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J. W. Gibbs (1839-1903), who laid the theoretical

basis to treat heterogeneous multicomponent sys¬

tems over a century ago. His principles are still

valid today and most of this thesis is on model¬

ling the Gibbs energy functions, that have been

named after him.
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Summary

This study presents a complete and consistent thermodynamic description of the

phases in the La - Sr - Mn - O system. Using crystallographic data, suitable models

are chosen to reproduce the Gibbs energy of the phases as a function of tempera¬

ture and -in the case of solution phases- composition. The model parameters of the

Gibbs energy functions are optimized using both thermodynamic measurements

and data from phase diagrams. Doing this it is often found, that different types of

experimental data are incompatible with each other and also measurements of the

same property using different experimental techniques show large deviations. The

reasons for these inconsistencies must be elucidated, and decisions must be taken

as to which experiments should be given a higher weighting, which a lesser

weighting and which should be disregarded completely. The finally obtained ther¬

modynamic description should consistently reproduce both thermodynamic data

and phase diagram data. This procedure is better known under the acronym

"CALPHAD" (CALculation of PHase Diagrams) method. A short introduction to

this method is given in the appendix ("A Short Guide to CALPHAD").

In CALPHAD work it is customary to start by optimizing the lower order systems

and then move on to the higher order systems. In this work the binary systems

La-0 and Mn - O are optimized (chapters 2 and 3). In the poorly known

La - Sr - O system we performed both experimental investigations as well as an

optimization of the system (chapter 4). Then the ternaries La-Mn-0 and
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Sr - Mn - O were optimized (chapters 5 and 6), before finally turning to the

La - Sr - Mn - O system (chapter 7).

By far the most interesting phase modelled in this work is the (La, Sr)Mn03 per-

ovskite phase. This phase is not only used as state of the art cathode material for

SOFC, but has recently also been found to show giant magnetoresistive properties.

For both these applications the defect chemistry of this phase is of utmost impor¬

tance. We show, that the CALPHAD method and the thermodynamic models used

in this work are well suited to describe even the highly complex defect chemistry

displayed by this phase. In a final paper (chapter 8) we model the defect chemistry

of the (La, Sr)Mn03 perovskite using some models proposed in the literature. We

find, that only the model description with the sublattice occupation (La3+, Sr2+,

Mn3+, Va)(Mn2+, Mn3+, Mn4+, Va)(02
, Va)3 can reproduce the experimental data

satisfactorily and we propose, that other model descriptions must be rejected.

In conclusion it is shown that thermodynamic databases obtained by applying the

CALPHAD method are not only a powerful tool to calculate phase equilibria in

multicomponent systems, to make reliable extrapolations to regions where no or

only few experimental data are available, or indeed possible, but are also capable

of making calculations concerning the defect chemistry of complex nonstoichio-

metric phases that are firmly based on thermodynamic considerations.
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Zusammenfassung

Diese Arbeit präsentiert eine komplette und konsistente thermodynamische

Beschreibung aller Phasen im System La - Sr - Mn - O. Mit Hilfe von kristallogra-

phischen Daten werden geeignete Modelle zur Beschreibung der Gibb'sehen

Energie aller im System auftretenden Phasen als Funktion der Temperatur und -im

Falle von Lösungsphasen- in Funktion der Zusammensetzung ausgewählt. Die

Parameter der Funktionen für die Gibb'sche Energie weren sowohl durch thermo¬

dynamische Messungen als auch Phasendiagramm Daten optimiert. Oft werden

dabei Widersprüchlichkeiten zwischen verschiedenen Datensätzen aufgedeckt

und auch Messungen derselben Eigenschaft mit verschiedenen experimentellen

Methoden zeigen oft grosse Abweichungen. Die Gründe für diese Widersprüche

müssen geklärt werden und Entscheidungen getroffen werden, welchen Experi¬

menten mehr Gewicht gegeben werden soll, welchen eher weniger und welche gar

nicht berücksichtigt werden sollten. Die schlussendlich erhaltene thermodyna¬

mische Beschreibung sollte sowohl gemessene thermodynamische Daten als auch

experimentelle Phasendiagramme konsistent wiedergeben. Diese Vorgehensweise

ist besser bekannt unter dem Akronym "CALPHAD". Eine kurze Einführung in

die Grundlagen dieser Methode ist im Anhang gegeben.

In CALPHAD Untersuchungen ist es üblich damit zu beginnen die Systeme nied¬

riger Ordnung zu optimieren und von diesen dann zu den Systemen höherer Ord¬

nung über zu gehen. In der vorliegenden Arbeit wurden die beiden binären

Systeme La - O und Mn - O optimiert (Kapitel 2 und 3), das fast gänzlich unbekan-
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nte System La - Sr - O wurde zunächst experimentell bestimmt, dann auch berech¬

net (Kapitel 4). Weiter wurden die beiden ternären Systeme La - Mn - O und

Sr - Mn - O optimiert (Kapitel 5 und 6), bevor schliesslich das quaternäre

La - Sr - Mn - O System optimiert wurde (Kapitel 7).

Die interessanteste Phase, die in dieser Arbeit modelliert wurde ist der

(La, Sr)Mn03 Perovskit. Diese Phase findet vor allem Anwendung als Kathoden¬

material für Festelektrolyt Brennstoffzellen. Kürzlich wurde auch sehr grosser

Magnetowiderstand in diesem Material nachgewiesen. Für beide Anwendungen

ist die Defektchemie des Perovskiten entscheidend. In der vorliegenden Arbeit

wird gezeigt, das die CALPHAD Methode und die verwendeten thermodyna-

mischen Modelle geeignet sind auch die komplexe Defektchemie des Perovskiten

zu beschreiben. In der letzten Veröffentlichung (Kapitel 8) wird die Defektchemie

des (La, Sr)Mn03 Perovskites mit verschiedenen in der Literatur vorgeschlagenen

Defektmodellen beschrieben. Es hat sich gezeigt, dass nur das Modell mit der

Untergitterbesetzung (La3+, Sr2+, Mn3+, Va)(Mn2+, Mn3+, Mn4+, Va) (O2, Va)3 die

experimentellen Daten zufriedenstellend beschreiben kann und andere Modelle

verworfen werden müssen.

Die Schlussfolgerung kann gezogen werden, dass die thermodynamischen Daten¬

banken, die mit der CALPHAD Methode erstellt werden nicht nur geeignet sind

um Phasengleichgewichte in Mehrkomponent Systemen zu berechnen, es durch

Extrapolation erlauben zuverlässige Vorhersagen über schlecht oder gänzlich

unbekannte Regionen der Phasendiagramme zu machen, sondern es auch

erlauben die Defektchmie komplexer Phasen mit einer rigorosen, auf Thermody¬

namik basierenden Methodik zu beschreiben.
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1 Introduction

1.1 Background

In recent years a staggering number of scientific papers have been published on all

sorts of properties of phases found in the La - Sr - Mn - O system. The main interest

concerns the perovskite phase (La, Sr)Mn03±§ that has not only been used as a

state of the art material for cathodes for solid oxide fuel cells (SOFC) [1] for quite

some time now, but has recently been found to possess quite an unusual property

called Giant- or Colossal Magnetoresistivity (GMR) [2]. For both magnetic and

SOFC cathode applications the defect chemistry of the perovskite is of central

importance. For GMR applications it is important to know the Mn3+ / Mn4+ ratio

in the perovskite. This is also important to know for SOFC applications as this

determines the electrical conductivity of the perovskite phase. In SOFC applica¬

tions it is further desirable to know the amount of oxygen vacancies present in the

perovskite as a function of composition, temperature and oxygen partial pressure

as these are thought to improve the performance of the SOFC. However, despite

considerable research on the defect chemistry of (La, Sr)Mn03 perovskites quite a

number of controversies remain. A further very important requirement of cathode

materials for SOFC is their stability in the often very severe environment encoun¬

tered during SOFC production and operation. Apart from the decomposition of

the cathode material, the reaction of the cathode with the yttria stabilized zirconia

electrolyte is of particular concern (for more details see appendix "A Short Intro¬

duction to Solid Oxide Fuel Cells"). These are but some of the open questions that

form the motivation of this thesis.
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1.2 Aim of the Study

This work is part of a project to compile a database containing the Gibbs energy

functions of all the phases in the system La - Sr - Mn - Zr - Y - O, that corresponds

to the materials used for conventional SOFC cathodes plus electrolytes. Here the

La - Sr - Mn - O system is presented. Particular focus is placed on the perovskite

phase (La, Sr)Mn03 as this is by far the most interesting, and technologically

important phase in this system. It is however also the most complex and contro¬

versial. In particular there are a lot of open questions regarding the defect chemis¬

try of this phase. In addition only few and often incomplete phase diagrams have

been published for many of the subsystems of the La - Sr - Mn - O system. The aim

of this study is thus to present a database containing a consistent set of model

descriptions of the Gibbs energies of all the phases in the La - Sr - Mn - O system as

a function of temperature and composition by applying the CALPHAD methodol¬

ogy. With the help of this database it is not only possible to reproduce all sorts of

known thermodynamic properties and phase diagrams with great accuracy but

also, by extrapolation, many unknown properties can be reliably predicted. In

addition applying this methodology can provide answers concerning the defect

chemistry of the perovskite phase, that is at the moment causing quite a number of

controversies in the scientific community.

1.3 Methodology

The approach chosen in this work requires the modelling of the thermodynamic

properties not only of the (La, Sr)Mn03 perovskites, but of all the phases in the
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La - Sr - Mn - O system following the CALPHAD methodology [3]. The basic con¬

cept of this method is to define appropriate model descriptions of the Gibbs ener¬

gies of all the phases that are stable in the system. The Gibbs energy functions are

very useful, as many seemingly unrelated properties of phases and phase assem¬

blages can be derived from the Gibbs energy functions by simple basic thermody¬

namic relations (see appendix "A Short Guide to CALPHAD"). To be more

specific, if the Gibbs energy of all phases in a system are known, then by simple

manipulation of these functions, a myriad of properties like the heat capacities,

enthalpies, entropies, heats of transitions, temperatures of transitions, melting

temperatures, solid solubilities, eutectic temperatures even defect chemistry of the

phases can be calculated, to name but a few. The CALPHAD method is based on

the corollary of these unique characteristics of the Gibbs energy function. In CAL¬

PHAD work all experimental and other data, like estimations, first principle calcu¬

lations and so on, that are in some way related to the Gibbs energy are collected,

critically assessed and weighted according to their reliability and accuracy. Using

structural data on the phases that are to be described, suitable models are con¬

structed for the Gibbs energy functions. In this work we use the compound energy

formalism [4] [5] for solid solution phases and the two sublattice model for ionic

liquids [6] [7] for the liquid phase. The model parameters are then optimized by

minimizing the sum of squared errors between the experimental data and the cor¬

responding calculated property. In this step, incompatibilities between different

sets of experimental data are often found, sometimes requiring changing the

model description but more often making it necessary to reassess the experimental
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data and reject certain data sets. A schematic representation of this procedure is

given in figure Fig. 1.

Experimental input

Crystallographic data

Phase diagram data

Thermodynamic data

CALPHAD assessment

Model Description:

Set of G(T, Xj) with

adjustable parameters

ï
Optimization:

Set of G(T, Xj) with

optimized parameters

Ï

Thermodynamic database

Application

Phase diagram calcula

tion, thermodynamic

Fig. 1: General principle of the CALPHAD method

A basic philosophy of the CALPHAD method is to start by assessing and optimiz¬

ing the binary systems before moving on to the more complex and difficult to

interpret higher order systems. For the assessment of the La - Sr - Mn - O system

only the metal oxide binaries are considered, as our only concern are the oxide

phases. The system Sr - O was previously optimized in our group [8], the systems

La - O (chapter 2) and Mn - O (chapter 3) were optimized in this work. Very little

was hitherto known about the La - Sr - O system, making not only an assessment,
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but also an experimental investigation of the system necessary (chapter 4). The

systems La - Mn - O (chapter 5) and Sr - Mn - O (chapter 6) are of particular rele¬

vance, as the perovskite phases LaMn03 and SrMn03 are stable in these systems.

When finally adding all these systems together and turning to the quaternary

La - Sr - Mn - O system, it was of particular interest to see how the properties of

the LaMn03 and SrMn03 extrapolated to the (La, Sr)Mn03 perovskites (chapter 7).

1.4 Organisation of the Work

This work is organised in a strictly CALPHADian manner, meaning that it starts

with the assessments of the binary systems, continues with assessments of the ter¬

nary systems before finally an assessment of the full quaternary La - Sr - Mn - O

system is presented. The final chapter is dedicated to the defect chemistry of the

(La, Sr)Mn03 phase as this is of considerable technological and scientific rele¬

vance. All of these seven chapters have either been published [9] [10] [11] or have

been submitted for publication in scientific journals. In the appendix finally, one

short introduction is given concerning the basics of solid oxide fuel cells and one

explaining some of the theoretical background of the CALPHAD methodology.
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2 Thermodynamic Assessment of the

Lanthanum - Oxygen System

A. N. Grundy, B. Hallstedt and L. J. Gauckler: /. Phase Equilibria, 2001, 22(2), 105 113

Abstract

The data on the thermodynamic properties of La203 have been reviewed and

optimized using the CALPHAD method. A consistent set ofparameters is pre¬

sented. Data on this system is scarce and, with the exception of a few

datapoints on sub-stoichiometric La203_x, and one measurement ofoxygen sol¬

ubility in La metal, limited to the properties ofpure La and pure La203. Using

the optimized parameters a tentative phase diagram and stability diagram have

been calculated.

2.1 Introduction

Lanthanum metal exists in three modifications. The double hexagonal close

packed (dhcp) structure -also called the La-type structure- with ABAC-stacking

sequence at low, face centered cubic (fee) at intermediate, and body centered cubic

(bec) at high temperatures [1, 2].

The only stable polymorphic form of La203 at lower temperatures is the hexagonal

A-type [3]. Neutron diffraction [4] and X-ray diffraction [5] studies at very high

temperatures and analysis of cooling curves [6] show that A-La203 transforms to

partially ordered hexagonal H-La203 at 2313K then to cubic X-La203 at 2383K.
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Although the monoxide LaO has been observed as thin films or stabilized by other

components, mixtures of the metal and sesquioxide have failed to produce a stable

solid monoxide [7]. However mixtures of metallic La and La203 have revealed a

temperature dependant sub-stoichiometry (La203_x) of the oxide phase [7, 8].

The compound-energy model [9, 10] is used to describe the Gibbs energy of the

sub-stoichiometric La203_x-phase. The Gibbs energy of the liquid is described

using the two-sublattice model for ionic liquids [11]. The oxygen solubility in La

metal is described using interstitial solution models.

The thermodynamic properties of lanthanum metal and the gaseous phase are

taken from Dinsdale [12] and the SGTE (Scientific Group Thermodata Europe) sub¬

stance database [13] respectively and are not reviewed in this paper.
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2.2 Experimental Data

2.2.1 The melting temperature of La203

Several measurements of the melting temperatures of La203 are described in liter¬

ature (Tab. I). As is often the case for refractory oxides, the measured melting tern-

reference Tm[K]

Ruff et al., 1913 [14] 21131

von Wartenberg and Reusch, 1932

[17]

2588

Sata, 1966 [47] 2577

Mordovin et al., 1967 [15] 24901

Noguchi and Mizuno, 1967 [16] 25291

Coutures et al, 1975 [48] 2593

SGTE, 1997 [13],

this study 2586

Table I. Melting temperature of La203 from literature. 'Values discarded as

being too low.

peratures show large variations. The earliest value measured by Ruff et al. [14] and

also the values of Mordovin et al. [15] and Noguchi and Mizuno [16] can be dis¬

carded as being too low, probably due to impurities in the La203-sample.

The remaining three measurements [17] [47] [48] agree quite well. The average of

these three measurements is 2586K. This is the value adopted by the SGTE sub¬

stance database [13] and is used for this study. Remarkably, this value is very close

to the early determination by von Wartenberg and Reusch [17].
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2.2.2 Heat capacity, heat content and entropy of La203

Heat capacities were measured using adiabatic calorimetry by Goldstein et al. [18]

from 16 to 300K, by Justice and Westrum [19] from 5 to 350K, and by King et al. [20]

from 54 to 296K. Heat contents were measured by King et al. [20] from 300 to

1800K, by Blomeke and Ziegler [21] from 30 to 900K and from 300 to 1600K by

Yashvili et al. [22] using drop calorimetry. The heat capacity of the high tempera¬

ture H- and X-polymorphs of La203 were assumed to be identical to the heat

capacity of the A-type. Glushko et al. [23] used a constant heat capacity of 160 J/

(K-mol) for H- and X-La203, but it seems more realistic to assume that the high

temperature polymorphs have heat capacities similar to the low temperature poly¬

morph.

Heat capacity measurements were also carried out by Basili et al. [24] from 400 to

1000K. This data was not used in this assessment as it showed clear discrepancies

compared to the other measurements (Fig. 2 and Fig. 3).

The cp measurements of La203 [18, 19, 20] agree quite well with each other and

also with the cp(T) curve optimized in this study, the equation of which is given

below.

cP(T) = 118 + 0.016T-1.24xl06T~2 (Eq 1)

The two sets of heat content measurements cannot be compared directly as the

older values from Blomeke and Ziegler [21] are given as H(T)-H(303.2), whereas
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200

V V

a c Goldstein, 1959 [18]

c King, 1961 [20]

o c Justice, 1963 [19]

v c Basili, 1979 [24]f
— this work (optimized)

400 600

T, K

800 1000

Fig. 2: Measured heat capacities of La203 from literature compared to the cp

the values of King et al. [20] are given as H(T)-H(298.15). However, cp values can

be approximated using Eq. 2.

dH
,_,.

H{Tn+l)-H{Tn_x)
c = > c (T ) ~

Ui 1n+l 1n-\

,th

(Eq2)

where Tn refers to the temperature of the n heat content measurement

This approximation is only good if the temperatures at which the measurements

were performed are evenly distributed and closely spaced. This allows the c„(app.)

values, calculated using the heat content measurements, to be compared directly
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Fig. 3: Heat capacities of La203 from literature compared to the cp function

calculated in this work. 'Data not used for calculation. *
Approximated cp values

calculated from heat content measurements using Eq. 2.

with the measured cp values and the optimized cJT) curve. As can be seen in Fig. 3

the fit is quite good, even if the scatter of the data points is rather large. The scatter

however is not caused by inaccuracies of measurement, but by the above men¬

tioned unevenness of the distribution of measuring temperatures.
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The absolute entropy at 298.15K, S298 15, has been determined by integrating the

measured heat capacity. The calculated values are listed in Tab. II. The value used

reference S298.15 [J/mol-K]

Justice and Westrum, 1963

[19]

127.32

Goldstein et al, 1959 [18] 127.95

King et al. 1961 [20] 128.57

this study 127.34

Table II. Calculated entropies at 298.15K of La203

for this optimization is the one calculated by Justice and Westrum [19], as the cp

measurements were conducted down to the lowest temperatures, which means

that only a small Debye-extrapolation down to OK was necessary.

2.2.3 Enthalpy of formation and Gibbs energy of formation of La2C>3

The enthalpy of formation was determined by measuring the heat evolved from

burning weighed samples of La in bomb calorimeters [25, 26, 27, 28]. An alterna¬

tive method is to measure the difference between the heats of solution of La and

La203 in hydrochloric acid in solution calorimeters and adding the enthalpy of for¬

mation of water to this difference according to the Born-Haber cycle process listed

below.

2La(s) + 6HCl(aq) -> 2LaCl3(aq)+3H2(g) AH1

La203(s)+6HCl(aq) -> 2LaCl3(aq) + 3H20(1) AH2

H2(g)+1.502(g) -> 3H20(1) AH3
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2La(s)+ 1.502(g) ->La203(s) AH1 +AH3 -AH2 = AH298(La203)

Such determinations of the enthalpies of formation were also performed [29, 30,

31] and are listed in Tab. IV. The value measured by Roth et al. [27] is obviously

reference ^298 15

[J/mol-K]

King et al, 1961 [20] 294.56

Justice and Westrum, 1963 [19] 292.88

this study 294.02

Table III. Entropy of formation of La203

too high. Von Wartenberg and Reusch [29] attributed the high value to additional

heats of carbonisation and hydration that occurred on account of the reaction of

the C02 and H20 that was freed by the burning of the cellophane jacket, used for

initial firing of the combustion reaction.

The most recent value of the enthalpy of formation determined by combustion

calorimetry [28] and the two most recent values determined by solution calorime¬

try, [31, 30], are in almost perfect agreement. These three values were used for this

optimization.

No measurements of the Gibbs free energy of formation have been performed. The

entropy of formation can however be determined with the help of the third law of
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thermodynamics by integrating the difference between the cp values of La and

La203 according to Eq. 3.

298 15
.

, Acn
AS298 is

= \ -^dT (Eq 3)

o

Values of AS29815 have been determined by King et al. [20] and Justice and

Westrum [19], the same people who measured the cp values and are listed in

Tab. III. The optimized value lies between these two values.

reference -AH2°98(La203)
[kj/mol]

method

Muthmann and Weiss, 1904 [25]t 1862.1 combustion calor¬

imetry

Moose and Parr, 1924 [26]f 1907.4 combustion calor¬

imetry

Roth et al., 1940 [27]f 2255.2 combustion calor¬

imetry

Huber and Holley, 1953 [28] 1793.3 combustion calor¬

imetry

von Wartenberg, 1959 [29]f 1866.1 solution calorime¬

try, Born-Haber

cycle

Fitzgabbon et al., 1965 [30], 1794.5 solution calorime¬

try, Born-Haber

cycle

Gvelesiani and Yashvili, 1967 [31] 1797.9 solution calorime¬

try, Born-Haber

cycle

this study 1795.5 optimized

Table IV. Enthalpy of formation of La203. 'Values not used for optimization.
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2.2.4 Enthalpies and temperatures of transformation

La203 shows two reversible polymorphic transformations [6, 5, 4]. Hexagonal

A-La203 transforms into partially ordered hexagonal H-La203 at intermediate,

then into cubic X-La203 at high temperatures (Tab. V). The A—>H transition is

transition

temperature

[K] reference AH [kj/mol] reference

A-type —» H-type 2313 Foëx and

Traverse

1966[5]

46 Du et al.,

1995 [32]

H-type —» X-type 2383 Foëx and

Traverse

1966 [5]

60 Du et al.,

1995 [32]

X-type —» Liquid 2586 See Sec¬

tion 2.1

75 See Sec¬

tion 2.2.4

Table V. Temperatures and enthalpies of polymorphic transitions and melting

accompanied by a discontinuity in the c/a ratio of the crystallographic axes.

A first indication of these three polymorphic phases was given, when Foëx [6]

found three distinctive steps in the cooling curves of molten lanthanum oxide, one

at 2583K corresponding to the solidification, and two more at 2383K and 2313K

corresponding to the X -> H and H -> A transitions respectively. Subsequent X-ray

measurements by Foëx and Traverse [5] and neutron diffraction studies by Alde-

bert and Traverse [4] at high temperatures resolved the structures of the H and X

phases: the hexagonal H form belongs to the P63/mmc space group, the X form to

the Im3m space group.
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No measurements of the enthalpies of transition have been reported. Du et al. [32]

estimated the enthalpy of the H-La203 -> X-La203 transition to be 60kJ/mol by

applying the Van't Hoff equation to the Zr02-La203 phase diagram. They esti¬

mated the enthalpy of the A-La203 -> H-La203 transition to be 46kJ/mol, equal to

the enthalpy of the H-Y203 -> C-Y203 transition [33]. This assumption is ques¬

tionable as the transition in Y203 is from cubic (low temperature) to hexagonal

(high temperature) whereas in La203 it is from hexagonal (low temperature) to

disordered hexagonal (high temperature). In spite of this shortcoming we have

accepted this estimation due to the lack of other data.

Du et al. [32] estimated the enthalpy of melting by plotting the enthalpy of melting

of Y203 (measured by [33]) and Pr203 (tabulated by [34]) vs ionic radius and

extrapolating to La203. The value thus found is AH=93.6 kj/mol. Now, Knacke et

al. [34] give the entropy of melting of Pr203 as AS=36.0 J/(mol-K) (i.e. AH=92.5 kj/

mol) citing Samsonov [35], who in addition to the enthalpy of melting of Pr203

(AH=92.1 kj/mol) also gives the enthalpy of melting of La203 as AH=75.4 kj/mol.

The origin of this data is unclear, but it is most probably not based on measure¬

ment, but estimated. Du et al. [32] could also apply the Van't Hoff equation to the

melting of La203, although with large uncertainty, and found AH=70 kj/mol.

Glushko et al. [23] also made an estimation based on comparison with Sc203 and

Y203 and arrived at AH=125 kj/mol. We choose AH=75 kj/mol for the enthalpy of

melting of La203, which is close to the Van't Hoff evaluation from Du et al. [32]

and the value from Samsonov [35].
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2.2.5 Solubility of oxygen in Lanthanum metal

There is no direct measurement of the oxygen solubility in Lanthanum metal, but

Okabe et al. [36] have measured the oxygen content in fcc-La at the oxygen partial

pressure defined by the Y/Y203 equilibrium at 1093 K. Under these conditions the

oxygen content in fcc-La was found to be 80±10 mass ppm. Okabe and co-workers

[36] also made measurements of oxygen content as function of oxygen partial pres¬

sure for other rare earths (Pr, Nd, Gd, Tb, Dy, and Er) up to about 2000 mass ppm

and found them to obey Sievert's law reasonably well. Extrapolating the oxygen

content in La up to the La/La203 equilibrium, using Sievert's law, results in an

oxygen solubility of xq~0.06 in fcc-La at 1093 K. The uncertainty of this value is of

course large.

2.2.6 Liquid

There are no measurements of the heat capacity or enthalpy of liquid lanthanum

oxide. The cp of the liquid has been estimated to be a constant value of 200J/

(K-mol) following the estimation of Glushko et al. [23] (also adopted by the SGTE

[13]).

2.3 Thermodynamic Models

The thermodynamic description of La203 has been optimized using the data dis¬

cussed in section 2.2.

The two-sublattice model is used to describe the ionic liquid [11, 37]. All solid

phases are modelled using the compound energy model [9, 10]. Oxygen solubility

in La is modelled using interstitial solution models.
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The standard elements reference state (SER), i. e. the most stable states of the ele¬

ments at 298.15K and 1 bar, has been chosen as the reference state of the system.

The descriptions of pure lanthanum metal and the gas phase are not reviewed.

2.3.1 Stoichiometric lanthanum sesquioxide

The thermodynamic description of the A-, H-, and X-type La203 has been opti¬

mized using the above mentioned experimental data and Eq. 4.

°GLa2o3(T)-HSER(298.15) = A + BT+CTln(T) + DT2 + ET1 (Eq 4)

The parameters A and B were optimized using values for -AH298(A-La203) and

S29815 for A-La203. The A and B parameters of the H- and X-phases were opti¬

mized using the respective transition enthalpies and temperatures. The parame¬

ters C, D, and E are assumed to be identical for the A-, H-, and X-phases and were

optimized using Cp and heat content values.

2.3.2 Sub-stoichiometric lanthanum oxide La203_x

Ackermann and Rauh [7] suggest, that in a mixture with lanthanum metal the

equilibrium composition of the lanthanum oxide is sub-stoichiometric.

Density and X-ray diffraction studies carried out by Miller and Daane [38] on

Gd203, Er203, Y203 and Lu203 led them to the conclusion, that these show sub-

stoichiometry due to the formation of oxygen vacancies in the anion sub-lattice.

We have assumed an analogous model for the sub-stoichiometry of lanthanum

oxide. The lack of negative charge in the anion sublattice due to oxygen vacancies
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is compensated by substitution of La2+ for La3+ in the cation sublattice giving the

average chemical formula (La3+,La2+)2(02 ,Va)3.

The molar Gibbs energy °GLa 0
of the sub-stoichiometric phase can then be cal¬

culated using the Compound-Energy Model [9], which has already been success¬

fully applied to other non stoichiometric ionic Phases [10] and is given by Eq. 5.

°GLa203_x =7La+3 y0-'°GLa-3 O-
+
^La+3 ^Va^La« Va

^ 5)

•^La+2 -^CT2 La+2 Ch2 ^La+2 ^Va La+2 Va

+ RT[2(yLa+3lnyLa+3 +

y^ lnyLa+2 ) + 3(y0-MyQ-2 + yVa lnyVa)]

+ (EGm)

The excess term EGm it has been set equal 0 in this assessment, which is reasonable,

as the value of x in La203 x
is small.

The model can be visualized by the composition square in Fig. 4.

Each corner represents a °G parameter, three of which refer to compounds that are

not neutral and can therefore not exist on their own. Only compounds along the

neutral line can exist on their own. The Gibbs energy of the two end points of the

neutral line La203 and La202 can be given by Eq. 6 and Eq. 7 respectively.

Va« O-2
= °GLa203 (EQ 6)

and

f°GLa+2 o-24°GLa+2 Va
+ 3i?TQln? + ilnI) = 2°GLa0 (Eq 7)
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La2+:Va

La3+:0

0.6 0.8

yLa^

1.0

La2+:0

Fig. 4: Square diagram for non-stoichiometric lanthanum oxide

From these equations two of the four °G parameters can be determined. Two more

equations are still needed to determine the other two °G parameters. We choose

°GLa+3 Va
as reference and give it the value Eq. 8

o^ _ o^ 3o^
^La« Va

~

^La^-^ °2

The last °G finally can be determined using the reciprocal relation Eq. 9

(Eq8)

GLa+3 Va GLa+3 CH GLa+2 Va+ GLa+2 CH AGr (Eq9)
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AGr represents derivations from ideality, but since the non-stoichiometry is rather

small, AGr can be set equal to 0.

The only function to be optimized is °GLa0 and is given by Eq. 10

0GLa0 = I °GLa2o3 + I °GLa+ A + BT (Eq 10)

The parameters A and B were optimized using the experimental data from Acker¬

mann and Rauh [7]. Although these measurements only concern A-La203, there is

no reason to believe that the high-temperature polymorphs show a much smaller

non-stoichiometry. Lacking further information we choose the same model for H-

and X-La203 as for A-La203 and use the same parameters for °GLa0.

2.3.3 Lanthanum metal

We describe oxygen solution in lanthanum metal using interstitial solution mod¬

els. For dhcp-La we use (La)1(Va,O)05, for fcc-La (La^Va^j and for bcc-La

(La)i(Va,0)i_5. The fee structure has one octahedral interstitial site per metal atom

and the interstitial sublattice can in principle be fully occupied as is the case for

e.g. fee carbides. The hep (hexagonal close packed) structure has one octahedral

interstitial site per metal atom as well, but show pairwise shorter distances

between the interstitial sites. It is therefore usually assumed that only one half of

the interstitial sites can be occupied, which is very nicely illustrated by the Ti-0

system where the solubility limit of oxygen in hcp-Ti is almost exactly xq=1/3 [39].

The situation in the dhcp structure is the same as in the hep structure. The bcc

structure is more complex in that it has distorted octahedral and tetrahedral inter¬

stitial sites. The octahedral sites are somewhat smaller, but can, to a certain degree,
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be more easily distorted to accommodate interstitial atoms. Traditionally intersti¬

tial solution in the bcc structure is modelled using the formula (Me)i(Va,X)3, but as

for the hep structure the occupation of certain interstitial sites excludes the occupa¬

tion of others. There are octahedral interstitial sites at the cube face and cube edges

of the unit cell, in total three per metal atom, but the occupation of a cube face site

excludes the occupation of adjacent cube edge sites. In this way the maximum

occupation is 1.5 per metal atom. For the tetrahedral interstitial sites the situation

is similar. There are four sites very close to each other at each cube face or a total of

six sites per metal atom, but since only one out of four sites can be occupied, the

maximum occupation is 1.5 per metal atom here as well. I.e. the same model can be

used for the bcc structure regardless of the actual occupation (octahedral or tetra¬

hedral sites). Waldner and Eriksson [39] used the model (Ti)1(Va,0)3 to describe

dissolution of oxygen in bcc-Ti and problems with the end point Ti03 becoming

too stable when they tried to fit the solution data. Using the model (Ti^Va.O)!^

could possibly resolve this problem.

For some metals (e.g. Ag [40], Cu [41], Fe [42]) a substitutional solution model has

been used to describe the oxygen solubility. This was tried for La as well, but this

resulted either in strong deviations from Sievert's law even at very low oxygen

content or in fcc-0 becoming much more stable than oxygen gas, neither of which

is acceptable.

The only actual experimental data point concerns oxygen in fcc-La (see Section

2.5). There are no data on dhcp-La or bcc-La. In Y-0 the solubility of oxygen is

slightly larger in bcc-Y than in hcp-Y [43], in Ti-0 the solubility in hcp-Ti is a factor

4-5 larger than in bcc-Ti [39] and in Fe-0 the solubility is twice as large in bcc-Fe as
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in fcc-Fe [42]. It does not seem to be possible a priori to say whether the oxygen

solubility in dhcp-La and bcc-La should be smaller or larger than in fcc-La. It does

seem that the difference should not be extremely large, though. We thus assume

that the oxygen solubility is similar in dhcp-La, fcc-La and bcc-La. This is to some

extent supported by the results from Okabe et al. [36] who found similar Gibbs

energies for oxygen dissolution in fcc-La, dhcp-Pr and dhcp-Nd. As for the tem¬

perature dependence we assume AS = -70 J/(mol-K) for the reaction 1/2 02 (1 bar)

—»0(1 mass-%). Okabe et al. [44] found similar values in their study of Gd, Tb, Dy

and Er.

2.3.4 Liquid phase

The two-sublattice model for ionic liquids [11, 37], used for melts containing spe¬

cies with different tendencies for ionization, assumes that the cations mix on one

sublattice, the anions on the other. For the La-0 system the liquid can be repre-

+3 -2 —O
sented by the formula (La )p(0 ,

Va )q where each parenthesis surround one

sublattice. Charged vacancies are introduced to allow a continuous description

towards the pure metallic liquid. P and Q must vary with the composition of the

liquid in order to maintain electroneutrality and are given by Eq. 11 and Eq. 12.

P = y0_2-2 + yVa_Q-Q (Eq 11)

and

Q = 3yLa+3 (Eql2)

where y denotes the respective site fractions. The end points of the described liq¬

uid are given by La203 (for yVa= 0 and yn-2= 1 ) and La3Va3 (for yVa= 1 and

32



The molar Gibbs energy is then given by Eq. 13.

G-' = 3^°GLaW0-2°GLaV3*^^ ^ 13)

Due to lack of data the excess parameter Gffliq is set equal 0, so that the liquid is

described as an ideal solution between liquid La and liquid La203.

The molar Gibbs energy of pure liquid La, °GLa(1) is taken from [12], °GLa 0 m

represents the molar Gibbs energy of ideal non-dissociated liquid La203 and was

optimized using Eq. 14.

°GLa2o3(i)(T) " HSER(298.15) = A + BT+ CTln(T) (Eq 14)

The parameters A and B were calculated using the melting temperature of La203

and the enthalpy of melting estimated at 75 kj/mol (see Section 2.4). The heat

capacity of the liquid was set equal to a constant value of 200 J/(mol-K).

2.3.5 Gaseous phase

The gas phase is described as an ideal mixture containing the species La, LaO,

La02, La20, La202, O, 02 and 03. The description of La, LaO, La02, La20, and

La202 is taken from the SGTE substance database [13] (originating from Glushko

et al. [23]). The description of O and 03 is taken from [92SGT] and the description

of 02 from Dinsdale [12]. This data is not reviewed here.

2.4 Results and Discussion

The parameters of the °G(T)-functions optimized in this study are listed in

Tab. VI. The optimization was performed using the PARROT [45] program

included in the Thermo-Calc database system [46].
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dhcp - La: (LaJ^Va.OJo.s

0GLa0o5 = °GdLhacp + \°G0-2S5000 +42AT

fee - La: aa)i(Va,0)!

V,iO

0 „fee 1 0 „
"

W.a +

2 °2~
570000 + 91.4 T

bcc -La:: aa)i(Va,0)L5

°GL,i015
O^bcc 3 0^

" ^La +4 ^0 -855000+ 142.5 T
2

A-La203: (La3+,La2+)2(02,Va)3

°Gfa 0 (T)-HSER = -1835600 + 674.72T- 118Tln(T) - 0.008T2 + 620000 7"1

0GLaO = I °gL2o3 + \ °GLa+ 62000

H-La203: (La3+,La2+)2(02,Va)3

°GLa203(T)-HSER = -1789600 + 654.83T- 118Tln(T) - 0.008T2 + 620000 T-1

0GLaO = I °GLa2o3 + |
°

GLa+ 62000

X-La203: (La3+,La2+)2(02,Va)3

°GLa203(T)-HSER = -1729600 + 629.65 T- 118 Tln(T) - 0.008 T2 + 620000 Tl

0GLaO = I °GLa2o3 + \
°

GLa+ 62000

Liquid: (La3+)P(02 ,Va Q)Q

°GLa2o3(1)(T)-HSER = -1812300+1285.34T-200Tln(T)

Table VI. Thermodynamic parameters of the La-0 system. All parameter

values are given in SI units 0, rnol, K; R= 8.31451J-(mol-K)_1).
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The optimization of GLa0 delivered a negative B parameter. This made the solid

LaO-phase more stable than the liquid at high temperatures. This result seemed

unreasonable and the B parameter was therefore set equal to zero.

A tentative calculated phase-diagram is presented in Fig. 5. This diagram was cal-
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>

H
1500
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1134K

1000-

550K
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_L _L

O Ackermann, 1971 [7] 2821 K

x-La2°3-x+ Ljq

H-La2°3-x+ Ljq

2586K

La Mole fraction O La203

Fig. 5: Tentative binary phase diagram of the La-0 system

culated using the optimized parameters. It is of course highly speculative due to

the lack of binary data. A stability diagram was also calculated for the La-0 system

(Fig. 6). This suggests, that lanthanum metal is only stable at extremely low oxy¬

gen partial pressures.
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Including the thermodynamic description of the gas phase in the calculation of the

stability diagram presented problems as, contrary to experimental observations,

the gas phase became stable below the melting temperature of La203 (in air atmos¬

phere). The dominating species turned out to be La02 and not the experimentally

observed LaO species [7]. The data for La02 have only been estimated, whereas

the data for the other species (La, LaO, La20 and La202) are based on experimental

measurement [23] and excluding La02 from the database solves the problem.
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3 Assessment of the Mn - O System

A. N. Grundy, B. Hallstedt and L. J. Gauckler: /. Phase Equilibria, 2003, 24(1), 21 39

Abstract

Experimental data on the thermodynamics and the phase diagram of the

Mn - O system have been reviewed and, by applying the CALPHAD method, a

consistent set of thermodynamic model parameters has been optimized. The

phases pyrolusite (MnO^, bixbyite (Mn203) and hausmannite (Mn304) have

been described as stoichiometric compounds. Manganosite (Mn!_xO) was

described using the compound - energy model and the liquid using the

two - sublattice model for ionic liquids.

3.1 Introduction

The Mn-0 system contains the phases manganosite (Mni_xO), a-hausmannite

(oc-Mn304), that transforms to ß-Mn304 at high temperatures (>1450K), ß-bixby-

ite (ß-Mn203), that transforms to oc-Mn203 at temperatures below -300K and

pyrolusite (Mn02). Apart from these phases there exist quite a number of metasta-

ble modifications that have been reviewed by Post [1] and are not further dis¬

cussed in this paper. The crystal structures of the stable phases are summarized in

Tab. VII [2] [3] [4] [5] [6] [7]. The thermodynamic description of metallic manga¬

nese, that exists in four modifications, oc-Mn (up to 980K), ß-Mn (up to 1360K), y-

Mn (up to 14UK) and 5-Mn (up to the melting temperature of 1519K), three of

which (a-, ß-, and 5-Mn) contain a magnetic transition, and of the metallic liquid,
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Name Composi¬
tion

Space

group

Structure type Reference

Pyrolusite Mn02 P42/mnm Rutile Baur [2]

ß-Bixbyite ß-Mn203 Ia3 Bixbyite Geller [3]

oc-Haus-

mannite

a-Mn304 Hj/amd Spinel with Jahn-
Teller distortion

Satomi [4]

ß-Haus-
mannite

ß-Mn304 Fd3m Spinel McMurdie

and Golovato

[5]

Manga¬
nosite

Mn^O Fm3m Halite Sasaki ef al.

[6]

a-Mn Mn I43m a-Mn Massalski ef

al. [7]

ß-Mn Mn P4X32 ß-Mn Massalski ef

al. [7]

y-Mn Mn Fm3m Cu Massalski ef

al. [7]

5-Mn Mn Im3m W Massalski ef

al. [7]

Table VII. Crystal Structures of the stable phases in the Mn - O system

is taken from Fernandez Guillermet and Huang [8]. This description is identical to

that compiled by Dinsdale [9]. Pyrolusite (Mn02), ß-bixbyite (ß-Mn203), and a-

and ß-hausmannite (a- and ß-Mn304) are described as stoichiometric phases.

Manganosite (Mni_xO) is described using the compound-energy model [10] [11]

and the ionic liquid using the two-sublattice model for ionic liquids [12] [13].

The Mn - O system has already been optimized by Wang and Sundman [14], using

the same thermodynamic models as are used here. Their optimization however

shows the following problems:
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1) In their description Mn^O becomes more stable than Mn203 at the composi¬

tion xq = 0.6, which is unreasonable.

2) The ionic liquid becomes more stable than all other phases at low temperatures.

3) The use of 14 parameters in the ionic liquid model seems to be somewhat exces¬

sive, as the experimental information on the liquid phase is rather limited.

Wang and Sundman's [14] description of the stoichiometric phases is more or less

sound. All the same, data for these phases were also reassessed in this study as

some new experimental data have since become available.

3.2 Experimental Data

3.2.1 Phase Diagram

The Liquid Phase, Melting Temperatures

Early work showed that there exists a large miscibility gap between the metallic-

and the oxide melt [15] [16] (Fig. 7). The solubility of oxygen in the metallic melt

has been determined by Chen [17], by Schenck ef al. [18], and by Jacob [19] (Fig. 8).

We found no data on oxygen solubility in crystalline manganese. It can however be

assumed to be very small and was therefore not modelled. The melting tempera¬

ture of Mn^O has been determined a number of times (Tab. VIII, page 54), either

by measuring the melting point of pure MnO [20] [18], giving 2123K and 2115K

respectively, or by extrapolating the liquidus line of pseudobinary systems (MnO -

FeO [15] [21] [22] [23] [24], MnO - Si02 [25]) to pure MnO, giving temperatures

ranging from 1858K [21] to 2158K [24]. Some of these measurements, however,

might be too low as the atmosphere is not specified and it is therefore not clear
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Fig. 7: Calculated Mn - O phase diagram with oxygen isobars included as dotted

lines. The gas phase has been suspended.

whether these temperatures really represent the true congruent melting point.

Usually the furnace was simply flushed with argon to prevent Mni_xO from oxi¬

dising. By applying the Van't Hoff equation to the liquidus and solidus lines of

these binary systems the enthalpy of melting of Mn^O can be estimated, albeit

with a large uncertainty. These estimations range from 44kJ/mol [22], [23] to 51kJ/

mol [24] (Tab. IX, page 57).
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diagram showing the Mn-rich eutectic and the Mn-rich part of the Mn^O

liquidus. Experimental data on oxygen solubility in liquid manganese is also

included.

In addition Hed and Tannhauser [26], Schmahl and Hennings [27] and Trömel ef al.

[20] determined the melting temperature of Mn^O as a function of oxygen partial

pressure (Fig. 9 and Fig. 10).

ß-Mn304 melts according to the reaction ß-Mn304 -> liquid + x02. The tempera¬

ture of melting in air has been determined a number of times [28] [29] [30] [27] [20]

(Tab. VIII) with measured temperatures ranging from 1835K [30] to 1863K [28].
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Fig. 9: Calculated potential phase diagram of the Mn - O system.

The dependence of the melting temperature on oxygen partial pressure has been

determined by Hed and Tannhauser [26] up to 1 atm 02 (Fig. 10).

Apart from the congruent melting of Mn^O there exist some measurements of

the eutectic between 5-Mn, liquid and Mn^O, the monotectic between liquid 1,

liquid 2 and Mn^O and the eutectic between liquid, ß-Mn304 and Mn^O. The

measured temperatures and oxygen partial pressures of these three phase equi¬

libria are also listed in Tab. VIII [18] [20] [24] [29] [26] [27]. The composition of the

liquid at these points has however only been estimated.
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Fig. 10: Enlargement of the potential phase diagram of the Mn - O system

together with experimental data on the melting of Mn^O and ß-Mn304 as a

function of oxygen partial pressure.

Manganosite (Mni_xO)

Manganosite (Mn^O) shows quite a large homogeneity range towards higher

oxygen contents (Figs. 11 and 12). The defect reaction involves the oxidation of

Mn2+ to Mn3+ and the formation of charge compensating cation vacancies [31] [26]

[32] [33] [34] [35] according to the reaction below

2MnMn + 200 + 2°2^^VaMn + 2MnMn + 300-
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Fig. 11: Enlargement of the oxide portion of the calculated Mn - O phase

diagram, including oxygen isobars as dotted lines.

The solubility of manganese in Mn^O on the other hand is considered to be neg¬

ligible [36] or at least very small [35] [37]. There are quite a number of investiga¬

tions on the composition of Mn^O in equilibrium with Mn304 [38] [39] [40] [27]

[41] [26] [20] [42] [43] [35] (Fig. 12) and on the composition of Mn^O as a function

of temperature and oxygen partial pressure (Fig. 13) [20] [42] [33] [36] [40] [44] [37]

[26] [45].
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a-, $-Hausmannite (Mn304), Pyrolusite (MnO^ and Bixbyite (Mnfö^

The question of the homogeneity range of a- and ß-hausmannite has been investi¬

gated by a number of authors, some of which declare hausmannite to be virtually

stoichiometric Mn304 [46] [47] [29] [48] [26], while others find differing degrees of

non-stoichiometry [15] [16] [39] [49] [27] [50] [41] [51] [52]. The most reliable and

most recent investigation seems to be the one from Keller and Dieckmann [53],

who determined the maximum homogeneity range of Mn3_§04 to be 0.5710 < x0 <

0.5717, i.e. very small.
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Equilibrium Tempera¬
ture [K]

Oxygen par¬

tial pressure

[Log10P(O2)/
bar]

Composi¬
tion of Liq¬
uid phase

Reference

Mn+Ll+MnO 1515 0.0001 [18]

1518 -18.1 0.00036 this work

Ll+L2+MnO 2063 0.495 [20]

(monotectic) 2148 -10.44 [24]

2057 -10.77 0.477 this work

L2+ß-Mn304+MnO 1813 -1 [29]

(eutectic) 1828 -1 [26]

1833 -1 [27]

1833 0.54 [20]

1835 -1.8 0.546 this work

MnO -> Liq. 1973 [15]

(congruent) 1858 [21]

2148 [23]

2023 [22]

2123 [25]

2033 Singleton,
quoted from

[26]

2123 -5.3 [20]

2158 -8 [24]

2115 [18]

1973 [15]

2124 -7.25 this work

Table VIII. Special Points in the Mn - O system.
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Equilibrium Tempera¬
ture [K]

Oxygen par¬

tial pressure

[Log10P(O2)/
bar]

Composi¬
tion of Liq¬
uid phase

Reference

oc-Mn304 - ß-
Mn304

1445 [55]

1443 [5]

1433 [30]

1443 [56]

1473 [51]

1403 (1383
in C02)

-0.67 (-6) [52]

1450 [57]

1368 [20]

1430 [54], resistiv¬

ity measure¬

ment

1407.6 (stoi¬
chiometric)
1429.2 (cat.
ex.), 1449.2

(cat. def.)

[53]

1445 [107]

1443 [5]

1443 this work

ß-Mn304 ->

Liq+02(g)

1863 0.67 [28]

(in air/02) 1840 0.67 [29]

1835 0.67 [30]

>1833 0.67 [27]

1838(1873) [26]

Table VIII. Special Points in the Mn - O system.
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Equilibrium Tempera¬
ture [K]

Oxygen par¬

tial pressure

[Log10P(O2)/
bar]

Composi¬
tion of Liq¬
uid phase

Reference

1853 0.67 [20]

1835 0.67 [107]

1846(1882) 0.67(0) 0.548

(0.552)

this work

Mn203^a - Mn304
+02(g)

1213(1363) 0.67 (0) [69]

(in air/02) 1150(1241) 0.67 (0) [29]

1243 [82]

958 [73

1154 (1257) 0.67 (0) [48]

1157.4 [71]

1144 (1269) 0.67 (0) [45]

1350 [107]

1223 [5

1153(1237) 0.67 (0) this work

Mn02->Mn203
+02(g)

823 [82]

(in air/02) 623 [73]

803 (1238) 0.67 (0) [69]

843 [83]

800 [107]

697 (742) 0.67 (0) [75]

943 [5]

694(737) 0.67 (0) this work

Table VIII. Special Points in the Mn - O system.
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APPelt[kJ/mol]/
(ASmelt [J/molK])

Method Reference

44.17 Van't Hoff applied to

FeO - MnO binary

Fischer and

Fleischer [23]

43.96 Van't Hoff applied to

FeO - MnO binary

Schenck ef al.

[22]

53.51 Van't Hoff applied to

FeO - MnO binary

Schürmann and

Bannenberg [24]

44.3 (10.4) assessed this work

Table IX. Derived Enthalpies of Fusion of MnO

On increasing temperature Mn304 undergoes a polymorphic transition from

tetragonal oc-Mn304 to cubic ß-Mn304. The low temperature modification, oc-

Mn304, is distorted from cubic to tetragonal symmetry by Jahn - Teller distortions

of octahedral sites occupied by the Mn3+ ions. The measured temperatures at

which this transformation takes place are between 1408K [52] 1430K [54], 1433K

[30] and 1473K [51] with a larger number of other measurements [55] [5] [56] [57]

[20] grouped between 1443K and 1450K (Tab. VIII). Keller and Dieckmann [53],

who modelled the defect structure of Mn304, state that the a - ß transformation

temperature varies as a function of oxygen partial pressure and therefore also oxy¬

gen content of Mn304. There is, however, no experimental evidence in support of

this. The heat of transformation has been measured by Southard and Moore [55]

using drop calorimetry, by Irani ef al. [56] using DTA giving 18kJ/mol and 21kJ/

mol respectively and been estimated by Ramana Rao and Tare [57] at 22.82kJ/mol

by evaluating the change in slope of their EMF measurements (Tab. X). Apart from

these modifications a third metastable modification, y- Mn304, has been reported

[18] [58]. This phase is not considered in this work.
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APP^ß, [kj/

mol]

Method Reference

18 Drop Calor¬

imetry

Southard and

Moore [55]

20.9 DTA Irani et al. [56]

22.82 EMF Ramana Rao

and Tare [57]

18.13 Assessed Pankratz [107]

20.8 Assessed this work

Table X. Enthalpies of the a - Mn304 - ß - Mn304 transformation

Orthorhombic a - bixbyite (a - Mn203) transforms to cubic ß - bixbyite [59] at

around 300K. This transformation is associated with a X - like peak in the Cp curve

at 307.5K [60] (Fig. 14). This transformation is not considered in this work due to

the relatively low temperature at which it takes place.

There are quite a number of different modifications of Mn02 [1], in addition to the

stable pyrolusite phase. These are however all metastable and also not considered

here. There are no reports on nonstoichiometry of either Mn203 or Mn02.

3.2.2 Thermodynamic Data

Oxygen potentials

There exist a large number of determinations of the oxygen potentials of the reac¬

tions r^-Mn1_xO+io2(g) -> i-^-Mn304 [61] [20] [62] [29] [26] [63] [27] [64]

[65] [66] [57] [43] [67] [40] [68], 2Mn304+^02(g) -> 3Mn203 [62] [29] [26] [69] [63]

[70] [71] [58] [72] [73] [74] [48] and Mn203 +^02(g) -> 2Mn02 [26] [75] [63] [76]

[58] [69] [73] [74]. For the reaction Mn +- 02(g) -> MnO, however there exists only

one single data set, determined by Alcock and Zador [77].
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Fig. 14: Calculated molar heat capacity of Mn203 together with experimental

data.

The EMF measurements were transformed into oxygen potentials using

R T

4P
ln
fa'cO

o,

(Eq 15)

This equation relates the measured electromotive force E to the equilibrium oxy¬

gen activities a' of the sample to the known oxygen activity a" of the reference. Pis

the Faraday constant, R the gas constant and T the temperature in Kelvin. All the

EMF measurements were recalculated in this work using the references considered

the most reliable [37] [79] [13] [81] (Tab. XI). This recalculation considerably
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Reaction A°G(T) [J/mol] Tempera¬
ture [K]

Reference

Ni+^02(g) ->

NiO
2

-239484+124.202T-

4.898TlnT

700 to 1700 O'Neill and

Pownceby
[79]

-234540+85.302T 400 to 1400

-232155+83.485T 1300 to

1700

xFe(bcc) + ^02(g)

-> FexO
ù

255779+4.551T+7.554T1

nT

800 to 1185 Sundman

[37]

-263165+64.192T 800 to 1185

xFe(fcc) + ^02(g)

-> FexO
ù

-264533+65.414T 1185 to

1400

2Fe3_x04 + ^02(g)
^3Fe203

-190351-

211.413+43.103TlnT

1100 to

1600

Co+^02(g) ->

CoO
2

-232656+69.73T 700 to 1700 Chen ef al.

[81]

CO + ^02(g) ->

C02
2

-282330+86.6511T 700 to 1500 SGTE, 1997

[13]

Table XI. Thermodynamic Data for References Used in EMF and Gas

Equilibrium Measurements.

reduces the scatter between various datasets. The ratio of the oxygen potential is

further related to the Gibbs energy AG of the corresponding reaction according to

AG = PTln
fa'cO

v' °u

(Eq 16)

Using this equation the experimental data was converted into the standard Gibbs

energies AG0 for the four reactions. Linear equations and equations of the form

A+BT+CTln(T) of the AG°'s as a function of temperature were fitted to the experi-
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mental data and the results of this optimization and are tabulated in Tab. XII,

Phases T- Range [K] A°G(T) [J/mol] Method Reference

ß- Y-, 8-

Mn+MnO

1200-1515 -391538+76.26T EMF

(Fe/
FeO)

Alcock

and Zador

[77]

ß-, Y-, 8-

Mn+MnO

1200-1515 -388657+78.06T EMF

(Ni/
NiO)

Alcock

and Zador

[77]

oc-Mn+MnO 500 - 1000 -386000+77.3T-

0.559Tln(T)

assessed this work

-385510+72.33T

ß-Mn+MnO 950-1400 -386000+61.3T

+1.7471n(T)

assessed this work

-387830+75.345T

y-Mn+MnO 1300-1450 -386000+50.7T

+3.2171n(T)

assessed this work

-390140+77.048T

5-Mn+MnO 1350-1550 -386000+40.9T

+4.5571n(T)

assessed this work

-392940+79.023T

Table XII. Gibbs Energy of the Reaction Mn + -02(g) —» MnO

Tab. XIII, Tab. XIV and Tab. XV. To visualize the scatter of the experimental data

and to compare them to the curves optimized in this study, the difference between

the experimentally determined AG°'s and the AG0 optimized in this study are plot-

1 3 1
ted for the reactions Mn + -02(g) -> MnO, -—— Mn: xO +-02(g) ->

-^--^Mn304, 2Mn304 + ^02(g) -> 3Mn203 and Mn203 + ^02(g) -> 2Mn02 in
1 T".A Zj Z*

Fig. 15, Fig. 16, Fig. 17 and Fig. 18 respectively.
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Fig. 15: Difference between the experimentally determined and calculated

Gibbs energy of the reaction Mn+^02 —» MnO.

The measured temperatures of the decomposition of Mn203 range from 1150K [29]

to 1243K [82] in air and from 1241K [29] to 1363K [69] in 1 atm 02. The other deter¬

minations [48] [71] [70] [5] lie in between. The scatter of the measured decomposi¬

tion temperature of Mn02 is very large. In air the measured temperatures range

from 697K [75] to 943K [5] in latm 02 from 742K [75] to 1238K [69], with the other

measurements [82] [83] lying in between. The measurements of Klingsberg and

Roy [73] are not considered as they are clearly wrong. All these measurements are

listed in Tab. VIII.
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Gibbs energy of the reaction
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^—-j— Mn304.
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The discrepancies between the various measurements of the reaction 2Mn02 —»

Mn203 + -02(g) have to do with the difficulty in achieving equilibrium. This

might be due to some metastable product that is formed before true equilibrium is

reached [58] or that the reaction proceeds sluggishly, as the temperatures involved

are low. The only measurements, that represent true equilibrium values seem to be

the ones by Otto [75], who equilibrated the samples for very long times.

Heat Capacities, Heat Contents and Entropies

A number of measurements of the heat capacities of the oxides Mn^O [46] [84]

[85] [86] Mn304 [46] [60] [87], Mn203 [88] [60] and Mn02 [46] [89] [60] have been
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Fig. 17: Difference between the experimentally determined and calculated

Gibbs energy of the reaction 2Mn304+^02 -> 3Mn203.

performed. These measurements are compared to the curves optimized in this

work in Fig. 14, Fig. 19, Fig. 20 and Fig. 21, The third law entropies of these phases

have been calculated using the measured heat capacities (Tab. XVI). The most reli¬

able values are 59.02J/mol-K for stoichiometric Mn^O [85], 167.1J/mol-K for

Mn304 [87], 113.7J/mol-K for Mn203 [60] and 52.75J/mol-K for Mn02 [60]. The

heat contents of Mn^O [90] [91], Mn304 [55] [91], Mn203 [92] [91] and Mn02 [93]

have also been experimentally determined (Fig. 22).

64



—3

.*:

o

<n

o

<

Q.
X

O
o

<

15

10

0

10

15

_L _L

**

O Kim, 1966 [63]
• Otto, 1965 [75]
+ Meyer, 1908 [69]
a Vlasov, 1958 [74]

*

**

x Askenasy, 1910 [76]
* Klingsberg, 1960 [73]
v Hochgeschwender, 1967 [58] «&

*

x •

o

X

A
X

o

o

o

o

500 600 700 800 900

Temperature, K

1000

Fig. 18: Difference between the experimentally determined and calculated

Gibbs energy of the reaction Mn203+^02 -> 2Mn02.

Enthalpies ofFormation

The enthalpies of formationAP/°298, of the manganese oxides have been experi¬

mentally determined both by bomb calorimetry and solution calorimetry [94] [95]

[96] [97] [98] [99] [14] [90] [47]. Additionally the experimental data has been

assessed and tabulated by a number of authors [72] [101] [102] [103] [104] [105] [34]

[107] [108] (Tab. XVII). The following values, as quoted by Kubaschewski ef al.

[105], were used in the experimental data file: 384.9kJ/mol for stoichiometric

MnlxO, 1387.4kJ/mol for Mn304, 958.1kJ/mol for Mn203 and 520.9kJ/mol for

Mn02.
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Temperature, K
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Fig. 19: Calculated molar heat capacity of Mn^O (for x=0) together with

experimental data.

3.3 Thermodynamic Modelling

3.3.1 The Stoichiometric Phases Hausmannite (Mn304), Bixbyite (Mn203) and

Pyrolusite (Mn02)

The phases Mn02 (pyrolusite), ß-Mn203 (ß-bixbyite), and a- and ß-Mn304 (oc-

and ß-hausmannite) are described as stoichiometric phases. Their Gibbs energies

are given by polynomials of the form

G° - P/SER = A+BT+CTlnCTf+ET^+FT l. (Eq 17)
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Fig. 20: Calculated molar heat capacity of oc-Mn304 together with

All G° values are given relative to the enthalpy of selected reference states for the

elements at 298.15K and 1 bar. This state is denoted SER (Stable Element Refer¬

ence). The high temperature ß-Mn304 is given relative to oc-Mn304 by

o ß-Mn304
Gm + ^ß-Mn304 + ßß-Mn304^- (Eq 18)

For solid and liquid manganese the description of Fernandez Guillermet and

Huang [8] is used that is identical to the one given by Dinsdale [9]. The data for

gaseous 02(g) is from Dinsdale [9].
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Fig. 21: Calculated molar heat capacity of Mn02 together with experimental

data.

3.3.2 The Ionic Liquid

The two sublattice model for ionic liquids [12] [13], used to describe the liquid

phase, was developed for liquids that show ionic behaviour of the components.

The model follows Temkin [109] and assumes that the anions and cations occupy

separate sublattices and are allowed to mix freely on their respective sublattices.

Hypothetical vacancies are introduced on the anion sublattice to maintain charge

neutrality and to allow a description towards a metallic liquid containing cations

only.
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Fig. 22: Calculated molar heat content of Mn^O (for x=0), a- and ß-Mn304,

Mn203 and Mn02 compared to experimental data.

In the Mn - O system the model is represented as

(Mn2+, Mn3+)p (O2", Va^q- (Eq 19)

The number of sites on the respective sublattice, p and q, must vary with composi¬

tion in order to maintain charge neutrality. The values of p and q are calculated by

P
= 2y,+qy

oz 'Va'

<*
= 3^W++ 2^W+

(Eq 20)

(Eq21)
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Phases T - Range
[K]

A°G(T) [J/mol] Method Reference

MnO+oc-

Mn304

822-1429 -241735+151.43T Dissociation

pressure

Kim étal. [63]

MnO+ß-
Mn304

1653-1814 -229774+117.20T Dissociation

pressure

Schmahl and

Hennings [27]

MnO+ß-

Mn304

1520-1816 -266649+137.82T Dissociation

pressure

Hahn and

Muan [29]

MnO+oc-

Mn304

1044-1467 -245694+129.68T EMF (air) Huebner and

Sato [62]

MnO+ß-
Mn304

1423-1755 -159463+73.66T Dissociation

pressure

Hed and Tan¬

nhauser [26]

MnO+a-

Mn304

1198-1473 -222259+109.94T

-219419+107.36T

EMF (Ni/
NiO) EMF

(Co/CoO)

Schwerdt-

feger and
Muan [64]

MnO+a-

Mn304

916-1432 -222827+111.40T EMF (Ni/
NiO)

O'Neill and

Pownceby [79]

MnO+a-

Mn304

873-1073 -245604+130.48T Dissociation

pressure

Chou [68]

MnO+a-

ß-Mn304

1378-1683 -240533+123.59T Dissociation

pressure

Trömel ef al.

[20]

MnO+a-

Mn304

990-1396 -223681+111.90T EMF (Ni/
NiO)

Charette and

Flengas [67]

MnO+a-

Mn304

845 - 1308 -224450+112.35

MnO+a-

ß-Mn304

1173-1573 -221609+110.05T EMF (Fe/

FexO)

Fender and

Riley [40]

Table XIII. Gibbs Energy of the Reaction
-—j- Mn^O + ~02(g) -^

Mn,0



Phases T - Range
[K]

A°G(T) [J/mol] Method Reference

MnO+oc-

Mn304

700-1450 -214000+48.8T

+7.8271n(T)

assessed this work

-222470+111.IT

MnO+ß-
Mn304

1400-1850 -54008-807.1T

+110.271n(T)

assessed this work

-231960+117.77T

Table XIII. Gibbs Energy of the Reaction -^- Mn^O + ^02(g) -^

1-x

l-4x
Mn304

where y represents the site fraction of a particular species on the respective sublat¬

tice. The hypothetical vacancies have an induced charge of -q. Mn4+ is not

included in the model, as a liquid with a composition of x0 > 0.6 is stable at

extremely high oxygen partial pressures, where no experimental data are availa¬

ble.

In this model the molar Gibbs energy of the liquid is given by

^Liq
_ o^-,Liq

^m "

JW+y02- bMn3+ O2"
r, T in
o^Liq

^Mn3+^Va'_ Mn;

Mn2+y02- bMn2-

+ oi?T(y„,Jny„,_
+

yVa,JnyVa,_)

•^Mn^O2- UMn2+02-
1 ,

o^Liq .

'Mn3+ Va'"
^Mn2+V ^Mn^Va'^

. _ ...

a

qRT(yc

E^Liq

^02-lnyc2_

+

(Eq 22)
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Phases T - Range
[K]

A°G(T) []/

mol]

Method Reference

Mn203+oc-Mn304 867-1220 -90311+72.HT EMF (air) Huebner and

Sato [62]

Mn203+oc-Mn304 1117-1246 -87423+70.54T Dissocia¬

tion pres¬

sure

Hahn and

Muan [29]

Mn203+a-Mn304 1023-1123 -104252+80.73T Dissocia¬

tion pres¬

sure

Vlasov and

Kozlov [74]

Mn203+a-Mn304 1213-1363 -71513+52.53T Dissocia¬

tion pres¬

sure

Meyer and

Rötgers [69]

Mn203+oc-Mn304 823-1298 -95305+71.54T Dissocia¬

tion pres¬

sure

Kim era/. [63]

Mn203+a-Mn304 1141-1224 -97719+78.88T Dissocia¬

tion pres¬

sure

Shenouda

and Aziz [70]

Mn203+a-Mn304 1066-1193 -105600+84.74T Dissocia¬

tion pres¬

sure

Ingraham [71]

Mn203+a-Mn304 968-1150 -105768+84.47T Dissocia¬

tion pres¬

sure

Hochgesch-
wender and

Ingraham [58]

Mn203+a-Mn304 1132-1247 -86401+68.97T Dissocia¬

tion pres¬

sure

Otto [72]

Mn203+oc-Mn304 1016-1163 -64756+69.25T Dissocia¬

tion pres¬

sure

Klingsberg
and Roy [73]

Mn203+a-Mn304 1073-1223

1119774+96.73T

Dissocia¬

tion pres¬

sure

Schmahl and

Shenouda

[48]

Table XIV. Gibbs Energy of the Reaction 2Mn304 + ^02(g) -^ 3Mn203
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Phases T - Range
[K]

A°G(T) []/

mol]

Method Reference

Mn203+oc-Mn304 882-1125 -114139+92.63T EMF (Ni/
NiO)

Charette and

Flengas [67]

Mn203+oc-Mn304 700-1500 -140000+289T-

24.871n(T)

assessed this work

-155690+120.8T

Mn203+ß-Mn304 1400-1800 -174000+306T-

23.871n(T)

assessed this work

-94568+77.823T

Table XIV. Gibbs Energy of the Reaction 2Mn304 + ^02(g) -> 3Mn20

and the excess Gibbs energy Gm by

E^Liq
_

7-Liq ,
2 y-Liq

Mn v Mn J O Mn
,
Mn O

- Liq

Mn yMn

Liq

Mn
,
Mn VaT

(Eq 23)

•XMn2+3/n2-3/va''-L^„2+
+

-yMn3+-y02^VarLMn3+02-,Var
'

JMn2+J02^
Va'^Mn2+ 02~, Va'~

+ rLiq
-^Mn^Mn^O'^Va'-Vn3", Mn2+ 02~, Va*"

'

Finally, each interaction parameter can be expanded using Redlich-Kister [110]

[111] type polynomials. For Lwiq3+
w

2+ ^2-
this gives

1/1 * ^ Mn
,
Mn O

°

7-Liq

LMn3t,Mn2+02- ^Mn^Mn2+V I CMn2+ 02-^Mn3+ " ^Mn^' ^ 24>
O^v

and corresponding equations for the other parameters.

The metallic liquid is described by the parameter °Giq2+
,_,

the oxide liquid with

a composition around xo~0.5 by °G iq2+ 2_
and the oxide liquid up to the compo¬

sition xq-0.6 by the parameter °G iq3+ 2-.
The liquid is not defined for oxygen

contents above x0 = 0.6. The parameter °G iq3+
,_

has no physical meaning and

cannot be optimized. Usually one simply gives it a large arbitrary value to prevent
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Phases T - Range
[K]

A°G(T) [J/mol] Method Reference

Mn203+Mn02 673-773 -66236+82.61T Dissociation

pressure

Vlasov and

Kozlov [74]

Mn203+Mn02 714-915 -77583+106.63T Dissociation

pressure

Otto [75]

Mn203+Mn02 651-930 -45055+49.56T Dissociation

pressure

Kim étal. [63]

Mn203+Mn02 655-809 -49862+62.24T Dissociation

pressure

Askenasy and

Klonowski

[76]

Mn203+Mn02 656-770 -91933+112.51T Dissociation

pressure

Hochgesch-
wender and

Ingraham [58]

Mn203+Mn02 803 - 838 -124740+148.91T Dissociation

pressure

Meyer and

Rötgers [69]

Mn203+Mn02 704 - 923 -224.87+46.76T Dissociation

pressure

Klingsberg
and Roy [73]

Mn203+Mn02 600 - 1400 -80000+94.4T

+2.11Tin(T)

assessed this work

-76338+103.63T

Table XV. Gibbs Energy of the Reaction Mn203 + ^02(g) -> 2Mn02

it from becoming stable [41] [37]. However the liquid can be regarded as a recipro¬

cal system with the four corners °G'q3+
2.,

°G'q2+
,

°G'q2+
2.
and °G'q3+

J Mn O
'

Mn Va' Mn O Mn Va

The reciprocal relation can then be given as

o^-,Liq o^-,Liq o^-,Liq o^-,Liq _

. ^Liq
GMn3+ Va"2 GMn2+ Va" GMn3+ O2"

+ 3
GMn2+ O2"

"

^ ' (Eq 25)

Assuming AGriq to be 0, the parameter °G'q3+ can be derived from the other

three parameters, all of which can be optimized using the experimental data.
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°S298 [J/mol-K] Reference

Manganosite (Mn^O)

59.02 Shapiro [85]

59.75 Pankratz [107]

62.47 Millar [46]

53.17 Kelley and Moore [89]

59.8 Kubaschewski ef al. [93Kub]

59.87 Zordan and Hepler [108]

59.75 Todd and Bonnickson [86]

59.02 this work

Hausmannite (Mn304)

155.75 Pankratz [107]

166.6 O'Neill and Pownceby [79]

149.59 Millar [46]

164.1 Robie and Hemingway [60]

167.1 Chhoretal[87]]

154.8 Kubaschewski ef al. [93Kub]

154.07 Zordan and Hepler [108] (from [72])

168.34 this work

Bixbyite (Mn203)

110.53 Pankratz [107]

110.53 King [88]

113.7 Robie and Hemingway [60]

Table XVI. Calculated entropies of manganosite (Mn^O), hausmannite

(Mn304), bixbyite (Mn203) and pyrolusite (Mn02) from literature. Bold entries

are the values used for this assessment.
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°S298 [J/mol-K] Reference

110.5 Kubaschewski ef al. [93Kub]

110.53 Zordan and Hepler [108]

112.1 this work

Pyrolusite (MnOz)

53.09 Pankratz [107]

54.26 Moore [93]

58.32 Millar [29Mil]

52.75 Robie and Hemingway [60]

53.1 Kubaschewski [93Kub]

53.17 Kelley and Moore [89]

53.09 Zordan and Hepler [108]

53.95 this work

Table XVI. Calculated entropies of manganosite (Mn^O), hausmannite

(Mn304), bixbyite (Mn203) and pyrolusite (Mn02) from literature. Bold entries

are the values used for this assessment.

The parameters of the metallic liquid°G iq2+
,_,

are taken from Fernandez Guill¬

ermet and Huang [8] [9]. The optimized parameters are

°C- o- 2 - fC rf-+ AMnOllq + *M„oLj) and (Eq 26)

o^Liq
_

o^Mn^jO lo^Gas
.

D
„ ,„ „„<.

GMn3+ O2"
" 2 '

GMn2+ O2"
+

2 V Am"2°3
Liq

+
ßMn203 LlqT- (Eq 2V

tu •
* *

0rMn2+O2;Var , KMn2+02;Var . a • ^
The interaction parameters LLi and LLi , influencing the

properties of the liquid with a composition between x0 = 0 and 0.5 and the interac¬

tion parameter LLi" '
n

influencing the properties of the liquid with compo¬

sition between x0 = 0.5 and 0.6 were also optimized in this assessment.
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-A°fH298 [kj/

mol]

Method Reference

Manganosite (Mnj^O)

380.58 combustion Le Chatelier and Daubrée [95]

411.14 n.a. Guntz [96]

404.03 combustion Roth [97]

389.79 combustion Siemonsen [98]

389.37 combustion Ulich and Siemonsen [99]

385.35 solution Southard and Shomate [90]

385.19 assessed Rossini [103], Mah [101], Zordan and

Hepler [108]

385.39 assessed Robie and Waldbaum [104]

385.48 assessed Pankratz [107]

382.5 assessed Knacke ef al. [34]

384.90 assessed Kubaschewski ef al. [105]

386.74 assessed this work

Hausmannite (Mn304)

1373.27 combustion Le Chatelier and Daubrée [95]

1377.46 combustion Ruff and Gersten [14]

1444.45 combustion Roth and Müller [97]

1408.86 combustion Siemonsen [98]

1408.44 combustion Ulich and Siemonsen [99]

1388.55 solution Shomate [47]

1387.09 assessed Mah [101], Zordan and Hepler [108]

1387.51 assessed Robie and Waldbaum [104]

Table XVII. Enthalpy of formation of manganosite (Mn^O), hausmannite

(Mn304), bixbyite (Mn203) and pyrolusite (Mn02) from literature.
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-A°fH298 [kj/

mol]

Method Reference

1388.78 assessed Pankratz [107]

1386.1 assessed Knacke ef al. [34]

1387.4 assessed Kubaschewski ef al. [105]

1382.74 assessed this work

Bixbyite (Mn203)

974.27 combustion Siemonsen [98]

973.85 combustion Ulich and Siemonsen [99]

959.61 assessed Brewer [102]

956.27 assessed Mah [101]

957.52 assessed Zordan and Hepler [108], Robie and

Waldbaum [104]

959.61 assessed Pankratz [107]

959.0 assessed Knacke ef al. [34

958.1 assessed Kubaschewski ef al. [105]

962.59 assessed this work

Pyrolusite (Mn02)

524.19 combustion Le Chatelier and Daubrée [95]

500.74 combustion Mixter [94]

525.02 combustion Siemonsen [98]

525.02 combustion Ulich and Siemonsen [99]

521.84 solution Shomate [47]

Table XVII. Enthalpy of formation of manganosite (Mn^O), hausmannite

(Mn304), bixbyite (Mn203) and pyrolusite (Mn02) from literature.

78



-A°fH298 [kj/

mol]

Method Reference

521.26 assessed Rossini [103]

520 assessed Brewer [102]

520. 84 assessed Mah [101], Zordan and Hepler [108]

520.38 assessed Pankratz [107]

522.0 assessed Knacke ef al. [34]

520.9 assessed Kubaschewski ef al. [105]

520.48 assessed this work

Table XVII. Enthalpy of formation of manganosite (Mn^O), hausmannite

(Mn304), bixbyite (Mn203) and pyrolusite (Mn02) from literature.

3.3.3 Manganosite (Mn^O)

As discussed above (Section "Manganosite (Mnl-xO)" on page 50, Eq. ) Mn^O is

nonstoichiometric due to the oxidation of Mn2+ to Mn3+. The charge surplus is

compensated by vacancies on the cation sublattice and the phase can be modelled

as

(Mn2+, Mn3+, Va): (02% (Eq 28)

which leads to the following expression for the Gibbs energy using the compound

energy formalism [10] [11].

o Mni_xO

+ RT(y^+lny

o Mn^O

\n

o Mn^O
f G. y

Mn

,
E„Mni_xO

Mn

Mn O
J
Mn" Mn O

+ y^+lny
,+
+ yv lnyv )

o Mni_xO

Va Va Q2~

Mn Mn Va Va

(Eq 29)
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The Mn^O phase lies on the MnO - Mn2/30 join. The excess Gibbs energy

E JMni_xO
.

is given by

E Mni_xO
Wn

Mn!_xO

^Mn3^Mn2+IMn3+,Mn2+02
7u„^

TMn, xO

Mn3+JVa Mn ,Va O2

y^A„2+y\r^ m„2+ Vo n2- ^Mn3+^Mn2+^Va Mn2+, Mn3+, Va 02~

2-

VMn2+^Va Mn;t, Va
O

The °G parameter of the Mn O corner is given by

(Eq 30)

TMn(II)0 ^Mn2+ 02~ ^MnO + %nOT + ^MnO ^ln ( ^)

"^-^MnO^ + ^MnO^

and the °G parameter of the (Mn3+, Va)0 end point by

o Mni_xO

Lr(Mn(III),Va)0
2orMni_xO +

0Mn1_xO
+

Mn3+ O2" Va O2"

G 9+ 9
+ A 3+

+ B 3+ T.
Mn2 02~ Mn3 O Mn3 O

(Eq31)

^i^i-l^è)] (Eq32)

The interaction parameters optimized in this assessment are L 2+*
3+ 2.

and
1 * Mn ,Mn O

1 Mn^O

LMn2+,Mn3+ O2"
'

3.4 Optimization of Parameters

The optimization of the thermodynamic parameters was performed using the

PARROT module of the Thermo-Calc [113] database system. The parameters are

optimized simultaneously by minimizing the sum of squared errors between all

sorts of experimentally determined phase diagram and thermodynamic data and

the corresponding calculated values.

The number of optimizing parameters was generally kept as low as possible, while

still giving a good representation of all the experimental data on the system.

80



3.4.1 The Solid Phases

The parameters C, E and F of the solid phases (Eq. 17) were optimized using heat

capacity (CP) data and heat content {H - H298) data. For the optimization only the

values considered to be the most reliable were used. For Mn^O the Cp data from

Shapiro ef al. [85] were used, for oc-Mn304, Mn203 and Mn02 the Cp data from

Robie and Hemingway [60] were used. The heat content of Mn^O is taken from

Southard and Shomate [90], of a- and ß-Mn304 from Southard and Moore [55]

and Fritsch and Navrotski [91], of Mn203 from Orr [92] and Fritsch and Navrotski

[91] and of Mn02 from Moore [93]. The C, Eand F parameters of a- and ß-Mn304

are assumed to be identical. All the C, E and F parameters were then kept fixed for

the rest of the optimization. The Cp{T) and H-H2g${T) curves optimized in this

work are compared to the experimental data points in Fig. 14, Fig. 19, Fig. 20,

Fig. 21 and Fig. 22. It should again be noted, that no attempt was made to model

the a > ß-Mn203 transition at -300K, that causes the pronounced peak in the

measured Cp values (Fig. 14) and only the Cp data above the transition tempera¬

ture were used for the optimization.

The A and B parameters of the solid phases (Eq. 17 and Eq. 31) were optimized

using the enthalpies of formation, A°fH298, the entropies at 298.15K, °S2g8, and

measurements of the oxygen potentials of two phase equilibria by EMF and man¬

ometry. There is little to choose between the various tabulated values of enthalpies

of formation, as they are all derived from the same rather old measurements and

are all very similar (Tab. XVII). We, rather arbitrarily, chose to use the ones

assessed by Kubaschewski ef al. [105]. For the optimization, however, only little

weight was placed on these data. The entropies at 298.15K were taken from Sha-
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piro ef al. [85] for Mn^O, from Chhor ef al. [87] for a- and ß-Mn304 and from

Robie and Hemingway [60] for Mn203 and Mn02. The enthalpies of formation and

the entropies at 298.15K from literature are compared to the values assessed in this

work in Tab. XVI and Tab. XVII respectively. The entropy at 298.15K, °S2g8, of

Mn203, calculated by Robie and Hemingway [60], includes the area under the

peak up to 298K of their Cp measurements (Fig. 14). The area under the peak above

298K only amounts to ~0.5J/mol-K, and was neglected.

For the reaction Mn203+-02(g) = 2Mn02 only the oxygen potential determined

by Otto [75] (Fig. 18, Tab. XV) was used, for the reaction oc-Mn304+-02(g) =

1.5Mn203 the oxygen potential measurements by Shenouda and Aziz [70], Ingra¬

ham [71], Hahn and Muan [29], Hochgeschwender and Ingraham [58] and

Charette and Flengas [67] (Fig. 17, Tab. XIV) were used. For the reaction

3 1 1 - x
-—-j— Mn1_xO+-02(g) =

-—-j— a-, ß-Mn304 the oxygen potentials determined
1 t:X. Z* 1 t:X.

by O'Neill and Pownceby [43], Charette and Flengas [67], Keller ef al. [65], Hed and

Tannhauser [26], Ramana Rao and Tare [57] and Schwerdtfeger and Muan [45]

(Fig. 16, Tab. XIII) and for the reaction Mn+-02(g) = MnO the oxygen potentials

determined by Alcock and Zador [77] (Fig. 15, Tab. XII) were used. The parameters

A and B (Eq. 18) concerning the a —» ß transformation of Mn304 were optimized

using the temperature (Tab. VIII) and enthalpy (Tab. X) of transformation from

Irani ef al. [56] together with the oxygen potential of the reaction

r^-MnlxO+io2(g) = :^a-andß-Mn304(Tab.XiH,Fig. 16).

82



3.4.2 The Ionic Liquid

The experimental data on the liquid phase are very limited. The strategy must

therefore be to get a reasonable description of the liquid using as few parameters

as possible. This strategy is obviously different from the one used by Wang and

Sundman [14] who required no fewer than 14 parameters to describe the ionic liq¬

uid. The experiments used for the optimization of the liquid phase were the tem¬

peratures of the 5-Mn - liquid - Mn^O [18] and Mn^O - liquid - ß-Mn304 [20]

eutectics and the temperature of the liquid 1 - liquid 2 - Mn^O monotectic [20]

(Tab. VIII). Little weight was placed on the composition of the liquid phase at these

invariant points, as the composition of the liquid was always estimated by the var¬

ious authors, never measured. For the solubility of oxygen in liquid manganese

Jacob's data [19] was used (Fig. 8). The temperature of the congruent melting of

Mn^O is taken from Trömel ef al. [20] (Tab. VIII), the enthalpy of melting from

Schenck ef al. [22] (Tab. IX). The dependence of the melting temperature on the

oxygen partial pressure is taken from Trömel ef al. [20] and from Hed and Tan¬

nhauser [26] (Fig. 10).

3.4.3 Manganosite (Mn^O)

The Mn^O solid solution was modelled using the (Mn(III),Va)0 end point of the

neutral line and the interaction parameters °L and lL (see section "Manganosite

(Mnl-xO)" on page 79). The experimental data used for the optimization were

measurements of the oxygen potential of Mn^O as a function of x and Tby Keller

and Dieckmann [42], Branski and Tallan [33] and Hed and Tannhauser [26]

(Fig. 13) and the composition of Mn^O in equilibrium with Mn304 determined
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by Fender and Riley [40], Hed and Tannhauser [26], Keller and Dieckmann [42],

Schmahl and Hennings [27] and by O'Neill and Pownceby [43] (Fig. 12).

3.5 Results and Discussion

The complete set of optimized thermodynamic parameters describing the Mn - O

system is given in Tab. XVIII.

3.5.1 Phase Diagram

The complete calculated phase diagram, with the gas phase suspended, is shown

in Fig. 7 together with oxygen isobars. It should be noted, that the shape and size

of the miscibility gap is speculative due to the lack of experimental data. It must

also be kept in mind, that the liquid phase is only defined up to the composition

xq = 0.6. This means that the shape of the liquidus line becomes unreasonable

towards high oxygen contents, and also that Mn02 cannot have a congruent melt¬

ing point, as the liquid phase is not defined for oxygen contents above x0 = 0.6. No

experimental data are available for equilibria involving the liquid at oxygen pres¬

sures higher than 1 atm and the peritectic melting point of Mn203 simply results

from the extrapolation of the liquid model towards higher oxygen contents.

The calculated stability diagram is shown in Fig. 9 together with iso-composition

lines for Mn0gO, Mn0ggO and Mn0gggO. Fig. 10 shows an enlargement of this dia¬

gram around the congruent melting point of Mn^O together with the experimen¬

tal data from the literature.

Fig. 12 shows an enlargement of the phase diagram centred around the Mn^O

phase including the experimental data on the solubility limit of Mn^O in equilib-
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Liquid: (Mn2+, Mn3+)p(02,Va^)c

°C»o* " <°0"£ +43947-20.628T

°d-'X
,.
= 20G"n:;"°+i°Goas-64953+ 43 J44T. i°GSas is taken from Dinsdale

Mn O Mn O 2 Ui 2 Ui
[9J.

°G iq2+
,.

= °GMiq (from Fernandez Guillermet and Huang [8], Dinsdale [9])

o^Liq _

o^Liq o^Liq o^Liq .

r Liq
GMn3+Va'-

" 2
GMn2+Va'-+ Vo2"^ °Mn!t O2"

+
^

°L^q2+
2. ,.

= 129519
Mn O ,Va'

1^L!q2+
2- ,-

= -45459
Mn O ,Va'

°LLiq2+
3+ 2.

= -33859
Mn2 ,Mn3 O

AGr = 0

3+ iv/r^.2+
Mn^O: (Mnj+, Mnz+,Va)i(OHi

G^n2;x°2.
-

HJLEnR
-

H^ER
=

- 402478 + 259.356T-46.84Tln(T) - 0.00385 7^ +212922T 1

'TMn2+02- "Mn "O

o^Mn, xO oJMn, xO
m

GA,
+ 2.

= GA, ;X2.-21884-22.185T
Mn O Mn O

o Mni_xO ^ER
_

_

tJw o- „2-
-

tin
- U

?-o2-
"O

Va^'O

0TMn, xO
K.

2+w 3+ 2-
= -42105

Mn ,Mn O

ï Mn, xO
K.

2+w 3+ 2-
= 46513

Mn ,Mn O

MnOz:

°G^n°2 - HS^ -2HSqR = -545091 + 395.379T-65.277Tln(T) - 0.00787^ + 664955 Tl

Table XVIII. Thermodynamic parameters of the Mn-0 system
'
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Mn203:

G"2 '-2HSMR-3HSffR
= -998618 + 588.62T-101.96Tln(T) - 0.0188T2 + 589055T

1

Tm z-11Mn J110

a-Mn304, ß-Mn304:

°G^Mn3°4-3H^1f-4Ho£i? = -1437037+ 889.57T- 154.8Tln(T) - 0.017T2 + 986139T-1

0G^Mn3°4-3H^f-4HjM = -1416189 +875.12T- 154.8Tln(T) - 0.017T2 + 986139T-1

^All parameters are in SI units: J, mol, K; R=8.31451J/molK.

Table XVIII. Thermodynamic parameters of the Mn-0 system
'

rium with a- and ß-Mn304. The use of a regular and a sub-regular interaction

parameter, °L and 1L, leads to an excellent representation of the experimental data.

Also the unreasonable result of Mn^O becoming more stable then Mn203 at

xq-0.6, as is the case in the work of Wang and Sundman [14], who only used a reg¬

ular interaction parameter, is avoided. Fig. 13 shows the composition of Mn^O,

plotted with x = log[xo-0.5] against log[P(02)] at 1273K, 1473K and 1873K. Again

the experimental data are included.

The measured invariant equilibria are compared to the calculated ones in Tab. VIII.

In general, the experimentally determined invariant points listed in Tab. VIII, are

reproduced by this optimization well within the uncertainty with which the points

are known.

3.5.2 Thermodynamic Data

The heat capacities, Cp (Figs. 14, 19, 20 and 21) and heat contents, HT - H2g8, (Fig.

22) of the solid phases are well represented by this assessment. Also our calculated
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heats of formation, A°fH2g8, agree well with the data from literature, even though

they were given only little weight in this optimization. The uncertainties for the

3 1 1 — x
Gibbs energies of the reactions -—— Mn^O + -02(g) -> -—— Mn304, 2Mn304

+ - 02(g) -> 3Mn203 and Mn203 + - 02(g) -> 2Mn02 are approximately ±2kJ/mol,

±5kJ/mol and ±5kJ/mol respectively. It is particularly unfortunate, that for the

reaction Mn + -02(g) —» MnO, on which all the other reactions are based, there

exists only the one measurement by Alcock and Zador [77]. An uncertainty for this

reaction can therefore only be estimated and is probably in the order of ±5kJ/mol.

Consequently, the above mentioned uncertainties of the other reactions are most

probably higher than indicated. Further measurements of the oxygen potentials of

this reaction are therefore highly desirable.

One last interesting point is, that Keller ef al. [65] measured the Mn^O - a-, ß-

Mn304 oxygen potential across the a —» ß transformation temperature and did not

observe a change in slope in the log P(02) vs. - curve. They interpreted this to sig¬

nify that the enthalpy of the a —» ß transformation must be negligible, in contra¬

diction to the measurements of Southard and Moore [55] and Irani ef al. [56]

(Tab. X), as a large enthalpy of transformation must cause a change in slope in the

log P(02) vs. - curve. This curve, including metastable extensions is plotted in

Fig. 23. It can be seen, that at the transformation temperature there is a change in

slope, however due to the curvature of the lines, the change in slope is only notice¬

able close to the transformation temperature.
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ß - Mn304

a
- Mn304
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Log(P02), bar

Fig. 23: Part of the Mn - O potential phase diagram showing the change in

slope of the phase boundary due to the enthalpy of the a- to ß-Mn304

transformation. The dashed lines are the metastable extensions of the phase

3.6 Conclusions

This optimization resolves the two main drawbacks of the previous optimization

by Wang and Sundman [14], namely the unreasonable description of the liquid

and the Mn^O phases. It must however be kept in mind, that some of the experi¬

mental information, even on very basic values, like the melting points of the oxides

is quite old and poorly known and experimental data at high oxygen pressures

and on the liquid miscibility gap are largely missing. Also the Gibbs energy of for-



mation of Mr^ xO from the elements is known only with quite a large uncertainty.

This leads to uncertainties in the Gibbs energies of formation of all other oxides.

But in general the Mn - O system is well known and this assessment excellently

describes available thermodynamic and phase diagram data.
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4 Experimental Phase Diagram

Determination and Thermodynamic

Assessment of the La2Os - SrO System

A. N. Grundy, B. Hallstedt and L. J. Gauckler: Acta Materialia, 2002, 50, 2209 2222

Abstract

In the oxide portion of the La-Sr-0 system there exist two intermediate phases,

ß, with a certain homogeneity range centred around the stoichiometry La4Sr07

and a stoichiometric phase, La4Sr309. La203 dissolves a considerable amount

ofSrO, SrO only negligible amounts ofLa203. Microprobe analysis, X-ray dif¬

fraction and differential thermal analysis were used to determine the stability

limits of the phases. Using the experimental data and assessed literature data, a

thermodynamic description of the oxide portion of the system was optimized

and the quasi-binary La203-SrO phase diagram calculated.

Keywords: Electron microprobe analysis, X-ray diffraction; Compounds (La203,
SrO); Theory and modelling (thermodynamics, phase diagrams)

4.1 Introduction

This work is part of a project to model the La-Sr-Mn-0 system. The perovskites

Laj xSrxMn03±§ found in this system are of particular interest as cathodes for Solid

Oxide Fuel Cells [1],[2]. Practical uses of the compounds in the La-Sr-0 system are

limited to La203 doped with SrO, which is a good 02~ conductor [3] and a useful

catalyst for oxidative coupling of methane [4].
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At ambient oxygen partial pressure the La-Sr-0 system is, to a large extent, con¬

fined to the La203-SrO line. At low temperatures Strontium peroxide becomes sta¬

ble [5]. This, however, is not considered here. The metallic part of the La-Sr-0

system is only stable at extremely low oxygen partial pressures and is also not

addressed in this work.

The descriptions of pure La203 and SrO are taken from the previous optimizations

of the La-0 system [6] and Sr-0 system [5].

The La203-SrO System contains two intermediate compounds, the ß-phase cen¬

tred around the stoichiometry La4Sr07 with a certain homogeneity range and an

almost stoichiometric phase with the composition La4Sr30g. Pure La203 exists in

three modifications, hexagonal A-La203 up to 2313K, hexagonal H-La203 up to

2383K and cubic X-La203 up to the melting point at 2586K [4] [7]. All three modifi¬

cations dissolve considerable amounts of SrO. In the following the denotations

A-La203, H-La203 and X-La203 will mean these solid-solution phases. SrO dis¬

solves a small amount of La203. This solid solution is simply termed SrO.

4.2 Literature Survey

Investigations of the La203-SrO phase diagram were first performed by Lopato ef

al. [8], and Queyroux [9]. Lopato [10] later performed a more detailed investigation

and constructed a phase diagram of the system. Lopato [8] [10] prepared the sam¬

ples by dissolving La203 and Sr(C03) in nitric acid, drying the solution to form

nitrates and calcinating the nitrates to form oxides. Queyroux [9] simply prepared

the samples by solid state reaction between La203 and Sr(C03). The experimental
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methods used in both cases were X-ray diffraction (XRD) and optical microscopy.

Lopato [10] additionally conducted DTA measurements.

The crystallographic data of the phases in the La203-SrO system, taken from the

literature, are summarized in Tab. XIX.

The literature data of the separate phases is discussed below. All results are given

in cation-fraction Sr (uSr).

La203 solid solution: Foëx [12] estimated the maximum solubility of SrO in La203 to

be u§r -0.1 at an unspecified temperature. Queyroux [9] determined a solubility of

uSr - 0.08-0.11 at 2273K. Lopato [10] indicates a solubility of uSr - 0.115 at 1873K

increasing linearly up to u§r - 0.14 at 2223K. More recently a solubility of u§r - 0.05

was measured by Cherepanov ef al. [13] at 1373K. The DTA measurements by

Lopato [10] and the interpretation of cooling curves from Foëx [14] both indicate,

that the temperatures for the X-La203 -> H-La203 and the H-La203 -> A-La203

transformations decrease on addition of SrO. Lopato [10] also determined the tem¬

peratures of the invariant reactions X-La203 <-» H-La203+L and

H-La203 o A-La203+L at 2303K and 2283K, respectively.

SrO solid solution: The solubility of La203 in SrO was determined to be u^a - 0.05 at

1273K by Purt and Modern [15]. Lopato [10] gives a solubility ranging from

uLa - 0.04 at 1863K to 0.07 at 2103K then decreasing to 0.06 up to 2213K.

ß - phase: According to Lopato [8], [10] the ß-phase decomposes below 1813K by

the reaction ß <-» La203 + La4Sr30g and melts monotecticly at 2373K. The phase has

a composition roughly centred around a stoichiometry of La4Sr07 with a homoge-
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neity range of uSr - 0.16-0.23. Queyroux [9] places the eutectoid decomposition at

1773K and gives a homogeneity range of u§r - 0.143-0.212.

La4Sr30g. There exists some controversy concerning the composition of the

La4Sr30g -phase. In Lopato's original work [8] a La2Sr205 -stoichiometry was pro¬

posed. This stoichiometry also found its way into the database of the International

Centre for Diffraction Data (ICDD, 1996, No. 22-1431). The recent work of Peck ef

al. [16] also states this stoichiometry. Lopato however changes his mind in his later

paper [10] stating the correct La4Sr30g -stoichiometry as originally also proposed

by Queyroux [9]. According to Lopato [8] the compound melts by the peritectic

reaction Liq + SrO <-> La4Sr30g at 2133K. On decreasing temperature the com¬

pound decomposes by the reaction La4Sr30g <-> A-La203+SrO. The temperature of

the decomposition was determined by Lopato [10] at 1773K and by Queyroux [9]

at 1733K. The crystallography of this phase was examined by Schulze and Müller-

Buschbaum [11] and is summarized in Tab. XIX.

Liquid: High Temperature DTA measurements of the liquidus-temperatures were

performed by Lopato [10] over a broad range of SrO contents. Foëx [14] deter¬

mined liquidus temperatures for SrO contents of u§r = 0-0.23 by interpreting cool¬

ing curves.

4.3 Experimental

In this study samples equilibrated at temperatures ranging from 1373K to 1973K

were analysed with regard to phase content, microstructure, and phase composi¬

tion. The phase content of the samples was determined using X-ray diffraction,
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Phase Structure Space

group

Lattice parameter [Â] ß

[angle]

Reference

a b c

A-

La203
Hexago¬
nal

P3ml 3.9373 6.1299 ICDD1, No.

5-602

H-

La203
Hexago¬
nal

P63/
mmc

4.057 6.430 Aldebert and

Traverse [7]

X-La203 Cubic Im3m 4.51 Aldebert and

Traverse [7]

ß Mono-

clinic

Queyroux [9]

La4Sr30

9

Mono-

clinic

Cc 11.66 7.35 13.47 115.6° Schulze and

Müller-Busch¬

baum [11]

SrO Cubic Fm3m 5.160 ICDD1, No.

6-520

International Center for Diffraction Data, formerly JCPDS, Swarthmore, PA, USA

Table XIX. Crystallographic data of the phases in the La203-SrO system

XRD (D-5000, Siemens AG, D-80312 München, Germany) the microstructure

examined by Scanning Electron Microscopy, SEM (JSM 6400, Jeol Ltd., Tokyo,

Japan) and Light Microscope. The compositions of the phases was determined

using Electron Microprobe Analysis, EMP (SX-50, Cameca SA, Paris, France). The

standards used for the calibration of the EMP were LaA103 and SrC03 single crys¬

tals. Analytical conditions were 15 kV accelerating voltage and 20 nA cup current.

Care was taken to assure, that the samples analysed had indeed reached equilib¬

rium. This was done by making sure the single phases were free of compositional

gradients, that the composition of a phase was only a function of the equilibration

temperature, and was independent of the size or location of the phase in a single

sample and also independent of the bulk composition of the sample.
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The temperature of the eutectoid decomposition of La4Sr30g was determined

using Differential Thermal Analysis, DTA (Model STA 501, Bähr-Thermoanalyse,

Hüllhorst, Germany), which was calibrated using the melting temperature of Pal¬

ladium (1825K).

4.3.1 Sample Preparation

Samples were prepared by dissolving the required molar ratios of Lanthanum

nitrate hexahydrate, La(N03)3 • 6H20, puriss. p. a. (>99%) and Strontium nitrate,

Sr(N03)2, puriss. p. a. (>99%) both supplied by Fluka Chemie GmbH, Buchs, Swit¬

zerland, in doubly distilled water. Coprecipitation of the hydrates was achieved by

adding slightly more then equimolar amounts of ammonium hydroxide, NH3,

puriss. p. a. -25% in water, also supplied by Fluka Chemie GmbH. The obtained

colloid was dried at 50°C for at least 72h. The dry residue was ground in a plastic

mortar and calcinated in aluminium oxide crucibles at 1000°C for 6h, reground

and uniaxially pressed with a pressure of 15MPa into discs with a diameter of 2cm

each weighing ~3.5g. The discs were then isostatically pressed with a pressure of

832MPa, placed on platinum foils and sintered in a commercial high temperature

furnace (HT 10/18, Nabertherm, D-Lilienthal) at ambient oxygen partial pressure.

After sintering the samples were put on a cold, massive copper plate and

quenched by blowing compressed air on them. The quench-rate thus achieved is

estimated at being in the order of-200K-S1. The samples had to be stored in desic¬

cators, using phosphorus pentoxide as desiccant, as they rapidly decomposed by

forming various hydroxides when in contact with air.
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The samples that were analysed using EMP and SEM were embedded in a cold

mounting epoxy resin and ground and polished without using water or oil as this

led to decomposition of the samples, and coated with a 20nm carbon layer.

4.3.2 Experimental Results

Below, the experimental results of the single phases are discussed in detail

La203 solid solution

The solubility limits of SrO in A-La203 for various temperatures, determined in

this study, are compiled in Tab. XX and compared to data form the literature.

The compositions of A-La203 and ß in equilibrium with each other could not be

measured directly using EMP as the two phases could not be distinguished from

each other either using optical microscopy or SEM. The extent of the two-phase

region of samples equilibrated at temperatures above the formation temperature

of ß had therefore to be estimated using XRD. For this purpose samples with

increasing u§r contents were prepared. The diffractograms of samples containing

uSr = 0.03, 0.05, 0.08, 0.11, 0.14, 0.18, 0.21 and 0.25 equilibrated at 1973K are shown

in Fig. 24. The lattice parameters of A-La203 were calculated with help of the peak

positions using a least squares procedure.

The lattice parameters a, and c of A-La203, plotted as a function of uSr, increase lin¬

early up to a certain point, which is interpreted as the solubility limit, then remain

constant (Fig. 25).

Even though the samples for which the lattice parameters no longer increase seem

to be single phase (Fig. 25), they consist in fact of the phase assemblage
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Angle 20 (Cu-Koc)

Fig. 24: Diffractograms of samples containing u§r = 0.03, 0.05, 0.08, 0.11, 0.14,

0.18, 0.21 and 0.25 equilibrated at 1973K. The samples containing u§r = 0.08, 0.11,

and 0.14 contain the phase assemblage A-La203 + ß (see text).(T)peak positions

of La4Sr309 (ICDD No. 22-1431), () peak positions of ß (ICDD No. 22-1430),

(•) peak positions of A-La203 (ICDD No. 5-602)

A-La203 + ß. The peaks of the ß-phase can not be recognized, as they are concealed

by the strong A-La203 peaks. We place the phase boundary of the ß-phase close to

the position where the XRD-pattern of the ß-phase can first be distinguished.

At temperatures below the formation temperature of the ß-phase our results are

comparable to the results from the literature. In contrast to the data form Lopato
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Fig. 25: Lattice parameters a and c of A-La203 as a function of SrO content. The

lattice parameters increase up to the limit of Sr solubility, then remain constant.

() Lattice parameter of pure A-La203 from the literature (ICDD No. 5-602). (A)

Lattice parameters of samples sintered at 1923K, (•)Lattice parameters of

samples sintered at 1973K. () Lattice parameters at maximum SrO solubility

from Foëx [12].

[10], however, our results indicate a sharp decrease of the SrO solubility above the

formation temperature of the ß-phase.

4.3.3 The SrO solid solution

The La203 solubility in SrO determined by EMP is listed in Tab. XXI and compared

to the data from the literature.
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Experimental Results from this investigation

Tempera¬
ture [K]

Equilibra¬
tion time

Composi¬
tion [uSr]

Stand. Dev

Ig

phase
assemblage

Reference

1373 168h 0.01971 0.001 (n=16) La203 + SrO this work

1473 72h 0.03021 0.003 (n=15)

1573 72h 0.04681 0.003 (n=13)

1673 72h 0.06971 0.004 (n=12)

1773 24h 0.11251 0.004 (n=10) La203 +

La4Sr309

this work

1923 12h 0.11* 0.02 (esti¬
mated)

La203 + ß this work

1973 12h 0.05* 0.02 (esti¬
mated)

Experimental results from the literature

Tempera¬
ture

Equilibra¬
tion time

Composi¬
tion [uSr]

Stand. Dev.

Ig

phase
assemblage

Reference

1373 0.05* La203 + SrO Cherepanov
ef al. [13]

1873 0.115* La203 + ß Lopato [10]

2013 0.125*

2113 0.132*

2223 0.14*

2273 0.096*

0.1* (max.
sol.)

La203 + ß Queyroux
[9]

Foëx [12]

'Composition determined by Electron Microprobe Analysis (EMP). Composition
estimated using XRD

Table XX. Limit of SrO solubility in A-La203 as a function of temperature.
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Experimental Results from this investigation

Tempera- Equilibra- Composi- Stand. Dev. phase Reference

ture [K] tiontime tion of iG assem-

SrO [uLa] blage

1823 12h 0.0081 0.002 (n=5) SrO + this work

La4Sr309
1873 12h 0.0091 0.002 (n=6)

1923 12h 0.0061 0.003 (n=4)

Experimental Results from the literature

Tempera¬
ture [K]

Equilibra¬
tion time

Composi¬
tion of

SrO [UlJ

Stand.

Ig

Dev. phase
assem¬

blage

Reference

1273 0.05* SrO +

A-La203

Purt and

Modern [15]

1863

2103

0.04*

0.07*

SrO +

La4Sr309
Lopato [10]

2213 0.06* SrO + L Lopato [10]

'Composition determined by Electron Microprobe Analysis (EMP). Composi¬
tion estimated using XRD

Table XXI. Limit of La203 solubility in SrO as a function of temperature.

It was not possible to measure the La203 solubility in SrO below 1823K, as the SrO

precipitates were either to small to be measured with EMP, or it wasn't possible to

sinter the samples to densities adequate for polishing.

The solubilities determined in this study are considerably lower then the literature

results.
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The $-phase

The composition of ß in equilibrium with La4Sr30g was measured using EMP in

samples equilibrated at 1923 and 1973K. The composition of ß in equilibrium with

A-La203 had to be estimated by XRD. The results are listed in Tab. XXII.

It was not possible to measure the decomposition temperature of ß using DTA,

probably because the decomposition is sluggish and the heat of transition is small.

We therefore simply placed the decomposition temperature between 1873K, where

ß could be detected by XRD and 1823K, where there was no sign of ß.

The La4Sr30g -phase

The average composition of the La4Sr30g -phase in equilibrium with A-La203 or ß

determined by EMP is u§r = 0.420 ± 0.006 (Ig, n=19). The average composition in

equilibrium with SrO is u§r = 0.438 ± 0.002 (Ig, n=4). The composition of stoichio¬

metric La4Sr30g (u§r = 0.4286) lies between these two values.

The heat evolved by the invariant exothermic reaction La4Sr30g <-> A-La203 + SrO

on cooling was adequate to be measured by DTA. The temperature for the reaction

was determined to be 1737K. The microstructure, that develops during cooling a

sample containing the phases SrO and La4Sr30g from 1873K through the eutectoid

temperature at a cooling rate of -2K/min. is shown in Fig. 26. Inter dispersed

between the dark SrO phase and the undecomposed La4Sr30g (lighter grey) is a

fine eutectoid mixture of A-La203 and SrO. The SrO - phase seems to consist of fine

rods dispersed in a matrix of A-La203.
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«s

Fig. 26: Mixture of primary SrO (dark homogeneous phase), undecomposed

La4Sr30g (grey) and eutectic microstructure of rod- like SrO in A-La203

matrix. Obtained after cooling a mixture of SrO and La4Sr30g from 1873K to

room temperature at a cooling rate of-2K/min.

4.4 Thermodynamic Modelling

A-, H-, and X-La203, SrO, and the ß-phase are described using the compound

energy model [17], [18], the liquid is described by the two-sublattice model for

115



Results form this investigation

Tempérât Equilibra Compositio Stand. Dev phase
ure [K] tion time nofß, [u§r] +1^ assemblage reference

1873 12h 0.1581 0.009 (n=21) ß +

La4Sr30g
1923 12h 0.1801 0.007 (n=7)

1973 12h 0.1901 0.009 (n=17)

1923 12h 0.17* 0.03 (esti- La203 + ß
mated)

1973 12h 0.17* 0.03 (esti¬
mated)

Data from the literature

Tempérât
ure [K]

Equilibra
tion time

Compositio
nofß, [uSr]

Stand.

±1g

Dev phase
assemblage reference

2273 0.143* Queyroux
[9]

2273 0.212* Lopato [10]

1873

2013

0.18*

0.20*

ß +

La4Sr309

2113

2223

0.23*

0.21*

ß + L

2013 0.16* ß +

A-La203
2113 0.16*

2223 0.17*

'Composition determined by Electron Microprobe Analysis (EMP). Composi¬
tion estimated using XRD

Table XXII. Phase boundaries of the ß-phase.

ionic liquids [19], [20] and the La4Sr30g -phase is described as a stoichiometric

compound.
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4.4.1 The Ionic Liquid

The two sublattice model for ionic liquids [19], [20], used to describe the liquid

phase, was developed for liquids that show ionic behaviour of the components.

The model follows Temkin [21] and assumes that the anions and cations occupy

separate lattices and are allowed to mix freely on their respective sublattice. Hypo¬

thetical vacancies are introduced on the anion sublattice to maintain charge neu¬

trality and to allow a description towards a metallic liquid containing cations only.

In the La-Sr-0 system the model is represented as

(La3+,Sr2+)p(02-,Vanq, (Eq 33)

where the number of sites on the respective sublattice, p and q, must vary with

composition in order to maintain charge neutrality. The values of p and q are calcu¬

lated by

p
= 2yo2- + gyVa,- (Eq34)

q
= 3yLa3+ + 2ySr2+, (Eq 35)

where y represents the site fraction of a particular species on the respective sublat¬

tice. The hypothetical vacancies have an induced charge of -q.

The molar Gibbs energy is given by

<£iq = yLa3+yo2-0G^+ o*-+JV+^-0(vq o- ^ 36>

+ 9(yLa3+yVa,- GLa3+Va,_ + ySr2+yVa,- GSr2+Va,_)
+ pi?T(yLa3+lnyLa3+ + ySr2+lnySr2+)
+ qi?T(yo2Jnyo2_ + yVa,JnyVa,_)
+ EGuq
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The excess Gibbs energy Gmiq is given by Eq 37. This allows the interactions to be

compositionally dependent on the occupation of the other sublattice

Gmiq =

yT 3+yç
2+yn2-Lr iq+

ç
2+
^-+Wi

3+yç 2+yv
q-L. i+

2+ ,_
(Eq 37)

rn ^ La ^ Sr ^ O La
,
Sr O lJ La ^ Sr ^ Va1 La

,
Sr Va1

*

+ -yLa3+-y02--yVa'-LLa3+ 02~ Va*"
+ ^Sr^O^^Va'^Sr^ O2" Va'~/a

1 7-Liq
^ La J Sr ^ O ^ Va La

,
Sr O

,
Va

Finally, each interaction parameter can be expanded to allow for site fraction

dependence of each parameter. For L x\
2+ 2_

this gives
LaJ\ SrZT Oz

lT i+
„ 2+ „2-

=

yT 3+yç
2+yn2-T lT i+

„ 2+
n2-(yT

3+-yç 2+)v (Eq 38)
La

,
Sr O

J La J Sr ^ O -t—< La
,
Sr O J La ^ Sr ^

v

and corresponding equations for the other parameters.

Species on the same sublattice are separated by a comma and a colon is used to

separate species on different sublattices. The parameters L lf]+
2_ ,_

and
La O ,Va

L 12q+
2_ ,_ represent interactions along the La-0 and Sr-0 binaries of the ter-

Sr O ,Va

nary La-Sr-0 system. According to the assessments of the corresponding binary

systems [5] [6] these two parameters are 0.

„

j
3+

ç,
2+ p.2-

In this assessment a regular interaction parameter LLla
'

r

and a sub-regular

1 La3+ Sr2+ 02~
interaction parameter LLi

'

are optimized. As we are only concerned with

the La203-SrO line through the ternary La-Sr-0 system, neither L

nor L iq,+
2+ 2_ ,_

were assessed.
La ,Sr O

,
Va

Liq

La3+, Sr2+ Va'-
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4.4.2 A-, H-, and X-La203

The Sr-ions may enter La203 substitutional^ Eq 39 or interstitially Eq 40.

2Sr0^2Sr'La + Va0 + 20j (Eq 39)

3SrO->3Sri+2VaLa + 305 (Eq40)

Of the two, Eq 40 is energetically unfavourable. A third possibility is that SrO is

self-compensating and forms both the interstitial and substitutional defects Eq 41.

3SrO ->2Sr'La+ 8^+305 (Eq41)

The dissolution of Sr ions in La203 was studied using Extended X-ray Absorption

Fine Structure (EXAFS) measurements and atomistic computer modelling by

Chadwick ef al. [22], [23]. The computer modelling indicated, that the energetically

most favourable mode of solution is cation substitution with the formation of

charge compensating oxygen defects according to Eq 39. This result was confirmed

by the EXAFS measurements. Atomistic computer simulation techniques per¬

formed by Ilett and Saiful [24] also indicate that this mode of dissolution is ener¬

getically most favourable.

Based on these results we choose a model where Sr2+ and La3+ mix randomly on

the cation sublattice and vacancies are introduced in the anion sublattice in order

to maintain charge neutrality. At extremely low oxygen partial pressures La3+ is

partially reduced to La2+ and also randomly mixes on the cation sublattice [6]. We

ignore this here, as we are only concerned with the La203-SrO line. The model is

thus represented by

(La3+, Sr2+)2(02~;Va)3 (Eq42)
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and the molar Gibbs energy of the of A-La203 is given by

-La203 0„La2O3 0„La2O3
Gm

=

^La3+y02- GLa3+ q2_
+
ySr2+yQ2_ GSf2+ q2_ (Eq 43)

0^La2O3
: __ __

o^La203
TC 2+

T 7

Sr Va

+
^La3^Va GLa3+Va

+

^Sr2^Va
GS-~2+"

+ i?T[2(yLa3+lnyLa3+ + ySr2+lnySr2+)

+ 3(yo2Jnyo2_ + yValnyVa)]
E La203

F ] a n

The excess Gibbs energy Gm
2 3

is given by an expression equivalent to Eq 37 and

each L parameter can be expanded according to Eq 38. The model can be visual¬

ized by the composition square in Fig. 27, where each corner represents a °G

parameter.

The Gibbs energies of the end points La203 and Sr202 are given respectively by

0<£S' = °c£ä (Eq44)
a2u3

and

2o La203 lo La203

3
^Sr O 3

^Sr Va
+ 3RJ[¥4 + H) = 2°G^o + ALa2o3 + \,2oJ (Eq 45)

0 La203
We choose GLa Va

as the reference and give it the value

0 La203 0 La203 3o^Gas ,„ Ar,

GLaVa
= GLa,0 "o G0, (EQ 46)

a2u3

A fourth equation is given by the reciprocal relation

0 La203 o La203 0 La203 0 La203 La203
GLaO + GSrVa- GLa Va

" GSr O
=

AGr (EQ 47)
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La3+ : Va Sr2+ : Va

0 0.2

La3+: O
0.6 0.8 1.0

Sr2+ : O

Vsr2+

Fig. 27: Model representation of the La203 solid solution

0 La203 o La203 o La203 o La203
From these equations GLa 0 , GSr 0 , GLa Va

and GSr Va
can be determined.

The optimizing parameters used are ALa 0 , BLa 0
and regular interaction param-

La203
eters L. The reciprocal AGr is set equal 0.

All three polymorphic modifications of La203 are described using the same model.
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4.4.3 The ß-phase

So far no detailed crystallographic investigation of the structure of the ß-phase has

been carried out. Lopato ef al. [8], [10] assumes the compound to be monoclinic, a

view shared by Queyroux [9]. Queyroux also points out that the structures of

A-La203 and the ß-phase are very similar and assumes that the latter is simply a

distortion of the former. We therefore choose to describe the ß-phase using the

same model that was used for A-La203 Eq 42. The Gibbs energy is then also given

by Eq 43 and can be represented by Fig. 27. The parameters

GLa O' GSr Va' GLa Va
anc* GL o '

can fre evaluated by applying the same consid¬

erations as for Eq 44, Eq 45, Eq 46, and Eq 47. The ß - phase is then represented by

the following parameters

OR 0
A-La,0,

GLo= GLa2Û;
'
+ Ap + BpT (Eq48)

fGsßr0 + i°Gsßrva + 3^1nf+ IlnI) = 2°G*°+ Cp + DpT (Eq 49)

°Glo-0Gt:t-l0^S (Eq50)

and °GLa O
+ °GSr Va

" °GLa Va
" °GSr O = AGf • (EQ 51)

The reciprocal AGr is set equal 0. The parameters that were optimized are

An, Bq, C„ and Do and and regular interaction parameters L.
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4.4.4 The SrO - solid solution

As discussed above, solid SrO can dissolve a small amount of La203. The La3+-ions

substitute for Sr2+-ions on the cation sublattice. The charge surplus is compensated

by introducing vacancies on the cation sublattice Eq 52

La203 = 2LaSr + VaSr + 30o

The formula for the SrO is then given by

(Eq 52)

(Sr2+,La3+,Va)i(02-)i,

which leads to the following expression for the Gibbs energy

(Eq 53)

O^SrO O^SrO O^SrO
yc 2+ G 2+„2-

+ yT 3+ G 3+„2-
+y,, G

J Sr Sr O
J La LaO

J Va

+ i?T(ySr2+lnySr2+ + yLa3+lnyLa3+ + yy& \nyy& )

,
E „SrO

O^SrO

VaO
(Eq 54)

The SrO phase can be visualized by the composition triangle in Fig. 28, with possi¬

ble compositions lying on the neutral line.

The G parameter of the SrO corner is given by

O^SrO O^SrO

^SrO ~ ^SrO

and the G parameter of the La202 end point by

(Eq 55)

O^SrO

GLaO
o0„SrO 0„SrO

, DT/2, 2 1,1
2 GLa0+ GW3LO + RT\jln---ln-

1^A-La203

3Gm "SrO
'

^SrO-

(Eq 56)

The parameters to be optimized are ASr0 and BsrO-
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^ 0.5

Sr:0
0.4 0.6

yLa

0.8 1.0

La:0

Fig. 28: Model representation of the SrO - solid solution

4.4.5 The stoichiometric La4Sr309 - phase

The compound La4Sr30g is described as a stoichiometric compound. The Gibbs

energy is given relative to A-La203 and SrO and is

0„La4Sr3O9
2 Gm +3Gm +^La4Sr309 + ßLa4Sr309T1- (Eq57)

The parameters optimized are ALa Sr 0
and BLa s4^r309 '
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4.5 Optimization of Parameters

The optimization of the thermodynamic parameters was performed using the

PARROT module of the Thermo-Calc [25] database system. The parameters are

optimized simultaneously by minimizing the sum of squared errors between the

experimentally determined and the calculated two- and three-phase equilibria.

As the experimental data is very limited and often also rather uncertain, the

number of optimizing parameters was generally kept as low as possible, while still

giving a reasonable representation of the system.

Ionic Liquid: Two terms, °L and lL of the interaction parameter L \ 2+ 2_ were
l_;ä

,
of U

needed to get a reasonable fit with the equilibria involving the liquid phase. The

negative lL parameter in effect makes the Liquid phase more stable towards

higher La-contents, thereby shifting the calculated equilibria involving the liquid

phase towards higher La-contents.

A-, H-, and X-La203: The experimental data-points of the A-La203 phase boundary

allowed the optimization of ALa 0
in Eq 45 and temperature dependent interac¬

tion parameters. The regular interaction parameters that were optimized are

LT 3+1
2+ „2-

and LT 1+1
2+,, 2-, which were both given the same value

.
The recip-

La
,
Sr O La

,
Sr Va

° r

La203
rocal AGr Eq 47 was set equal to 0. This allowed an excellent representation of

the experimentally determined curvature of the phase boundary. The only experi¬

mental information on H-, and X-La203 are high temperature DTA measurements

from Lopato [10], and cooling curves from Foëx [14] which both indicate a reduc¬

tion of the transformation temperatures with increasing SrO content The tempera-
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tures of the invariant equilibria H-La203 <-» A-La203+L and

X-La203 <-» H-La203+L were determined by Lopato [10]. By changing the parame-

TH-La203 TH-La203 TX-La203
,

TX-La203
, ,

ters L
3+ 2+ 2_,

L
3+ 2+ 2_,

L
3+ 2+ 2_ and L

3+ 2+ 2_, while using the
La

,
Sr O La

,
Sr Va La

,
Sr O La

,
Sr Va °

.„
. n TA-La203 A-La203

.

same temperature coefficient as for LT
3+ „ 2+ , and L

3+ „ 2+,, 2-
and setting the

1 La
,
Sr O La

,
Sr Va

°

parameters AH.La 0
and Ax.La 0 equal to AA.La 0 ,

the correct temperatures for

the invariant reactions were modelled. In the case of X-La203, however, the phase

then became stable towards high SrO contents. To resolve this problem a subregu-

1 La3+ Sr2+ 02~
lar term Lx_La 0

was introduced, and arbitrarily set equal to -20kJ/mol. Due

to the higher temperature of the calculated A-La203 + ß eutectic compared to the

one measured by Lopato [10] the two calculated invariant equilibria involve the

phases H-La203 <-» A-La203+ß and X-La203 <-» H-La203+ß.

The $-phase: A reasonable representation of the ß-phase could be achieved by opti¬

mizing the parameters An, Eq 48, Co, Eq 49 and temperature dependent interac¬

tion parameters. The regular interaction parameters that were optimized are

if
3+ „ 2+ ^2-

and if
3+ „ 2+,, ,

which were both given the same value.
La ,Sr O La ,Sr Va

°

SrO solid solution: The La solubility in SrO was modelled by optimizing a single

parameter, ASr0, Eq 56.

4.6 Results and Discussion

The list of optimized thermodynamic parameters is given in Tab. XXIII.

The calculated three-phase equilibria are compared with the experimental data in

Tab. XXIV. In general the experimentally determined temperatures of the invariant
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Table XXIII. Thermodynamic parameters of the La-0 system
'

3+ c2+\
A-La203: (La*+, Sr'+)2(Va, 0£~)3

0 A-La203
=

orA-La203
^La O La203

0 A-La203 orA-La203 3orGas
^LaVa ^La^ Ö °2

0 A-La203 O^SrO, lO^Gas „„^(2. 2,1, l\ l,r , ,,nm

GSr O
= 2

GSrO
+

^ G02
" 3^3 ln

3
+

3
ln

3 J
~

3
AGr

+ 25000

0 A-La203 O^SrO O^Gas ,D7/2. 2,1, IV 2.^
Gsrva

= 2
GSrO" G02

-

3K7|jln-+-ln-J +-AGr
+ 25000

0 A-La,03 nTA-La,03
m

L
3+ 2+ 2

= L
3+ 2+

= 214900-78.1 T
La3

,
Sr2 O2 La3

,
Sr2 Va

AGr = 0

3+ c2+\
H-La203: (La*+, Sr'+)2(Va, Oz)3

0 H-La203 0rH-La2O3
^La O ^La.O,

0 H-La203 0rH-La2O3 3orGas
^LaVa ^La.O, Ö ^O,

0 H-La203 0„SrO, lO^Gas ~.UrJ2. 2,1, H l,r , ,,m„

GSr O
= 2 GSrO

+

2 G02 " 3^3 ln
3
+

3
ln

3 J
~

3 AGr
+ 25000

0 H-La203 0„SrO 0„Gas ^DT/2, 2,1, lV2Ar ,,,„„„

Gsrva =2GSrO" G02 -

3iH|-ln-+-ln-J +-AGr
+ 25000

0
H-La,03 oTH-La,03

m

%
3+

*

I _2-
= %

3+

*

2'
v

= 193600 - 78.1 T
La ,Sr O La ,Sr Va

AGr = 0
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Table XXIII. Thermodynamic parameters of the La-0 system
'

X-La203: (La3+, Sr2+)2(Va, 02)3

0 X-La203 orX-La203
^La O La203

0 X-La203 orX-La203 3orGas
^LaVa ^La^ ^ U02

0 X-La203 O^SrO, lO^Gas ^DT/2, 2,1, l\ l.r , _„„

GSr O
= 2

GSrO
+

^ G02
" 3 #T(j ln

3
+

3
ln

3J
"

3
AGr

+ 25000

0 X-La203 O^SrO O^Gas ~DrJ2. 2,1, 1V 2
_

GSr Va
= 2

GSrO
"

G02
~ 3 #T(j ln

3
+

3
ln

3 J
+

3
AGr + 25000

0TX-La,O3 oTX-La,03
m

%
3+

2

2+ _2-
= %

3+

2

2+
v

= 168700 - 78.1 T
La ,Sr O La ,Sr Va

1 X-La,0,
L

3+ 2+ 2
= -20000

La3
,
Sr2 O2

AGr = 0

ß - phase: (La3+, Sr2+)2(Va, 02)3

°GLv, = 0Co;0,-l°Gas+2i«o

Ko = 20G^ + i°G^S-3RT(|l„? + il„I)-lAGr + 441100

°gLv, = 2°G^-°G^-3Rl(|l„? + Il„l) + |AGr+441100

0lL,'*.Sr-o- = 0lL,'*.S,"v. = -121000-237 8 T

AGr = 0
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Table XXIII. Thermodynamic parameters of the La-0 system
'

La4Sr309:

0^La4Sr3O„ n^A-La903 O^SrO
m

Gm4
3 9

= 2 GLa0
2 3

+3 G^g+ 229800-136.75T

,3+ r o2+
SrO^La^La'WaMO'-);,

CUSrO
_

O^SrO

^SrO ~ ^SrO

CUSrO
_

l0„A-La2O3 1 O^Gas

^LaO "

2 LrLa203 "4 U02 + 11->/uu

CUSrO
_

1 CuGas

WaO " U +
2 G02

Liquid: (La3+, Sr2+)p(02,Va^)
pvw '¥" 'q

ÄSr2+02- = -88910-73680(yLa3+-ySr2+)

'All parameter values are given in SI units Q, mol, K; i?=8.31451J-(mol-K) *)

reactions are reproduced very well with exception of the calculated ß-La203 eutec¬

tic, which is over 100K higher than determined by Lopato [10].

Due to this the phases taking part in the calculated eutectic are L <-> X-La203 + ß,

whereas according to Lopato, the phases are L <-> A-La203 + ß.

The calculated La203-SrO phase diagram in air is shown in Fig. 29. The experi¬

mental data on the phase boundaries for A-La203, SrO and ß, obtained in this

work, are included (filled symbols). The phase boundary data from the literature is

also included (open symbols). However only the data on the homogeneity range of
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Liq + SrO
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La4Sr309 + SrO
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A-La203 + SrO

x o Lopato, 1976
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D Queyroux, 1969

A Purtetal, 1968

o Cherepanov et al 1976

this work

0

LaO
1.5

0.2 0.4 0.6 0.8

Mole fraction SrO

1.0

SrO

Fig. 29: Calculated La203 - SrO phase diagram in air, compared with

experimental data of the phase boundaries. (A) phase boundary determined

by Electron Microprobe Analysis (EMP), () phase boundary estimated using

X-ray diffraction.

ß was used for the optimization. The liquidus data from Lopato [10] and Foëx [12]

is also included

It can be seen, that there exist discrepancies between our experimental data and

the data from the literature. The most severe discrepancy is the limit of SrO solid

solubility in A-La203 above the formation temperature of ß. Lopato [10] indicates a
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Temperature [K] Reference

La4Sr309 <-» A-La203 + SrO

1773 Lopato [10]

1733 Queyroux [9]

1737 this work (DTA)

1737 calculated

ß <-» La4Sr309 + A-La203

1813 Lopato [10]

1773 Queyroux [9]

1848 this work (estimated)

1850 calculated

L <-» ß + La4Sr309

2103 Lopato [10]

2103 calculated

L + SrO <-» La4Sr309

2133 Lopato [10]

2133 calculated

H-La203 o A-La203 + ß

(H-La203 <-> A-La203 + L after Lopato [10])

2283 Lopato [10]

2283 calculated

Table XXIV Experimental and calculated invariant equilibria of the A-La203-

SrO system in air
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Temperature [K] Reference

X-La203 o H-La203 + ß

(X-La203 o H-La203 + L after Lopato [10])

2303 Lopato [10]

2303 calculated

L o X-La203 + ß

(L o A-La203 + ß after Lopato [10])

2253 Lopato [10]

2345 calculated

L^ß

2373 Lopato [10]

2373 calculated

Table XXIV Experimental and calculated invariant equilibria of the A-La203-

SrO system in air

linear increase of the solubility up to the three-phase equilibrium L <-» A-La203+ß.

He also indicates, that the SrO solubility in H-, and X-La203 is lower than in

A-La203. At the same time, however his DTA measurements show that the tem¬

peratures for the H-La203 -> A-La203 resp. X-La203 -> H-La203 transformations

decrease with increasing SrO content, which indicates, that the SrO solubility in

the H- and X-phases should be higher than in A-La203. Our experimental work

however shows, that the method employed by Lopato [10], i. e. preparing a large

number of samples and analysing the phase content of the samples optically and

by XRD, is unsuitable to locate the boundaries of the ß + La203 region as what are

in fact two-phase samples, appear to be single phase (see Fig. 24, Fig. 25 and dis¬

cussion above). Our results indicate a sharp decrease of the SrO solubility above

the formation temperature of ß which leeds to a more reasonable geometry of the
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phase diagram. Due to the systematic nature of the deviations between our experi¬

mental data and the data from the literature, we chose to exclusively use our data

for the optimization.

4.7 Conclusions

The limits of solid solubility of SrO in La203 and La203 in SrO and the homogene¬

ity range of ß have been determined as a function of temperature using Electron

Microprobe Analysis (EMP) and XRD up to 1973K. The 4:3 stoichiometry of the

intermediate phase La4Sr30g has been confirmed by EMP and the decomposition

temperature measured by DTA. Using this experimental data and selected data

from the literature a consistent set of parameters describing the oxide portion of

the La-Sr-0 system has been optimized and the phase diagram calculated. The

agreement between the selected experimental data-points and the calculated phase

diagram is, in general, very good.
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5 Assessment of the La - Mn - O System

A. N. Grundy, B. Hallstedt and L. J. Gauckler: /. Phase Equilibria (submitted)

Abstract

The particular relevance of the La - Mn - O system is due to the perovskite

phase La1_xMn1_y03_z that, especially when doped with alkaline earth metals, is

of interest both as cathode material for solid oxide fuel cells and because of its

unusual giant magnetoresistive properties. Here, a complete thermodynamic

description of all phases in the oxide part of the La - Mn - O system is pre¬

sented. Particular focus is placed on modelling the defect chemistry of the per¬

ovskite phase. We use the compound energy model with the sublattice

occupation (La3+, Mn3+, Va)(Mn2+, Mn3+, Mn4+, Va)(02', Va)3. On reducing

Mn3+ to Mn2+ oxygen vacancies are formed. On oxidation ofMn3+ to Mn4+

equal amounts of vacancies are formed on the two cation sublattices while the

oxygen sublattice remains fully occupied. La deficient perovskites have some

Mn3+ substituting for La3+ on the A-site under reducing conditions. Under

oxidising conditions more A-site vacancies are formed then B-site vacancies.

Mn deficiency in perovskites can only be achieved by the formation of more

vacancies on the B-site then on the A-site as La3+ does not substitute for Mn on

the B-site. When Mn and La deficient perovskites are formed by excess vacan¬

cies on one of the two cation sublattices, then the resulting charge deficiency is

compensated by the partial oxidation of B-site Mn3+ to Mn4+. When La defi¬

ciency is caused by Mn antisite defects, the mean Mn valency is not changed.

137



The ionic liquid is modelled using the two sublattice model for ionic liquids.

The phase La2Mn04 that is only stable above 1650K and at low oxygen partial

pressures is described as a stoichiometric phase. Model parameters for the Gibbs

energy functions are optimized according to the CALPHAD approach. No

interaction parameters are necessary to give a good reproduction of all experi¬

mental data on the system.

5.1 Introduction

Doped lanthanum manganese perovskites have for a long time attracted a lot of

attention, first due to their rich variety of electrical and magnetic properties at low

temperatures [1] [2] [3], then due to their potential uses as sensors and catalysts [4].

The increased interest in solid oxide fuel cells (SOFC) in the 1980's led to a

renewed interest in doped lanthanum manganese perovskites for use as cathode

material, as they are able to withstand the severe conditions encountered in

SOFCs, have adequate electrical conductivity, show low overpotentials for oxygen

reduction at high temperatures, and, most importantly, are thermally, mechani¬

cally and chemically compatible with yttria stabilized zirconia electrolytes [5] [6].

Recently there has been yet another explosion in interest lanthanum manganite

perovskites with various dopants, due to the discovery of giant magnetoresistivity

[7] [8] [9] or colossal magnetoresistivity [10] [11] in these compounds. Magnetore¬

sistance has also been found in undoped LaMn03+§ [12]. These unique and useful

properties are largely caused by cation and oxygen nonstoichiometry in the per¬

ovskites.

138



The lanthanum manganese perovskite phase shows a well established oxygen

non-stoichiometry and also a certain degree of deviation from the cation ratio of

1:1. As will be further elaborated, an oxygen deficient perovskite has oxygen

vacancies on the oxygen sublattice, while a perovskite with a nominal oxygen

excess has in fact equal amounts of cation vacancies on the two cation sublattices.

La deficiency in the perovskite is caused by two mechanisms that dominate at dif¬

ferent oxygen partial pressures. Under oxidising conditions, La vacancies are

formed and the charge deficiency that thus occurs is compensated by the oxidation

of Mn3+ to Mn4+ under reducing conditions some Mn3+ substitutes for La3+ on A-

sites and the mean Mn valency remains unchanged. Mn deficiency occurs solely

by the formation of B-site vacancies, as La cannot occupy Mn sublattice sites. Mn

deficiency is therefore always accompanied by a sharp increase in the mean Mn

valency. In view of this defect chemistry, the most correct way to write the chemi¬

cal formula for the perovskite would be (Lai 8> Mn§)i xMni y03 z.
On reduction of

a stoichiometric perovskite x, y and 8 are ~ 0 and z is > 0, on oxidation x and y are

> 0 and z and 8 are ~ 0. A lanthanum rich perovskite has y > x and 8-0 and a Mn

rich perovskite x > y and/or 8 > 0, depending on oxygen partial pressure and tem¬

perature.

The stoichiometric perovskite displays a magnetic transition at -150K [13] and two

structural phase transformations. The transformations that take place are an

O' - orthorhombic —» O - orthorhombic (O' —» O) transformation at -750K in air,

that is caused by the loss of cooperative Jahn-Teller distortion of Mn3+ on increas¬

ing temperature and an O - orthorhombic —» rhombohedral (O —» R) transforma¬

tion at -1000K in air [14]. These transitions are not considered further in this paper.
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Apart from the perovskite phase, the phase La2Mn04+§, that is isostructural to the

phase K2NiF4 [15], is found in the La - Mn - O system above 1690K. This phase was

first synthesized by Vogel and Johnson [16] by reducing alkali substituted

LaMn03. The phase is only stable in reducing atmospheres.

Besides these two phases some other phases have been claimed to have been syn¬

thesized. Seiler and Kaiser produced the phase LaMn204 [17] in air at low temper¬

atures, Nedliko ef al. [18] failed to synthesize this compound in the temperature

range of 1073K - 1373K. Bochu ef al. [19] produced a phase of composition

LaMn70i2 at 40kbar pressure and 1273K. As the stability of these phases is ques¬

tionable, they are not considered further.

The crystal structures of the phases LaMn03 [20] [21] and La2Mn04 [16] in the

La - Mn - O system are summarized in table XXV.

Name Composition Space Group Structure Type Reference

O'-Per-

ovskite

LaMn03±§ Pnma GdFe03 Elemans ef

al. [20]

O-Perovskite LaMn03±§ Pnma GdFe03 Norby ef al.

[21]

R-Perovskite LaMn03±§ R3c LaA103 Norby ef al.

[21]

La2Mn04 La2Mn04+6 IMmmm K2NiF4 Vogel and

Johnson [16]

Table XXV Crystal structures of the phases found in the La - Mn - O system

In this work, thermodynamic data and information on the phase diagram from lit¬

erature is reviewed and parameters for the Gibbs energy functions are optimized
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according to the CALPHAD method. The thermodynamic parameters of the

phases in the two binary border systems La-0 [22] and Mn - O [23] are taken

from previous optimizations. We ignore the La - Mn metallic binary system, as we

are only interested in the oxide portion of the La - Mn - O system. We use the com¬

pound energy model [24] [25] to describe the Gibbs energy of the perovskite phase,

using the following sublattice occupation:

(La3+, Mn3+, Va)(Mn2+, Mn3+, Mn4+, Va)(02
, Va)3 (Eq 58)

The model is based on the structural information of the phases and the model

parameters are optimized using selected thermodynamic and phase diagram data.

The Gibbs energy of the ionic liquid is modelled using the two-sublattice model

for ionic liquids [26] [27]. The phase La2Mn04 is modelled as a stoichiometric com¬

pound.

5.2 Literature Survey

5.2.1 The Perovskite La^Mn^yC^^

Oxygen nonstoichiometry of the Perovskite La1_xMn1_y03_z

The oxygen content in Lai x^ni y03 z
varies from hyper- to hypostoichiometric as

a function of temperature and oxygen partial pressure. Many of the important

properties of Lai x^ni y03 z,
such as catalysis, sinter behaviour, electrical conduc¬

tivity, and magnetism, are strongly influenced by the defect chemistry of the

phase. The oxygen content of Lai x^ni y03 z
as a function of temperature and

oxygen partial pressure, has been measured a by a large number of authors [28]

[29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42]. A change in oxygen
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stoichiometry leads to a change in Mn valency. The average Mn valency as a func¬

tion of temperature and oxygen partial pressure has been measured by a number

of authors using iodometric titration and similar methods [43] [44] [45] [46] [47]

[48] [49] [50] [51] [52]. Tanasescu et al. [53] measured the EMF of the perovskite

with the oxygen content adjusted by coulometric titration. A detailed review of lit¬

erature data on oxygen nonstoichiometry is given below.

Oxygen deficient region

On reducing the oxygen partial pressure and/or increasing temperature the per¬

ovskite loses oxygen according to the following defect reaction

2Mn^n + Oq -> 2MnMn + Va0 + ^02(g) (Eq 59)

Oxygen deficiency as a function of oxygen partial pressure and temperature has

been measured by various authors [31] [35] [36] [51] [53] [40] [41]. In equilibrium

with MnO and La203, Lai x^ni y03 z
shows a temperature dependent oxygen

deficiency that has been measured by Kamata ef al. [54], Borlera and Abbattista

[55] and Atsumi ef al. [56].

Oxygen excess region

Many interesting properties of the Lai x^ni y03 z perovskite are based on the

unusual capability of these compounds to show nominal oxygen excess. Four dif¬

ferent mechanisms of defect formation in oxygen excess perovskites with x(Mn) =

x(La) are conceivable:

1) The oxygen occupies interstitial sites:

LaL + Mn^n + 30j + io2(g)^LaL + MnMn + 30j + io:
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2) Equal amounts of metal vacancies are formed on A and B sites.

ÎLaî. + 5m„J,„ + ^o"Q + l02(g) -*^ + IVa~ + SMnMn + iva^ + 30»

3) Vacancies are formed on A (B) sites exclusively. In this case the migration of A

(B) cations to complete the B (A) sublattice is necessary thus forming antisite

defects.

6x6xl8x3 5X2'"6 lx x
^Laf+^MnL+^O +f-02(g)^^La +^Va +^MnMn + iLa + 30„
7

La
7

Mn
7 0 14

2^SJ
7 La 7 La 7

Mn
7 Mn

°

4) Vacancies are formed only on one site. An oxide of the other cation precipitates

as a second phase.

LaLa + Mn^n + 30j + io2(g)^?La"a + ivaLa + MnMn + 30j + iLa203or

In literature there is general agreement, that mechanism 1) is out of the question, as

in the close-packed perovskite structure there are no interstitial sites large enough

to accommodate interstitial oxygen. This has been verified by a number of experi¬

mental methods, such as density measurements [49] [57] [32], neutron diffraction

[58] [59] [60] [61] [62] [37] and atomistic computer modelling of defect energies

[63]. Most literature data agree on model 2), with equal numbers of metal vacan¬

cies on A and B sites. However some authors also report unequal amounts of

vacancies forming, however none of them give any indication as to where the

superfluous ions get to (model 3 or 4). Below the results from literature on oxygen

excess in perovskites with x(Mn) = x(La) are summarized.
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In the work of Jonker and van Santen [43] it was shown, that Lai x^ni y03 z
is fer¬

romagnetic only when it contains some Mn4+, a property that was shown by Zener

[1] to arise from a double exchange process. This process causes the spins of the

unpaired electron in adjacent Mn4+-ions to align in parallel, thus causing ferro-

magnetism and simultaneously mediating ferromagnetic conductivity. Jonker and

van Santen [43] determined the Mn4+ content as a function of temperature in air,

Wold and Arnott [44] in oxygen and in air, and Rubinchik ef al. [45] in air. In one of

the first investigations of the defect structure of Lai x^ni y03 z,
Tofield and Scott

[58] applied neutron diffraction to investigate LaMn03_12. By refining the diffrac¬

tion patterns, they reach the conclusion that vacancies are formed on both cation

sublattices, with more vacancies on the La sublattice. For this to be possible, they

assume, that a small amount of La203 is precipitated on oxidation. Voorhoeve ef al.

[46] measured the Mn4+ content in air at 1173K of samples with a cation ratio of

1:1. They assume, that on oxidation only La-vacancies are formed while the man¬

ganese and oxygen sublattices remain fully occupied, also requiring the precipita¬

tion of La203. Neither of these authors, however, find any trace of La203. Kuo ef al.

[64] measured the change in oxygen content as a function of temperature and oxy¬

gen partial pressure using thermogravimetry and describe the defect chemistry of

Lai x^i 3/O3 using equal amounts of vacancies on A and B sites (x=y) based on the

results of to Tofield and Scott [58]. Further detailed experimental investigations of

the defect chemistry of Lai x^ni y03 by van Roosmalen ef al. using neutron dif¬

fraction and High-Resolution Transmission Electron Microscopy [59] and density

measurements [57], also show equal amounts of Vacancies on A and B sites in

accordance with model 2). These authors find no defect clustering or crystallo-
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graphie shear, indicating that the vacancies are randomly distributed. The defect

model they propose [30] [65] for Lai xMni y03 contains equal amounts of La and

Mn vacancies. They suggest that the results of Tofield and Scott [58], who, using

neutron diffraction, find more La vacancies than Mn vacancies in their cation defi¬

cient sample, might be due to the fact that their sample was lanthanum deficient to

start with and did not loose lanthanum on oxidation. Additionally they propose

the occurrence of charge disproportionation of Mn3+ in order to explain the lack of

dependence of electrical conductivity on oxygen excess described in an other

paper [66]. They assume, that for stoichiometric LaMn03, Mn+3 is to a significant

extent disproportionated into Mn4+ and Mn2+. With increasing oxidation (x, y > 0,

z~0) the amount of Mn4+ remains constant and Mn2+ is oxidised to Mn3+. The

charge carrier concentration thus remains constant. Apart from the conductivity

measurements, they further justify the disproportionation by the relatively unsta¬

ble 3d4 electron configuration of Mn3+. Based on their measurements of electrical

conductivity, Stevenson ef al. [67] [68] also reach the conclusion, that there must be

charge disproportionation. Using X-ray and electron diffraction and high resolu¬

tion electron microscopy, Hervieu ef al. [50] find oxygen excess to be realised with

equal amounts of cation vacancies on A and B sites. They find their density meas¬

urements to confirm these findings. Neutron diffraction and refinement of site

occupancies by Mitchell ef al. [60] on undoped and Sr-doped perovskites show that

A-site occupancy is consistently lower than B-site occupancy. Based on this find¬

ing, that is the same as what Tofield and Scott [58] found, Yasumoto ef al. [41] pro¬

pose that vacancies are formed predominantly on A-sites and La forms antisite

defects on the B-sublattice. However they offer no experimental evidence of their

145



own for this model. Mizusaki ef al. [69] also assume this defect model based on the

results of Mitchell ef al. [60] and on the fact that there are more reports in literature

on La-diffusion than on Mn-diffusion in Lai x^ni y03 z perovskites, from which

they conclude, that La diffusion is faster und therefore A-site vacancy concentra¬

tion must be higher then B-site vacancy concentration. Using atomistic simulation

techniques, De Souza ef al. [63] come to the conclusion, that formal oxygen excess

in LaMn03+§, with d>0.105, is realized by formation of cation vacancies on both

cation sublattices, with tendencies towards more La vacancies then Mn vacancies.

They discount the possibility of La forming antisite defect on the Mn sublattice

(La^*), due to the high energies involved in such a defect. Using neutron powder

diffraction on highly oxygenated samples - annealing at 200bar oxygen - Alonso ef

al. [61] find cation vacancies on both La and Mn sublattices. They find substantially

higher proportions of Mn vacancies. They are however not quite sure what hap¬

pens to the excess Mn, as they find no trace of it their diffraction pattern. In a later

paper [37] they again come to the same conclusion and give cation vacancies as a

function of oxygen excess, showing that under more oxidizing conditions the

number of Mn vacancies increases more rapidly than the number of La vacancies.

Using their results, however, it can be easily calculated, that > 3 wt.% manganese

oxide must be precipitated in the process, but no trace of it can be found in any of

the diffraction or difference patterns. Huang ef al. [62] find very slightly less La

vacancies than Mn vacancies by refinement of their neutron diffraction data on cat¬

ion deficient Lai x^ni y03. Cook ef al. [70] show, that their creep results on Sr

doped (La,Sr)i xMni y03 can only be explained when the assumption is made, that

unequal amounts of A and B site vacancies are formed.
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The experimental data by Mizusaki ef al. [31] [40] and Tagawa ef al. [35] further

suggest, that the oxygen excess (or rather cation deficiency) does not exceed a

maximum saturation value of LaMn0318 at 873K. They explain this by introduc¬

ing a a space around each vacancy in which no additional vacancies can occur.

This is equivalent to a strong vacancy - vacancy repulsion. Nakamura and Ogawa

[42] propose a similar model. Maurin ef al. [71] also find a maximum oxygen

uptake when 30% of the Mn has a valency of 4+, corresponding to the composition

LaMn0315. Alonso ef al. [33] on the other hand reach significantly higher oxygen

excess by measuring in high oxygen pressures. Also Töpfer and Goodenough [51]

find that at 1073K in 02 equilibrium values for oxygen content probably require 4

days or more. This means that at 873K equilibrium is only reached after prohibi¬

tively long equilibration times.

To summarize, many authors agree on a defect model by which equal amounts of

vacancies are formed on both sublattices on oxidation of the perovskite. There are

however also numerous reports on unequal amounts of vacancies being formed on

the two cation sublattices. However no author gives a clear indication as to what

happens to the excess ions and no one finds any secondary oxide phase precipitat¬

ing on oxidation. Conductivity measurements and other experimental evidence

suggests, that Mn3+ disproportionates to some extent into Mn2+ and Mn4+.

Cation Nonstoichiometry

Single phase Lai x^ni y03 z
can be prepared with a certain range of cation nonsto¬

ichiometry. This is important for SOFC applications, as lanthanum deficient per¬

ovskite cathodes, Lai x^ni y03 z,
with x > y, have been shown to have a higher

stability towards yttria stabilized zirconia (YSZ) electrolyte material [72] [73] [74]
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[75]. Additionally the electrical conductivity increases [66], the sinter curve shifts

to lower temperatures [30] and lanthanum deficiency also influences the electro-

catalytic properties of the perovskite.

Cation Nonstoichiometry in equilibrium with La203 andMnOx

The limits of solid solubility in air of the perovskite in equilibrium with La203 and

MnOx have been determined by a number of authors. The composition of

Lai_xMn03 in equilibrium with Mn304 has been determined to be x=0.12 (0.532

cat.% Mn) and x=0.1 (0.526 cat.% Mn) in air at 1073K and 1573K respectively by

Takeda ef al. [29], x=0.06 (0.515 cat.% Mn) in air at 1373K by Habekost ef al. [76] and

x=0.09 (0.524 cat.% Mn) at p02 = 10
7
bar at 1273K and in air at 1073K by Sakai and

Fjellvag [34]. For Lai xLai y03 z
in air at 1273K, Töpfer and Goodenough [51]

measured a maximum La deficiency of x=0.1 (0.526 cat.% Mn) and a Mn deficiency

of at least y=0.1 (0.474 cat.% Mn). Hébert ef al. [77] prepared Mn deficient single

phase LaMni y03, with y=0.1 (0.474 cat.% Mn) and Arulraj ef al. [78] prepared sin¬

gle phase samples of composition Lai x^n03, with x=0.2 (0.556 cat.% Mn) and

LaMni y03, with y=0.2 (0.444 cat.% Mn) in air at 1223K. This range of solid solubil¬

ity is probably too high. In a more complete study Van Roosmalen ef al. [79] give

maximum solubility limits for both the La rich and the Mn rich phase boundaries

of Lai xMni y03±§. They find an average of x=0.09 (0.524 cat.% Mn) with no signif¬

icant temperature dependence in equilibrium with MnOx and y=0.1 (0.475 cat.%

Mn) in equilibrium with La203 at 1473K decreasing to 0.462 cat.% Mn at 1273K

and 0.452 cat.% Mn at 1123K. These data are displayed in figure 30. In air Zachau-

Christiansen ef al. [80] find a La deficiency in Lai x^n03 in equilibrium with

Mn304 of x=0.04 (0.51 cat.% Mn) up to 1273K. On lowering the oxygen pressure
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Fig. 30: LaO i5
- MnOx phase diagram calculated in air with experimental data

included.

they observe a reduction of the La deficiency. At an oxygen pressure of 2.510
9
bar

they find a composition of La0.96MnO3 (0.51 cat.% Mn), at 2.71013 bar

Lai 00MnO2 99 (0-5 cat.% Mn), and at 310
17

bar Lai 02MnO2 94 (0-495 cat.% Mn). In

other words, they find a Mn deficiency in equilibrium with MnO. Bosak ef al. [52]

also state, that under oxidising conditions the Mn solubility is increased and under

reducing conditions it is decreased. They give solubility limits of La0.7 o.sMn03

(0.556 - 0.588 cat.% Mn) in air and at 973K and La0 8 0.gMnO3 (0.526- 0.556 cat.%

Mn) at p02 = 510
5
bar also at 973K.
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The following mechanisms, can lead to cation nonstoichiometry:

1) Unequal amounts of vacancies are formed on A and B sublattices.

2) Antisite defects are formed.

According to Shannon [81] the crystal radius of Mn3+ and La3+ in octahedral coor¬

dination are 0.785Â (high spin) and 1.172Â respectively. The relatively large differ¬

ence suggests, that it is probably only feasible for Mn to sit on lanthanum sites, as

lanthanum is most certainly to large to fit into the octahedral sites normally occu¬

pied by Mn. The crystal radius of Mn2+ in octahedral coordination is 0.97Â and

closer to the radius of La3+. It therefore could also be possible, that when Mn goes

to a lanthanum site it has a tendency to be reduced to Mn2+, thereby fitting into the

lanthanum site better.

Using simultaneous Rietveld refinement of one X-ray and two neutron diffraction

patterns Habekost ef al. [76] conclude, that their sample of nominal composition

La0.85MnO3 contains vacancies only on the La site. Sakai ef al. [82] come to the

same conclusion by applying the same experimental techniques on their sample of

composition La0.96MnO3 05 and additionally rule out the possibility of Mn entering

La sites, as the opposite signs in neutron scattering amplitudes for La and Mn

would result in too low a refined La content. Cerva [83] used high resolution trans¬

mission electron microscopy to study A-site deficient La0.8Sro.2Mn03 and found

vacancies on A-sites only. This all suggests, that La-deficiency leads to vacancies

on the A-sublattice only. In contrast to this, Wolcyrz ef al. [84] and Horyn ef al. [85]

come to the conclusion using average Mn valency determination, density measure¬

ments [85] and refinement of neutron powder diffraction [84], that their lanthanum
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deficient sample with La/Mn = 0.91/1 equilibrated in air at 1270K has in fact got

the sublattice occupation (La0.922Mn0 0i3Va0.065)MnO3. However, they also state,

that the reliability factor of the refinement of their neutron powder diffraction pat¬

tern is equally good based on other assumed sublattice occupations, that give the

same average Mn valency. They conclude, that neutron powder diffraction alone is

not sufficient to determine the sublattice occupation, as the concentration of ions

on the respective sublattices are too small to significantly influence the diffraction

pattern. Using X-ray diffraction and Rietveld refinement Ferris ef al. [32] find the

anion sublattice to be fully occupied and find vacancies on both cation sublattices.

In samples with small La/Mn ratios they also mention the possibility of Mn sitting

on La sites, albeit in small quantities. Further evidence of La vacancies forming in

La-deficient Lai xMn03±§ is provided by sinter rate measurements in air by von

Roosmalen ef al. [86]. They find the highest sinter rates in La deficient Lai xMn03+§

intermediate sinter rates in stoichiometric LaMn03+§ and the lowest sinter rates

for Mn deficient LaMni y03+§. Similar results were obtained by Stevenson ef al.

[87] and Berenov ef al. [88]. These findings correlate with the formation of La

vacancies on the A sublattice (model 1) leading to a higher La diffusion rate and

additionally suggests, that La mobility is the rate determining step in the overall

ion diffusion. However, they do not rule out the formation of both antisite defects

and vacancies on the A site, as suggested by Wolcyrz ef al. [84] and Ferris ef al. [32].

Oxygen Nonstoichiometry in perovskites with x(Mn) ^ x(La)

From the discussion above, it follows, that it does not seem to be possible to deter¬

mine the sublattice occupation based on refinement of diffraction data alone and

one must resort to less direct methods. One such method is the measurement of the
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average Mn valency in combination with gravimetrically determined oxygen non-

stoichiometry data. If one assumes, that antisite defects are formed, than a cation

nonstoichiometric perovskite can have the identical average Mn valency as the sto¬

ichiometric one. If one assumes that the nonstoichiometry is due to the formation

of additional cation vacancies on one of the two cation sublattices and no antisite

defects are allowed, then this forcibly leads to a charge deficiency when going

from a stoichiometric to a La or Mn deficient perovskite. This charge deficiency is

either compensated by the oxidation of Mn, thus increasing the average Mn

valency that can be experimentally measured, or by the formation of oxygen

vacancies, which would change other physical properties of the perovskite, like

the oxygen diffusivity, that can also be experimentally measured. Thus, the oxida¬

tion behaviour of cation nonstoichiometric perovskites delivers additional impor¬

tant information on the defect chemistry of these compounds. If one assumes, that

only Mn2+ fits into the La sites, then again charge compensation, albeit in a smaller

magnitude than if vacancies with a nominal charge of zero are formed, is neces¬

sary.

Oxygen tracer diffusion measurements by Berenov ef al. [88] indicate, that La site

deficiency has little effect on the oxygen diffusion rate. This seems to speak against

the formation of charge compensating oxygen defects and suggests either the for¬

mation of antisite defects with Mn3+ on La3+ sites or the oxidation of Mn3+ to

Mn4+. They add however, that their result could also be caused by interactions

between oxygen and lanthanum vacancies, thus reducing the oxygen mobility. Van

Roosmalen ef al. [79] show that the volume of the unit cell of LaMn03 decreases

with increasing Mn4+ content and find a reduction of the unit cell volume of lan-
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thanum deficient samples. They state, that this supports the defect model in which

vacancies are formed on the La-sublattice and the charge deficit is compensated by

oxidation of Mn3+ to Mn4+ thus reducing the lattice parameter. However also the

smaller Mn3+ occupying some A-sites would lead to a reduction of the unit cell

volume. Ferris ef al. [32] measured the oxygen excess at 1123K and 1623K in air for

the lanthanum deficient samples Lai xMnO3+§withx=0.05, 0.08, 0.1, 0.12, 0.15, and

0.2. They find that the Mn valency is increased for lanthanum deficient samples,

while the oxygen sublattice remains fully occupied. However the oxygen excess

they measure is much higher then all other literature data casting some doubt on

the soundness of their data. In contrast to these results, the extensive investiga¬

tions of the compounds LaMn03±§, La0.95MnO3±5 and Lao.gMn03±§ by Mizusaki ef

al. [31] using coulometric titration and iodometry combined with gravimetrically

determined oxygen nonstoichiometry show that the mean Mn valency as a func¬

tion of temperature and oxygen partial pressure is independent of lanthanum defi¬

ciency. This indicates that lanthanum deficiency is either accompanied by the

formation of oxygen vacancies or is caused by Mn forming antisite defects on the

lanthanum sublattice. To model their experimental results Mizusaki ef al. [31]

adopt the latter defect model. Zachau-Christiansen ef al. [80] measured the oxygen

content of samples with the compositions Lao.96Mn03±§, Lao.9gMn03±§, and

Lai 02MnO3±§, and also find the oxygen content as a function of oxygen partial

pressure at 1273K to be similar for the three samples. They give no indication on

the defect model that is at play. Sakai and Fjellvâg [34] assume that the Mn valency

remains constant and vacancies are introduced into the oxygen sublattice for their

lanthanum deficient samples. Jena ef al. [89] and Takeda ef al. [29], using coulomet-
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rie titration, find that the Mn valence is not influenced by lanthanum deficiency.

Alonso [37] investigated Lai x^n03 using neutron powder diffraction under oxi¬

dising conditions and state, that increasing the lanthanum deficiency leads to an

increasingly defective oxygen sublattice. Töpfer and Goodenough [90] also state,

that lanthanum deficiency leads to oxygen vacancies as does Pashenko [91] using

x-ray diffraction and density measurements. Arulraj ef al. [78] find, that the mean

Mn valency even decreases with increasing lanthanum deficiency. They explain

this with the formation of additional oxygen vacancies. They also determined the

average Mn valency on increasing Mn deficiency and found it to increase sharply.

Ippommatsu ef al. [47] investigated Lai xMn03 withx=0.09, 0.10 and 0.11 treated in

air and pQ2=10
7

at 1073K. They state, that the mean Mn valency decreases on

increasing lanthanum deficiency. Using electron spin resonance, they also discov¬

ered, that Mn2+ was also present in the samples, when the mean valency of Mn

was > 3. This suggests a certain degree of disproportionation (Mn3+ —» Mn2+ +

Mn4+). It could also mean, that lanthanum deficiency is caused by Mn2+ entering

the La sublattice. Arulraj ef al. [78] and Sakai and Fjellvâg [34] observe an decrease

of Mn4+ content on increasing lanthanum deficiency. They explain this with the

formation of extra oxygen vacancies, which seems rather unlikely.

In one of the few investigations on Mn deficient perovskites, Arulraj ef al. [78] find,

that the average Mn valency on increasing Mn deficiency increases sharply. This

can only be rationalised by the formation of vacancies on the Mn sublattice and

charge compensation by partial oxidation of the remaining Mn.
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Melting point of the perovskite phase

The only data that exists on the melting of the perovskite is an estimation of 2173K

probably in air by King ef al. [92].

5.2.2 The Phases La2Mn04+§, LaMn205 and some others

Borlera and Abbattista [55] report the La2Mn04+z phase to be stable above 1655K

at low oxygen partial pressures, with z = 0.15. The phase is of the K2NiF4 type and

crystallizes in the IMmmm space group. Vogel and Johnson [16] also report to have

been able to synthesize the phase under reducing atmosphere, using K-substituted

LaMn03 as precursor. By performing experiments in sealed glass tubes, Borlera

and Abbattista [55] find a four phase equilibrium with MnO, La203, LaMn03 z
and

La2Mn04 i5 at 1653K. Above this temperature La2Mn04_15 is stable.

The phase LaMn205, that crystallizes in the space group Pbam, has been synthe¬

sized under 200bar oxygen pressure by Alonso ef al. [93] [94]. Sieler and Kaiser [17]

report the synthesization of the more reduced form of this phase, LaMn204, at

1073K under argon. Borlera and Abbattista [55] on the other hand were not able to

confirm this finding. Nedilko ef al. [18] did not manage to synthesize the phase in

air between 1073K and 1373K either.

Some additional phases have been reported. Bochu ef al. [19] report the phase

LaMn70i2, that they were able to synthesize at 1273K and a pressure of 40kbar.

Abbattista and Borlera [95] find ordering of the vacancies in highly oxygen defi¬

cient phases leading to the phases La8Mn8023 and La4Mn40n. The defect model

proposed by Van Roosmalen and Cordfunke [96] considers the formation of oxy-
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gen vacancy clusters. They believe, that the interaction of these vacancy clusters

leads to the formation of the phases proposed by Abbattista and Borlera [95].

5.2.3 Thermodynamic Data

The Gibbs energy of the reaction - La203 + MnO + -02^ LaMn03 as a function

of temperature has been determined either by EMF measurements [53] [97] [98]

[99] [100] or by direct determination of the dissociation pressure, either by deter¬

mining the pressure at which there is a sudden weight loss [31] [39] [54] [55] [101]

[102] [103] or a sudden change in conductivity [103]. Mizusaki ef al. [31] find the

dissociation pressure to be independent of La-deficiency, a result which is perfectly

logical as the equilibrium is still Lai x^ni y03 z
+ MnO + La203, just with a little

less La203 forming.

The enthalpy of formation of stoichiometric LaMn03 has been measured by Lab-

erty ef al. [104] using solution calorimetry giving -1451.lkj mol1 at 298K. Rormark

ef al. [105] also measured the heat of formation using the same method on samples

of composition LaMn03148 and LaMn03 045 and obtained -1435.4kJ mol1 and -

1425.9kJ mol1 respectively. Apart form these measurements, there have also been

some estimations of the thermodynamic properties of LaMn03. Yokokawa ef al.

[106] estimated AfH ~ 1425.1 kj/mol and S ~ 130.5 J/mol-K for LaMn03 at 298.15K

by considering ionic radii and Goldschmidt tolerance factors. For La2MnOx they

give AfH -2189 kj/mol and S ~ 210 J/mol-K.

The heat capacity of LaMn03 has been measured by Satoh ef al. [107] up to 750K.

Their heat capacity curve shows two thermal anomalies, one magnetic transition at

140K, and a peak at 735K resulting from the second order O' —» O Jahn-Teller tran-
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sition. Recently Jacob ef al. [100] measured the heat capacity of LaMn03 between

400K and 1050K. These measurements also show a peak between 565K and 750K

resulting from the O' —» O Jahn-Teller transition. These transitions are not consid¬

ered in this work. Suryanarayanan ef al. [9] measured the heat capacity up to 350K

of Lao.85Mn03 annealed in oxygen at 1123K and air at 1573K.

5.3 Thermodynamic Modelling

5.3.1 The Ionic Liquid

The two sublattice model for ionic liquids [26] [27], used to describe the liquid

phase, was developed for liquids that show ionic behaviour of the components.

The model follows Temkin [109] and assumes that the anions and cations occupy

separate sublattices and are allowed to mix freely on their respective sublattice.

Hypothetical vacancies are introduced on the anion sublattice to maintain charge

neutrality and to allow a description towards a metallic liquid containing cations

only.

In the La - Mn - O system the model is represented as

(La3+, Mn2+, Mn3+)p (02~, Va«-)
q.

(Eq 60)

11 should be noted, that Mn4+ is not included in the description. This is due to the

fact that Mn4+ is stabilized in the perovskite phase, however probably only

becomes stable in the liquid phase at very high oxygen partial pressures. The
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number of sites on the respective sublattice, p and q, must vary with composition

in order to maintain charge neutrality. The values of p and q are calculated by

p
= 2y02-+qyVaq- (Eq61)

9
= 3yLa3+ + 3yMn3+ + 2yMn2+, (Eq 62)

where y represents the site fraction of a particular species on the respective sublat¬

tice. The hypothetical vacancies have an induced charge of -q.

The molar Gibbs energy of the liquid is given by

i = cations i = cations

+ RT-(p X y, Iny. + g X y.lny. +EG^iq.)
i
= cations j

=

anions

.Li

7MniTVa* ~LaJTVa*
The Gibbs energies of liquid Mn and La, °Giq2+ ,_

and °G iq+
,_ respectively,

are taken from Dinsdale [109] and the Gibbs energies of the oxides, °G iq

Mn2+ O2-

°G iq3+
2

and °G iq+
2

from previous assessments of the Mn — O [23] and
Mn O La O

^

La-0 [22] systems. The excess Gibbs energy Gmiq is given by

^ =

^Mn2^Mn3^02-LMn2+, Mn3+ 02~
+ ^La^Mn^O^, Mn2+ 02~

^ M)

+ •yLa3+-yMn3+-y02-LLa3+, Mn3+ 02~
+ -W+V^Va^Mn^ O2", Va'"

j-Liq
,

j-Liq

y^r,2+yn2-y\r,i-L^,2+ „2-,,
?-+yT ^j^-Jv^a

3+
+

^Mn^O^Va'-Mn2+ 02~, Var
J LaJ ••> O^ Va*""La3+ O^Va"

2 j-Liq 2 j-Liq
QYi 3+y», 2+y,, n-LT

3+ », 2+1,
o-""fly, 3+y», 3+y,, 9--l

3+ », 3+1, q~^J La JMn ^ Va* La
,
Mn Va* 1-/La 'Mn J Va* La

,
Mn Va*

2 j-Liq , V Er,Liq

9yMn3+yM2+y Va*-LMn3+. Mn?+ Wai-
+

L ^terna
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E^Liq
and £ Gterqnaries is given by

E^Liq
_

j-LiqX Gternaries ^La^Mn^Mn^O2-^, Mn2+, Mn3+ 02~ (Eq 65)

+
3

j Liq
9yT 3+yA,2+yA,

i+y
„-L 3+ ,, 2+

LaJ y Mnv Mn J
Va*~ LaJ

,
Mn

,
Mn" Va'

3+ M^l-

+ ^La3+^Mn2+^02^Va'-LLa3+, Mn2+ O2" Va*"

Liq

LaJ^ Mn^ O^
Va*-La3+, Mn" O2", Va

+
-yLa3+-yMn3+-y02--yVa'-LT -3+ — 3+ -2

_l_ j-Liq
^Mn^Mn^O^Va^ Mn2+, Mn3+ 02~, Va"

where the interaction terms, L, can be further expanded using Redlich-Kister [110]

[111] type polynomials.

5.3.2 The Perovskite LalxMnly03_z

As described above, the Lai x^ni y03 z perovskite must be described considering

the following sublattice occupations if all possible nonstoichiometries are to be

taken into account.

(La3+, Mn3+, Va)i(Mn2+, Mn3+, Mn4+, Va)i(02 , Va)3 (Eq 66)

In the framework of the compound energy model [24] [25], the Gibbs energy of

this phase is the weighed sum of the 24 (not necessarily neutral!) possible end-

member perovskites plus an entropy term for ideal mixing of the ions and vacan¬

cies on the respective sublattices. The rather cumbersome expression for the Gibbs

energy is given in Eq. 67.

^Perov _

o^Perov o^Perov

"m
— YT 3+y.

,

3+V„2- G 3+ 3+ 2-
~"~ V

3+
V 2+Y„2- G 3+ 2+ „2-

m J La J
Mn

J O La Mn O J La J Mn J O La Mn O

o^Perov o^Perov
y

j

3+y,, 4+y02- g 3+ 4+r,2-
+ yT 3+yi, y^- g 3+ 2-J

La
J Mn J O La Mn O

J La ^ Va ^ O La Va O

o^Perov o^Perov
Yt

3+
y,,

3+
y., G 3+ 3+

+ y
3+
y

2+
y., G 3+ 2+,,yLa yMn y Va La Mn Va J La yMn y Va La Mn Va
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o^Perov o^Perov
y

j

3+y,, 4+yi, G 3+ 4+
+ y 3+y y G 3+^

La
^ Mn ^ Va La Mn Va ^ La J Va ^ Va La Va V

o^Perov o^Perov
-W^Mn^O2" GMn3+ Mn3+ O2" ^Mn^Mn^O2" GMn3+ Mn2+ O2"

o^Perov o^Perov
•W^Mn^O2- GMn3+ Mn4+ O2" ^Mn^Va A)2" W Va O2"

o^Perov o^Perov
Aln3+AvIn3+A/a Mn3+ Mn3+ Va Aln3+AvIn2+A/a Mn3+ Mn2+ Va

o^Perov o^Perov
Aln3+AvIn4+A/a Mn3+ Mn4+ Va Aln3+A/a A/a Mn3+ Va Va

o^Perov o^Perov
VayMnyO Va Mn O yVayMnyO Va Mn O

o^Perov o^Perov
Va Avln4+A)2" Va Mn4+ O2" A/a A/a A)2" Va Va O2

o^Perov o^Perov
A/a AvIn3+A/a Va Mn3+ Va A/a AvIn2+A/a Va Mn2+ Va

o^Perov o^Perov
A/a AvIn4+A/a Va Mn4+ Va A/a A/a A/a Va Va Va

+ i?T[(yLa3+lnyLa3+ + yMn3+lnyMn3+ +
yw lnyVa ) + (Eq 67)

(VhV +VhV+VlDV +
^Va ln^Va } +

f/ p proV

3(y02-lny0, + yValnyVa)]+ Gm

K Pprov
The term Gm represents the excess Gibbs energy that can be expanded giving

expressions similar to Eq. 64 and Eq. 65. As no interaction parameters were needed

to model the perovskite, no further details are given here.

The challenge now is to assign values to the 24 °G's that define the perovskite

phase. It is clear, that an optimization of an A+BTterm for each of the 24 °G's is out

of question, as firstly, this would result in too many independent parameters and,

secondly, no experimental data could be directly assigned any of the °G's, as most

fv-u 0/^> ( v. c
o^Perov o^Perov

,
o^Perov

^ ,

of the G s (except for GT
3+„ „ 3+„2-,

Ga
, 3+

„
3+ „2-

and G,r
„ „

) correspond
v ^

La Mn O Mn Mn O Va Va Va
' ^

to charged compounds, that cannot physically exist. The strategy we therefore

employ to model the system is to choose appropriate neutral endpoints of the

model that can be assigned to sets of experimental data and allow a complete

description of the system. All the 24 °G's are then rewritten using these neutral
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endpoints plus a combination of reciprocal relations. This strategy will now be

explained in some more detail.

Figure 31 shows a graphic representation of the model for the perovskite phase

YVa(La)

Fig. 31: Compositional space for the perovskite phase. 16 of the 24 °G's are

labelled in a shorthand fashion: L40 stands for °G eL0V
4+ 2

and so on. The
La :Mn :0

remaining 8 °G's have Mn3+ instead of La3+ on the A-sites.

with 16 of the 24 °G's marked. The remaining 8 have Mn3+ instead of La3+ on the

A-sites. Perovskites that lie on the shaded area labelled "neutral plane" have a zero

net charge. The points where the neutral plane intersects the edges of the cube cor-
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respond to possible neutral perovskite endpoints that could be used in the model.

The following neutral perovskite endpoints were chosen to describe the system:

(La )(Mn )(0 ")3 : stoichiometric perovskite, (La )(Mn )(05'/6, Va1/6)3 :

reduced stoichiometric perovskite, (La2/3, Va1/3)(Mn )(0 ")3 : oxidized Mn rich

perovskite, (La )(Mn3/4, Va1/4)(0 ")3: oxidized Mn deficient perovskite,

(Va)(Va)(Va)3: perovskite consisting purely of vacancies. The other neutral end-

3+ 2-

points, that were not used are: (La )(Va)(01/2, Va1/2)3 : lanthanum oxide in per¬

ovskite form, (Va)(Mn4+)(02>3, Va1/3)3, (Va)(Mn3+)(Oj>2, Va1/2)3,

2+ 2-

(Va)(Mn )(01/3, Va2/3)3: manganese oxides in perovskite form, and

(La )(Mn1/2, Mn1/2)(0 ")3, perovskite with Mn3+ completely dissociated into

Mn2+ and Mn4+ and corresponding endpoints with Mn3+ on the A-site. The com¬

position range for which the perovskite phase is defined is shown as the shaded

area in Figure 32.

The 5 neutral endpoints used in the model description of the perovskite phase are

marked in bold type face. The endmember VaVaVa3 can not be displayed in this

representation.

First we express the 16 °G parameters with no Mn3+ on the A-site using these 5

neutral endmembers, 10 reciprocal relations and one arbitrary reference giving a
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Mn02
Mn203

Mn304

MnO

0.7
La203

0.6

^s° 0.5

0.4yLaMn3/4O3

0.3

0.2

Fig. 32: Gibbs composition triangle of the La - Mn - O system showing the

composition range (shaded) for which the perovskite phase is defined. The

compositions marked in bold typeface are the perovskite endmembers, that are

used in the model description for the perovskite phase.
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total of 16 equations. The first 5 equations can be given using the 5 chosen neutral

endmembers:

°Cm„.-o.- = GL3 0

5o^Perov lo^Perov
6 La3+ Mn2+ O2" 6 La3+ Mn2+ Va

+ 3RTm+K

(Eq 68)

GL20V (Eq69)

2o^Perov lo^Perov
j-

ô G 3+ , , 4+ n2-
~T~ — Lr 4+ „2-

""" ti 1

3 La Mn O 3 Va Mn O MIW-G GLV40 (Eq70)

3 o^Perov
4 La3+ Mn,T O

1 o^Perov
4+ r^2-

"" T WT 3+

4 LaJ Va CT
+ RT MIW-Ü

o^Perov
Gva Va Va

GVVV

GL4VO (Eq71)

(Eq72)

The following reference was chosen:

0<T^-= GVVV+l^5
Va Va O 2 U2 (Eq73)
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Finally, the following 10 reciprocal relations were used, giving the 16 equations

required to calculate the 16 °G parameters:

A ^Perov _

o^Perov o„Perov o^Perov o^Perov ,,-, „.-,
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,
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Solving this system of equations for the 16 unknown °G's gives the following

result:

°<e-°M-n2-=GL30
La Mn O

o^Perov
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,

1
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,

1
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°G^earo^n3+ 02-
= GL30-2GL4VO + 3-GLV40+l-GVVV + 3- °G%as (Eq 92)
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This manipulation leaves the following parameters to be optimized: GL30 repre-

3+ 3+ 2-

senting the stoichiometric perovskite (La )(Mn )(0 )3, GL20 representing the

3+ 2+ 2-
reduced perovskite (La )(Mn )(05/6, Va1/6)3, GLV40 representing the oxi¬

dised lanthanum deficient perovskite (La2/3, Va1/3)(Mn )(0 ")3, GL4VO repre¬

senting the oxidised Mn deficient perovskite (La )(Mn3/4, Va1/4)(0 ")3, and

GVVV representing a perovskite, that consists entirely of vacancies,

(Va)(Va)(Va)3. The values of these neutral endpoints are given relative to the

sum of oxides corresponding to the composition of the neutral endpoint (see table

XXVI). The neutral endpoint VaVaVa3 (GVVV) is based on a Wagner-Shottky

expression. The choice of this expression significantly facilitates the optimization

and leads to a smaller sum of squared errors compared to other expressions for the

vacancy energy, such as setting GVVV = GL30 + A + BT or simply using the linear

expression GVVV = A + BT What then remains, are the 8 °G's that have Mn3+

instead of La3+ on the A-site. These 8 °G's are given by the identical expression as

the corresponding 8 °G's with La3+ on the A-site plus an antisite energy, termed

ANTI. Equation 84 for stoichiometric perovskite then becomes

ogm;3°wo2- = gl3o+ajvt/ ^io°)
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Perovskite phase: (La3+, Va)(Mn2+, Mn3+, Mn4+, Va)(02, Va);

G
A, 3+0

= GL3 0 = l°GA
Ta0

+l°GMnn
- 63367+ 51.77T

LaMn 03 2 A-La2U3 2 Mn2U3

-7.19Tln(T) + 232934 T1

2+l
.= GL20 =

l°GA
Ta0

+°GMn0 + 27672

LaMn2+0„Va, 2 A"La203 MnO

6 6'3

^Mnr.vOo,
= GL4V° = 2iOGA--2o3 + 4-OGMnO2-91857 + 20.31T

G(
\ 4+

= GLV40 = J°GA.La0 + °GMno -53760
'La2,Vai Mn4 03 3 A La2u3 ivinu2

GVaVaVa3 = GVVV = 6GL20 + 4GL4 VO + 3 GLV40 - 12GL3 O - 254212

ANTI = 547422

Ionic Liquid: (La3+, Mn2+, Mn3+) (O2
,
Va <%

0LL;q3+
3+ 2-

= \L!q3+
3+

= -216900
Mn la O Mn la Va

La2Mn04

GLa2MnC, = °GA.La,0, + °GMnO + 47276 - 28.61 T

Table XXVI. Thermodynamic parameters for the La - Mn - O system

and corresponding equations for the other 7 °G's with La3+ on the A-site, (equa¬

tions 85-91).
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5.3.3 The phase La2Mn04

Very little is known about this phase. The reason is, that it is only stable at low oxy¬

gen partial pressures and decomposes below 1653K [55]. In air it is not stable at all.

Even though there are reports on the phase having a certain oxygen excess [55] not

enough is known for it to make sense to model it. Yokokawa ef al. [106] estimated

the enthalpy of formation and entropy of the phase, and Tanasescu conducted

some unpublished EMF measurements, that indicate the formation of the phase at

high temperatures and low oxygen partial pressure [112].

5.4 Optimization of Parameters

The thermodynamic parameters were optimized using the PARROT module of the

Thermo-Calc [113] database system by minimizing the sum of squared errors

between experimentally determined thermodynamic- and phase diagram data

from literature and the corresponding calculated data.

5.4.1 The ionic liquid

The only datapoint concerning the liquid phase is the estimated melting point of

the perovskite in air [92] of 2173K. We optimized one value for all La : Mn interac¬

tion parameters, regardless of Mn valency and occupation of the anion sublattice

to reproduce this temperature.
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5.5 The Perovskite La^xMn^yOs.z

Thermodynamic data

The Gibbs energy of the reaction - La203 + MnO + -02 = LaMn03 z
measured by

Jacob etal [100] was used for the optimization, as this data is very recent, covers a

wide temperature range and we have found experiments from this group to be

carefully executed and reliable. Additionally the heats of formation, measured by

Laberty ef al. [104], and Rormark ef al. [105] were used, however these were given a

smaller weight. These thermodynamic data mainly determined the parameter A +

BT of the function GL30 that describes the Gibbs energy of stoichiometric LaMn03

as a function of temperature. The heat capacity measured by Jacob ef al. [100] was

found to deviate significantly from Neumann-Kopp's rule and the two parameters

C71n(T) + D/T in GL30 were optimized to reproduce the measured data.

Phase diagram data

The lanthanum deficiency of Lai xMni yOi z
in equilibrium with MnOx and Mn

deficiency in equilibrium with La203, measured by van Roosmalen ef al. [79] in air,

by Zachau-Christiansen ef a/. [80] under low oxygen partial pressure, and by Bosak

ef al. [52] in air and under low oxygen partial pressure, were used for the optimiza¬

tion. The oxygen deficiency in LaMnOi
z
for the three phase equilibrium La203 +

MnO + LaMn03 z
measured by Borlera and Abbatista [55], Kamata ef al. [54] and

Atsumi etal. [56] was also used.

Oxygen nonstoichiometry data

Oxygen nonstoichiometry data constitutes the main bulk of experimental data on

the Lai xMni yOi z phase.
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For this optimization we chose the data from Mizusaki ef al. [31] for stoichiometric

and lanthanum deficient perovskite as these data seemed to agree quite well with

most other data and a large number of data points are reported. The few data

points from Mizusaki ef a/. [31] at 873K and high oxygen partial pressure, that indi¬

cate, that the oxygen excess in the perovskite does not go beyond a certain level,

were however ignored, as they are in contradiction to the data of Vereist ef al. [48]

and Alonso ef al. [33]. The oxygen excess data of Alonso ef al. [33] at high oxygen

partial pressures and the oxygen excess data of lanthanum deficient and Mn defi¬

cient perovskites measured by Zachau-Christiansen etal. [80] and Arulraj etal. [78]

was also used for the optimization as these data were the only data of this kind

and complementary to Mizusaki's data [31].

In view of their strong interdependence, all parameters for the perovskite phase

need to be optimized simultaneously. Once good starting values have been ascer¬

tained this can be done without difficulty. There are a large number of possible

interaction parameters, that could also be used to refine the optimization. This was

however not necessary, as all data on the system could be reproduced well within

the uncertainties of the experimental data using just the parameters GL30, GL20,

GLV40, GL4VO and GVVV that are defined in section 5.3.2 and the values of

which are given in table XXVI.

5.5.1 The phase La2Mn04

The parameters for the phase La2Mn04 (table XXVI) were optimized using the

decomposition temperature of 1653K [55] and the estimated enthalpy of formation
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and entropy of the phase by Yokokawa etal. [106]. Also the unpublished EMF data

from Tanasescu were used [112].

5.6 Results and Discussion

The optimized thermodynamic parameters describing the La - Mn - O system are

listed in table XXVI.

5.6.1 Thermodynamic data

The calculated heats of formation A°Hf of the phases in the La - Mn - O system are

compared to literature data in table XXVII.

The calculated heat capacity of stoichiometric LaMn03 is compared to the meas¬

ured values of Satoh ef al. [107] and Jacob ef al. [100] in figure 33. The dashed line

corresponds to the heat capacity calculated as cp(LaMnO3)=0.5 P • cp(La2O3)+0.5 •

cP(Mn203) according to Neumann - Kopp's rule. The data from Jacob ef al. [100]

were used for the optimization and are found to deviate significantly from Neu¬

mann - Kopp's rule. The calculated Gibbs energy, recalculated as log(Pg2) of the

reaction-La203 + MnO +-02 = LaMn03 is plotted as a function of the inverse

temperature in figure 34 and compared to the experimental data. Jacob's data [100]

are reproduced very well by this optimization. The dissociation pressure measure¬

ments by Mizusaki ef al. [31] that deviates considerably from Jacob's measure¬

ments [100] at low temperatures, cannot be reproduced, as they would require an

unreasonable curvature of the log(P02) versus 1/T curve. Linear equations of the

partial Gibbs energy as a function of temperature are compared to literature data

in table XXVIII.
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Fig. 33: The heat capacity, Cp measured by Jacob ef al [100] was used in this

optimisation The dashed line is the heat capacity calculated using Neumann -

Kopp's rule The anomaly in the experimental data is caused by the O' - R phase

transition, that is not considered in this work

Further thermodynamic properties of the perovskite and the phase La2Mn04, for

which there are no experimental data for comparison, are listed in table XXVII

5.6.2 The phase diagram

Isothermal sections of the system of the systems LaOj 5
- Mn02 - MnO at 1973K,

1473K and 1073K are shown in figures 35, 36, and 37
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log(P0 ), bar

Fig. 34: Experimentally determined Gibbs energy for the reaction LaMn03 —»

- La203 + MnO + - 02(g) displayed as dissociation pressure as a function of

inverse temperature compared to the calculated curve.

We choose the oxides as corners of the ternary section as no information on the

metallic binary La - Mn is available and we are only interested in the oxide portion
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Fig. 35: Isothermal section of the La - Mn - O phase diagram at 1973 K. The

dashed lines correspond to the oxygen content in air and in IPa 02.

of the system. The following equations can be used to calculate the mole fractions

x(MnO), x(Mn02) and x(LaO! 5) using x(Mn) and x(La):

=
3x(Mn) + 2 5x(La)-l

X(MnUj
x(Mn) + x(La)

l-2x(Mn)-2 5x(La)
x(Mn02) =

*(La015)

x(Mn) + x(La)

x(La)

x(Mn) + x(La)

(Eq 101)

(Eq 102)

(Eq 103)
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Mn02

Mole fraction MnO

Fig. 36: Isothermal section of the La - Mn - O phase diagram at 1473 K. The

phase La2Mn04 is not stable at this temperature. The dashed lines correspond

to the oxygen content in air and in IPa 02.

The dashed lines trough the ternary sections represents the composition path cal¬

culated at oxygen partial pressures of 0.21bar (air) and IPa. It is evident, that the

range of cation nonstoichiometry decreases on lowering the oxygen partial pres¬

sure. This is in qualitative agreement with the observations by Zachau-Chris¬

tiansen ef al. [80] and Bosak ef al. [52].

Figure 30 shows the calculated LaOj 5
- MnOx phase diagram in air, with some

experimental data points included.The experiments suggest, that the range so
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Mole fraction MnO

Fig. 37: Isothermal section of the La - Mn - O phase diagram at 1073 K. The

dashed lines correspond to the oxygen content in air and in IPa 02.

solid solubility decreases on increasing temperature. As the Mn4+ content also

decreases on increasing temperature, this is in agreement with the decreased range

of solid solubility on decreasing the oxygen partial pressure, and thus decreasing

the Mn4+ content, that can be observed in the ternary sections (figures 35, 36, 37).

Figure 38 shows the LaOj 5
- MnOx phase diagram calculated at an oxygen partial

pressure of IPa (10
5

bar). It can be seen, that the range of solid solubility of

Laj xMnj y03 z
is reduced, as is its melting point.
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Fig. 38: Pseudobinary section calculated at an oxygen partial pressure of 1 Pa

trough the La - Mn - O system, showing the appearance of the phase La2Mn04

at high temperature. It can also be seen, that the in equilibrium with MnOx, the

perovskite shows a manganese deficiency, a result, that has been

experimentally verified [80].

The calculated temperatures of the invariant three phase equilibria in air and the

invariant four phase equilibria in the La-Mn-0 system are listed in table XXIX.

The oxygen content in LaMn03 z
in equilibrium with La203 and MnO as a func¬

tion of temperature is compared to the calculated content in figure 39. This equilib-
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Fig. 39: Oxygen content of LaMn03 § in equilibrium with MnO and La2Oj

rium corresponds to the one used in figure 34 showing the oxygen potential as a

function of temperature.

The calculated oxygen contents as a function of temperature and oxygen partial

pressure for stoichiometric LaMn03±§ and La0 gMn03±§ are compared to literature

data in figures 40, 41, 42, and 43. It should be noted, that Lao.gMn03±§ is beyond

the cation solubility limits under reducing conditions. However, when Mizusaki ef

al. [31] reduced the oxygen partial pressure, no MnOx was precipitated, as this

would have led to discontinuous jumps in the oxygen content versus oxygen par-
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Fig. 40: Calculated oxygen content of LaMn03±§ (solid line), LaMn0 g03±§

(dashed line) and La0 gMn03±§ (dotted line) as a function of log(P02) at 873K

(top) and 973K (bottom) compared to literature data.

181



3.4

N

O
en

ö

CO

3.3

T3
C

CO o

N°
O

.2

en

c

CO°3.

N

O

CO
_l

c

N

3.0

2.9

_L _L _L _L

a Vereist, 1993 [48]
Mizusaki, 2000 [40]

m Nakamura, 2002 [42]
x Alonso, 1996 [33]
vTagawa, 1996 [35]
* Tanasescu, 1998 [53]
* Töpfer, 1997 [51]
x Alonso, 1998 [37]
* Ferris, 1995 [32], 1123K, for La

vTakeda, 1991 [29]
* Takeda, 1991 for La1 xMn03, x=0-15

o Prado, 1999 [38] ^-
-

* van Roosmalen, 1993 [30]
o Mizusaki, 1994 [31]

/

Mizusaki,
Mizusaki,

1994,
1994,

for Lag5Mn03
for LagMn03

-30 -25 -20 -15 -10
"T"

0

log(P0 ), bar

3.5

N

O
en

c°3.

CO
_l

E 3.

CO

N

O

^
ö-

en

cb
CO

3.1

O

co 3.0

N

2.9

o Bosak, 2000 [52]
Mizusaki, 2000 [40]

x Mizusaki, 1994 [31]
x Alonso, 1996 [33]
vTagawa, 1996 [35]
* Tanasescu, 1998 [53]
* Töpfer, 1997 [51]
x Alonso, 1998 [37]
o Prado, 1999 [38]
*van Roosmalen, 1993 [30]
y Kofstadt, 1993 [28]
« Nakamura, 2002 [42]

1994 (for La0g5MnO3)Mizusaki

Mizusaki, 1994 (for Laog
* Bosak, 2000 [52]

(for La1
• Arulraj, 1996 [78]
for LaMnO

0-0 15)

3, La0gMnO3
and LaMnog03 (arrow)

-20

log(P0 ), bar

Fig. 41: Calculated oxygen content of LaMn03±§ (solid line), LaMn0 g03±§

(dashed line) and La0 gMn03±§ (dotted line) as a function of log(P02) at 1073K

(top) and 1173K (bottom) compared to literature data.
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Fig. 42: Calculated oxygen content of LaMn03±§ (solid line), LaMn0 g03±§

(dashed line) and Lao.gMn03±§ (dotted line) as a function of log(Prj2) at 1273K

(top) and 1373K (bottom) compared to literature data.
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Fig. 43: Calculated oxygen content of LaMn03±§ (solid line), LaMn0 g03±§

(dashed line) and La0 gMn03±§ (dotted line) as a function of log(P02) at 1623K

compared to literature data

tial pressure curves that they did not observe In figure 41 (bottom diagram at

1173K) it can be seen that the oxygen content measured by Arulraj ef al. [78] for a

Mn deficient Perovskites, one of the very few measurements of this kind, is higher

than for both a stoichiometric and a La deficient one (arrow) This is in qualitative

agreement with the calculated curves In figure 44 the oxygen content as a function

of temperature in air and in 02 is shown There are quite a number of measure¬

ments, and it can be seen, that there are quite significant differences between the

results from different groups As discussed in detail elsewhere [114], the experi¬

mental data on oxygen nonstoichiometry for the perovskites with La deficiency
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Fig. 44: Calculated oxygen content of LaMn03 as a function of temperature in

air (solid line) and lbar oxygen (dashed line) compared to literature data. The

filled symbols correspond to measurements in 1 bar oxygen.

can only be reproduced when Mn3+ is allowed to from antisite defects on the La

sublattice.

5.6.3 Calculated site fractions in the perovskite LalxMnly03_z

The site fractions for the various ions in stoichiometric and lanthanum deficient

perovskite as a function of log(Po2) at 1273K are shown in figure 45. In the stoichi¬

ometric perovskite (solid lines) between log(P02) ~ -12 and -1, it can be seen, that

there is a significant degree of charge disproportionation, Mn3+ —» Mn2+ + Mn4+.
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Fig. 45: Site fractions calculated for LaMn03±§ (solid line), LaMn0 g03±§ (dashed

line) and La0 gMn03±§ (dotted line) at 1273K as a function of log(Prj2)

This disproportionation is probably adequate to account for the good electrical

conductivity of stoichiometric perovskites measured by van Roosmalen ef al. [66],

and Stevenson ef al. [67] [68] It can also be seen how the defect mechanism for La

deficient perovskites changes as a function of oxygen partial pressure At high

oxygen partial pressure La deficiency is caused by excess La vacancies at low oxy¬

gen partial pressures by Mn3+ sitting on La sites A further point is that La defi¬

ciency does not lead to a large increase in Mn valency Mn deficiency on the other
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Phase composi¬
tion

quantity method value reference

Perovskite LaMn03 A°fH298 solution

calorimetry

-1451.1kJ/mol

(-72.1kJ/mol)
Laberty ef

al. [104]

Perovskite LaMn031

48

A°fH298 solution

calorimetry

-1435.4kJ/mol

(-56.4kJ/mol)

Rormark ef

al. [105]

Perovskite LaMnO30

45

A0fH298 solution

calorimetry

-1425.9kJ/mol

(-46.9kJ/mol)

Rormark ef

al. [105]

Perovskite LaMn03 A°fH298 estimated -1425.1kJ/mol

(-46.1kJ/mol)

Yokokawa

eta/. [106]

Perovskite LaMn03 A°fH298 assessed -1438.7kJ/mol

(-59.7kJ/mol)

this work

La2Mn04 La2Mn04 A°fH298 estimated -2189 kj/mol

(+87.8kJ/mol)

Yokokawa

etal. [106]

La2Mn04 La2Mn04 A°fH298 assessed -2135kJ/mol

(+141.8kJ/
mol)

this work

Perovskite LaMn03 °S298 estimated 130.5J/molK

(-73.4J/molK)

Yokokawa

etal. [106]

Perovskite LaMn03 oç
^298

assessed 118.7J/molK

(-84.4J/molK)

this work

La2Mn04 La2Mn04 °S298 estimated 210J/molK

(-140J/mol.K)

Yokokawa

etal. [106]

La2Mn04 La2Mn04 °S298 assessed 215J/molK

(-135J/mol.K)

this work

Table XXVII. Measured thermodynamic properties of the phases in the

La - Mn - O system compared to the calculated values. The values in brackets

are given relative to the oxides Mn203 and La203 using the heats and entropies

of formation reported for the binary Mn - O [23] and La - O [22] systems.

hand does. This is in agreement with a large number of qualitative data, that states

that La deficiency does not change the mean Mn valency and also with the data
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T-Range [K]

A°G(T) [J/

mol] Method Reference

1050-1300 -168167+65T EMF (gas
mix.)

Sreedharan ef al. [97]

1273 -91700 Dissociation

pressure

Nakamura, Petzow

and Gauckler [102]

1223-1323 -90026+21.07T Dissociation

pressure

Vorob'eveta/. [101]

1173-1523 -144000+41T Dissociation

pressure

Borlera and

Abbattista [55]

1173-1473 -130900+32.9T Conductivity
measurement

Kamegashira and

Miyazaki [103]

1170-1400 -140300+39.IT EMF (Fe/

FeOx)

Atsumi ef al. [99]

1073-1273 -167740+65T EMF (Fe/

FeOx)

Tanasescu etal. [53]

1473 -82140 Dissociation

pressure

Kamata ef al. [54

1473 -83900 Dissociation

pressure

Kuo et al. [64]

1373 -85800 Dissociation

pressure

Kitayama [39]

1273-1373 -197800+91T EMF (Ni/
NiO)

Hildrumeta/. [98]

873-1273 -170200+63.8T Dissociation

pressure

Mizusaki ef al. [31]

900-1400

144290+42.68T

EMF (oxygen) Jacob et al. [100]

900-1500 -141905+39T assessed this work

Table XXVIII. Gibbs Energy of the Reaction ^La203 + MnO + ^02 -» LaMnQ3
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Equilibrium

calculated

temperature [K]

calculated

oxygen partial

pressure [bar]

A-La203 + liquid + per¬

ovskite in air (in 02)

1997 (1998) air (1 bar 02)

ß-Mn304 + liquid + per¬

ovskite in air (in 02)

1803 (1819)

congruent melting point of

perovskite in air (in 02)

2173 (2191)

A-La203 + La2Mn04 + per¬

ovskite + liquid

1900 10
6-95

Mn! xO + La2Mn04 + per¬

ovskite + liquid

1841 10
7-95

ß-Mn304 + Mri! xO + per¬

ovskite + liquid

1780 10
L30

Mil! xO + A-La203 +

La2Mn04 + perovskite

1655 10
9-96

Table XXIX. Calculated temperatures of tree phase equilibria in air and

invariant four phase equilibria.

from Arulraj ef al. [78] who states, that Mn deficiency leads to a sharp increase in

Mn valency.

Figure 46 shows the site fractions as a function of temperature for LaMn03±§,

Lao.gMn03±§ and LaMn0 9O3+5 calculated in air. The trends are identical to the ones

described in figure 45. Increasing the temperature at a constant oxygen partial

pressure corresponds to a lowering of the oxygen partial pressure at a constant

temperature. The equilibrium Mn valency in air below 600K is 4+. In experiments

this value is however never reached due to kinetic reasons.

In the plot of site fractions as a function of cation fraction,
/A, \ ——-, calcu-

^

x(Mn) + x(La)

lated at 1273K in air (figure 47), it can be seen how La deficiency is first accom-
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500 1000 1500 y(Mn+2)2000

Temperature, K

Fig. 46: Site fractions calculated for LaMn03±§ (solid line), LaMn0 g03±§

(dashed line) and La0 gMn03±§ (dotted line) in air as a function of temperature

plished by the formation of La vacancies, later, for greater La deficiencies Mn3+

antisite defects are formed and the Mn4+ content no longer increases

From these calculations of site fractions as a function of oxygen partial pressure,

temperature and cation composition it can easily be seen that always various

defects are at play simultaneously, and the relative importance of the defects

change depending on the conditions This complex defect behaviour might offer

an explanation for the ambiguous results found in literature
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at 1273Kin air

0.2 0.4 0.6 0.8

Cation fraction Mn

1.0

Fig. 47: Site fractions calculated for Lai xMni y03 z
in air as a function of

manganese content at 1273K.

5.7 Summary

In spite of its relatively simple structure, the perovskite Lai xMni y03 z
shows

quite a complicated defect chemistry and quite a number of misconceptions and

ambiguities can be found in literature. In this work, we have carefully reviewed

the experimental data on the La-Mn-0 system and in particular on the

Lai xMni y03 z perovskite phase and chosen an appropriate model to describe the

nonstoichiometry. This model includes Mn3+ antisite defects on the La sublattice.
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Consequently, using the compound energy formalism, the following sublattice

occupation needs to be employed: (La3+, Mn3+, Va)i(Mn2+, Mn3+, Mn4+, Va)i(02 ,

Va)3. As reported elsewhere [114], only by choosing this sublattice model with Mn

forming antisite defects on A-sites can the most reliable experimental data from lit¬

erature be reproduced. All other defect models inevitably lead to inconsistencies

with some literature data. The ionic liquid is described using the two sublattice

model for ionic liquids with the sublattice occupation

(La3+, Mn2+, Mn3+)p(02, Va_9)„. The model parameters are optimized using the

CALPHAD approach.
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6 Assessment of the Sr - Mn - O System

A. N. Grundy, B. Hallstedt and L. J. Gauckler: /. Phase Equilibria (submitted)

Abstract

A thermodynamic assessment of the Sr - Mn - O system is presented. The

main practical relevance of this system is that it contains the perovskite phase

SrMn03 which is the Sr - rich endmember of the phase (La, Sr)Mn03, that

finds widespread use as cathode material for solid oxide fuel cells (SOFC) and

has recently attracted a lot of attention due to interesting giant magnetoresis¬

tive properties. The thermodynamic parameters are optimized by applying the

CALPHAD method. The SrMn03_z phase exists in two modifications, a lay¬

ered hexagonal modification at low and a perovskite modification at high tem¬

peratures. Both modifications show considerable oxygen deficiencies, that are

modelled using the compound energy model. The sublattice occupation of the

phases are (Sr2+)(Mn3+, Mn4+)(02', Va)3. On reducing Mn4+ to Mn3+ oxy¬

gen vacancies are formed. The phase SrMn306_z also shows oxygen deficiency

that is modelled in an identical way. The Ruddlesden-Popper phases Sr2Mn04

and Sr3Mn207 and the phases Sr7Mn4015 and Sr4Mn3O10 are modelled as

stoichiometric phases. The ionic liquid is modelled using the two sublattice

model for ionic liquids. The stability and thermodynamic data on many of the

phases in this system are poorly known. For this reason, some aspects of this

assessment must be regarded as tentative.
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6.1 Introduction

Interest for La - Sr - Mn oxides stem from two fields of application for these com¬

pounds. On the one hand, (La,Sr)Mn03 perovskites are well established materials

for solid oxide fuel cell cathodes [1]. On the other hand both compounds crystalliz¬

ing in the 3D perovskite structure [2] and, more recently the layered compounds

crystallizing in tetragonal structures, exemplified by the n=2 member of the Rud-

dlesden - Popper series La2 2xSri+2xMn07 [3] are receiving much attention due to

their giant (or colossal) magnetoresistive properties. In contrast to the wealth of

papers published on these La - Sr - Mn - O compounds, rather little is known about

the phases in the Sr - Mn - O subsystem as, with the exception of the phase

Sr7Mn40i5, that is being considered as a high temperature negative temperature

coefficient (NTC) thermistor [4], no practical uses for these phases are envisaged.

However, should the thermodynamic properties of the quaternary system be

described properly, it is imperative that the thermodynamic properties of the

lower order systems be well described. Here, thus, we present an assessment of the

Sr - Mn - O system.

The most well known phases in the Sr - Mn - O system are the layered hexagonal

and perovskite modifications of the composition SrMn03 z
[5] [6] [7] [8]. Below

1730K in air, the 4-layer hexagonal phase, 4H-SrMn03 z,
is stable, above this tem¬

perature the perovskite phase, P-SrMn03 z,
is stable. On decreasing oxygen partial

pressure, the transition temperature is reduced. Both modifications show oxygen

deficiency. The Mn in stoichiometric SrMn03 has the valency state Mn4+. At high

temperatures and low oxygen partial pressures Mn4+ is reduced to Mn3+ and the

209



oxygen deficiency becomes more pronounced. The endmember phase on reduc¬

tion has the composition SrMn02 5. Here all the manganese is reduced from Mn4+

to Mn3+. This brownmillerite like compound is often referred to as a separate

phase [9] [7] [8], however we regard it simply as the end member of the P-

SrMn03 z phase on reduction based on some more recent investigations [10] [11]

[12]. In addition to these phases of composition SrMn03 z,
a series of phases with

the general composition Srn+iMnn03n+i, with n=l, 2 and 3 have been reported [9].

Two of these phases, Sr2Mn04 and Sr3Mn207, belong to the Ruddlesden - Popper

family [13], the phase Sr4Mn3Oi0 on the other hand does not. The phase Sr2Mn04

was sometimes thought to exist in an a- and ß-modification [9] [14], however

what was thought to be the a-modification was found to be the phase Sr7Mn40i5

of slightly different composition, that is stable below 1823K in air [15] [4]. The

phase Sr2Mn04 is stable above 1623K in air. On the manganese rich side the phase

SrMn306 z
is found [6]. On heating in air, this phase decomposes to ß-Mn304 and

4H-SrMn03 z
at 1488K. The crystal structures of these phases have been deter¬

mined by a number of authors [10] [11] [16] [17] [18] [19] [20] [9] [21] [22] [23] [24]

[6] and are summarized in Table XXX.

In this work thermodynamic data and information on the phase diagram from lit¬

erature is reviewed and a consistent set of thermodynamic model parameters is

optimized for the system using the CALPHAD method. The thermodynamic

parameters of the two border systems Sr - O [25] and Mn - O [26] are taken from

previous optimizations. In this work the phases 4H-SrMn03 z,
Perovskite and

SrMn306 z
are described using the compound-energy model [27] [28] and the ionic

liquid using the two-sublattice model for ionic liquids [29] [30]. The Ruddlesden-
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Name, Composition Space Group Structure Type Reference

Brownmillerite,

SrMn025
Pbam or Pba2

Pbam

Ca(Al,Fe)02.5 Caignaert ef al. [10]
Moriefa/. [11]

4H-SrMn03 z, SrMn03 z P63/mmc BaMn03 Kuroda etal. [16]
Battle etal. [17]

Perovskite, SrMn03 z
Pnma or

Pbnm

GdFe03 Tichy and Goode¬

nough [18]

2:1 Ruddlesden-Popper
Phase, Sr2Mn04

R3c

IMmmm

K2NiF4 BalzandPlieth[19]

Tezuka ef al. [20]

layered 3:2 Ruddlesden-

Popper Phase, Sr3Mn207

IMmmm Sr3Ti207 Mizutani ef al. [9]

Mitchell ef al. [21]

4:3 Phase, Sr4Mn3Oi0 Cmca Sr4Ti3Oio Fabry etal. [22]

Floras ef al. [23]

Sr7Mn40i5 Plx/c Vente ef al. [24]

SrMn306 z
orthorhom¬

bic

Negas [6]

Table XXX. Crystal structures of the phases reported in the Sr - Mn - O system

Popper phases Sr2Mn04, Sr3Mn207 and the phases Sr4Mn3Oi0 and Sr7Mn40i5 are

described as stoichiometric compounds, as there is no experimental data on oxy¬

gen deficiency, although it is very likely, that these phases are also oxygen defi¬

cient.

6.2 Literature Survey

6.2.1 Phase Diagram

An overview of the phases in the system can be obtained from the SrO - MnOx

phase diagram calculated in air (figure 48). Mizutani ef al. [9] investigated the sta¬

bility of the phases Srn+iMnn03n+i. According to their work, the phase Sr2Mn04
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exists in an a-modification up to up to 1673K and a ß-modification at 1773K and

above. The ß-modification corresponds to the n=l Ruddlesden-Popper phase,

belonging to the space group IMmmm [19] [31]. Tezuka ef al. [20] prepared the

ß-modification in oxygen at 1923K and confirmed the crystal structure previously

determined. Measurements of the electrical conductivity of ß-Sr2Mn04 prepared

in oxygen at 1923K by Bouloux etal [31] revealed low conductivities and high acti¬

vation energy for conduction, suggesting the presence of relatively few Mn3+, and

consequently a relatively low degree of reduction and small number of oxygen

vacancies. The X-ray diffraction pattern ascribed to the phase oc-Sr2Mn04 was
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later shown by Kriegel ef al. [15] and Feltz ef al. [4] to belong to a mixture of the

phases SrO and Sr7Mn40i5. The phase Sr7Mn40i5 has additionally been synthe¬

sized and characterized by Vente et al. [24] [32]. The phase oc-Sr2Mn04, therefore,

does not exist. Kriegel ef al. [15] and Feltz ef al. [4] determined the decomposition

temperature of ß-Sr2Mn04 into SrO and SrMn40i5 to be around 1623K in air. The

phase Sr3Mn207 does not form up to 1873K, but is stable at 1973K and 2073K [9].

We thus assume the decomposition to take place at 1923K. Mitchell ef al. [21] syn¬

thesized this phase at 1923K in air and determined it to be the tetragonal n=2 Rud¬

dlesden-Popper phase with space group IMmmm. Their phase showed

considerable oxygen deficiency and was analysed to have the composition

Sr3Mn20g 55. Annealing the sample in oxygen at 673K almost completely oxidized

the sample to the composition Sr3Mn206 g8. The phase Sr4Mn3Oi0, that crystallizes

in the space group Cmca [22] [23] and is not a Ruddlesden-Popper phase, is only

stable at 1673K and 1773K and decomposes at higher and lower temperatures

according to Mizusaki ef al. [9]. Floras ef al. [23] on the other hand were able to syn¬

thesize the phase in evacuated silica tubes at 1373K and Fabry ef a/.[22] grew crys¬

tals, albeit with small impurities of platinum in their crystal structure, from melts

based on SrCl2 - SrF2 - B203 in platinum crucibles at temperatures around 1473K.

The result of Mizutani ef al. [9], that the phase Sr4Mn3Oi0 is metastable at 1573K

and below must therefore be regarded as questionable. In addition Bochu etal. [33]

synthesized the phase SrMn70i2 at 50kbar and 1273K. This phase is most likely

metastable at ambient conditions and not considered in this work.

To summarize, four phases are stable in air in the SrO rich half of the SrO - MnOx

section through the Sr - Mn - O system. Two phases are stable at low temperatures,
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Sr7Mn40i5, and Sr4Mn3Oi0 and decompose on heating above 1823K and 1773K

respectively. The two Ruddlesden - Popper phases, Sr2Mn04 and Sr3Mn207, are

stable at high temperatures and decompose on cooling below 1873K and 1923K

respectively. The phase, hitherto described as oc-Sr2Mn04, is now known to have

the slightly different composition Sr7Mn40i5.

The first determination of the oxygen deficiency in SrMn03 z
was conducted by

Jonker and van Santen [34] in air at 1623K. A systematic investigation of the phase

SrMn03 z
was later conducted by Negas and Roth [5] [6]. They measured the oxy¬

gen deficiency in air as a function of temperature. They find that below 1673K the

4-layer hexagonal SrMn03 z
is stable and above 1673K the perovskite phase is sta¬

ble. The transition in air on heating is accompanied by a reduction of the oxygen

content from SrMn02 8g to SrMn02 74. They further determined the melting tem¬

perature of the perovskite of 2013K in air [5] and the temperature of the three

phase equilibrium ß-Mn304 + SrMn03 z
+ liquid in air at 1688K [6]. In a more com¬

plete study, Kuroda ef al. [7] [8] measured the oxygen deficiency of SrMn03 z
as a

function of temperature for oxygen partial pressures ranging from 10
6
bar to 1 bar.

At low oxygen partial pressures and high temperatures, they find, what they

describe as a brownmillerite like phase SrMn02 5+x. Chmaissem ef al. [12] on the

other hand determined a composition of SrMn02 gi and the perovskite structure

for their sample annealed in lOppm 02 at 1673K. Caignaert ef al. [10] reduced

P - SrMn03 z
in the presence of zirconium at 773K in silica ampoules and obtained

a phase of composition SrMn02 5, with an orthorhombic crystal structure, belong¬

ing to the space group Pbam or Pba2. They find, that the phase does not belong to

the Brownmillerite family as claimed by Mizutani ef al. [9], but is closely related to
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the perovskite, SrMn03. Mori ef a/. [11] synthesized a phase with a composition

close to SrMn02 5, by annealing SrMn03 in 0.1%H2 + Ar at 1373K. They assign the

phase to the space group Pbam, thereby confirming the findings of Caignaert ef al.

[10]. The crystal structure of 4H-SrMn03 was determined by Kuroda ef al. [16] to

belong to the space group P6^/mmc This was later confirmed by Battle ef al. [17]

using neutron diffraction. Tichy and Goodenough [18] determined the crystal

structure of the perovskite phase to be of the GdFe03 structure type, belonging to

the Pbnm or Pnma space group.

The manganese rich portion of the pseudobinary SrO - MnOx section through the

Sr - Mn - O system in air was investigated by Negas [6]. He finds, that the phase

SrMn3Og z decomposes at 1488K. He also determined the oxygen deficiency of

SrMn306 z
as a function of temperature.

6.2.2 Thermodynamic Data

The enthalpies of formation, A°fH2g8, and the entropies of the phases in the

Sr - Mn - O system have been assessed by Yokokawa ef al. [35] based on estima¬

tions of stabilization energies using the Goldschmidt tolerance factors for the vari¬

ous structures. Rormark ef al. [36] measured the enthalpy of formation of

SrMn02 g46 using drop calorimetry.

The partial Gibbs energy for the reaction SrMn02 5 —» SrO + MnO + l/202 has

been determined by Tanasescu ef al. [37] by EMF measurements using the equilib¬

rium Fe/FexO as reference. We consider, what Tanasescu ef al. [37] described as a

brownmillerite-like compound, to be a strongly reduced perovskite.
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6.3 Thermodynamic Modelling

6.3.1 The Ionic Liquid

The two sublattice model for ionic liquids [29] [30], used to describe the liquid

phase, was developed for liquids that show ionic behaviour of the components.

The model follows Temkin [38] and assumes that the anions and cations occupy

separate sublattices and are allowed to mix freely on their respective sublattice.

Hypothetical vacancies are introduced on the anion sublattice to maintain charge

neutrality and to allow a description towards a metallic liquid containing cations

only.

In the Sr - Mn - O system the model is represented as

(Sr2+, Mn2+, Mn3+)p (O2", Va^. (Eq 104)

The number of sites on the respective sublattice, p and q, must vary with composi¬

tion in order to maintain charge neutrality. Mn4+ is not included, as Mn4+ is not

known to exist in the liquid at ambient oxygen partial pressures. The values of p

and q are calculated by

P
= 2y02- + gyVa,- (Eqios)

where y represents the site fraction of a particular species on the respective sublat¬

tice. The hypothetical vacancies have an induced charge of -q.
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The molar Gibbs energy of the liquid is given by

(Eql07)
/-Liq

_

V o^Liq x^ o^Liq

i = cations i = cations

+ RT (p X ^ Iny,- +9 X ^ Iny 1 + *(%?.
i = cations j = anions

The Gibbs energies of liquid Sr and Mn, °G iq

,_
and °Giq2+

,_ respectively,
Sr2+Va'- Mn2+Va'-

are taken from Dinsdale [39] and the Gibbs energies of the oxides, °G, ,iq
Mn2+ O2-

°G*q3+
2-

and 0Goiq
2.

from previous assessments of the Mn — O [26] and
Mn O Sr O

Sr - O [25] systems. The excess Gibbs energy Gmiq is given by

ErUq
_

vErLiq ^ E^Liq
fCn 1 PI8Ï

bm
"

Li ^binaries + 2-t ^ternaries ' ^q 1UÖJ

where ^ Gb)qaries is taken from the binaries and ^ Gteiqnaries represents the ter¬

nary interaction parameters. In this work the ternary interaction parameters

L*i+
2+^2-

and L^+
3+^2-

were optimized
Sr ,Mn O Sr

,
Mn O *

6.3.2 The Perovskite and 4-Layered Hexagonal Modifications of SrMn03z

Both the 4-layer hexagonal and the perovskite phases of the composition SrMn03 z

show considerable oxygen deficiency, that increases with increasing temperature

or reducing oxygen partial pressure. The endmember on reduction has the compo¬

sition SrMn02 5. This compound was sometimes described as a separate Brown¬

millerite like phase [7] [8]. Later it was however shown not to have the

brownmillerite structure, but a structure very closely resembling the structure of

the perovskite phase [10] [11] [12] .As there exists no information on conditions

when the transformation takes place, let alone transition entropies or enthalpies,

we regard both the perovskite and the 4-H phases to be continuous solid solutions
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from SrMn03 to SrMn02 5 with no phase transition in between. The sublattice

occupation for both phases is given as

(Sr2+)i(Mn3+, Mn4+)i(02, Va)3 (Eq 109)

In the compound energy formalism [27] [28] this gives four endmember com¬

pounds, (Sr2+)(Mn3+)(02)3; (Sr2+)(Mn3+)(Va)3; (Sr2+)(Mn4+)(02 )3>

(Sr2+)(Mn4+)(Va)3 that need to be given Gibbs energies. The Gibbs energy of the

perovskite or 4H phase of arbitrary composition, including entropy and excess

Gibbs energy is given as

"m
_ Yc 2+Y-.

r

4+V„2- Ij" 2+ , , 4+ „2-
""" Yc

2+
Yt

,
4+

V,
,

w 2+,, 4+ ,,m ySr yMn J0 Sr Mn O ySr yMn yVa Sr Mn Va

o^-,
,

o

+
^Sr^Mn^O2" GSr2+ Mn3+ O2"

+ ^Sr^Mn^Va GSr2+ Mn3+ Va

+ RT[(v
4+ lnyA 4+

+ K.
3+
lnyA

3+ ) + 3( v 2.In v 2.
+ v lny )]

vMn y Mn yMn yMn y O y O y Va J Va

. E^Perov /,-, 11 n^
+

Gm (EqllO)

E Pgfov
The term Gm represents the excess Gibbs energy. What needs to be done now

is to assign values to the four °G parameters. Giving the four parameters values

directly is impractical, as three of the four °G - parameters describe compounds

with a net charge, that can therefore not physically exist. What we would therefore

like to do is to express the four °G - parameters using the Gibbs energies of the

neutral compounds (Sr2+)(Mn4+)(02 )3, and (Sr2+) (Mn3+) (^ O2, gVa)3, that form

the two endpoints of the solid solution and are experimentally accessible. In the

following the Gibbs energies of these two neutral endmembers will be denoted by

GS40 and GS30 respectively. These two neutral endpoints can be given as

GS40=tVM„«0'- <E<ïm>
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and

GS3 0= ^X-M-n
6 Sr Mn O

3+ r^2-
^

7 "c 2+ ,, 3+
,,

6 Sr Mn Va

+ 3i?T|^ln^ + ilni
6 6 6 6

(Eq 112)

where the last term in eq. 112 is the configurational entropy of the reduced phase.

Two further equations are needed to define all four °G parameters. A first one is

given by a reference point, that we define as follows

Sr2+ Mn4+ Va
GS40-l°Goas (Eqll3)

We get the last equation by regarding the four °G - parameters as a reciprocal sys¬

tem, with the Gibbs energy of the reciprocal reaction:

.

^ _

o .-Perov o .-Perov, 4-H o .-Perov o .-Perov, 4-H
/-,-, \-\ a\

ALrn
- Lr 2+ 4+ 2.

+ Lr 2+ 3+
- Lr 2+ 4+

- Lr 2+ 3+ 2. (tq 114)
" Sr Mn O Sr Mn Va Sr Mn Va Sr Mn O

Solving equations 111, 112, 113 and 114 for the four unknown °G's leads to the fol¬

lowing result

OGs-°M-n2-=GS40
Sr Mn O

o .-Perov
Gc

2+,, 4+
,,Sr Mn Va

3 o^-,Gas
GS40-- G

o .-Perov, 4-H
Gc 2+ , , 3+ „2-
Sr Mn O

o .-Perov, 4-H

GSr2+ Mn3+ Va

GS3 0+\ °G?as-3RT
4 U2

'o,

m+Hi

GS3 0--°G?as-3RT
A U2 mik-ü

(Eq 115)

(Eq 116)

l-AGR (Eqll7)

+ ^AGR (Eqll8)

This manipulation leaves us with the desired result. We have only two parameters,

GS40 and GS30 representing the stoichiometric perovskite or 4H phase and the

completely reduced perovskite or 4H phase respectively. The Gibbs energy of the

reciprocal reaction AGR is an additional parameter, that could also be optimized.
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6.3.3 The Phase SrMn306z

There exists one series of measurements on oxygen deficiency in air as a function

of temperature in the phase SrMn306 z [5]. We choose the following sublattice

occupancy for this phase:

(Sr2+)i(Mn3+)2(02 )3(Mn3+, Mn4+)j(02-, Va)3. (Eq 119)

By choosing this sublattice occupation, the oxygen deficiency in this phase can be

modelled in an analogous way to the perovskite and 4H phases. The parameters

that then need to be optimized are °GSrMn 0
for the stoichiometric phase and

°GSrMn g
for the reduced phase corresponding to the parameters GS40 and

GS30 respectively for the perovskite and 4H phases.

6.3.4 The Phases Sr2Mn04, Sr3Mn207, Sr4Mn3O10 and Sr7Mn4015

In spite of the interesting magnetic and other properties of these phases when

doped with lanthanum, very little is known about their thermodynamics and sta¬

bility. All the phases probably show oxygen deficiency due to their similarity to the

perovskite and 4H phases. However almost no measurements exist in literature.

These phases were therefore modelled as stoichiometric phases.

6.4 Optimization of Parameters

The thermodynamic parameters were optimized using the PARROT module of the

Thermo-Calc [40] database system by minimizing the sum of squared errors

between selected and weighted experimentally determined thermodynamic- and

phase diagram data from literature and the corresponding calculated data.
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6.4.1 The Perovskite and 4-Layered Hexagonal Modifications of SrMn03z

The only measurements of the thermodynamic properties of these phases are EMF

measurements of the completely reduced perovskite phase with the composition

SrMn02 5 [37]. These data fix the parameter °Gs^^o f°r me reduced endpoint of

the perovskite. The parameters °GS^^0 > °GSrMnO >
and °GSrMnO are optimized

mainly with the data on oxygen deficiency as a function of oxygen partial pressure

and temperature measured by Negas and Roth [5] and by Kuroda ef al. [7] and the

temperature of the transition from the 4H to the perovskite phase as a function of

oxygen partial pressure also measured by Kuroda ef al. [7]. The estimates of the

enthalpies of formation by Yokokawa ef al. [35] and the measured enthalpy of for¬

mation of 4H-SrMn03 by Rormark ef al. [36] were also used for the optimization,

however they were given only a small weight, due to their large uncertainty. The

values of the optimized parameters are given in table XXXI.

4H-SrMn03 z: (Sr2+)(Mn3+, Mn4+)(02
, Va)3

GSrMn03 ~ GSrO + GMn02 " 11130°

o^4H
G

+1

)25 SrO o ivin2w3GSrMnO„
~

GSrO + Ö GMn,0, " 7730 " l7T

Perovskite-SrMn03 z: (Sr2+)(Mn3+, Mn4+)(02, Va)^

°GSreMn03 = °GSrMn03 + 22650 " 7-69T

orPerov or4H

LrSrMn025 LrSrMn025 W*->->

SrMn306 z: (Sr2+)(Mn3+)2(02 )3(Mn3+, Mn4+)(02, Va)3

Table XXXI. Thermodynamic parameters for the Sr - Mn - O system
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4H-SrMn03 z: (Sr2+)(Mn3+, Mn4+)(02
, Va);

o^SrMn306_z
_

owlH

GSrMn,CL GSrMnO, + GMn,0, 8791

o„SrMn306_z ow4H
^-,

GSrMn3055
=

GSrMn025 +
GMn203

~ 21920

Sr2Mn04

O

C1 21V111W 4 ivi 11w 2GSr,Mn04
~

GMnO,

+ 2GSrO " 132830

Sr7Mn40i5

°GSr7Mn4o15 = 4GMn02 + 7GSr0 - 612450 + 50T

Sr3Mn207

°GSr3Mn2o7 = 2GMn02 + 3 GSr0 - 89910 - 90T

Sr4Mn30 10

ci4ivni3w10 IVlllWj

GSr,Mn,0,„
~ 3 GMnO, + 4GSrO " 37850°

Ionic Liquid: (Sr2+, Mn2+, Mn3+)p(02, Va ^)q

V
2+ _ 2+n2-

= -176300, V 3+
„ 2+n2-

= -176300
Mn

,
Sr O Mn

,
Sr O

Table XXXI. Thermodynamic parameters for the Sr - Mn - O system

6.4.2 The Phase SrMn306z

The temperature of decomposition at 1488K in air and some data on oxygen non¬

stoichiometry in air measured by Negas and Roth [5] are the only data known
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about this phase. The parameters GSrMn 0
and GSrMn 0

were optimized with¬

out any temperature dependence. Their values are listed in table XXXI.

6.4.3 The phases Sr2Mn04, Sr3Mn207, Sr4Mn3O10 and Sr7Mn4015

The only thing that is known about these phases, is their approximate temperature

range of stability in air. There exists no data at all on their thermodynamic proper¬

ties, apart from estimated enthalpies of formation of Sr2Mn04 and Sr3Mn207 by

Yokokawa ef al. [35]. This of course makes the optimization very uncertain. It was

not possible to optimize A+BT terms for all phases. No temperature dependent

term was optimized for the phases Sr2Mn04 and Sr4Mn3Oi0 and the phases

Sr7Mn40i5 and Sr3Mn207 were given fixed temperature dependencies of +50J/

(molK) and -90J/(molK) respectively. The optimized parameters are listed in table

XXXI.

6.4.4 The Ionic Liquid

The only information concerning the liquid phase is the measured melting temper¬

ature of the perovskite phase [5] and the measured temperature of the perovskite-

ß-Mn304-liquid equilibrium [6]. Using this data the interaction parameters

!/?+
w 3+ „2-

and L^}+
w 2+ 2. was optimized. They were given identical values.

Sr
,
Mn O Sr

,
Mn O r jo

Their value is given in table XXXI.

6.5 Results and Discussion

The optimized thermodynamic parameters describing the Sr - Mn - O system are

listed in table XXXI
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6.5.1 Thermodynamic data

The calculated heats of formation A°Hf and the entropies of the phases in the Sr -

Mn - O system are compared to the values estimated by Yokokawa ef al. [35] and

the measurement by Rormark ef al. [36] in table XXXII. The calculated Gibbs

energy, recalculated as log(P02) of the reaction SrO + MnO + -02 = SrMn03 is

plotted as a function of the inverse temperature in figure 49 and compared to the

o
o

o
o

10.0

16 -14 -12

log(P0 ), bar

Fig. 49: Experimentally determined Gibbs energy for the reaction P-SrMn03 —»

SrO + MnO + - 02(g) displayed as dissociation pressure as a function of

inverse temperature.
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Phase method

A°fH298 from

elements [kj/

mol]

A°fH298
from oxides

[kj/mol]

$298

[J/molK] reference

4H-SrMn03 estimated -1258.5 -145.87 107.5 [35]

calorimetry -1201.2 -88.57 [36]

assessed -1223.9 -111.27 107.6 this work

P-SrMn03 estimated -1233.03 -120.4 117.5 [35]

assessed -1201.3 -88.67 115.2 this work

4H-SrMn025 estimated -1169.0 -95.56 95.0 [35]

assessed -1081.2 -7.75 126.7 this work

P- SrMn02 5 estimated -1158.03 -84.59 110.0 [35]

assessed -1095.6 -22.15 126.7 this work

SrMn306 estimated -2208.3 -133.08 231.5 [35]

assessed -2195.3 -120.08 219.7 this work

Sr2Mn04 estimated -1868.0 -163.22 171.85 [35]

assessed -1837.6 -132.82 161.2 this work

Sr7Mn40i5 assessed -6839.3 -612.33 541.0 this work

Sr3Mn207 estimated -3111.0 -293.59 289.35 [35]

assessed -2907.3 -89.89 358.7 this work

Sr4Mn3Oio estimated -4351.0 -420.96 418.0 [35]

assessed -4308.5 -378.46 376.3 this work

Table XXXII. Measured and estimated heat of formation A°fH298 from the

elements and A°fH298 from the oxides of the phases in the Sr - Mn - O system

compared to the calculated values. The Heats of formation of the oxides Mn203,

Mn02 and SrO are taken from the assessments of the Mn-0 [26] and Sr-0 [25]

systems respectively.
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experimental data from Tanasescu ef al. [37]. All the measured and estimated ther¬

modynamic data on all phases can be well reproduced by this optimization. The

thermodynamic properties of phases for which no data exists are at least reasona¬

ble.

6.5.2 The phase diagram

Isothermal sections through the Sr - Mn - O system are shown in figs 50 at 1273K

and 1873K. Fig. 48 shows the SrO - MnOx phase diagram in air. The calculated

temperatures of all three phase equilibria in air are listed in table XXXIII and com¬

pared to the data from literature. The oxygen contents of 4H - SrMn03 z
and

P - SrMn03 z
are plotted as a function of temperature for various oxygen partial

pressures and compared to literature data in fig 51 (top). The bottom diagram in

Fig. 51 finally shows the corresponding data for the phase SrMn306 z.
The simple

model description and the few parameters used to describe the oxygen deficiency

proved to be adequate to give quite a good reproduction of the experimental data.

6.6 Conclusions

We present a rather tentative thermodynamic description of the Sr - Mn - O system

using the CALPHAD approach. The phases Sr2Mn04 and Sr3Mn207, belonging to

the Ruddlesden - Popper family and the phases Sr4Mn3Oi0 and Sr7Mn40i5 are

described as stoichiometric phases. As very little is known about these phases, the

uncertainties with respect to both their thermodynamic properties and ranges of

stability must be considered as being quite large. The oxygen nonstoichiometry is

modelled using the compound energy model [27] [28] for the perovskite and lay-
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Mn02

0 0.2 0.4 0.6 0.8 1.0

Mole fraction MnO

0 0.2 0.4 0.6 0.8 1.0

Mole fraction MnO

Fig. 50: Calculated isothermal section at 1273K (top) and 1873K (bottom)

trough the Sr - Mn - O system
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SrMnO..

5.80 6.00

SrMn3Ox

Fig. 51: Calculated oxygen content as a function of temperature and oxygen

partial pressure for 4H-SrMn03 z
and the SrMn03 z

Perovskite (top) and

SrMn3Og z (bottom) compared to experimental data from the literature
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Equilibrum

calculated

temperature
in air

experimentally
determined

temperature in air reference

SrO + Sr7Mn4Oi5 +

Sr2Mn04

1623K 1623K±50K Mizutani ef al.

[9]

P-SrMn03 z
+

Sr7Mn40i5 +

Sr2Mn04

1823K 1823K±50K Mizutani ef al.

[9]

P-SrMn03 z
+

Sr3Mn207 +

Sr2Mn04

1873K 1873K±50K Mizutani ef al.

[9]

SrO + Sr2Mn04 +

Sr3Mn207

1953K n.a.

P-SrMn03 z
+

Sr7Mn40i5 +

Sr4Mn3Oio

1823K 1823K±50K Mizutani ef al.

[9]

4H-SrMn03 z
+

SrMn306 z
+ ß-

Mn304

1488K 1488K Mizutani ef al.

[9]

4H-SrMn03 z
+ Liq¬

uid + ß-Mn304

1717K 1688K Negas [6]

SrO + Sr3Mn207 +

Liquid

2018K n.a.

P-SrMn03 z
+ Liquid

+ Sr3Mn207

2011K n.a.

4H-SrMn03 z
->

P-SrMn03 z

1720K 1728K Kuroda ef al. [7]

P-SrMn03 z
-+ Liq¬

uid

2014K 2013K Negas and Roth

[5] Negas [6]

Table XXXIII. Calculated temperatures of three phase equilibria, polymorphic

transitions and melting temperatures in air, compared to experimental data

from literature.
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ered hexagonal modification of SrMn03 z
and for the phase SrMn306 z.

The liquid

phase is modelled using the two-sublattice model for ionic liquids [29] [30]. In

spite of the huge interest in the properties and the many potential uses for the

above mentioned phases doped with lanthanum, very little is known about the

thermodynamics and even the phase diagram of the undoped phases. The diffi¬

culty in this case is therefore not to reproduce all experimental data correctly, but

to make reasonable estimates on all the data that are missing.

6.7 References

[1] N. Q. Minh and T. Takahashi, Science and Technology of Ceramic Fuel Cells. Else¬

vier Science B. V, Amsterdam, The Netherlands, 1995.

[2] Y Tokura and Y Tomioka, "Colossal Magnetoresistive Manganites," J. Magn.

Magn. Mater, 200 [1] 1-23 (1999).

[3] Y Moritomo, A. Asamitsu, H. Kuwahara, and Y Tokura, "Giant Magnetoresist¬

ance of Manganese Oxides with a Layered Perovskite Structure," Nature, 380, 141—

144 (1996).

[4] A. Feltz, R. Kriegel, and W. Pölzl, "Sr7Mn40i5 Ceramics for High Temperature

NTC Thermistors,";. Mafer. Sei. Lett, 18, 1693-1695 (1999).

[5] T. Negas and R. S. Roth, "The System SrMn03 x," J. Solid State Chem., 1, 409-418

(1970).

[6] T. Negas, "The SrMn03 x- Mn304 System," J. Solid State Chem., 7, 85-88 (1973).

230



[7] K. Kuroda, S. Shinozaki, K. Uematsu, N. Mizutani, and M. Kato, "Phase Rela¬

tion and Oxygen Deficiency of SrMn03x," Nippon Kagaku Kaishi, 11, 1620-1625

(1977), in Japanese.

[8] K. Kuroda, K. Shinozaki, K. Uematsu, N. Mizutani, and M. Kato, "Oxygen-

Deficiency-Induced Polymorphs and Electrical Conductivity of SrMn03 x," J. Am.

Ceram. Soc, 63 [1] 109-110 (1980).

[9] N. Mizutani, A. Kitazawa, N. Ohkuma, and M. Kato, "Synthesis of Strontium-

Manganese Double Oxides," Kogyo Kagaki Zasshi, 73 [6] 1097-1103 (1970), in Japa¬

nese.

[10] V. Caignaert, N. Nguyen, M. Hervieu, and B. Raveau, "Sr2Mn205, an Oxygen-

Deficient Perovskite with Mn(III) in Square Pyramidal Coordination," Mater. Res.

Bull, 20 [5] 479-484 (1985).

[11] T. Mori, K. Inoue, N. Kamegashira, Y Yamaguchi, and K. Ohoyama, "Neutron

Diffraction Study of Sr2Mn205," J. Alloys Compd., 296, 92-97 (2000).

[12] O. Chmaissem, B. Dabrowski, S. Kolesnik, J.Mais, D.E. Brown, R. Kruk,

P Prior, B. Pyles, and J. D. Jorgensen, "Relationship between Structural Parameters

and the Néel Temperature in Sri xCaxMn03 (0 < x < 1) and Sri yBayMn03 (y <

0.2)," Phys. Rev. B, 64 [13] 134412 (2001).

[13] S. N. Ruddlesden and P. Popper, "The Compound Sr3Ti207 and its Structure,"

Acfa Crystallogr, 11, 54-55 (1958).

231



[14] N. Mizutani, N. Ohkuma, A. Kitazawa, and M. Kato, "Modifications and Oxy¬

gen Deficiency of Strontium-Manganese Double Oxides, SrMn03 §(5 = 0- 0.5),"

Kogyo Kagaki Zasshi, 73 [6] 1103-1110 (1970), in Japanese.

[15] R. Kriegel, A. Feltz, L. Walz, A.Simon, and H.-J. Mattausch, "On the Com¬

pound Sr7Mn40i5 and its relation to the structures of Sr2Mn04 and oc-SrMn03,"

Z. anorg. allg. Chem., 617, 99-104 (1992), in German.

[16] K. Kuroda, N. Ishizawa, N. Mizutani, and M. Kato, "The Crystal Structure of

oc-SrMn03,"7. Solid State Chem., 38, 297-299 (1981).

[17] P. D. Battle, T. C. Gibb, and C. W. Jones, "The Structural and Magnetic Proper¬

ties of SrMn03: A Reinvestigation," J. Solid State Chem., 74, 60-66 (1988).

[18] R. S. Tichy and J. B. Goodenough, "Oxygen Permeation in Cubic SrMn03 §,"

Solid State Scl, 4, 661-664 (2002).

[19] D. Balz and K. Plieth, "The Structure of Potassium Nickel Fluoride, K2NiF4,"

Z. Elektrochem., 59 [6] 545-551 (1955), in German.

[20] K. Tezuka, M. Inamura, Y Hinatsu, Y Shimojo, and Y Morii, "Crystal Struc¬

tures and Magnetic Properties of Ca2xSrx04," J. Solid State Chem., 145, 705-710

(1999).

[21] J. F. Mitchell, J. E. Millburn, M. Medarde, S. Short, J. D. Jorgensen, and M. T.

Fernândez-Diaz, "Sr3Mn207: Mn4+ Parent Compound of the n=2 Layered CMR

Manganites,";. Solid State Chem., 141 [2] 599-603 (1998).

232



[22] J. Fabry, J. Hybler, Z. Jirak, K. Jurek, K. Maly, M. Nevriva, and V. Petricek,

"Preparation and the Crystal Structure of a New Manganate, Sr4Mn3Oi0," J. Solid

State Chem., 73, 520-523 (1988).

[23] N. Floros, M. Hervieu, G. van Tendeloo, C. Michel, A. Maignan, and

B. Raveau, "The Layered Manganate Sr4 xBaxMn3Oi0: Synthesis, Structural and

Magnetic Properties," Solid State Sei., 2, 1-9 (2000).

[24] J. F Vente, J. R. Plaisier, D. J. V. Ijdo, and K. V. Kamenev, "Preparation and

Crystallographic Properties of Sr7 x(Ca/Ba)xMn40i5," Mafer. Res. Bull, 35 [14-15]

2437-2444 (2000).

[25] D. Risold, B. Hallstedt, and L.J. Gauckler, "The Strontium-Oxygen System,"

Calphad, 20 [3] 353-361 (1996).

[26] A. N. Grundy, B. Hallstedt, and L. J. Gauckler, "Assessment of the Mn-0 Sys¬

tem,";. Phase Equilib., 24 [1] 21-39 (2003).

[27] M. Hillert, "The Compound Energy Formalism,";. Alloys Compd., 320,161-176

(2001).

[28] K. Frisk and M. Selleby, "The Compound Energy Formalism: Applications," ;.

Alloys Compd., 320, 177-188 (2001).

[29] M. Hillert, B. Jansson, B. Sundman, and J. Âgren, "A Two-Sublattice Model for

Molten Solutions with Different Tendency for Ionization," Metall. Trans. A, 16A [2]

261-266 (1985).

233



[30] B. Sundman, "Modification of the Two-Sublattice Model for Liquids," Calphad,

15 [2] 109-119(1991).

[31] J. Bouloux, J. Soubeyroux, G. Le Flem, and P. Hagenmuller, "Bidimensional

Magnetic Properties of ß-Sr2Mn04," J. Solid State Chem., 38, 34-39 (1981).

[32] J. F Vente, K. V. Kamenev, and D. A. Sokolov, "Structural and Magnetic Prop¬

erties of Layered Sr7Mn40i5," Phys. Rev. B, 64 [21] 214403 (2001).

[33] B. Bochu, J. Chenavas, J. C. Joubert, and M. Marezio, "High Pressure Synthesis

and Crystal Structure of a New Series of Perovskite-Like Compounds CMn70i2 (C

= Na, Ca, Cd, Sr, La, Nd)," J. Solid State Chem., 11, 88-93 (1974).

[34] G. H. Jonker and J. H. van Santen, "Ferromagnetic Compounds of Manganese

with Perovskite Structure," Physica, 16 [3] 337-349 (1950).

[35] H. Yokokawa, N. Sakai, T. Kawada, and M. Dokiya, "Chemical Thermody¬

namic Considerations on Chemical Stability of (Lai xSrx)yMn03 Perovskite Air

Electrode against Reaction with Zr02 Electrolyte in SOFC," Denki Kagaku, 58 [2]

161-171 (1990), in Japanese.

[36] L. Rormark, S. Stolen, K. Wiik, and T. Grande, "Enthalpies of Formation of

Lai xAxMn03±5 (A=Ca and Sr) Measured by High-Temperature Solution Calorim¬

etry," ;. Solid State Chem., 163, 186-193 (2002).

[37] S. Tanasescu, N. D. Totir, and D. I. Marchidan, "Thermodynamic Properties of

the SrFe02 5 and SrMn02 5 Brownmillerite-Like Compounds by means of EMF-

Measurements," Solid State Ionics, 134, 265-270 (2000).

234



[38] M. Temkin, "Mixtures of Fused Salts as Ionic Solutions," Acfa Physicochim.

URSS, 20 [4] 411-420 (1945).

[39] A. T. Dinsdale, "SGTE Data for Pure Elements," Calphad, 15 [4] 317-425 (1991).

[40] B. Sundman, B. Jansson, and J.-O. Andersson, "The Thermo-Calc Databank

System," Calphad, 9 [2] 153-190 (1985).

235



7 Assessment of the La - Sr - Mn - O System

A. N. Grundy, B. Hallstedt and L. J. Gauckler: /. Am. Ceram. Soc. (submitted)

Abstract

In the La - Sr - Mn - O oxide system the perovskite phase (La, Sr)Mn03 and

the two Ruddlesden - Popper phases, (La, Sr)2Mn04 and (La, Sr)3Mn207, are

known to show substitution ofSr2+ for La3+. All three phases show very inter¬

esting electronic and magnetic properties, such as giant magnetoresistivity

(GMR), that strongly depend on the oxidation state ofMn. Using the CAL¬

PHAD approach and applying the compound energy formalism we model the

La - solubility in the Ruddlesden - Popper phases in the simplest possible way

with La3+ substituting for Sr2+ and Mn4+ simultaneously being reduced to

Mn3+. We model no oxygen nonstoichiometry, even though they probably show

both oxygen excess and deficiency due to lack of experimental data. In the case

of the perovskite phase more experimental data exists and we model all possible

nonstoichiometries, oxygen deficiency oxygen excess, Sr - solubility and also

cation nonstoichiometry meaning, that the ratio (La + Sr)/Mn can deviate

from one. The model required might seem quite complex, however it is simply a

combination of the models previously used to describe the LaMn03 and

SrMn03 perovskites. The optimization of two interaction parameters is suffi¬

cient to model all experimental data on (La, Sr)Mn03 perovskites to within

experimental uncertainty. In this paper we concentrate on the high tempera-
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fure properties of the perovskite and do not model the low temperature struc¬

tural and magnetic transitions.

7.1 Introduction

The (Sri xLax)Mn03 perovskites and also their layered counterparts, the com¬

pounds of the general formula (Sri xLax)n+iMnn03n+i with n = 1 and 2, show a

large number of extraordinary and interesting properties. These include giant - or

colossal magnetoresistivity, spin - glass behaviour, metal to insulator transitions,

charge ordering, and magnetic transitions that are closely coupled to structural

transitions that occur at low temperatures. Already over 50 years ago first pioneer¬

ing studies were conducted on these perovskites trying to elucidate these intrigu¬

ing properties. First low temperature (<400K) phase diagrams were presented

mapping out structural and magnetic transitions as a function of Sr - doping [1]

[2]. Then interest shifted from low temperature properties to high temperature

properties like oxygen nonstoichiometry, electrical conductivity and catalytic

activity as (La, Sr)Mn03 perovskites were found to be the material of choice for

solid oxide fuel cell cathodes [3]. Recently, there has been yet an other huge

increase in the research on Lai *SrxMn03 perovskites and their layered counter¬

parts, sparked by the discovery of giant magnetoresistivity in these materials [4]

[5] [6] and their potential application as materials for magnetic sensors or reading

heads in magnetic storage devices. Since then a lot of work has been conducted on

magnetic and metal-insulator transitions, that are closely related to structural tran¬

sitions [7] [8] [9] [10] [11] [12] and a number of T - x and Pq2 -x phase diagrams for

Lai *SrxMn03 with temperatures up to -400K have been presented [11] [13] [14]
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[15] [16] [17] [18]. It must be kept in mind, that the perovskites described in these

diagrams are metastable, their oxygen content and Mn - valency depending on the

heat treatment and cooling regime. Similarly the low temperature properties of the

layered compounds (La, Sr)n+iMnn03n+i with n = 1, 2 and 3, have been exten¬

sively studied [19] [20] [21] [22] [23] [24], the high temperature properties, oxygen

stoichiometry and stability of these phases however have not.

The unique electronic and magnetic properties of the perovskites (and also their

layered counterparts) at low temperatures are largely governed by the Mn valency,

that is in turn a function not only of the composition but equally importantly the

thermal history of the phase. Consequently an understanding of the high tempera¬

ture defect chemistry of the phases is vital, if an understanding of the low temper¬

ature electronic and magnetic properties is to be achieved. The high temperature

defect chemistry exhibited by the perovskites is quite multifaceted as they may

show oxygen deficiency, oxygen excess, cation nonstoichiometry, meaning that the

(Sr + La)/Mn ratio may differ from one and also complete solid solubility from

LaMn03 to SrMn03 above 1800K. The defect chemistry of their layered counter¬

parts is probably equally complex, however almost no experimental data exists.

In previous papers we optimized the systems La - Mn - O [25], Sr - Mn - O [26] and

La-Sr-0 [27] using the CALPHAD approach [28]. The solution phases are mod¬

elled using the compound energy formalism [29] [30] and the liquid using the two

sublattice model for ionic liquids [31] [32]. One advantage of these models is that

assessments of lower order systems can be combined, allowing extrapolation to

higher order systems. In this paper we combine these three assessments and

extrapolate to the quaternary La - Sr - Mn - O system. The descriptions of the
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phases Sr2Mn04 and Sr3Mn207 are extended in this work to include La - solubility

and the descriptions of the LaMn03 and SrMn03 perovskites are merged in order

to describe the phase (La, Sr)Mn03 that shows complete solid solubility above

1800K.

In a previous paper [33] we show, that an ideal extrapolation from the two ternary

systems describes the properties of the Sr - doped perovskite reasonably well. In

this work we optimize two second order interaction parameters, that are sufficient

to reproduce the experimental thermodynamic, defect chemistry and phase dia¬

gram data on the phase to within experimental accuracy.

The ranges of stability and thermodynamic properties of the phases (La, Sr)2Mn04

and (La, Sr)3Mn207 are poorly known. In the Sr - Mn - O system these phases are

stable at high temperatures. The dissolution of La seems to stabilize the phases

towards low oxygen partial pressures and low temperatures, however quantitative

data is missing. Here we model La dissolution with the simplest model possible,

that involves the reduction of one Mn4+ to Mn3+ on the substitution of one Sr2+ by

one La3+. Li and Greaves [34] report that the phase (La, Sr)2Mn04 shows oxygen

deficiency at low oxygen partial pressures and considerable oxygen excess, that

they believe is incorporated interstitially, at 823K in air. We model neither oxygen

excess nor deficiency in either of these phases, even though they are more than

likely to show a certain amount of oxygen nonstoichiometry, as not sufficient

experimental data is available. No parameters are optimized for the liquid phase,

as no experimental data exists. The liquid phase is thus presented as an ideal

extrapolation from the ternaries.
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7.2 Literature Survey

7.2.1 Phase Diagram

Quite a number of phases are stable in the oxide portion of the quaternary

La - Sr - Mn - O system. An overview of the phases can be gained by the isother¬

mal sections calculated at various temperatures and oxygen partial pressures (fig¬

ures 52 and 53). The stable phases found include the binary oxides A-La203,

H - La203 and X - La203, SrO and Sr02 and Mnx xO, a - Mn304, ß - Mn304,

Mn203 and Mn02 the descriptions of which are taken from assessments of the cor¬

responding binary systems [35] [36] [37]. From the La-Sr-0 system [27] it is

known, that La203 dissolves up to ~10mol% SrO and SrO dissolves a very small

amount of La203. It is further known, that two additional phases, a solution phase

with a composition centred around La4Sr07 and the stoichiometric phase La4Sr30g

are stable at high temperatures. Solubility of manganese in any of these phases is

unknown. The prominent phase in the La - Mn - O system [25] is the perovskite

phase Lai x^ni X)3 z,
that shows both cation nonstoichiometry and oxygen hypo-

and hyper stoichiometry and needs to be described using quite an elaborate ther¬

modynamic model. Further the phase La2Mn04 is found that crystallizes in the

K2NiF4 structure type (IMmmm) and is stable at high temperatures and low oxy¬

gen partial pressures. In the Sr - Mn - O [26] system the perovskite phase SrMn03 z

that is isostructural to the La - perovskite is stable at high temperatures. On

decreasing the temperature it transforms into a hexagonal 4 - layer phase,

4H - SrMn03 z.
Both these phases show oxygen deficiency as a function of temper¬

ature and oxygen partial pressure. Further phases found in the Sr - Mn - O system

are Sr4Mn3Oi0, Sr7Mn40i5 and SrMn306 z
that are not known to dissolve any lan-
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thanum and the layered Ruddlesden - Popper phases Sr2Mn04 and Sr3Mn207,

both with the crystal structure IMmmm and the structure types K2NiF4 and

Sr3Ti207, respectively, that show considerable lanthanum solubility. The three

phases that extend into the quasi - ternary MnOx - SrO - LaOi 5 system and need to

be optimized in this work are therefore (Lai xSrx)Mn03, (Lai xSrx)2Mn04 and (Sri

xLax)3Mn207. The crystal structures of the solution phases are identical to the cor¬

responding undoped phases. Pavia - Santos ef al. [38] attribute the structure of

La0.65Sro.35Mn03 fired at 1573K to the R3c space group. On lowering the tempera¬

tures the Sr - doped perovskite shows the same transformations as the undoped

LaMn03 perovskite. It first transforms into a pseudo cubic orthorhombic phase

and on further cooling into a Jahn - Teller distorted orthorhombic phase. The tem¬

peratures at which these transformations take place depend sensitively on compo¬

sition and manganese valency.

Velazquez ef al. [39] determined the phase Lai 2Sri 8Mn207 to belong to the space

group IMmmm. Li and Greaves [34] determined, that also the phase

Lai 2Sr0 8Mn04 belongs to the space group IMmmm. The data on La - Sr solubility

in these three phases is discussed below.

Jonker and van Santen [1] find the perovskite structure up to a maximum Sr - con¬

tent of Lan.3Srn 7Mn03 for their samples sintered in air at 1623K to 1723K. Rormark

ef al [40] state, that below the 4H - SrMn03 -> P - SrMn03 transition, the limit of

Sr - solubility is round Lai *SrxMn03, with x~0.2-0.3. Majewski ef al [41] made

basic phase diagram investigation in the La203 - SrO - Mn304 system in air and

present the pseudo binary section LaMnOx - SrMnOx. Above 1623K they find a

continuous solid solution between the two endmembers. Below this temperature
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they find a two phase region, that they interpret as a miscibility gap. Gaudon ef al.

[42] give a maximum Sr - solubility in Lai xSrxMn03 of x = 0.5 in air at 873 - 1273K.

Slobodin al. [43] determined the range of x in Lai xSrxMn03 to be 0 < x < 0.2 at

1173K in air and 0 < x < 0.35 at 1273K to 1473K in air.

Takeda ef al. [44] determined the A site deficiency (y) for (Lai xSrx)i yMn03 as a

function of Sr doping (x) at 1723K in air. They found that the A site deficiency (y)

decreases from 0.1 for x = 0 to 0.025 for x = 0.4. Cook ef al. [45] prepared single

phase samples with the compositions (Lao.g3Sr0o9)o.96Mn03+z,

(La0.8oSr0.2o)o.97Mn03+z and (La0 7iSr0 30)0 94Mn03+z in air at 1473K thereby giving

a minimum A-site deficiency for strontium doped samples.

Blasse [46] prepared the K2NiF4 - type phase (La0.5Sr05)2MnO4 at 1573K in N2.

Benabad ef al. [47] prepared LaxSr2 xMn04 with 0 < x < 1 at 1673K in argon. Using

the floating zone method, Reutler ef al. [48] grew single crystals of the phase

LaxSr2 xMn04 with 0.4 < x < 1, Morimoto ef al. [49] with 0.3 < x < 1. Bao ef al. [50]

prepared samples with 0 < x < 1 in air at 1753K.

Using a floating zone crystal growth method, Velazquez ef al. [39] found that the

phase Lai 2Sri 8Mn207 to have a slightly peritectic melting point. They did not

give a temperature, however. Kikuchi ef al. [51] were able to synthesize single

phase samples of composition Lai xSrxMn03 for 0.5 < x < 1 at 1623K under argon

and in air.
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7.2.2 Oxygen Nonstoichiometry in the Perovskite Phase

Strontium doped lanthanum manganite perovskites show considerable oxygen

nonstoichiometry as can be seen from the equilibrium oxygen content in

La08Sr02MnO3 (top) and La06Sr04MnO3 (bottom) at 873K, 1073K, 1273K 1473K

and 1673K compared to experimental data in function of oxygen partial pressure

(figure 54). The mechanism for oxygen deficiency is the reduction of manganese

accompanied by the formation of oxygen vacancies. As discussed in detail else¬

where [25], oxygen excess is achieved by the oxidation of manganese and the for¬

mation of equal amounts of cation vacancies on both cation sublattices. The

mechanisms for Sr doped perovskites are identical to those for undoped LaMn03.

The dissolution of Sr2+ in LaMn03 leads to a charge deficiency. At a given temper¬

ature and oxygen partial pressure this charge deficiency is compensated in part by

the oxidation of Mn3+to Mn4+ and in part by the formation of oxygen vacancies.

The relative importance of the two mechanisms changes as a function of tempera¬

ture, oxygen partial pressure and Sr - doping. Jonker and van Santen [1] deter¬

mined the amount of Mn4+ as a function of Sr - doping in their samples fired in air

at 1623K. They find that the Mn4+ content increases with increasing Sr content.

Nakamura ef al. [52] state, that they find the Mn4+ content to be independent of

Sr - doping, which would indicate that Sr - doping leads to additional oxygen

vacancies. They also show plots of oxygen excess as a function of Sr content for dif¬

ferent oxygen partial pressures. This data however can not be used, as no indica¬

tion is made on how the data was obtained. Mikkelsen and Skou [53] find that the

chemical diffusion coefficient of oxygen is independent of the Sr content discount¬

ing the formation of additional oxygen vacancies on increasing Sr - doping.
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Beizner ef al. [54] also find similar chemical diffusion coefficients for oxygen for

their two samples of composition Lao.7gSr0 2Mn03 and Lan^Srn. sMn03. They also

determined the oxygen deficiency as a function of oxygen partial pressure for the

temperatures 973K, 1033K, 1088K and 1133K. Carter ef al. [55] on the other hand

find an increase in the oxygen self diffusion on increasing the Sr - doping of their

samples annealed in air at 1773K. They conclude from this, that Sr - doping must

lead to the formation of additional oxygen vacancies. Rekas ef al. [56] find that

reducing the oxygen partial pressure increases the chemical diffusion coefficient of

oxygen indicating the formation of oxygen vacancies. Mahendiran ef al. [19] deter¬

mined the Mn4+ content of samples of composition Lai xSrxMn03 for x = 0.1, 0.2,

0.3, 0.4 and 0.5 annealed at 1223K in air and find the Mn4+ content to increase on

increasing Sr - doping. Gaudon ef al. [42] determined the oxygen excess and the

mean manganese valency of Lai xSrxMn03 for 0 < x < 0.5 in air at 1273K. All their

samples show oxygen excess. For doping levels up to x = 0.3 the Mn4+ content is

constant and the oxygen excess is reduced as a function of Sr doping. Above

x = 0.3 the oxygen excess is small and the Mn4+ content increases with increasing

Sr - doping. Wolfenstine ef al. [57] find that the creep rate for Lai xSrxMn03 sin¬

tered in air at 1773K, that is determined by cation diffusion, decreases with

increased Sr doping. This indicates, that oxygen excess leads to cation vacancies in

Sr doped LaMn03 and that the oxygen excess decreases with increasing Sr content.

Krogh Andersen ef al. [58] determined the manganese valency in Lai xSrxMn03

samples annealed at 1373K in air with 0 < x < 0.5 by two different wet chemical

methods, manganese titration and the iodometry method. Using both thermo-

gravimetry and coulometric titration, Tagawa ef al. [59] measured the oxygen non-
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stoichiometry of La09Sr0 iMn03 at 873K, 973K, 1073K, 1173K and 1273K as a

function of P02 and the oxygen nonstoichiometry of Lai xSrxMn03 for 0 < x < 0.5

at 873K as a function of Pq2- There are quite a large number of thermogravimetric

measurements of oxygen content of the perovskites as a function of temperature,

oxygen partial pressure and Sr content. Kuo ef al. [60] measured the oxygen con¬

tent as a function of oxygen partial pressure for 1273K, 1373K and 1473K for

Lai xSrxMn03 with 0.01 < x < 0.2. Mizusaki ef al. [61] measured the oxygen defi¬

ciency of La0.6Sro.4Mn03 as a function of oxygen partial pressure for temperatures

of 873K to 1273K. They find two plateau regions in their curves, one corresponding

to an oxygen deficiency of Lan..6Srn..4Mn02 9775 and an other one at La0.6Sro.4Mn03.

They determined the oxygen nonstoichiometry gravimetrically and used the

weight of the decomposed sample as reference. The sample decomposes to MnO

and (La0.6Sro.4)2Mn04. The latter phase is more than likely to show oxygen defi¬

ciency at the low oxygen partial pressures involved, making the choice of reference

somewhat questionable. We believe the plateau at La0 6Sr0 4Mn02 g775 in fact corre¬

sponds to the stoichiometric perovskite. In later papers by the same group [62] [63]

a large number of measurements of oxygen nonstoichiometry of Lai xSrxMn03 for

0 < x < 0.5 between 873K and 1273K as a function of oxygen partial pressure are

presented. Kofstad and Petrov [64] measured the oxygen nonstoichiometry ther-

mogravimetrically of samples Lai xSrxMn03 for 0 < x < 0.3 for temperatures of

1173K to 1423K and oxygen partial pressures of 10 6bar to lbar. Tagawa ef al. [65]

determined the oxygen nonstoichiometry of Lai xSrxMn03 for 0 < x < 0.5 at tem¬

peratures between 873K and 1273K as a function of P02- Zachau - Christiansen ef

al. [66] determined the oxygen nonstoichiometry of (La095Sr005)i.03MnO3 and
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(La0.85Sr0 i5)o.g8Mn03 as a function of P02 at 1273K, thus providing rare data on

B - and A - site deficient Sr - doped perovskites respectively. Tanasescu ef al. [67]

determined the equilibrium partial pressures of oxygen in La0 7Sr0 3Mn03 between

1073K and 1373K as a function of oxygen nonstoichiometry by applying a solid

state electrochemical technique. Most experimental data are consistent and there is

enough data to give a complete picture of oxygen nonstoichiometry in Sr - doped

perovskites in a wide range of temperature and oxygen partial pressures.

7.2.3 Oxygen Nonstoichiometry in the Other Phases

It is highly likely, that not only the phase (La, Sr)Mn03 shows both oxygen excess

and deficiency but probably all other phases also. For the (La, Sr)2Mn04 phase, Li

and Greaves [34] find significant oxygen nonstoichiometry. The oxygen content of

their reduced sample is Lai 2Sr0 8Mn03 g4 and increases to Lai 2Sr0 8Mn04 27 when

the sample is annealed at 823K in air. They performed Rietveld analysis of the oxi¬

dised sample under the assumption, that the excess oxygen sits on interstitial sites.

This is however the only mention of oxygen nonstoichiometry in these phases.

7.2.4 Thermodynamic Data

The heat of formation of Lao.gSr0 iMn03, La07Sr0 3Mn03 and Lan^Srn. sMn03 has

been determined by Laberty ef al. [68] and of La0 8Sr0 2Mn03 05i, La0 6Sr0 4Mn03

La04Sr0 gMn03 and La02Sr0 8Mn03 by Rormark ef al. [40] using high temperature

reaction calorimetry with molten lead borate as solvent. The determined values of

AfH are -1412.7, -1353.8 and -1294.2kJ/mol at 298K and -1421.3, -1372.3, -1328.5 and

-1285.6kJ/mol at 993K respectively.
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Hildrum ef al. [69] state, that La0 8Sr0 2Mn03 decomposes at P02 ~ 10 bar at

1273K. Mizusaki ef al. [61] determined the oxygen partial pressure at which the

phases La0 6Sr0 4Mn03 and La0 8Sr0 2Mn03 decompose as a function of tempera¬

ture. In a later paper [62] they also determined the decomposition pressures for the

compositions Lai xSrxMn03 with x=0, 0.1, 0.2, 0.3, 0.4 and 0.5. Kuo etal. [60] meas¬

ured the decomposition pressures for x=0, 0.01, 0.1 and 0.2. Hildrum ef al. [70]

measured the oxygen potential of Lao.8Sr0 2Mn03 using EMF with the reference

Ni/NiO at 1273K, 1323K and 1373K. Tagawa etal. [65] determined the oxygen par¬

tial pressures at which Lai xSrxMn03 decomposes as a function of temperature in

the range of 873K to 1273K. For the samples with x < 0.2, they find that the per¬

ovskite decomposes to MnO and La203, whereas for x > 0.2 the phase

(LaixSrx)2Mn04 is formed. On further reducing the oxygen partial pressure, this

phase also decomposes to the constituent oxides. For x = 0.2 and x = 0.3 they give

the oxygen partial pressure as a function of temperature for this reaction also.

7.3 Thermodynamic Modelling

7.3.1 The Ionic Liquid

We use the two sublattice model for ionic liquids [31] [32] to describe the liquid

phase in the quaternary La - Sr - Mn - O system using the following sublattice

occupation:

(La3+, Sr2+, Mn2+, Mn3+)p (02~, Va^q- (Eq 120)

The Gibbs energy of the liquid phase for the quaternary system is obtained by

extrapolation from the lower order systems [25] [26] [27]. Mn4+ is not included, as
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it is not known to be stable in the liquid at ambient oxygen partial pressures.

Vacancies on the anion sublattice are required to maintain charge neutrality and to

allow a description towards a metallic liquid containing cations only. The number

of sites on the respective sublattice, p and q, must vary with composition in order

to maintain charge neutrality.

7.3.2 The (La, Sr)Mn03 Perovskite phase

The sublattice occupation, that needs to be considered in the case of the LSM-Per-

ovskite phase is

(La3+, Mn3+, Sr2+, Va)i(Mn2+, Mn3+, Mn4+, Va)i(02~, Va)3. (Eq 121)

Using the compound energy model [29] [30], the Gibbs energy of this phase is

given by the following expression

Gm = I W^G^T + RT- (5>. lny. + £v lnv + 3^7, lny, ) (Eq 122)
U j, k

E^Perov
+

Gm

where i are the cations on the A-sublattice, j are the cations on the B-sublattice and

k are the cations on the anion sublattice. This description leeds to a total of 32 not

necessarily neutral end compositions for the perovskite, that need to be given val¬

ues for their Gibbs energies, °G. The configurational entropy is the sum of the

entropies arising from the mixing of ions and vacancies on the three respective

sublattices.

In the previous assessments of the La - Mn - O system [25], 24 of these parameters

and in the Sr - Mn - O [26] system 4 more of these parameters have already been

optimized. However two different references were used in the two optimizations.
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For the La - Mn - O system, °G
,
was chosen as reference and for the Sr

J
Va Va 02~

o.
Mn - O system G

,. 4+ was chosen as the reference. As it is of course not
J

Sr2 Mn Va

possible to have two different references, we must first make sure that the two ref¬

erences are the same. We do this by calculating the parameter °G
,. 4+

using
J Ö ^

Sr2+ Mnt Va
b

parameters from the La - Mn - O system. For this we use the following reciprocal

relation:

Audi t eu G 2+ ,, 4+,.
+ G 3+ 4+ 2-~ G 2+ -., 4+ „2-~~ G 3+ 4+

(Eq \û6)
Ki.Loivi §r y[n ya La jyjn g Sr Mn O La Mn Va *

Inserting the parameters taken from the La - Mn - O [25] and Sr - Mn - O [26] sys¬

tem leads to the following value for the parameter °G
2+ 4+

Sr Mn Va

°GSr2+Mn4+Va = GS4° " î^^ " AGR1, LM + AGR9, LM (Eql24)

~ AGR10; LM ~ AGR1; LSM

The only difference between this value and the value used as reference for the

Sr - Mn - O system are the reciprocal relations. As we were careful to give these the

value zero for the optimizations of the La - Mn - O and Sr - Mn - O systems, it fol¬

lows that the two references are identical. We can thus simply combine the °G -

values optimized in the Sr - Mn - O and La - Mn - O systems meaning that 28 of

the 32 parameters required are already determined. The four parameters

°G
,. 2+ , ,

°G
,. 2+ ,

°G0
2+,, 2-

and 0Go
2+w w

have on the other
Sr2+Mn O2 Sr2+Mn Va Sr Va O2 Sr Va Va

hand not yet been assessed and need to be given in relation to the parameters

given in the previous assessments. We relate these four missing parameters to the

252



parameters optimized for the Sr - Mn - O and La - Mn - O systems using the fol¬

lowing reciprocal relations:

AGR2, LSM = GSr2+ Mn2+ Q2"
+ GLa3+ Mn3+ O2"

" GSr2+ Mn3+ O2"
" GLa3+ Mn2+ O2" (Eq 125)

AGR3, LSM = °GSr2+ Va 02-
+ °GLa3+ Mn3+ o2.

- °GSr2+ Mn3+ Q2-
- 0G^i+ Va &. (Eq 126)

AGR4,LSM = °GSr2+Mn2+Va + °GLa3+Mn3+Va " °GSr2+Mn3+Va " Xa* Mn2+ Va
(E(l127)

AGR5, LSM = °GSr2+ Va Va

+ °GLa3+ Mn3+ Va

- °GSr2+ Mn3+ Va

- °GLa3+ Va Va
(Eq 128)

Inserting the known °G's from the Sr - Mn - O and the La - Mn - O system into

these four equations leads to the following expressions for the missing four °G's:

3G0
2+ 2+ „2.

= GS3 0+ GL20-GL3 0+1- °G?as -6RT
Sr Mn O 2 2 MIW-Ü
+ gAGRl,LM+gAGR8,LM+gAGR10,LM"gAGRl,SM+AGRl,LSM (Ecl 129)

°G
,+

I,
2
= GS3 0-GL3 0 + 2GL4VO-IgLV40+1-GVVV+ °G?as

Sr Va O 2 2 2

2RTm+H\
3

+ ÏRT
2 MIW-G 3RT MD-MÎ

\Kr i

_2ALrR5,
LM

~

ö^^R,
SM

rAGpc t \a
— —ls.Gt) ci«

+ AG
R2, LSM (Eq 130)

TSr2+ Mn2+ Va
GS3 0+GL20-GL30- °Goas -6RT M§)+Ms

gAGRl, LM ~ gAGR8, LM + gAGR10, LM ~ gAGR, SM R3, LSM (Eq 131)

°Go2+„
„

= GS3 0 + 2GL4VO-lGLV40+lGVVV-GL3 0-l°G?as
Sr Va Va T0,

3
+ iRT
2 nvH\ 2RTMYHk 3RTMiW-G

+ AGR1, LM~ AGR2, LM~ ÖAGR5, LM+ AGR10, LM+ ÄAGR, SM + AGR4, LSM (Ecl 132)
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Thus all °G parameters needed to describe the (La, Sr)Mn03 perovskites are deter-

E Pgtov
mined. What remains is the excess energy of mixing, Gm ,

in equation 122. This

term is given by the summation of a long string of interaction parameters between

all possible ions on the three sublattices. The only interaction parameters that we

consider to be of any importance here are interactions between La3+ and Sr2+ on

the A-sublattice, L
ev

2+ ,

and L
ev

2+ ,,
with / being the species on the

La ,Sr j k La ,Sr j k
u °

B - sublattice and k the species on the anion sublattice.

7.4 The Phases (La, Sr)2Mn04 and (La, Sr)3Mn207

In spite of their interesting magnetic and electronic properties, there exist very few

reports on the stability of these phases. The Sr rich endmembers of both phases are

stable at high temperatures [26]. As these phases are layered compounds with one

or two perovskite like layers alternating with layers of SrO, it makes sense to

model the phases with the following sublattice occupations:

(Sr2+)!(La3+, Sr2+)7(Mn3+, Mn^^O2^ (Eq 133)

and

(Sr2+)!(La3+, Sr2+)2(Mn3+, Mn4+)2(02-)7 (Eq 134)

The limit of La solubility for the two phases then becomes LaSrMn04 and

La2SrMn207 respectively. Even though the phase La2Mn04, known from the

La - Mn - O system [25] is isostructural to the phase (La, Sr)2Mn04 we choose the

model described above and not a model that allows a continuous description from
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Sr2Mn04 to La2Mn04 as there is no mention at all about the phase being stable

between the compositions LaSrMn03 and La2Mn04.

The two °G parameters that define the Gibbs energy of the endmembers of the

phase (La, Sr)2Mn04 are thus °GC, 21 2+ 4+ 2_
for the Sr - rich endmember and

r L ^ Sr Sr Mn O

°GC,
2+ T 3+ 3+ 2-

for the endmember LaSrMn03. We choose the parameter
Sr La Mn O o i

°G0
2+ o 2+ 3+ 2- as reference and give it the value

Sr Sr Mn O °

o (La,Sr)2Mn04 0
r ,

1 <V lo^Gas
m 1Q(-,

GSr2+ Sr2+ Mn3+ O2"
" 2

GSrO
+

^ GMn203
+

4 G02 m ^)

Using the following reciprocal relation

_ or(La,Sr)2Mn04 r, (La,Sr)2Mn04

*(La,Sr)2Mn04 ^ Sr2+Mn4+O2" VLa3+Mn3+02" Uiq 1-Sbj

o (La,Sr)2Mn04 c>r(La,Sr)2Mn04
— G„

2+
c

2+ ,, 3+ „2-
— G 2+

T
3+ ,, 4+ „2-

Sr Sr Mn O Sr La Mn O

the last °G parameter can be easily calculated as

o (La,Sr)2Mn04 c>r(La,Sr)2Mn04 c>r(La,Sr)2Mn04 0

G, 2+
T

3+ , , 4+ „2- lj 2+ „ 2+ , , 4+ „2-
~"~ G, 2+

t
3+ , , 3+ „2- -^ "SrD V-t^Q J-Û/J

Sr La Mn O Sr Sr Mn O Sr La Mn O
ÖIU ^

1 o.-, lo^Gas j-,

~2 Mn203~4 ^
~

K(La,Sr)2Mn04

The parameter °GC,
2+ „

22+ 4+ 2- is taken from the assessment of the Sr - Mn - O
1 Sr Sr Mn O

system [26] leaving 0Go
2+ T

\+ 3+ 2. as parameter to be optimized to model the
J Sr La Mn O

La solubility.

The phase (La, Sr)3Mn207 is modelled in an identical way. The Sr - rich endmem¬

ber 0Go
2+

0
2+

24+7
2- is taken from the assessment of the Sr - Mn - O system [26]

Sr Sr Mn O
J

o (La,Sr)3Mn207 0 „(La,Sr)3Mn207
.

and the parameters G„
2+ „ 2+

A,
3+ ^2-

and G„
2+

T
3+

A,
4+ ^2-

are given by expres-
1 Sr Sr Mn O Sr La Mn O

° J l

sions corresponding to equations 135 and 137. The terms °GSr0, "(^„o and
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°G0as of course need to be multiplied by two to give the correct stoichiometry. The

parameter used here to model the La solubility is thus °GC,
2+ T 3+

2

3+4 2- •

1 J Sr La Mn O

7.5 Optimization of Parameters

7.5.1 The Ionic Liquid

The quaternary La - Sr - Mn - O liquid is given as an ideal extrapolation of the

three ternaries oxide systems. No additional interaction parameters are optimized

as no experimental data exists.

7.5.2 The (La, Sr)Mn03 Perovskite phase

The data we use to optimize parameters for the (La, Sr)Mn03 perovskite phase are

enthalpy of formation of Sr - doped perovskites measured by Laberty ef al. [68]. We

did not use the various measurements of dissociation pressures of Sr - doped per¬

ovskites, as this phase does not decompose in a sharp reaction involving a four

phase invariant equilibrium. We use the equilibrium Sr - contents in the

(La, Sr)Mn03 perovskite in equilibrium with the hexagonal SrMn03 measured by

Jonker etal. [1] Gaudon etal. [42] and Slobodin etal. [43]. We do not model La solu¬

bility in hexagonal SrMn03 due to the lack of experimental data. Finally we use

the abundant measurements of the oxygen content in (La, Sr)Mn03 as a function of

Sr - content, temperature and oxygen partial pressure measured by Tagawa al. [65].

In a previous paper [33] we present some results on ideal extrapolation from the

La - Mn - O [25] and Sr - Mn - O [26] ternaries. There we show, that for high

Sr - doping levels the ideal extrapolation describes the experimental oxygen non¬

stoichiometry data quite well, whereas for low Sr - doping levels it does not. This
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means, that first order interaction parameters, L, between La and Sr
,
that are

symmetric cannot be used to improve the description, as they will strongly influ¬

ence the properties of the highly doped perovskite phase, but not change the prop¬

erties of the perovskite with low Sr content. The asymmetric second order

interaction parameters, 1L, however will. We found that two second order interac¬

tion parameters between Sr2+ and La3+ were necessary, one for oxidising condi¬

tions with Mn4+ on the B - sites and one for reducing conditions, with Mn2+ on the

B - sites. We assumed the interaction parameters to be independent of the occupa¬

tion of the anion sublattice.

7.5.3 The Phases (La, Sr)2Mn04 and (La, Sr)3Mn207

Here too the optimization of the parameters proved to be quite difficult as experi¬

mental data on the stability of these phases is all but missing. For this optimization

we simply fixed some points at which these phases are likely to be stable and opti¬

mized the parameters. We emphasise, however, that the stability ranges we

present here must be regarded as speculative.

7.6 Results and Discussion

In spite of the many interesting and technologically important properties of the

phases (La, Sr)Mn03, (La, Sr)2Mn04 and (La, Sr)3Mn203 and the many papers

published on these compounds there are still thermodynamic and phase diagram

properties of these phases that remain poorly understood. The interaction parame¬

ters optimized for the (La, Sr)Mn03 phase are listed in table XXXIV, as are the

parameters optimized for the phases (La, Sr)2Mn04 and (La, Sr)3Mn203 are
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(La, Sr)Mn03 phase: (La3+, Mn3+, Sr2+, Va)1(Mn2+, Mn3+, Mn4+, Va^O2 , Va),

1 (La,Sr)Mn03 i (La,Sr)Mn03

La3+, Sr Mn2+ O2- La3+, Sr Mn2+ Va

1 (La,Sr)Mn03
_

i (La,Sr)Mn03
_

La3+, Sr Mn4+ O2- La3+, Sr Mn4+ Va

(La, Sr)2Mn04 phase: (Sr2+)1(La3+, Sr2+)1(Mn3+, Mn4+)(02 )4

o (La,Sr)2Mn04
_

o„SrO lo„A-La203 10 Mn203

GSr2+ La3+ Mn3+ O2"
" GSrO +

^ GLa203 +

^ ^n^
" 6^0U

(La, Sr)3Mn207 phase: (Sr2+)1(La3+, Sr2+)2(Mn3+, Mn4+)2(02 )7

o (La,Sr)3Mn204
_ 0/^SrO , o^A-La203 0^Mn203

GSr2+La3+Mn3+O2"
"

GSrO
+

GLa203
+

GMn203
" [ j74UU

Table XXXIV. Thermodynamic parameters for the La -Sr - Mn - O system

°Go
2+T 3+ 3+ 2-

and 0Go 2+'T
3+

23+4
2.

that determine the range of La solubility
Sr La Mn O Sr La Mn O ° J

in the two phases. In the Sr - Mn - O system these phases are only stable at high

temperatures. The addition of La seems to stabilize the phases somewhat towards

lower temperatures. However very little is known about the ranges of stability of

these two phases. The interaction parameters optimized for the perovskite are

mainly determined by the measurements of oxygen nonstoichiometry as a func¬

tion of Sr - doping, temperature and oxygen partial pressure measured by Tagawa

ef al. [65] and significantly improve the description of this data, especially for low

doping levels, compared to an ideal extrapolation [33]. Figure 55 compares the cal¬

culated enthalpy of formation from the elements with the experimental data. Our

calculated curve lies between the data of Rormark ef al. [40] and Laberty ef al. [68].
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Fig. 55: Enthalpy of formation of (La, Sr)Mn03 from the elements at 298.15K

compared to literature data.

In figure 52 isothermal sections at 1073K in air (top) and at log(P02) = -18 (bottom)

are shown. In accordance with qualitative experimental data, the range of A - to

B - site non stoichiometry, (La + Sr)/Mn, is reduced on increasing Sr - content and

reduction of oxygen partial pressure. Also the range of Sr solubility is somewhat

reduced on decreasing oxygen partial pressure. It is further suggested, that the

phases (La, Sr)2Mn04 and (La, Sr)3Mn207 become stable at low oxygen partial

pressures. This too is in agreement with the fact, that most people synthesize these

phases under low oxygen partial pressures.
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Figure 53 shows an isothermal sections at 1473K calculated in air (top) and at

1923K in air (bottom). The experimental points in the section calculated at 1473K

show compositions where Cook ef al. [45] prepared single phase perovskite sam¬

ples. On increasing temperature the range of Sr solubility is increased whereas the

range of A - to B - site nonstoichiometry is reduced. From the extrapolation from

the Sr-Mn-0 system it follows, that the phases (La, Sr)2Mn04 and (La,

Sr)3Mn207 are stable at high temperatures only for low La contents. The magni¬

tude of Sr solubility as a function of temperature is unknown from literature. The

ranges of Sr solubility we present here are speculative. Figure 56 shows the Sr sol¬

ubility in the (La, Sr)Mn03 perovskite in equilibrium with hexagonal SrMn03

compared to the very scattered experimental data. Figures 54 show the oxygen

content in La08Sr02MnO3 (top) and La06Sr04MnO3 (bottom) for 873K, 1073K,

1273K, 1473K and 1673K compared to experimental data. The oxygen nonstoichi¬

ometry is reproduced quite well for all doping levels and all temperatures. At low

temperatures our calculated oxygen nonstoichiometry values are somewhat lower

than the measured ones. This could be improved by making the interaction param¬

eters temperature dependent. It is however also possible that the measured data is

too high due to the slow kinetics at these low temperatures. A complication that

arises when reducing (La, Sr)Mn03 perovskites is illustrated in figure 57. As the

phases (La, Sr)Mn03, (La, Sr)2Mn04 and (La, Sr)3Mn207 have variable cation com¬

positions three - phase equilibria are found on decreasing the oxygen partial pres¬

sure with one degree of freedom. This degree of freedom means that the cation

composition can change continuously, thereby also changing the total oxygen con¬

tent of the three - phase assemblage. These changes in cation composition are sure
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Fig. 56: Sr - solubility in (La, Sr)Mn03 perovskite in equilibrium with hexagonal

SrMn03 as a function of temperature compared to experimental data.

to be very slow. However, they might proceed partially on reduction of the per¬

ovskite. This means that the experimental data from literature might not represent

equilibrium states and the measured oxygen content must, to some extent, depend

on the speed at which the experiment is conducted. Even though figure 57 is rather

tentative it nevertheless illustrates the problem that needs to be kept in mind. Fig¬

ure 58 shows the site fraction in La0.8Sro.2Mn03 at 1273K as a function of oxygen

partial pressure. It can be seen, that the introduction of Sr2+ leads to a increased

content of Mn4+ at high oxygen partial pressures and on lowering the oxygen par-
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Fig. 57: Equilibrium Phase contents as a function of oxygen partial pressure at

1073K on decomposition of La0.6Sro.4Mn03.

tial pressure, oxygen vacancies are formed. It can also be seen, that in the region

between -10 < log(Pg2) < 0 Mn3+ is to quite a considerable extent disproportion-

ated into Mn4+ and Mn2+. Figure 59 compares the oxygen content at 1273K in air

and oxygen as a function of Sr content in (La, Sr)Mn03 with experimental data

from literature. Perovskites with Sr contents of above 0.1 mole fraction Sr are

metastable, which is why no experimental data exists. Figure 60 shows the corre¬

sponding site fractions in the (La, Sr)Mn03 perovskite in air at 1273K as a function
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Fig. 58: Site fractions in La0.8Sro.2Mn03 at 1273K as a function of oxygen partial

pressure.

of Sr content. It is shown, that the Mn4+ content does increase on increasing the

Sr - doping level, however, not in a simple linear manner.

7.7 Conclusions

In spite of the great technical and scientific interest of some phases in this system,

surprisingly little data on basic thermodynamic and phase diagram data are avail¬

able. Here we present a set of functions for the Gibbs energy of the phases

(La, Sr)Mn03 perovskite and (La, Sr)2Mn04 and (La, Sr)Mn207
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Fig. 59: Oxygen content in (La, Sr)Mn03 in air and in oxygen as a function of

Sr - doping at 1273K compared to literature data. The empty symbols

correspond to measurements in air, the full symbols to measurements in

oxygen.

Ruddlesden - Popper phases, assessed according the CALPHAD methodology.

These functions allow the calculation of all kinds of equilibrium thermodynamic

quantities as a function of temperature, any chemical potential or composition.

Two parameters were optimized to give reasonable La solubilities in the phases

(La, Sr)2Mn04 and (La, Sr)3Mn207 and two interaction parameters for the phase

(La, Sr)Mn03 that are mainly determined by literature data on oxygen nonstoichi¬

ometry as a function of oxygen partial pressure, temperature and Sr content. No
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Fig. 60: Site fractions in the (La, Sr)Mn03 perovskite as a function of Sr content

calculated in air at 1273K.

parameters were optimized for the liquid phase as nothing is known about the

melting properties of the quaternary. With these few parameters most of the exper¬

imental data can be reproduced quite well. Due to the fact, that care was taken to

choose a physically sound model description of the perovskite phase, meaningful

statements can be made about the nonstoichiometry and sublattice occupation as

function of any variable that is of interest, be it oxygen partial pressure, tempera¬

ture or composition. This is very useful, as the sublattice occupation determines all

the relevant and useful physical properties of the phase, such as magnetic proper-
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ties, electronic and ionic conductivity or diffusion. With this description it is also

very simply possible to calculate any desired isothermal or isoplethal phase dia¬

gram at any oxygen partial pressure. However, due to lack of basic experimental

phase diagram data, especially at low oxygen partial pressures and on the stability

of the phases (La, Sr)2Mn04 and (La, Sr)3Mn207, these diagrams must be regarded

as somewhat speculative. Such basic experimental phase diagram data is highly

desirable and could greatly improve this description.
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8 Defect Chemistry of (La,Sr)1_xMn1_y03_z
Perovskites

A. N. Grundy, B. Hallstedt and L. J. Gauckler: Solid State Ionics (submitted)

Abstract

The defect chemistry ofLai^Mn^yO^ perovskitesiS Q-U^e complex. We model

this phase using the compound energy formalism and applying the CALPHAD

methodology. In a stoichiometric perovskite the reduction of Mn3+ to Mn2+

leads to the formation of oxygen vacancies. When Mn3+ is partially oxidised to

Mn4+ equal amounts of vacancies are formed on the two cation sublattices

while the oxygen sublattice remains fully occupied. In the case ofcation nonsto¬

ichiometry the defect chemistry becomes somewhat controversial and less clear.

Cation nonstoichiometry is either accomplished by the formation of antisite

defects or by the formation of unequal quantities of vacancies on the two cation

sublattices. In the latter case, a further point, that the literature does not unan¬

imously agree on is how charge compensation is effectuated at a given tempera¬

ture and oxygen partial pressure when excess vacancies are formed on one of

the two cation sublattices. Two possibilities are conceivable: either oxygen

vacancies are formed or Mn3+ is partially oxidised to Mn4+. In this paper we

model the Lai-xMn1_y03_zperovskite without Mn3+ antisite defects using both

these possibilities for charge compensation and also with Mn3+ antisite defects

and compare how these models describe the literature data, in particular the

oxygen nonstoichiometry with x=y and x^y We also extrapolate these
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descriptions to check how they describe the (La, Sr)Mn03 perovskites. We find,

that the best description of the experimental data from literature is achieved

when Mn3+ antisite defects are allowed on the A-sublattice and charge compen¬

sation in the case of excess vacancies on one of the two cation sublattice sites is

accomplished by the partial oxidation ofMn3+ to Mn4+.

8.1 Introduction

The (La, Sr)Mn03 perovskite is a fascinating phase that displays a lot of interesting

and unusual properties. For some time it has been the material of choice for solid

oxide fuel cell cathodes [1] and recently it has attracted a lot of attention due to its

giant magnetoresistive properties [2]. For both applications, the defect structure of

the perovskite is of utmost importance. Undoped Lai xMni y03 z
shows cation

nonstoichiometry (x ^ y) and both oxygen excess and deficiency.

In a previous paper we assessed the La - Mn - O system and modelled the

Lai xMni y03 z perovskite [3] using the CALPHAD [4] methodology. The quintes¬

sence of this method is to model the Gibbs energy of all phases (here we only con¬

sider the perovskite phase) as a function of composition and temperature striving

for a best fit of not only all available thermodynamic data, but also of all phase dia¬

gram data, like composition of the phase in equilibrium with other phases and

composition of the phase as a function of temperature and oxygen partial pressure.

One unique property of Lai xMni y03 z perovskites is that they show both oxygen

excess and deficiency. On reduction of Mn3+ to Mn2+ oxygen vacancies are formed

thus maintaining charge neutrality. On oxidation of Mn3+ to Mn4+ equal amounts
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of vacancies are formed on A- and B-sites again maintaining charge neutrality.

Oxygen excess should therefore more correctly be referred to as cation deficiency.

The defect mechanism on oxidation/reduction of cation stoichiometric perovskites

is well known and unambiguous. However, the defect chemistry of the phase

Lai xMni y03 z
with x > y, that is often used in SOFC technology is somewhat con¬

troversial. The three different defect models listed below seem to be the ones most

likely at play.

l)Vacancies are formed on the lanthanum sublattice and the missing charge is

compensated by the formation of oxygen vacancies. In the following this mecha¬

nism will be termed "oxygen vacancy mechanism". Support for this model is the

observation that the mean manganese valency does not change when lanthanum

deficiency is introduced.

2) Vacancies are formed on the lanthanum sublattice and the missing charge is

compensated by the partial oxidation of Mn3+ to Mn4+. This mechanism will be

called "manganese oxidation mechanism". This model is supported by the fact,

that the oxygen diffusivity does not increase, meaning no additional oxygen

vacancies are formed, when going to a lanthanum deficient perovskite.

3) Lanthanum deficiency is caused by the formation of manganese antisite defects

on the lanthanum sublattice. This mechanism is termed "antisite defect mecha¬

nism". Only this model can simultaneously explain both the lack of oxygen vacan¬

cies and the lack of manganese oxidation on forming a lanthanum deficient

perovskite.
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These three models can also be formulated in an energetic way. The "oxygen

vacancy mechanism" would mean, that it is energetically more favourable to form

an oxygen vacancy and a lanthanum vacancy, than to form a lanthanum vacancy

and to oxidise Mn3+ to Mn4+ or to from a antisite defect on the lanthanum sublat¬

tice. If the energies of the various defects are similar, more than one defect model

can be at play simultaneously. It is also possible, that different defect mechanisms

become important at different temperatures and oxygen partial pressures.

When y > x in Lai xMni y03 z
then excess vacancies must be formed on the manga¬

nese sublattice as La3+ is to large to occupy B-sites. In this case the missing charge

can also be compensated by oxidation of manganese or by the formation of oxygen

vacancies.

In this paper we first model the Lai xMni y03 z perovskites without antisite

defects based on these two charge compensating mechanisms (mechanisms 1 and

2). We then investigate the Sr - doped perovskites, that are well known due to their

technological importance, by combining these two sets of parameters with the

parameters optimized for the SrMn03 perovskite [5] by extrapolation, and com¬

pare how these two descriptions of the LaMn03 perovskites describe the (La,

Sr)Mn03 perovskite. It is shown that the "oxygen vacancy mechanism" leads to an

unreasonable description of the Sr doped perovskite and must be rejected. How¬

ever the "manganese oxidation mechanism" does not satisfactorily describe the lit¬

erature data on oxygen nonstoichiometry in undoped lanthanum deficient

perovskites, in particular the numerous literature sources, that state that lantha¬

num deficiency does not change the average manganese valency. We conclude that

the most consistent reproduction of the experimental data from literature can only
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be achieved, when Mn is allowed to form antisite defects on the lanthanum sub-

lattice leaving the average Mn valency unchanged. This has been confirmed by

four very recent papers. Nakamura [6] find that the magnetic properties, that

depend on the Mn4+ content, are unchanged for stoichiometric and La deficient

perovskites and propose a defect model with Mn3+ forming antisite defects on the

La sublattice. Jena ef al. [7] find the electrical conductivity to be independent of the

La3+ deficiency and the ionic conductivity to be very low for all samples. These

findings can also only be rationalised when Mn3+ is allowed to sit on La sites.

Horyn ef al. [8] and Wolcyrz ef al. [9] finally, using refined neutron diffraction data,

density measurements and iodometric titration to determine the average Mn

valency, also come to the conclusion, that La deficiency is accomplished by Mn3+

forming antisite defects on the La sublattice.

8.2 Literature Data used for Optimizations

A more comprehensive review of literature data on the La - Mn - O [3] and

La - Sr - Mn - O [10] systems are given elsewhere. For the optimizations performed

here, we only consider the following experimental data.

The Gibbs energy of the reaction - La203 + MnO + - O2 = LaMn03 z
measured by

Atsumi etal. [11] using EMF and Borlera and Abbatista [12] and Mizusaki etal. [13]

using dissociation pressures were used for the three optimizations. Additionally

the heats of formation, measured by Laberty etal. [14], and Rormark etal. [15] were

used. These data mainly fix the parameter GL30 that determines the Gibbs energy

of stoichiometric LaMn03 as a function of temperature. The lanthanum deficiency

of Lai xMni y03 z
in equilibrium with MnOx and manganese deficiency in equilib-
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rium with La203, measured by van Roosmalen ef al. [16] in air, by Zachau-Chris¬

tiansen ef a/.[17] under low oxygen partial pressure, and by Bosak ef al. [18] in air

and under low oxygen partial pressure were used. We used the measurements of

the oxygen nonstoichiometry as a function of temperature and oxygen partial

pressure by Mizusaki ef al. [13] for LaMn03±^ La0.95MnO3±d and Lao.gMn03±d as

we found it to be the most comprehensive data set and agrees quite well with other

oxygen nonstoichiometry data. In addition the measurements of Alonso et al. [19]

were used as they were performed under high oxygen partial pressures giving val¬

uable additional information. This oxygen nonstoichiometry data makes up the

main bulk of experimental data. We further used the data on the average manga¬

nese valency in manganese deficient perovskites from Arulraj ef al. [20] as it the

only data of this kind. The oxygen nonstoichiometry of the Sr - doped perovskite is

taken from Tagawa ef al. [21].

8.3 Thermodynamic Modelling, Optimization of Parameters

As described above, the Lai xMni y03 z perovskite must be described considering

the following sublattice occupation

(La3+, Mn3+, Va) (Mn2+, Mn3+, Mn4+, Va) (O2, Va)3 (Eq 138)

In the framework of the compound energy model [22] [23], the Gibbs energy of

this phase is the weighed sum of the 24 (not necessarily neutral!) possible end-

member perovskites plus an entropy term for ideal mixing of the ions and vacan¬

cies on the respective sublattices. Examples of such charged endmember

perovskites are (La3+) (Mn2+) (O2 )3 or (Va)(Mn4+)(Va)3. The challenge now is to

assign values to the 24 °G's that define the perovskite phase. It is clear, that an opti-
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mization of an A+BT term for each of the 24°G's is out of question, as firstly, this

would result in too many independent parameters and, secondly, no experimental

data could be directly assigned any of the °G's, as most of the °G's (except for

°G e3r+°v
3+^2-

and °G,rero^
,,

) correspond to charged compounds, that cannot
La Mn O Va Va Va

L ° L

physically exist. The strategy we therefore employ to model the system is to

choose appropriate neutral endpoints of the model that can be assigned to sets of

experimental data and allow a complete description of the system. All the 24 °G's

are then rewritten using these neutral endpoints plus a combination of reciprocal

relations. This strategy and mathematical manipulations involved are explained in

detail elsewhere [3]. We use the following neutral endpoints: GL30 representing

3+ 3+ 2-
the stoichiometric perovskite (La )(Mn )(0 )3, GL20 representing the reduced

3+ 2+ 2-

perovskite (La )(Mn )(05/6, Va1/6)3, GLV40 representing the oxidised lantha¬

num deficient perovskite (La2/3, Va1/3)(Mn )(0 ~)3, GL4VO representing the

oxidised manganese deficient perovskite (La )(Mn3/4, Va1/4)(0 ~)3, and GVVV

representing a perovskite, that consists entirely of vacancies, (Va)(Va)(Va)3. For

the 8 °G's with Mn3+ on the A-site we use identical expressions as when La3+ is on

the A-site and simply add on the antisite energy ANTI. The Gibbs energies as a

function of temperature of these neutral endpoints and, when antisite defects are

allowed the antisite energy, are then optimized by minimizing the sum of squared

errors between what we consider to be the most reliable thermodynamic and

phase diagram data from the literature and the corresponding calculated values.

We used the PARROT module of the Thermo-Calc [24] database system for the

optimization.
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We used all the above mentioned data for all three optimizations. The only quanti¬

tative data on the Lai xMni y03 z perovskite, that has direct relevance for the ques¬

tion of whether cation nonstoichiometry is achieved by the "oxygen vacancy

mechanism" or the "manganese oxidation mechanism" is the data on oxygen non¬

stoichiometry of lanthanum deficient Lai xMni yOi z (x < y) by Mizusaki ef al. [13].

For the optimizations using the "oxygen vacancy mechanism" and the "antisite

defect mechanism" their data were used unchanged. In both these cases the oxy¬

gen content versus oxygen partial pressure curves show a plateau when the mean

manganese valency is 3+ and the perovskites have the composition Lao.95MnO2.925

and Lao.9MnO2.85- In the case of the optimization using the "manganese oxidation

mechanism", however, where lanthanum deficient perovskites show a plateau

when the oxygen sublattice is fully occupied and Mn3+ is partially oxidised to

Mn4+ the perovskites lying on the plateau have the compositions Lao.9sMn03 and

Lao.gMn03 and a mean manganese valency of 3.15 and 3.3. For this optimization,

we recalculated the data according to this assumption.

The optimized values for the parameters GL30, GL20, GLV40, GL4VO and GVVV

for the "manganese oxidation mechanism" are:

GT
^ 3+ri

= GL3 0 = l°GA
T _ 0

+ l°GMn
0

- 59700
LaMn

03 2 A-La2U3 2 Mn2U3

GT_2+f%Vaï
= GL20 = \°GA.La203 + °GMn0 +26370

6 6^3

.»„. \„
GL4VO = \OGA_Lan+3-°GMnO-74940 + 7.\T

LaMn+,Va,03 2 A"La^3 4

A+r
GLV40 = \°GA_Lai0+0GMn0 -36780 -18.1 T

a2, ta, iiviii w3
.,2 3 2
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GVaVaVa = GVVV = 6GL20 + 4GL4 VO + 3 GLV40- 12GL3 O- 82460 - 125T

The optimized values for the "oxygen vacancy mechanism" are:

GT
^ 3+ri

= GL3 0 = l°GA
Tan

+l°GMnn
- 56500-1.54T

LaMn
03 2 A-La2U3 2 Mn2<J3

G 2+/ x
= GL20 = J°GALa0 +°GMn0 + 31100

LaMn2 0„Va, 2 A"La2U3 MnU

5' I
6 6y3

? ,
4+

x
= GL4VO = l°GA]an +7°GMn0 -82910+ 17.3T

La Mnf, Va, 03 2 A"La2U3 4 Mnü2

G( \ 4+

= GLV40 = |°GALaO +°GMnO -56000

La2, Va, Mn4 03
^ A-La,U, MnU,

3 3

GVaVaVa3 = GVVV = 6GL20 + 4GL4 VO + 3 GLV40- 12GL3 O- 574700

And finally the optimized values for the parameters GL30, GL20, GLV40, GL4VO,

GVVVand ANTI are:

GT
^ 3+ri

= GL3 O = i°GA
T a n

+ i0GMn
n

- 59993
LaMn

03 2 A-La2U3 2 Mn2<J3

G
2+( s

= GL20 = l°GALa0 +°GMn0 + 28739
LaMn2 O^Va, 2 A"La2U3 MnU

6 6'3

.- w. ^
GI4VO = i°GA.La,o, + 7°GMnO, " 93907 + 24.26

i3 , va, w3

G/ x
4+

= GLV40 = l°GALa0 +°GMn0 -53507

La2,VaiMn403 3 A"La2U3 MnU2

3 3

GVaVaVa3 = GVVV = 6GL20 + 4GL4VO + 3 GLV40 - 12GL3 O-243372

ANTI = 533603
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8.4 Results and Discussion

8.4.1 Results of the optimizations for the three defect models

All three optimizations describe the thermodynamic properties of the perovskite

phase equally well. Figure 61 shows the calculated LaOi 5
- MnOx phase diagram
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Fig. 61: LaOi 5
- MnOx phase diagram calculated in air using the parameters

optimized for the "oxygen vacancy mechanism" (dotted line), "manganese

oxidation mechanism" (dashed line) and "antisite defect mechanism (solid line).

Some experimental data points from the literature are included.

in air, with some experimental data points included. The dashed line corresponds

to the optimization using the "oxygen vacancy mechanism", the dotted line to the
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"manganese oxidation mechanism" and the solid line to the "antisite defect mech¬

anism". As is the case with the thermodynamic properties, the three optimizations

show similarly good agreement with the experimental data, meaning that, so far,

none of the optimizations can be rejected as being unreasonable.

Figure 62 shows the calculated oxygen content compared to the experimental data
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Fig. 62: Oxygen content of LaMn03± §as a function of log(Prj2) at 1073K,

calculated using the parameters optimized for the "oxygen vacancy

mechanism" (dotted line), "manganese oxidation mechanism" (dashed line)

and "antisite defect mechanism" (solid line) with some experimental data

included.

from Mizusaki ef al. [13] for the stoichiometric perovskite at 1073K as a function of
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oxygen partial pressure. Again, all three optimizations equally well reproduce the

experimental data. In Figure 63 the calculated oxygen nonstoichiometry data for

O
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the "manganese oxidation mechanism" (see text)

z x z

Calculated for LaogMnOz using "antisite defect mech
"

Calculated for LaogMnOz using "oxygen vac mech
"

Calculated for LaogMnOz using "manganese ox mech
'

T T

0-15 -10 -5

log(PQ2), bar

Fig. 63: Oxygen content of Lao.gMn03 +§as a function of log(Prj2) at 1073K,

calculated using the parameters optimized for the "oxygen vacancy

mechanism" (dotted line), "manganese oxidation mechanism" (dashed line)

and "antisite defect mechanism" (solid line) with some experimental data

included.

Lao.9MnO3.j-g also at 1073K is compared to the data from Mizusaki ef al. [13]. Here it

can be seen that only the "oxygen vacancy mechanism" and the "antisite defect

mechanism" satisfactorily reproduce the experimental data. Using the "manga¬

nese oxidation mechanism" the experimental data cannot be reproduced, even
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when the experimental data is recalculated in accordance with the defect mecha¬

nism

8.4.2 Differences in the LalxMnly03_z perovskites calculated for the three

defect models

Figure 64 compares the site fractions in stoichiometric LaMnOß+g as a function of

-30 -25 -20-15-10-5 0 5 10

log(P02), bar

Fig. 64: Site fractions calculated for LaMn03 at 1073K as a function of log(P02)>

using the parameters optimized for the "oxygen vacancy mechanism" (dotted

line), "manganese oxidation mechanism" (dashed line) and "antisite defect

mechanism" (solid line)

oxygen partial pressure, calculated using the three sets of optimized parameters

In contrast to figure 62, where the descriptions show almost identical oxygen con-
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tent versus oxygen partial pressure curves for LaMn03±z, the difference between

the different defect mechanisms now become apparent The "oxygen vacancy

mechanism" shows more oxygen vacancies and almost no Mn4+ at the plateau

region and the "manganese oxidation mechanism" almost no oxygen vacancies

and quite a significant amount of charge disproportionation

(Mn3+ —» Mn4+ + Mn2+) The "antisite defect mechanism" shows very similar

defect chemistry to the "manganese oxidation mechanism" For the perovskite

La0 9Mn03±z (figure 65) the relative importance of the two defects involved in the

-30 -25 -20-15-10-5 0 5 10

log(PQ2), bar

Fig. 65: Site fractions calculated for La0 gMn03 at 1073K as a function of

log(Po2). using the parameters optimized for the "oxygen vacancy

mechanism" (dotted line), "manganese oxidation mechanism" (dashed line)

and "antisite defect mechanism" (solid line)
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charge compensation become apparent: For the "manganese oxidation mecha¬

nism" the Mn4+ defect dominates. This defect can also be picked out in the "oxy¬

gen vacancy mechanism", however it disappears quicker on reducing the oxygen

partial pressure. The reverse is true for the oxygen vacancy: this defect dominates

in the "oxygen vacancy mechanism". This defect is also present in the "manganese

oxidation mechanism" but disappears sooner on increasing the oxygen partial

pressure.

8.4.3 Properties of (La, Sr)Mn03 perovskites for the three defect models on

extrapolation

From the discussion above it follows, that only the "oxygen vacancy mechanism"

and the "antisite defect mechanism" reproduce the experimental data of the

undoped Lai xMni y03 z perovskite with x = y and x > y equally well. Conse¬

quently no answer can be given as to which of the two interpretations should be

favoured and which rejected. When going to Sr-doped perovskites, however,

where the mechanism of oxygen nonstoichiometry is well established, it becomes

evident, that only one of the two versions is reasonable.

We modelled the (La,Sr)Mn03 perovskites using the following sublattice model

(La3+, Mn3+, Sr+2, Va)i(Mn2+, Mn3+, Mn4+, Va)i(02 , Va)3 (Eq 139)

again using the compound energy model [22] [23]. The number of °G parameters

increases from the 24 needed for the undoped perovskite to 32. The values of four

of these eight additional parameters are taken from the optimization of the

Sr - Mn - O system [5], the remaining four follow from reciprocal relations [10].
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When the oxygen nonstoichiometry of the perovskites (Lai xSrx)Mn03 for x = 0,

0.1, 0.2, 0.3, 0.4 and 0.5 is calculated as a function of oxygen partial pressure at

1073K using the "oxygen vacancy mechanism" (figure 66) it is seen, that the intro-

x = 0

x = 02

x = 05

log(PQ2), bar

Fig. 66: Oxygen content in (Lai xSrx)Mn03± gfor x=0, 0.1, 0.2, 0.3, 0.4 and 0.5 as

a function of log(Po2) at 1073K, calculated using the parameters optimized for

the "oxygen vacancy mechanism" (dotted line), "manganese oxidation

mechanism" (dashed line) and "antisite defect mechanism" (solid line)

compared to experiments from Tagawa etal. [21] and Alonso etal. [19]. The

calculated lines below log(Po2) ~ -20 are metastable extensions, as the

perovskite would gradually decompose below this oxygen partial pressure.

duction of Sr2+ into the perovskite lattice leads to the formation of oxygen vacan¬

cies. This is not observed in experiments from the literature. As example we plot
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the experimental data from Tagawa ef al. [21]. In contrast to this, when the parame¬

ters obtained from the "antisite defect mechanism" are used to calculate the oxy¬

gen nonstoichiometry, quite a reasonable prediction of the experimental data is

achieved, especially for the most heavily doped perovskites (La0 6Sr0 4)Mn03±z

and (Lao.5Sr0 5)Mn03±z. In conclusion only the "antisite defect mechanism" can

simultaneously describe the experimental oxygen nonstoichiometry data as a

function of oxygen partial pressure and temperature for Lai xMni y03 z
both with

x = y and x > y and for (La, Sr)Mn03±g and this mechanism is consequently to be

favoured.

8.5 Conclusions

The literature on LaMn03 perovskites is divided concerning what happens when

the perovskite shows cation nonstoichiometry. The two possibilities are that une¬

qual amounts of vacancies on the two cation sublattices are formed or that antisite

defects, i. e. manganese sitting on lanthanum lattice sites are formed. When La

vacancies are formed in stoichiometric LaMn03 at a given temperature and oxy¬

gen partial pressure a charge excess of 3+ occurs for every vacancy formed, that

needs to be compensated. Two possibilities exist: firstly 1.5 oxygen vacancies

might be formed on the oxygen sublattice and the Mn valency remains unchanged,

or three Mn3+ might be oxidised to Mn4+ and the oxygen sublattice remains fully

occupied. If Mn3+ formes an antisite defect on the A-site then no charge compensa¬

tion is necessary and the average Mn valency remains unchanged and the oxygen

sublattice remains fully occupied. The literature data on cation nonstoichiometric

perovskites are divided with regard to the defect mechanisms that are at play.
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Using the CALPHAD approach, we model the Lai xMni y03 z perovskite using

the compound energy model. We find, that it can be equally well modelled by

assuming that oxygen vacancies are formed or that Mn3+ forms antisite defects on

A-sites. When going to the Sr - doped perovskites, it is shown, that of these two,

only the antisite defects mechanism leads to a reasonable description of Sr - doped

(La,Sr)Mn03 perovskites on extrapolation. A further interesting result of this opti¬

mization is that the number of antisite defects for a given La deficiency decreases

above a certain oxygen partial pressure, meaning that La deficiency for perovskites

with high oxygen excess is accomplished by more La vacancies than Mn vacancies

and not by Mn3+ antisite defects.
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9 Conclusions, Outlook

In this work the systems La - O, Mn - O, La - Sr - O, La - Mn - O, Sr - Mn - O and

La - Sr - Mn - O have been assessed using the CALPHAD methodology and a

database containing all the phases in these systems is presented. It has been

shown, that the CALPHAD method in general, and the models used in this work

in particular (the compound energy model for the solution phases and the two

sublattice model for ionic liquids for the liquid phase) are well suited to describe

even highly complex phases such as the (La, Sr)Mn03 perovskite. The most signif¬

icant result of this work, apart from the numerous phase diagrams many of which

are presented for the first time and are invaluable for materials processing, is the

calculated defect chemistry of the LaMn03 and (La, Sr)Mn03 perovskites. It is

shown that some of the defect models presented in literature are incompatible

with the thermodynamic calculations and must be regarded as questionable. Also

the database is a very powerful tool, as it allows the calculation of the defect chem¬

istry of the perovskite for any combination of temperature, oxygen partial pres¬

sure, composition or in equilibrium with any other phase, regardless if this

happens to be a stable or a metastable condition. In the near future the elements Y

and Zr will be added to this database making it particularly valuable for the SOFC

community, as then the stable phase assemblage at the cathode side of the SOFC

will be able to be calculated for any combination of electrolyte composition, cath¬

ode composition, temperature and oxygen partial pressure. Additionally the equi¬

librium defect chemistry of both the cathode and electrolyte can be easily

calculated.
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Quite a lot of experimental data exist on the perovskite phase, so the description of

this phase is quite reliable. If however new experiments become available in the

future, the model parameters for the perovskite can easily be reoptimized accord¬

ing to the new data. As a highly flexible model was used, it would be even possible

to modify it should new data show that the defect chemistry is different then

described in this work. Concerning many of the other phases however literature

data both on thermodynamic properties as well as phase diagram data are

extremely scarce, requiring many properties to be estimated. As some of these

phases, in particular the phases (La, Sr)2Mn04 and (La, Sr)3Mn207, show very

interesting properties, rigorous experimental investigations on the thermody¬

namic properties and stability of these phases are highly desirable.
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Appendix

In the first part of this appendix a general introduction to solid oxide fuel cells

(SOFC) is given. The operational principles are explained, and overview of the

materials used and their desired properties is given and some challenges facing

SOFC research today are outlined.

The second part of the appendix explains a bit about the background and meth¬

odology of phase diagram calculation or "CALPHAD". Some often used

expressions and concepts are clearly defined and some basic thermodynamic

principles derived. Finally a short guide to the CALPHAD method in general

is given. The thermodynamic models used and the challenges faced when

describing the complex, predominantly ionic compounds dealt with in this

work are briefly outlined.

The author hopes that this appendix will provide the interested reader with

some background information about the applications of the materials investi¬

gated in this work and might also facilitate the understanding of the rather

technical papers that make up the bulk of this thesis and allow him or her to

look up some of the basic principles behind often used terms or concepts.

301



302



10 A Short Introduction to Solid Oxide

Fuel Cells

10.1 Overview

Fuel Cells are devices that convert chemical energy directly into electrical energy.

This is achieved by separating the reduction of the oxidant at the cathode from the

oxidation of the fuel at the anode by an ionic conductor, that transports one of the

reacting species. As long as this electrolyte is electronically insulating, this will cre¬

ates a potential difference between the two electrodes that can be exploited as elec¬

trical energy through an external circuit (Figure 67). The principle of operation of

Oxidant

Fig. 67: Principle of a fuel cell.

fuel cells is similar to that of a battery except that the chemical fuel cells do not run

down or have to be recharged, but operate as long as both fuel (H2, CH4, CO, etc.)

and oxidant (02, air) are supplied to the electrodes.
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As no thermal combustion of the fuel takes place, this process is not limited by the

Cannot efficiency1. Fuel cells in operation today have electrical off-licences of 30-

35% [1] of the fuels lower heating value2 (LHV). In combination with turbines run¬

ning on the waste heat electrical efficiancies of up to 80% are possible [2]. These

high efficiancies can also be achieved for small installations in the kW range and

for part-load operation. This is very advantageous as it allows for modular con¬

struction, which means that power can be produced where it is needed thus avoid¬

ing the cost of power distribution from large scale central power plants and avoids

overcapacity.

Fuel cells are environmentally friendly as almost no toxic exhaust gases are pro¬

duces. If H2 is used as fuel only steam is produced. In addition fuel cells have no

moving parts which makes them silent.

1. The Carnot efficiency £ for systems based on combustion operating between the temperatures

Th
Tjj and Tc is given by £ — 1 — —

.
This is the maximum possible efficiency.

c

2. The efficiency is referred to as low heating value (LHV) when the H20 product is in the form of

steam. When it is in the liquid form the efficiency is referred to as high heating value (HHV)
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10.2 Principles of Operation

The basic electrochemical reactions taking place are the reduction of the oxidant at

the cathode and the oxidation of the fuel at the anode. Thus, for fuel cells with an

oxgen-ion conducting electrolyte the reactions at the electrolytes involve the oxida¬

tion and reduction of oxygen according to

02(c) + 4e" = 20£} 20(/= 02(a) + 4e" (Eql40)(e) w2(a)

cathode electrolyte anode

The subscripts (c), (e) and (a) denote the states of the oxygen at the cathode, in the

electrolyte and at the anode. The overall cell reaction is given by the following

reaction

02(c) = °2(a) (Eq HD

The electromotive force (emf) or reversible cell voltage, Ep is therefore determined

by the oxygen concentrations at the electrodes and is given by the Nernst equation

Er = f|ln^ (Eq I42)
°2(a)

where R is the gas constant, T is the temperature, F is the Faraday constant, and

P0 the oxygen partial pressure at the electrodes. For a given oxygen partial pres¬

sure the magnitude of Er is determined by the change in the Gibbs free energy, AGr

for the overall cell reaction. At the standard state Er equals E° and is given by

ro AG AH — TAS
t-^ , ,m

E =

-4~zF
=

4zF— (Eq H3)
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where z is the number of moles required to oxidize one mole of fuel andAG0, AH°

and AS° are the standard Gibbs free energy change, the standard enthalpy change

and standard entropy change respectively of the reaction. The maximum energy

obtained by the reaction is -AG° and the ideal (reversible) thermodynamic effi¬

ciency, eT, is

£T
= ^- (Eq 144)
AH

In Table XXXV AG°, AH°, E° and eT are listed for 1000°C and 1250°C. As can be

Reaction T. K AG°,kJ AH°,kJ E°,V eT

H2 + Io2^H20 1000

1250

-192.5

-178.2

-247.3

-249.8

0.997

0.924

0.78

0.71

CO + x-o2 -> C02
1000

1250

-195.4

-173.2

-283.3

-283.3

1.013

0.898

0.69

0.61

CH4 + 202 -> C02 + 2H20
1000

1250

-802.5

-802.9

-800.4

-801.2

1.039

1.039

1.00

1.00

C + 02 -> C02
1000

1250

-396.6

-396.6

-396.2

-396.6

1.027

1.027

1.00

1.00

Table XXXV. Thermodynamic data and thermodynamic efficiancies for several

cell reactions

seen a single cell produces a voltage of less than IV To build voltage for practical

applications single fuel cells must be connected in series
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10.3 Fuel Cell Types

Various types of fuel cells exist. They are distinguished by the type of electrolyte

used. The electrolyte determines the operating temperature and with that the cata¬

lysts to be applied and the fuel requirements. The various types of fuel cells and

their properties are summarized in Table XXXVI.

Name Electrolyte

Ions

transferred

Operating
temp.

Catalyst in

electrodes

Alkaline Fuel

Cell

Concentrated solu¬

tion of potassium

hydroxide

OH 80°C Platinum

Polymer elec¬

trolyte fuel cell

hydrated solid

polymer

H+ 80°C-100°C Platinum

Phosphoric
acid fuel cell

Phosphoric acid

held in place by a

inert porous struc¬

ture

H+ 200°C Platinum

Molten carbon¬

ate fuel cell

molten carbonates

held in place by a

inert porous struc¬

ture

co* 650°C Nickel

Solid oxide

fuel cell

Ceramic oxygen
ion conductor,

generally yttria-
stabilized zirconia

o2 1000°C Ceramic

materials

Table XXXVI. Summarized properties of different types of fuel cells.
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10.4 Components and Basic Operational Principles of SOFC

10.4.1 Electrolyte

The electrolytes of conventional SOFC consists of Y203-doped Zr02 (YSZ) [3]. The

cell must be operated at temperatures of 900-1000°C for the electrolyte to achieve a

sufficiently high ionic conductivity. It has recently been shown that mixed ionic

electronic electrolytes based on Gd203 or Sm203 doped Ce02 [4] [5] allow operat¬

ing temperatures of 800°C or lower. This improves the lifetime of the SOFC and

enables less expensive alloys to be used as interconnects and current collectors.

10.4.2 Anode

The anode must provide reaction sites for the electrochemical oxidation of the fuel.

It must be stable in the SOFC operating conditions, have high electronic conductiv¬

ity and high catalytic activity. It must also be mechanically and chemically compat¬

ible with the adjacent SOFC components from room temperature up to the

operating temperatures and the even higher temperatures at which the SOFC is

fabricated.

The most common anode material used is a porous structure of percolating metal¬

lic nickel supported by YSZ.

10.4.3 Interconnect

As the voltage of a single cell of a SOFC lies between 0.5 and IV it is desirable to

connect many cells in series to increase the voltage. The interconnect is used to

connect the anode of one cell to the cathode of the next. It thus separates the fuel

from the oxidant of adjacent cells. It must therefore be fully dense and free of pin-

308



holes to avoid cross leakage and be stable in both oxidizing and reducing atmos¬

pheres at SOFC operating temperatures. It must also have high electronic

conductivity and be mechanically and chemically compatible with the adjacent

SOFC components up to the fabrication temperature of the SOFC.

Both ceramic materials such as LaCr03 and nickel based alloys are used as inter¬

connect materials. The advantages of alloys include better mechanical properties

and chemical compatibility as well as lower cost. However at operating tempera¬

tures of 1000°C metallic interconnects show long term instability due to oxidation

and corrosion. A further problem is thermal expansion mismatch.

10.4.4 Cathode

The most commonly used cathode material is La^ xSrxMn03 (LSM) perovskites as

is shows acceptable compatibility with Zr02-based electrolyte at fuel cell operat¬

ing conditions, along with high electrical conductivity in oxidizing atmospheres

and catalytic activity for the reduction of the oxidant.

A disadvantage of the LSM perovskite is that it shows purely electronic conductiv¬

ity. This means that the reduction of the oxidant is restricted to the electrolyte-cath¬

ode-gas triple boundary lines.

Laj xSrxCo03 - Laj xSrxFe03 (LSCF) solid solutions are mixed electronic ionic con¬

ductors and therefore show superior performance compared to LSM cathodes, as

the oxygen reduction sites are not strictly restricted to the triple boundary lines.

These cathodes however react readily with the YSZ electrolyte forming both
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La2Zr207 and SrZr03 at temperatures of 1100°C. As both of these phases are insu¬

lators they increase the ohmic overpotential of the cell, thus degrading its perform¬

ance.

When Ce02-based electrolytes are used and the SOFC are operated at 800°C there

appears to be no electrolyte - cathode reaction.

10.5 The Cathode - Electrolyte Interface

It is generally accepted, that the oxygen is electrochemically reduced at or near the

cathode - electrolyte - gas triple boundary. The microstructure and the phase com¬

position at or near this triple boundary is therefore of central importance for the

oxygen reduction and incorporation of the oxygen ion into the electrolyte. This

process has a large influence on the ohmic overpotential and therefore on the

power output and efficiency of the fuel cell.

10.5.1 Oxygen Reduction Mechanism at the Cathode - Electrolyte Interface

The overall oxygen reduction mechanism at the SOFC cathode can be written as

follows (using Kroger-Vink notation)

02 + 2V0 + 4e" = 20q (Eq 145)
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For purely electronic conducting cathode and purely ionic conducting electrolyte

this reaction can be regarded as consisting of the following steps (see also

Figure 68), one or several of these steps can be rate controlling:

LrBtnOClG

ILSIJ

Electrolyte

(YSZ)

5

o.

Pore

(air)

°2(ads.) ""* 20(ads.)

°(ads.)+^0 + 2e ^00

/ \
V
o

o
o

Fig. 68: Model of the oxygen reduction at the cathode - electrolyte - gas triple

boundary.

• Gas diffusion to the cathode and within the pores of the cathode.

• Adsorption and dissociation of oxygen on the cathode surface coupled with

charge transfer.

• Diffusion of adsorbed oxygen to a electrochemically active site (EAS).

• Diffusion of electrons to the EAS.

• Diffusion of oxygen vacancies to the EAS.

• Electronation and incorporation of the oxygen into the electrolyte and diffusion

of new vacancies towards the EAS.
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According to Mitterdorfer and Gauckler [6] the overall reaction rate is limited by

the surface diffusion of atomic oxygen at 850°C. At higher temperatures the

charge-transfer rate that is coupled with both adsorption and dissociation of oxy¬

gen becomes more important. The oxygen ions need to get within a distance of ô

(Nernst diffusion layer thickness) to the electrolyte in order to be incorporated into

the electrolyte.

To achieve high oxygen reduction efficiencies the microstructure of the triple-

phase boundary is of great importance. A highly convoluted geometry increases

the length of the triple boundary, thus providing a larger number of electrochemi-

cally active sites at which the oxygen reduction can take place and with this

improving the electrochemical performance of the cathode.
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10.5.2 Secondary Phase Formation at the LSM-YSZ Interface

In numerous experiments [7] [6] it has been shown that two zirconates, La2Zr20y

and SrZr03, form at the LSM - YSZ interface under certain conditions encountered

during sintering and/or operation of the SOFC (figure 69). These zirconate layers

Cathode

ILSMI
W °2(ads.)

X °2(ads.) "^ 20(ads.)

Pore

(air)

m\ (°(ads.)+^0+2e- -o*)
Electrolyte

(YSZ)

ZJ vo [•] °o

Fig. 69: Oxygen reduction inhibited by the formation of an insulating layer of

La2Zr207.

are generally thicker than the Nernst diffusion layer thickness. This means that the

adsorption/dissociation and surface diffusion process predominantly takes place

on the zirconate layers. Since the zirconates are bad conductors the electronation

and incorporation of oxygen into the electrolyte is hindered. This causes the SOFC

performance to deteriorate.
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At low temperatures the Nernst diffusion layer thickness decreases due to reduced

perturbations of the adsorbed oxygen. This means that at low temperatures the

negative effect of even thin zirconate layers is of importance.

The slow formation of these zirconates near the triple boundaries during operation

is at least partly responsible for the long term degradation of the SOFC perform¬

ance.

10.5.3 Mixed Ionic - Electronic Conducting Cathodes

Since the electrochemically active sites are located very close to interface between

the electrolyte, cathode and the pore, the reactive area is rather small. One com¬

monly employed method of increasing this area is to increase the length of the tri¬

ple-phase boundary line. High triple-phase boundary length decreases the

electrode overpotential.

A second way of increasing the electrochemically active area is to make the reac¬

tive sites spread away from the triple phase boundary. Using cathodes with high

ionic conductivity is supposed to do just this, allowing O2 to be incorporated into

the cathode away from the electrolyte and be transported trough the cathode to the

electrolyte.

As discussed in detail in the preceding chapters, the perovskite (La, Sr)Mn03,

commonly used as cathode material, shows both oxygen excess and deficiency in

function of composition, temperature and oxygen partial pressure. However it

only shows oxygen deficiency, that might improve the performance of the SOFC,

at low oxygen partial pressures, conditions that are not encountered at the cathode
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side of the SOFC. Other perovskite materials on the other hand show mixed ionic

electronic conductivity at SOFC operating conditions, for example

(La,Sr)(Co,Fe)03 x.
This compound, however, readily reacts with YSZ forming a

zirconate layer at the cathode - electrolyte interface. Since these zirconates are poor

ionic conductors they hinder the oxygen diffusion across the cathode - electrolyte

interface, thus greatly increasing the ohmic overpotential of the SOFC therein

degrading its performance.

10.6 Cathode Electrolyte Interaction

At the operating temperatures of SOFC and the even higher fabrication tempera¬

tures zirconate phases are known to form at the cathode/YSZ-electrolyte interface.

These zirconates are believed to cause deterioration of the SOFC performance. The

formation of these zirconates depends strongly on the chemical composition and

stoichiometry of the cathode. Cathodes with the composition Lai xSrxCo03 show

the highest electronic conductivity and the lowest cathodic overpotential [3]. This

material however readily reacts with the YSZ-electrolyte to form the low conduc¬

tivity products La2Zr207 and SrZr03 at temperatures as low as 1000°C. The stron¬

tium doped manganite perovskites, Lai xSrxMn03, show considerably higher

compatibility with the YSZ-electrolyte in the cofiring process (1300-1400°C) and for

long term operation, which is why these materials are predominantly used as cath¬

ode materials [3]. But also these manganites react with the YSZ-electrolyte [7] [6].

Whether La2Zr207 or SrZr03 is formed depends on the extent of the A-site doping.

High Sr dopant concentrations leads to the formation of SrZr03.
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The reaction mechanism for the formation of the zirconate layers was determined

by Taimatsu et al. [8]. When LaMn03 is in contact with YSZ both La and Mn dif¬

fuse into the YSZ. Mn is the considerably more mobile of the two ions. Y and Zr on

the other hand are almost completely immobile and do not diffuse into the LSM.

Because of the faster diffusion of Mn, the LaMn03 phase near the boundary to the

YSZ gradually becomes depleted in Mn and enriched in La until the solubility

limit of La203 in LaMn03 is overstepped. The surplus La203 then reacts with the

YSZ to form La2Zr207. When the supply of Mn out of the bulk sample is hindered

by pores, impurities, grain boundaries etc. La203 precipitation occurs more readily

leading to thicker La2Zr207 layers close to these defects.

This model, which assumes that the zirconates only form after considerable diffu¬

sion of Mn, explains the observations of Yamamoto et al. [9] that the La2Zr207 only

starts forming after an induction period. This induction period is dependent on x

in Lai xMn03. Doping with Sr suppresses the diffusion of Mn into YSZ [10] thus

retarding the formation of La2Zr207
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11 A Short Guide to CALPHAD

11.1 Introduction

CALPHAD is an acronym for CALculation of PHAse Diagrams. What the method

involves is rather well defined by the subtitle of the CALPHAD journal
"

Computer

Coupling ofPhase Diagrams and Thermochemistry". Phase diagrams have been empir¬

ically constructed based on experiments for well over 100 years. These diagrams

simply sketch out the region of stability of a phase or phase assemblage in a tem¬

perature - pressure - composition diagram. A simple example is the system H20.

Below 0°C ice is stable, between 0°C and 100°C water is stable and above 100°C

water vapour is stable at lbar total pressure. As will be shown, every phase (ice,

water and water gas) in this system has a property called Gibbs energy. The Gibbs

energy of a single phase changes as a function of temperature, pressure and com¬

position of the phase. The phase or phase assemblage with the lowest Gibbs

energy is stable and every system will slowly or very rapidly change in the direc¬

tion of minimal Gibbs energy. In the example above, this means, that if we super¬

cool water to below -5°C, then ice at -5°C will have a lower Gibbs energy compared

to water and the water will in most cases solidify very rapidly into some form of

ice thus reducing the Gibbs energy of the system. A phase diagram is consequently

nothing other than a diagram representing areas of minimal Gibbs energy in func¬

tion of temperature, pressure and composition. If the Gibbs energy of each phase

in a system is known as a function of temperature, pressure and composition, then

the phase diagram -or indeed all sorts of property diagrams- can be easily calcu¬

lated by minimizing the global Gibbs energy. This then is exactly the goal of the
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CALPHAD method, to find mathematical expressions for the Gibbs energy in

function of temperature, pressure and composition of all phases in a certain sys¬

tem, that reproduce not only all sorts of thermodynamic quantities, but also the

phase diagrams in a consistent reliable manner. Figure 70 shows a flowchart of the

CALPHAD method, adapted from Hari Kumar and Wollants [1]. The following is

a very short and incomplete introduction into basic thermodynamics on which the

CALPHAD method is based. Some often used terms like phase or system are

defined and some basic thermodynamic properties like enthalpy entropy heat capac¬

ity and Gibbs energy are derived.

11.2 Literature

A large number of excellent textbooks have been written dealing with all aspects

of chemical thermodynamics and also calculation of phase diagrams. The books

used for this short introduction to thermodynamics and phase diagram calculation

or CALPHAD are the ones by Guggenheim [2], Kubaschewski [3], Hillert [4],

Saunders [5] and Richet [6].

11.3 Some Definitions

System: The universe is a big and complicated thing. For this reason it is essential

to choose a well defined part of it to be studied. This part is termed system. This

system could be, a spoon, a towel, an insect or a cathode for a solid oxide fuel cell.

Every system has many properties. These include important thermodynamic

properties, some of which sound familiar, like density, chemical composition, tem¬

perature or volume, but also some less palpable properties like entropy. Other
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properties, like electrical conductivity, microstructure or elastic modulus are cen¬

tral for other branches of science and are very often closely related to the basic

thermodynamic properties of the system. A system can be

Isolated meaning that neither energy nor mass can enter or leave the system. A

thermos flask is almost isolated, however even in an expensive thermos flask tea

inexorably cools, especially on a cold and windy day. The only perfectly isolated

system that exists is the Universe Itself.

Adiabatically isolated meaning that no heat enters or leaves the system. A thermos

flask with a movable piston could be regarded as a model for an adiabatically iso¬

lated system. A bubble of hot rising air is also regarded as being adiabatically iso¬

lated in meteorology.

Closed, where heat, but no matter is exchanged with the surroundings. An almost

closed system is relatively easy to achieve and can be a sealed steel container for

example.

or open. In this case both matter and heat are exchanged. Biological systems like a

fly or a cow are typical open systems.

Phase: A phase is a homogeneous portion of a system and is separated from other

phases of the system by a phase boundary. A phase boundary is a region through

which some property, like chemical composition, density, crystal structure or even

crystallographic orientation changes within the distance of a few atomic layers. A

homogeneous system consists of just one phase, a heterogeneous system contains

more then one phase.
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Components: The components of a system define its chemistry. Usually the compo¬

nents of a system are identical to its chemical composition. The number of compo¬

nents present in a system defines the maximum number of phases that can coexist

at equilibrium according to the Gibbs phase rule

F+P = C + 2 (Eql46)

With F being the number of degrees of freedom, P, the number of phases and C, the

number of components.

Species: The species are the smallest building blocks we choose to use to describe a

phase. They can be atoms, ions, vacancies, molecules or whatever makes sense to

model the particular case under investigation.

Extensive and intensive properties: All properties of a system can be split up into

extensive properties, that scale according to the size of the system, like mass or vol¬

ume and intensive properties like temperature, density, pressure or chemical poten¬

tial of a component of the system that are independent of the size of the system.

Some intensive properties are received by dividing an extensive property by a

measure of quantity like number of moles or volume. Density for example is given

as mass divided by volume. Such intensive properties vary throughout a heteroge¬

neous system, as different phases have different densities for example. Other

intensive properties like temperature, pressure of chemical potential of a particular

species on the other hand are constant throughout the system at equilibrium.

These intensive properties are termed potentials and are defined as partial deriva-
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fives of one extensive property as a function of an other. As examples temperature

T is defined as

T = || (Eq 147)

with Q being heat and S being entropy. Pressure P is given by

P = |^ (Eq 148)

With Wbeing work and V being Volume.

Stare ofa system: This is defined by and only by the intensive and extensive proper¬

ties of the constitutive phases. The state of a system does not depend on the history

of the system. This means that state functions can be given, that define the state of a

system. When a system changes from one state to another by variation of a state

function, then the state of the system depends only on the initial and final state of

the system and not on the actual pathway followed during the reaction. As men¬

tioned above the density of a phase is given if weight and volume are known and

the pressure of a system is known if the work done on a system and the resultant

volume change is known. This means that if two state functions are known a third

one can be fixed. The Duhem postulate states that only two state functions can be

fixed independently. For experimental purposes we usually fix pressure and tem¬

perature. If we know the composition of the system then, regardless of the number

of phases, components etc. these two independent variables unambiguously

define the state of the system. Instead of pressure and temperature one could also

choose entropy, volume, or any other pair of state functions. The Gibbs phase rule

(equation 146) automatically results from this postulate.
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11.4 Internal Energy: The First Law of Thermodynamics

Let us consider the internal energy of a cup of tea and of the air in a bicycle pump.

If the cup of tea is brought into contact with something hot, then the heat Q flows

into the cup and the internal energy U is increased. If we move the piston of the

bicycle pump then we do the work W on the gas in the cylinder and the internal

energy U of the gas is also increased. In both cases the increase of internal energy

manifests itself as an increase in temperature. The simplest way to rationalize this

is by thinking of temperature as vibration of atoms and molecules. Heat that flows

into a system is simply the transfer of the fast motion of the atoms in a hot object to

the slow motion of the atoms of a cool object by ideal elastic impulses and work

done on a system can be thought of as the directional motion of the atoms in a pis¬

ton being transformed -again by ideal elastic impulses- into random motion of the

gas atoms or molecules. Both these mechanisms increases the kinetic energy and

consequently the internal energy U of the gas, liquid or solid. The first law of ther¬

modynamics is related to the fact, that energy can neither be destroyed nor cre¬

ated. If a system receives the amount of heat Q and the amount of work Wis done

on it, then the internal energy U is increased by Q + W. formulated as

AU = Q+W (Eql49)

in differential form this becomes

dU = dQ+dW (Eql50)

Compressional work dW against the hydrostatic pressure P is given by

dW = P(-dV) = -PdV (Eq 151)
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If we insert equation 151 into equation 150 we get

dU = dQ-PdVanddQ = dU+PdV (Eq 152)

11.5 Entropy: The Second Law of Thermodynamics

A good way of understanding entropy, S, is simply to consider it as an extensive

quantity that is defined to fulfil the following equation

AQ = AS(Tb-Ta) (Eql53)

meaning that when a certain amount, AS, of this quantity is moved from a higher

thermal potential (temperature Tb) to a lower thermal potential (temperature Ta)

the amount of thermal energy Q is liberated. If other forms of energy are derived

in an identical way, the characteristics of temperature, T, and entropy, S, become

clearer. When water with the mass Am flows out of a reservoir down a slope going

from the higher gravitational potential Gj-, to the lower gravitational potential Ga

then the energy liberated is

AWGrav = Am(Gb-Ga) (Eq 154)

This is analogous to the electrical energy, E, liberated when the charge AQ flows

from a higher electrical potential Ub to a lower electrical potential Ua

^EElectric = AQ(Ub-Ua) (Eql55)

or the increase in kinetic energy when a car with the momentum AM is accelerated

from the speed va to the speed Vj-,

^Kinetic = AM(vrva) (Eq 156)
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The momentum P is defined as

M = mv (Eq 157)

with m = mass and v = speed. Inserting this into equation 156 and writing the

equation in differential form gives

dE = (mv) dv (Eq 158)

Integration finally gives the well known expression for kinetic energy

EKinetic = 2my2 (E(1159)

Finally the work AW required to change the volume by AV when going from the

pressure Pa to Pj-, is given by

AWVo7uffle = -AV(P,-Pa) (Eql60)

The minus in equation 160 is due to the fact, that contrary to all other examples, a

decrease of volume leads to an increase of energy in the system. In the case of kinetic

energy for example an increase of mass leads to an increase of kinetic energy. In

conclusion entropy, S, can be said to be an extensive quantity, that is for thermal

energy, what mass is for gravitational energy, charge is for electrical energy,

momentum is for kinetic energy and volume for the energy required to compress

something. Temperature is seen to be an intensive property corresponding to grav¬

itational potential, electrical potential (voltage), speed and pressure. The extensive

and intensive quantity belonging to a certain energy are termed conjugate variables.

The second law of thermodynamics simply states, that any process taking place in

a closed system must lead to an increase of entropy.

dS>0 (Eq 161)
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This then is also the definition for internal equilibrium of a system, as entropy will

increase until equilibrium is reached.

11.6 Gibbs Energy and other Characteristic Functions

At constant temperature equation 153 can be rewritten in differential form as

dQ = TdS (Eq 162)

Inserting this into equation 152 gives

dU = TdS-PdV (Eql63)

If the phase is allowed to change composition (open phase), then we can define the

chemical potential \i{ of the species i in the phase as

u,
= (Eq 164)

In other words the chemical potential is defined as the energy change of a phase

when a species is added to it. Equation 163 then becomes

d U = TdS-PdV + Y, Vidnt (Eq 165)

This means, that the internal energy U is a characteristic function of the independ¬

ent variables S and V. Using Legendre transformations the following characteristic

functions are obtained

d(U- TS) = -SdT-PdV + ^id^ (Eq 166)

d(U+ PV) = TdS+ VdP+^idüi (Eq 167)

d(U-TS + PV) = -SdT + VdP + £ [itdnt (Eq 168)
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The quantity U-TS in equation 166 is called Helmholz free energy F, and is a char¬

acteristic function of the independent variables T and V, the quantity U+ PV in

equation 167 is called enthalpy, H, and is a characteristic function of the independ¬

ent variables S and P and the quantity U- TS + PV in equation 168 finally is called

Gibbs free energy or Gibbs energy, G, and is the characteristic function of the inde¬

pendent variables T and P. The particular usefulness of the Gibbs energy is due to

the fact that its characteristic functions T and P can be easily controlled experimen¬

tally. A further important relation is obtained by inserting the definition of

enthalpy H into the definition for the Gibbs energy G giving

G = H-TS (Eql69)

For a fixed pressure and temperature a system is in equilibrium when the Gibbs

free energy is a minimum. Conversely, if volume and temperature are fixed, then a

system is in equilibrium when the Helmholz free energy is a minimum, if entropy

and pressure are fixed, then equilibrium is reached when the enthalpy is minimal

and so on.

11.7 Heat Capacity

The amount of heat required to raise the temperature of one mole of a substance by

one degree is defined as the molar heat capacity c. The value of c is smaller if the

experiment is conducted at constant volume (cy, no expansion work done) then if

the experiment is conducted at constant pressure (cp additional volume expansion

work corresponding to equation 151). For solids, the heat capacity at constant pres-
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sure, Cp, is easier to determine experimentally and therefore of greater practical

importance. In differential form Cp is given by

cP
= |f (Eq 170)

The major contributions of the heat capacity come from lattice vibrations. At low

temperatures harmonic vibrations dominate. On increasing the temperature

anharmonic contributions become increasingly important as do contributions from

electrons and also from defects. The heat capacity is usually given as a polynomial

of the form

cP= a+bT+cf + dT2 (Eq 171)

where a, b, c and dare fitting parameters.

11.8 Gibbs Energy as a Function of Temperature

As shown above the Gibbs energy is particularly useful, as it is a characteristic

function of the independent variables pressure and temperature, that are in most

cases the variables that are experimentally controlled and temperature - pressure -

composition phase diagrams consequently the most desirable. In CALPHAD

work, the Gibbs energy of a compound or element is given relative to the stable

form of the elements at 298.15K. This is termed the stable element reference (SER)

by SGTE. The Gibbs energy as a function of temperature is given by the following

polynomial expression

g_hser = A + ßT+CTln(T) + DT2 + ET3 + FT-1 (Eql72)
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with A, B, C, D, E and F as fitting parameters. Many basic thermodynamic func¬

tions can be easily extracted from this polynomial. The entropy is given by

S = -(¥f) -> S = -B- C(\ + lnT)-2DT-3ET2 + FT2 (Eq 173)

the enthalpy by

H= G+TS^A-CT-DT2-2ET3 + 2FT1 (Eq 174)

and the heat capacity by

Cp=iwï)= rfïïï)^Cp = -c-2DT~6e2-2Ft2 (Eql75)

11.9 Gibbs Energy as a Function of Composition

11.9.1 Solution Phases, Lattice Stability

If whiskey is added to water, then a single phase mixture of whiskey and water is

obtained. Such a phase, that consists of two or more constituents that are mixed on

an atomic or molecular level, is termed a solution phase. In other instances, if for

example oil is added to water, then two phases are formed. But even here, it can be

shown, that a small amount of oil is dissolved in the water and vice versa, meaning

that two solution phases are obtained. These phenomena, that are well known for

liquids from everyday experience also hold true for solid phases. Gold and Cop¬

per, for example, that both have the same crystal structure (bcc), from a solution

phase through the complete composition range from pure Gold to pure Copper at

temperatures close below their melting temperatures. In mixtures, where the con¬

stituents show different crystal structures, like Nickel (fee) and Chromium (bcc) for

example complete solid solubility is not possible, however also here considerable
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solubility of Ni in Cr and Cr in Ni is observed. In order to calculate the Ni - Cr

phase diagram, it is necessary to know Gibbs energy of Ni - Cr solution phases as a

function of temperature and composition in both the fee and bcc structures. This

means, that Gibbs energies need to be given for bcc - Ni and fee - Cr. This principle,

that Gibbs energies must be given to phases, for the complete composition and

temperature range for which they are defined even though they might become

metastable or even unstable is central to the CALPHAD approach and is known as

the concept of lattice stability.

11.9.2 Ideal Solutions, Excess Energy

In an ideal solution the constituents do not interact and the Gibbs energy at a cer¬

tain temperature in a binary A - B solution is given by

G =

xA GA + xB GB + RT(xAlnxA + xBlnxB) (Eq 176)

where the first two terms are the lattice stabilities of the pure substances. The crys¬

tal structures of the phases A and B in equation 176 must be identical are they to be

allowed to mix. The last term comes from the ideal configurational entropy. The

general shape of the Gibbs energy curve as a function of composition shown in fig¬

ure 71. To account for non ideality of solutions a polynomial interaction term is

added to this expression. The one most frequently used is

L = °L+1L(xA-xB) + L(xA-xB)2+ L(xA-xBf +
... (Eq 177)

The geometry of the interaction terms are shown in figure 72 for positive parame¬

ter values. It should be noted, that treating the interactions in this manner is purely

empirical.
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Fig. 71: Geometry of the Gibbs energy of an A - B system without mixing (thin

line) and with ideal mixing (bold line)

11.10 Calculating a Phase Diagram from Gibbs Energy Curves

We now consider a hypothetical system with the components A and B. Pure A

crystallizes in the phase a and pure B in the phase ß. In other words, pure A has

the lowest Gibbs energy when it is crystallized as a, pure B when it is crystallized

as ß. Figure 73 shows three hypothetical Gibbs energy curves at 450K of the phases

a, ß and the liquid (top). It can be seen that the Gibbs energy of all three phases is

described over the whole composition range. Between points A and B and
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between C and D it is evident that the two-phase mixtures a + liquid and

liquid + ß have a lower Gibbs energy then any single phase. As mentioned above,

a phase diagram is nothing other then a map showing the stable phase assem¬

blage, or the phase assemblage with the lowest total gibbs energy.The lower dia¬

gram in figure 73 shows the phase diagram that was calculated using the Gibbs
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shown. The Gibbs energy curves at top are calculated for 450K (dashed line).
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energy curves in the upper diagram. The close connection between the phase dia¬

gram and the Gibbs energy curves is evident. It is also evident, that experimental

knowledge of the phase diagram gives valuable information on the Gibbs energy

functions.

11.11 Models for the Gibbs Energy of Ionic Compounds

11.11.1 Solid Phases: The Compound Energy Formalism

Solution phases very rarely consist of randomly mixed constituents. Very often the

constituents occupy distinct crystallographic sites depending on their size and

charge. The phase can consequently be thought of as consisting of several sublat¬

tices, each one corresponding to a certain crystallographic site and occupied only

by certain species. The species are considered to mix randomly within their respec¬

tive sublattices thus giving rise to the ideal configurational entropy of mixing.

Additionally excess Gibbs energy from interactions within the sublattices can be

added. This is the basic principle behind the compound energy formalism [7] [8]

that is used to model all solution phases in this work. The resulting expression for

the Gibbs energy as a function of composition is very closely related to equation

176. An additional difficulty that arises when dealing with ionic compounds is that

the species on the sublattices are charged, meaning that conditions need to be for¬

mulated to assure charge neutrality of the resulting phase. An example of the

application of the compound energy model for an ionic compound is given by the

description of the phase Mnj xO (for more details see chapter "Assessment of the

Mn - O System"). This phase can be thought of as consisting of two sublattices, a

cation sublattice occupied by the species Mn2+, Mn3+ and vacancies and an anion
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sublattice, occupied by O2 giving the following sublattice model for the compound

energy formalism

(Mn^Mn^Vaj^O2)! (Eq 178)

The Gibbs energy of this phase is then the sum of the Gibbs energies of the end-

members Mn+nO, Mn+mO and VaO weighted by their respective site fractions.

The notation used for the Gibbs energy of these endmembers is °G \+x
2-,&J Mn O

oJMn^O o„Mn!_xO
GA,

3+ 2-
and G,,

2- •
where the phase designation is written in the superscript

Mn O Va O i o i i

and the respective sublattice occupation in the subscript. The species on the two

sublattices are separated by a colon. Added to this is the contribution from ideal

configurational entropy, arising from the mixing of the species Mn2+, Mn3+ and

vacancies on the cation sublattice and finally the excess Gibbs energy arising from

interactions within the cation sublattice. It is clear, that the compounds Mn+mO

and VaO are charged and cannot physically exist. Only compounds along the

Mn+nO - (Mn2/3, Va)0 join are neutral and can physically exist. The endmember

(Mn2/3, Va)0 is therefore rewritten as

(Mn, Va)0 = ^Mn+mO + ^VaO (Eq 179)

2 •* 1
The mixing of - Mn and - vacancies on the cation sublattice gives rise to the fol¬

lowing configurational entropy

Gmix = i?TQln? + ilnI) (Eq 180)

One problem that is encountered when using the compound energy model is that

a large number of endmembers are often required to describe a phase completely.

A striking example is given by the seemingly harmless perovskite phase LaMn03
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(for details please refer to the chapter "Assessment of the La - Mn - O system"). It

has been shown, that this phase shows oxygen excess, oxygen deficiency and also

cation nonstoichiometry. Furthermore recent experiments have shown, that Mn3+

can occupy La3+ sites. The sublattice model required to properly describe all these

nonstoichiometries in this phase thus turns out to be

(La3+, Mn3+, Va)i(Mn2+, Mn3+, Mn4+, Va){(02, Va)3 (Eq 181)

resulting in no fewer then 24 endmembers, each of which must be given a Gibbs

energy, °G. Strategies must therefore be employed to reduce the number of °G

parameters. One method we frequently use is to find reciprocal relations and set¬

ting the Gibbs energy of these relations equal to 0. An example of such a reciprocal

relation for the LaMn03 perovskite phase is given below.

. .-Perov
_ o^-Perov o^-Perov o^-Perov o^-Perov ,,-, iq9\

AGRec "

GLa3+Mn3+02- GLa3+Mn4+Va
"

GLa3+Mn4+02-" GLa3+Mn3+Va ^ ^

This might seem to be rather arbitrary, but it should be noted that the reciprocal

relation relates charged compounds, resulting in the fact, that the value of the

Gibbs energy given to these relations has no effect on the "real" compounds and it

is thus an efficient way of reducing parameters to be optimized.

11.11.2 Liquid Phases (and Glasses): The Two Sublattice Model for Ionic

Liquids

When an ionic compound like NaCl melts, then the constituents of the phase

remain charged, leading to very strong short range order. In this case Na+ will

almost exclusively have CI as nearest neighbours and vice versa. This is the basis

of the two sublattice model for ionic liquids [9] [10]. In this model the liquid is

thought of as having two sublattices, one on which cations are allowed to mix
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freely and one on which anions are allowed to mix freely, meaning that the model

is conceptually and mathematically very similar to the compound energy model.

Furthermore neutral species and vacancies with an induced charge are allowed to

occupy the anion sublattice. This allows the extension of the model from purely

ionic liquids to purely metallic compositions.

11.12 Optimization of Parameters

When appropriate model descriptions have been formulated for all phases in a

particular system using crystallographic data on site occupancy of the phases, then

the numerical values of the model parameters need to be determined. The experi¬

mental data used to optimize the parameters of the Gibbs energy functions falls

basically into two categories. Thermodynamic data are measured heats or energies

that are directly related to the Gibbs energy function. Examples of thermodynamic

data, that are used for the optimization procedure include heat capacity measure¬

ments, chemical potentials of constituents of a phase, enthalpies of formation and

many others. The second category are experimentally determined phase diagram

data, that include melting temperatures, liquidus temperatures and solubilities

that also give fix points for the Gibbs energy functions, however only relative to

the Gibbs energy functions of other phases. As both these categories of data are

used, the resulting Gibbs energy functions are sure to reproduce both thermody¬

namic as well as phase diagram data consistently. However this very often proves

to be difficult, as very often the experimental data obtained by different techniques

are incompatible. It is therefore necessary to critically evaluate the experimental

data. Experimental errors need to be estimated and possible sources of systematic
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errors identified. Depending on the trustworthiness of the experiments they need

to be given different weightings in the optimization procedure. This often time

consuming and rather subjective process of critically evaluating experimental data

is known as assessment of literature data.

11.13 Extrapolation to Higher Order Systems

One of the biggest virtues of the CALPHAD method is that reasonable assump¬

tions can be made about complex higher order systems by extrapolation from

lower order systems. If for example the three binary systems A - B, B - C and A - C

are well known, but no or only limited experimental data exists on the ternary sys¬

tem, then often quite reasonable predictions can be made about the ternary A - B -

C system. This strategy becomes more and more useful when dealing with even

higher order systems, because of the following reasons.

firstly, it becomes less and less likely for new phases to appear

secondly, the interaction parameters often become less and less important

thirdly, the complexity of the phase diagram is greatly increased, making an

understanding of the geometry impossible without the help of a computer.

The usefulness of the thermodynamic models used is largely determined by how

well they can be extrapolated to higher order systems. It should be noted, that no

prediction can be made about the appearance of an additional phase in the higher

order system.
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11.14 Summary, Conclusions

The aim of the CALPHAD method is to describe the Gibbs energies of all the

phases in a system as a function of temperature, composition and possibly pres¬

sure. The Gibbs energy functions should consistently reproduce not only the ther¬

modynamic properties of a phase, but also allow the calculation of phase diagrams

that resemble the experimentally determined ones. The power of the method lies

in the fact that inconsistencies between experimental data obtained by different

experimental methods can easily be identified and possibly be resolved. Also pre¬

dictions of the phase diagram geometry or thermodynamic properties are possible

well outside the experimentally accessible realm. Probably the most important vir¬

tue of the CALPHAD method is that the extrapolation from lower order systems

allows accurate predictions on the phase equilibria in the higher order systems,

that can very often be so complex that it is not possible to understand them by

using experimental methods alone. Provided the lower order systems are well

described using suitable models, only a limited number of carefully chosen key

experiments are adequate to allow the optimization of the complete higher order

system over a wide temperature, pressure and composition range.
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