,o, (in
the praseodymium orthoferrite which 1s in
equilibrium with Fe,O; and PrO, ;). The
former can be done using Marion’s data (/4)
on the equilibrium pressure of oxygen over
the condensed phases of the binary Pr-O
system. It is apparent that for the reaction

PrO, 5 + 0.110, = PrO, ,

(6
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the change in free energy can be presented as
the sum of changes in free energy for the
reactions of successive oxidation

PrO; s — PrO, ¢; PrO, ¢ — PrG; 4;
PrO, 4o — PrOy.1,;

ie.,
4G5 =

o ]
4G (PrOy s2Pr0; ¢ +4 G(Pfol.e"l’l'ol.w)

&l
+ AG(Pfol.m—’Pl’Ox.n)

=0.650 —-0.193 + 0.106 = —0.737 kcal.

AG, =2 AG(s, = —1.474 kcal at 1300°K.
As for ap,,o,, it can be estimated, knowing
from Kaul’s data (12, 16) that for the reaction

4Pr,0; + $Fe,0; = PrFeO, @)

AG(; =—=13.23+0.28 x 1073 T'==—12.87 kcal/
mole at 1300°K. Thus since AG(;,=—RT In
K, =—RT In (a3, azli3) then log (are,o,
p:,0,) = 24G;) /4575 T=—(12870) (2)/
(4.575) (1300) = —4.328. In the orthoferrite
formed in equilibrium with hematite, ag.,o0,
=1, and consequently, log ag.,o, =—4.328
(at 1300°K). Setting this value equal to the
magnitude of AG(;, = —1.474 kcal in Eq. (5),
we find

—1.474 + 25 740

1307 =18.57.

10gP02 =

In spite of the approximate nature of this
calculation, it can be confirmed that praseo-
dymium orthoferrite is stable at any value,
no matter how high, of the partial oxygen
pressure, i.e., the interaction with Fe,0;
makes Pr3+ extremely stable.

A review of the equilibrium isothermal
diagrams of log Po, =/ (See) and o =1 (Cre)
of the Pr—Fe—-O system presented in Fig. 2 and
the summary of the fixed points of the diagram
presented in Table 1II indicate that at low
oxygen pressure a mixture of Pr,O, and
metallic iron is in equilibrium. The praseo-
dymium orthoferrite is formed spontaneously
from Pr,O; + Fe when —log Po, < 15.8. For
compositions with &p, > 0.5, ferroperovskite
coexists with Pr,O; up to a partial oxygen
pressure corresponding to —log Po, < 2.2,
where the o-phase is formed in place of
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TABLE 111

SUMMARY OF THE FIXeD POINTS OF THE Pr-Fe-O
Di1aGraMm (Fi1G. 2)

Equation
POz =A4- B/T
—log po,
Point A B at 1300°K Source

1 9.21 32485 15.8 (12, 16)

2 6.78 27600 1445 (10, 1])

3 11.06 31090 12.8 (10, 11)

4 1490 25900 5.0 (10,11

5 11.20 17 390 2.2 4)

6 1248 15100 —0.86 Our calculations

sesquioxide; at log Pq, > 0.86 ferroperovskite
coexists with the fluorite phase PrO,_,. For
compositions with &p, < 0.5, praseodymium
ferroperovskite, formed when log Po,=
—15.8, coexists consecutively with metallic
iron, wustite, magnetite, and hematite as the
partial oxygen pressure increases. The border-
line of disintegration of ferroperovskite into
PrO,_, + Fe,0; corresponds to a very high
pressure of Po,.

Comparison of Fig. 2 with the analogous
diagram of the Ce—Fe—O system (/7) indicates
that along with general similarity, there are
principal differences in the behavior of both
systems related to stability of the orthoferrite
phase. Thus, whereas in the Pr-Fe-O system
the orthoferrite is formed directly from Pr,0,
+ Fe, in the Ce-Fe-O system consecutive
transformations (Ce,O; + Fe) — (CeO, 4 +
Fe) - (CeO,_, + Fe) with rise in partial
oxygen pressure occur en route to formation
of cerium orthoferrite. The second basic
difference in the behavior of these systems
consists of the fact that the orthoferrite in the
Ce-Fe—O system cannot coexist with magne-
tite and wustite (as is observed in the Pr-Fe-O
system) but forms a triangle of coexisting
phases CeFeO,-CeO,-Fe;0,.

Fig. 3 shows the equilibrium diagram of
log Po,=f (l/T) for various ratios of Pr:Fe,
ie., for various values of Epe. This dxagram
gives an impression of the character of phase
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FiG. 3. State diagram of Pg, = f(I/T) for the equilibrium mixture of condensed phases in the Pr—Fe—-O system

for (a) &, < 0.5 and (b) &p, > 0.5.
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FiG. 4. State diagram of the Pr-Fe-O on coordinates T= f ({r.) with Po, = constant for three values of the
partial oxygen pressure: (a) 0.21 atm; (b) 107 atm; and () 1071° atm.

changes occurring in the Pr-Fe-O system on
change of partial oxygen pressure and temper-
ature at a fixed composition parameter. It is
apparent that the zone of stability of single-
phase ferroperovskite is rather broad and, at
high enough partial oxygen pressure, the
stability of ferroperovskite is not very sensi-
tive to temperature change. This property of
the system is also reflected in the equilibrium
state diagram constructed on the coordinates
T =f (¢g.) for Py, = 0.21, 1075, and 107'° atm
and introduced in Fig. 4 with indication of the
temperatures of the phase changes.

In conclusion, it should be noted that we

have also attempted to clarify the possibility
of forming the compound PrFe,,0,,, which
is analogous to that observed in the La-Fe-O
system (15) and which has the structure of
magnetoplumbite. It turned out that under
any thermal treatment in the temperature
range 1000-1400°C and pressure range Po,
from 1073 atm to 1 atm the mixture of
oxides of total composition “PrFe;,0,5" is
triphase and consists of ferroperovskite,
magnetite, and hematite. At the same time, it
has been established that the only ternary
compound formed in the Pr-Fe-O system is
orthoferrite PrFeQ;.



PRASEODYMIUM—IRON—OXYGEN SYSTEM

Conclusions

Phase equilibria and the thermodynamics
of coexisting phases in the Pr-Fe-O system
have been studied. Equilibrium phase dia-
grams have been constructed to show the
character of changes taking place in the
Pr-Fe-O system on change of partial oxygen
pressure, temperature, and composition of the
initial mixture of oxides: log Po,=f ({re)
and &6 = f (€r.) at 1300°K, Po, =f(1/T) with
fixed composition parameter, and T=f
(£re)» Po, = constant. It has been shown that
in the Pr-Fe—O system only one ternary com-
pound, orthoferrite PrFeO,, which is stable
at any value of P, is formed.
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