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ABSTRACT

In the light water reactors (LWR), the neutron activation and transport of corrosion products
is of concern in the context of minimizing the radiation doses received by the personnel
during maintenance works. A practically useful model for transport and deposition of the
stainless steel corrosion products in LWR can only be based on an improved understanding
of chemical processes, in particular, on the attainment of equilibrium in this hydrothermal
system, which can be described by means of a thermodynamic solid-solution - aqueous-
solution (SSAS) model. In this contribution, a new thermodynamic model for a Fe-Cr-Ni
multi-component spinel solid solutions was developed that considers thermodynamic
consequences of cation interactions in both spinel sub-lattices. The obtained standard
thermodynamic properties of two ferrite and two chromite end-members and their mixing
parameters at 90 bar pressure and 290 °C temperature predict a large miscibility gap between
(Fe,Ni) chromite and (Fe,Ni) ferrite phases. Together with the SUPCRT92-98 thermo-
dynamic database for aqueous species, the "spinel" thermodynamic dataset was applied to
modeling oxidation of austenitic stainless steel in hydrothermal water at 290°C and 90 bar
using the Gibbs energy minimization (GEM) algorithm, implemented in the GEMS-PSI
code. Firstly, the equilibrium compositions of steel oxidation products were modelled as
function of oxygen fugacity/O2 by incremental additions of O2 in H^O-free system Cr-Fe-
Ni-O. Secondly, oxidation of corrosion products in the Fe-Cr-Ni-O-H aquatic system was
modelled at different initial solid/water ratios.

It is demonstrated that in the transition region from hydrogen regime to oxygen regime, the
most significant changes in composition of two spinel-oxide phases (chromite and ferrite)
and hematite must take place. Under more reduced conditions, the Fe-rich ferrite (magnetite)
and Ni-poor chromite phases co-exist at equilibrium with a metal Ni phase, maintaining
relatively low dissolved concentrations of all three metals. Two co-existing spinel phases act
like a weak buffer against further oxidation of the system (e.g. due to radiolysis). The
buffering effect is the stronger the higher effective solid / water ratio is chosen. At oxidizing
conditions, the chromite phase becomes enriched in nickel and completely dissolves up to
high Cr(aq) and Ni(aq) levels, ferrite phase composition changes to mainly Ni-ferrite
(trevorite), and hematite appears as a third phase, which still maintains low dissolved iron
concentration. Thus, the predicted sequence of phase transformation is quite consistent to the
available observations of the LWR corrosion products.
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ZUSAMMENFASSUNG

In Siedewasserreaktoren (SWR), spielen Neutronenaktivierung und Transport von Korro-
sionsprodukten eine Rolle im Zusammenhang mit der Minimierung der durch das Betriebs-
personal während den Unterhaltsarbeiten erhaltenen Strahlendosen. Ein nützliches und
praktisches Modell für den Transport und die Ablagerung von Korrosionsprodukten aus rost-
freiem Stahl in SWR kann sich nur auf ein verbessertes Verständnis der chemischen
Prozesse stützen, insbesondere auf das Erreichen eines Gleichgewichtes in diesem hydro-
thermalen System, welches von einem thermodynamischen Modell von festen und wässrigen
Lösungen ausgeht (engl.: solid-solution - aqueous-solution model, SSAS). In diesem
Beitrag wurde ein neues thermodynamisches Modell für Fe-Cr-Ni-Spinell Mischkristalle
entwickelt, das die Konsequenzen von Kationeninteraktionen in beiden Spinell-Gittern
berücksichtigt. Die thermodynamischen Eigenschaften im Standardzustand von zwei Ferrit-
und zwei Chromit- Endgliedern und ihre Mischungsparameter für einen Druck von 90 bar
und eine Temperatur von 290 °C sagen eine breite Mischungslücke zwischen (Fe, Ni)-
Chromit- und (Fe, Ni)-Ferrit- Phasen voraus. Die thermodynamischen Daten für das Spinell-
system wurden zusammen mit der thermodynamischen Datenbank für wässrige Spezies
verwendet, um die Oxidation von austenitischem Stahl unter hydrothermalen Bedingungen
bei 290 °C und 90 bar zu simulieren, unter Anwendung des Algorithmus für die Mini-
mierung der Gibbs1 sehen Energie (engl.: GEM), der im GEMS-PSI Rechencode implemen-
tiert ist. Zuerst wurde die Zusammensetzung der Oxidationsprodukte des Stahls als Funktion
der Sauerstofffugazität,^O2 •> durch inkrementale O2-Zugabe zum wasserfreien Cr-Fe-Ni-O
System simuliert. In einer zweiten Etappe wurde dann die Oxidation der Korrosionsprodukte
im wässrigen Fe-Cr-Ni-O-H-System für verschiedene "Feststoff/Wasser"-Ausgangsverhält-
nisse berechnet.

Es wurde gezeigt, dass in der Übergangsregion von reduzierenden zu oxidierenden Beding-
ungen die wichtigsten Veränderungen in der Zusammensetzung der zwei Spinellphasen
(Chromit und Ferrit) und Hämatit stattfinden müssen. Unter noch stärker reduzierenden
Bedingungen koexistieren eine Fe-reiche Ferrit- (Magnetit) und eine Ni-arme Chromit-Phase
im Gleichgewicht mit einer metallischen Ni-Phase, bei niedriger Konzentrationen der drei
gelösten Metalle. Zwei koexistierende Spinell-Phasen agieren wie ein schwacher Puffer
gegen eine weitere Oxidation des Systems (z.B. durch Radiolyse). Der Puffereffekt ist umso
grosser je höher das "FeststoffWasser"-Verhältnis gewählt wurde. Bei oxidierenden Bedin-
gungen wird die Chromit-Phase mit Nickel angereichert und löst sich ganz zu hohen Cr(aq)-
und Ni(aq)-Gehalten auf. Die Zusammensetzung der Ferrit-Phase verändert sich hauptsächlich
zu Ni-Ferrit (Trevorit) und Hämatit erscheint als dritte Phase, bei immer noch niedriger
Eisenkonzentration in der Lösung. Die berechnete Sequenz der Phasenumwandlungen ist
völlig im Einklang mit den Beobachtungen betreffend der SWR-Korrosionsprodukte.
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RÉSUMÉ

Dans les réacteurs à eau légère, l'activation des produits de corrosion par les neutrons et leur
transport est d'intérêt majeur dans le contexte de la minimisation des doses radioactives
reçues par le personnel lors de travaux de maintenance. Un modèle utile et pratique pour
décrire le transport et la déposition des produits de corrosion des alliages inox dans un
réacteur à eau légère ne peut être basé que sur une compréhension améliorée des processus
chimiques, en particulier l'atteinte d'un état d'équilibre dans ce système hydrothermal, qui
peut être décrit à l'aide d'un modèle thermodynamique pour une solution solide en milieu
aqueux (engl. solid-solution - aqueous-solution model, SSAS). Dans la présente contribu-
tion, un nouveau modèle thermodynamique a été développé pour une solution solide d'un
spinel à base de Fe-Cr-Ni. Ce modèle prend en considération les conséquences thermodyna-
miques résultant d'interactions cationiques dans les deux sous-réseaux du spinel. Les pro-
priétés thermodynamiques standard obtenues pour deux ferrites et deux chromites, repré-
sentant les membres finaux de la chaîne, et leur paramètre de mélange à une pression de 90
bar et à une température de 290 °C permet de prédire une zone de miscibilité importante
entre les phases chromite (Fe, Ni) et ferrite (Fe,Ni). Pour la modélisation de 1'oxidation de
l'acier austénistique au contact d'un système hydrothermal à 290 °C et 90 bar de pression on
a appliqué l'algorithme de minimisation de l'énergie de Gibbs (GEM), implémenté dans le
code GEMS-PSI, en faisant appel aux données thermodynamiques pour ions en solution
aqueuse SUPCRT92-98 et en utilisant les données thermodynamiques s'appliquant au
"spinel". Dans un premier temps, les compositions à l'équilibre des produits d'oxydation de
l'acier inox ont été calculées en fonction de la fugacité en oxygène, fÖ2, avec adjonction in-
crémentale d'C>2 au système Cr-Fe-Ni-0 anhydre. Ensuite, on a simulé l'oxydation des pro-
duits de corrosion dans le système aqueux Fe-Cr-Ni-O-H pour différents rapports initiaux
"solide / eau".

On a pu démontrer que dans la région de transition, en passant de conditions réductrices à
des conditions oxydantes, les changements de composition les plus significatifs des deux
phases oxyde du spinel (chromite et ferrite) et de la phase hématite doivent avoir lieu. Dans
des condition encore plus réductrices, les deux phases, magnetite (riche en ferrite, Fe) et
chromite (pauvre en Ni), coexistent à l'équilibre avec une phase métallique Ni, en maintenant
des concentrations relativement faibles des trois métaux en solution. Les deux phases
coexistantes du spinel agissent comme un tampon faible contre une oxydation ultérieure du
système (par ex. par radiolyse). L'effet en est d'autant plus effectif que le rapport "solide /
eau" est plus élevé. Sous conditions oxydantes, la phase chromite s'enrichit en nickel et se
dissout complètement jusqu'à produire des taux élevés de Cr(aq) et Ni(aq). La composition de
la phase ferrite évolue principalement vers la Ni-ferrite (trevorite), et de l'hématite apparaît
comme troisième phase tout en maintenant une faible concentration en fer dissout. Ainsi la
prévision des séquences de transformations de phase est complètement consistante avec les
observations à disposition pour les produits de corrosion d'un réacteur à eau légère.
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PART 1: AN OVERVIEW OF THE FORMATION OF SPINEL
LAYERS AT LWR CONDITIONS AND A SUMMARY
OF ESSENTIAL THERMODYNAMIC CONCEPTS

1.1 INTRODUCTION

In this contribution, we try to show what factors control composition of corrosion products
formed on stainless steel at the boiling water reactor (BWR) conditions under the assumption
of steady state and local equilibrium between the reactor water and the oxide phases on
austenitic stainless steel. Special attention is attributed to thermodynamic properties of
mixed spinels. Iron, chromium, nickel and oxygen are major components that mainly
determine thermodynamic properties of spinels on stainless steel. Other components such as
cobalt and zinc are important in nuclear reactor systems, but they play a minor role in such
spinel solid solutions on stainless steel and presumably should not affect the activity
behaviour of major spinel end-members.

In Part 2 of this report, the relations between composition and thermodynamic properties of
mixed Fe-Cr—Ni spinel phases as multi-site non-ideal solid solutions are determined in a
new thermodynamic model of spinel (developed by V.A.Kurepin, IGMOF Natl. Acad. Sci.,
Kyiv, Ukraine, in a collaborative project for LWV PSI), based on the available crystallo-
graphic and compositional data for mixed spinels, and thermodynamic data for spinel end-
members. In Part 3, this thermodynamic model of Fe-Ni-Cr spinel is applied (together with
the SUPCRT92-98 database for aqueous species) in thermodynamic modelling of equi-
librium composition of corrosion products under BWR conditions using the Gibbs energy
minimization (GEM) algorithm (Karpov, Chudnenko and Kulik, 1997), implemented in the
GEMS-PSI v.l.91b code1. As follows from the final discussion (Part 4), these results can be
considered as a pre-requisite for further investigations concerning the radioactive cobalt
uptake in the corrosion scales of stainless steel components under service conditions in
nuclear power plants.

In order to help in understanding of the importance of this task, some comments about the
boiling water reactor system, its radiation problems, and guidance concerning its water
chemistry are provided below.

1.1.1 The radiation protection problem

In many BWR's, the coolant in the primary circuit is re-circulated in an external loop system
- the recirculation lines. During operation, radioactive corrosion products are deposited in the
recirculation lines. This leads to the build-up of considerable radiation fields to which the
service personnel may be exposed.

1 For the code, see the web link (http://les.web.psi.ch/Software/GEMS-PSI/).
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The y-activity consists of the radionuclides listed in Table 1-1. Depending on the plant, the
nuclides 60Co and 58Co contribute from 80% to 90% of the total y-dose rate. Therefore, the y-
activity build-up is primarily a problem of cobalt, whereby the contribution of 60Co is predo-
minant (Linn 1985; Grauer 1987; et al. 1989; Hiltpold 1999).

Table 1-1 : The most important y-emitters contained in reactor water, the parent nuclides and formation
process of the radionuclides by neutron capture (Comley 1985).

Radionuclide

51Cr
59Fe
58Co
65Zn
54Mn
60Co

Parent nuclide

50Cr
58Fe
58Ni
64Zn
54Fe
59Co

Isotopes
abundance

4.3

0.33

68.0

49.0

5.8

100.0

Half-Life

28 d

44.5 d

71 d

244 d

313 d

5.28 y

Formation
process

n y

n,y

n,p

n,y
n,p

n,y

y-Radiation
energy
[MeV]

0.3

1.1, 1.3

0.8

1.1

0.8

1.2, 1.3

To understand the activity build-up, various processes are discussed with the help of Figure
1-1. In the flow chart, the generation, activation and accumulation of corrosion products are
outlined, whereas in the scheme of a BWR-plant, the particular locations of these processes
are indicated.

The feedwater introduces the dissolved as well as suspended corrosion products in the
reactor. The parent nuclides released from the piping materials are the main source of 58Co
and 60Co. To a smaller extent these nuclides are released from the reactor components. In
the core region, the parent nuclides are adsorbed mainly at the fuel pins and become
activated due to the neutron flux. However, the residence time of these ions or particles on
the fuel pins is a critical factor for the build-up of activity. The activity is at a minimum
when the residence time is either very short or very long, such that the activated cobalt is
removed together with the fuel elements when refuelling. Despite three decades of intensive
study the understanding of the activity transport in Light Water Reactors (LWR's) remains
on a preliminary and empirical level.
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Figure 1-1 : Activity build-up in the recirculation line of BWR's (Koine et al. 1983).

1.1.2 Water chemistry

During operation of a reactor, the corrosion behaviour of reactor components is mainly
controlled by the conductivity of the reactor water and the redox conditions. Therefore, the
role of chemistry of the reactor water is of crucial importance (Cohen 1969; Heitmann 1986;
Heitmann 1997). The Normal Water Chemistry (NWC) is characterised by a minimum
conductivity. Theoretically, the ionic conductivity of pure water at 25°C is 0.055 jJ.S/cm. The
Electrochemical Potential (ECP) of the reactor water is determined by water radiolysis
(Ishigure, et al. 1982; Ibe and Uchida 1983). The oxygen concentration in the reactor coolant
ranges from 150 to 400 ppb (u.g/1). This oxygen concentration is sufficient to cause Stress
Corrosion Cracking (SCC) in sensitised stainless steel, i.e. the integrity of reactor compo-
nents may be endangered. To mitigate SCC, hydrogen is injected in the feedwater, what
reduces the concentration of the dissolved oxygen by catalytic controlled recombination of
hydrogen with oxygen to water. The water chemistry applying hydrogen injection is called
Hydrogen Water Chemistry (HWC). The major drawback of HWC is the effect of increasing
activity build-up especially in the BWR plants. Since the integrity of the reactor has to be
considered in its whole complexity as shown in Figure 1-2, it is always needed to find
compromises among different requirements. Nowadays there are trends to change the
philosophy of BWR-water chemistry from "as clean as possible" to "plant specific water
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chemistry". Furthermore, different chemical additives are applied to the reactor water
(Hettiarchi and Diaz 1995; Riess and Stellwag 1996).

MATERIAL

STRESS

Radiation
Enhanced
Diffusion

. Water
Radiolysis

Radiation
induced
Precipita-
tion

Core
Internals

Corrosion
Damege in
Core
Internals

Coolant

RADIATION

WATER

Radiation
Electro-
chemistry

Nodular
Corrosion

Fuel
Cladding 1

Figure 1 -2 : Interaction of different processes with regard to the integrity and safety of reactor components
(Ibe and Uchida 1983).

1.1.3 Corrosion scales in LWR's and the uptake of activity

Investigations of oxide scales using microanalysis and spectroscopic methods provided a
rather detailed understanding of the composition and structure of LWR-corrosion (Tapping
Davidson et al. 1986; Macdonald 1991; Mailand 1995; Baston et al. 1996; Baston and
Garbauskas 1996).

An introductory overview of the corrosion products in the corrosion scales is given in Figure
1-3 (Baston et al. 1996). During the corrosion process the components made of austenitic
chromium-nickel steel become covered with a fine grained, tightly adhering (AD) mixed
oxide scale and an outer loosely adhering (LAD) oxide layer.

The incorporation of activation products in the oxide scale of chromium-nickel steel is
mainly due to the formation of spinels collecting the radionuclides delivered by the reactor
coolant. Under BWR conditions the thickness of the corrosion scales varies around 1 urn
(Mailand 1995).

There exist different views about the growth mechanism of the corrosion scales and their
structures (Potter and Mann 1961; Lister et al. 1987; Robertson 1989; Tomlinson et al. 1990;
Robertson 1991). A summary is given by Stellwag (1992).
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BULK COOLANT

Figure 1-3 : Structure of corrosion scales formed under normal water chemistry or hydrogen water chemistry.

The literature dealing with the activity build-up in LWR is extensive. Here, only two reviews
containing comprehensive bibliographies shall be mentioned (Comley 1985; Lister et al.
1987) together with the most recent report from the German VGB2 study (Staudt 1996) and
the paramount monograph from Neeb (1997).

In contrast to the successful work done in the field of microstructure and chemical analysis
of LWR-oxide scales less progress is done in modelling of the activity build-up. Concerning
the activity build-up, a general agreement exists on the following items:

1. The rate of activity incorporation in the corrosion scales is a function of the
corrosion rate and the activity concentration in the coolant.

2. The extent of 60Co incorporation is a function of the corrosion scale charac-
teristics: thickness, structure, composition, morphology and pretreatment of the
surface before exposition in the reactor. Increasing 60Co incorporation is obser-
ved in spinel-oxides with increasing chromium content.

3. Cyclic changes of the chemical potential in the system coolant enhance activity
incorporation and restructuring of the corrosion scales.

4. Nominal concentration of zinc in the coolant minimises the incorporation of 60Co
in the spinel-oxides.

'• VGB - Technische Vereinigung der Grosskraftwerksbetreiber
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1.2 A SUMMARY OF ESSENTIAL THERMODYNAMIC CONCEPTS

The following discussion introduces necessary thermodynamic concepts to model Fe-Cr-Ni-
solid solutions, as they are formed on stainless steel under operating nuclear reactor condi-
tions. A more complete discussion of thermodynamic theory can be found in (Adkins 1983,
Nordstrom and Munoz 1994, Atkins 1990, Will 1998). In the next chapter intensive use of
thermodynamic theory of solid solutions has been applied such that an introduction in the
field of thermodynamics of phase equilibria in minerals is probably helpful. The list of ther-
modynamic symbols commonly used in phase equilibria calculations is collected in Table 1-
4 at the end of this summary.

1.2.1 Mineral Solutions

In a broader context, the different oxides formed under LWR-conditions belong to the
minerals, which are chemical substances that occure in different crystal structures and may
have a variable or constant chemical composition. The large variability in composition is a
result of element substitutions in the crystal lattice. Because of the compositional variations,
minerals are referred to as crystalline solid solutions between their respective mineral end-
members. The extent to which a particular substitution can occur is a function of temperature
and to a lesser degree of pressure but depends also on the size and charge of cations
involved. In the oxide- and silicate structures, substitutions are easily possible, at least at
high temperatures, as long as the difference in the molar volume of the relevant mineral end-
member does not exceed 6%.

The description of minerals is best explained with an example. Olivine has a composition
represented by the general structural formula X2SiC>4, with X representing octahedrally
coordinated divalent cations, such as Fe2+, Mg2+, Ca2+ or Mn2+. In the chemical system FeO-
MgO-MnO-SiO2 there are three end-members that span the compositional space of ternary
olivine solid solution (Table 1-2):

Table 1-2 :

Mineral
end-member

fayalite

forsterite

tephroite

Description of the system

Msite
(octahedral)

Fe2

Mg2

Mn2

FeO-MgO-MnO-SiO2.

Tsite
(tetrahedral)

Si

Si

Si

o4

o4

0 4

Cation radius
[A]

Fe2+=0.86

Mg2+=0.80

Mn2+= 0.75

Considering the similar size of radii of the divalent cations, an exchange between Mg2+ and
Fe2+, written as the exchange vector FeMg_i, can take place easily in olivine. This agrees
with the observation that the natural sub-solidus olivine can have any composition between
forsterite and faylite end-members. A solid solution like olivine, where a substitution is
restricted to identical lattice sites (i.e. a sublattice), is called a simple solid solution. Such a
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solution has the same number of chemical independent phase components as that of the
mineral end-members. This, however, is not generally true, which is shown using the mineral
garnet in the system CaO-FeO-Al2O3-SiO2-Fe2O3 as an example. The garnet formula can
be written as X3

AY2
MZ^O12, with X = (Ca, Fe2+), Y = (Al, Fe3+) and Z = Si; the superscripts

denote the lattice sites, the subscripts indicate the number of atoms on the respective sites. In
this system, four mineral end-members can be written (Table 1-3):

Table 1-3 : Description of the mineral garnet in the system CaO-FeO-Al2O3-SiO2-Fe2O3 •

Mineral
end-member

almandine

grossular

skiagite

andradite

A site
(hexahedral)

_ 2+

Fe3

Ca3

Fe3
2+

Ca3

M site
(octahedral)

Al2

Al2

Fe3
3+

Fe3
3+

Tsite
(tetrahedron)

Si3

Si3

Si3

Si3

0,2

0,2

0,2

0,2

Solutions where substitutions occur on more than one sublattice are called complex solid
solutions. In garnet, the CaFe2+_! substitution occurs on the hexahedral sublattice and the
AlFe3+-i substitution is restricted to the octahedral sublattice. Both substitutions are indepen-
dent of each other. Moreover, only three of the four phase components are linearly inde-
pendent, which is in contrast with the simple olivine solid solution. As a consequence, one
mineral end-member in a complex solid solution can always be expressed through a linear
combination of the remaining phase components. In this case, more mineral end-members
exist than independent phase components. Such complex solid solutions are referred as
reciprocal or multi-site solid solutions.

1.2.2 Mixing behaviour of minerals

Cation substitutions are central to the mixing behaviour of minerals and control the chemical
composition of minerals. Some parameters like temperature, pressure, cation size, cation
charge and crystal structure that can influence the behaviour of the mineral will be briefly
described. The compositional range in which a mineral is stable is a function of the geometry
and size of the lattice sites and depend strongly on energetic interaction between electron
shells of the cation involved. In many polyhedrally coordinated crystals, there is a correlation
between pressure and temperature and the size of the lattice site, where an increase in
temperature has a similar effect as a decrease in pressure, and vice versa. Substitutions of
cations different in size can lead to a weakening of the M-O-M bonds and distortion and
expansion of the lattice sites, such that the stability range of the solid solution is decreasing.
Incommensurable cation sites on different sublattice are responsible of large miscibility gaps
of the corresponding end-members. In general, high temperature and/or complicated crystal
structures increase the possibility to form complete solid solutions. Conversely, at low
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temperature, minerals often exhibit miscibility gaps or solvi that lead to unmixing of the
solid solution into several low temperature phases.

1.2.2.1 Theiynodynamic of solid solutions

The way in which mixing takes place in a mineral is greatly influenced by the size and
charge of the atoms mixing on a specific site, as well as by the geometry of this site. The
distribution of atoms in a crystal structure affects the molar Gibbs energy of the solid
solution and, thus, the activities of the mineral end-members / of this solution. The activities,
a,-, are central to any phase equilibria calculations, since they are, through the equili-
brium constant K, directly linked to the fundamental thermodynamic equation
AG° + RT • ln{K) = 0 . Thus the activities of the phase components in a mineral depend on
the arrangement or configuration of atoms and their energetic interaction in the crystal
structure. There are two limiting cases: firstly, a completely ordered distribution of atoms on
the lattice sites in the structures or, secondly, a complety disordered or random configuration
of atoms. The distribution of atoms influences the entropy of mixing, S'fljx, or the configura-
tional entropy of a mineral, S'f0llflg. At any given temperature, completely disordered solid

solutions have the maximum of possible configurational entropy. Conversely, solid solutions
with completely ordered distribution of atoms have a configurational entropy of zero. If the
entropy of mixing of a solution is known as a function of pressure, P, temperature, T, and
composition of a mineral, Xi, the activities of the phase components in this mineral could be
determined explicitly and, thus, the equilibrium constant K could be established.

From a microscopic point of view, S™fJ is a direct consequence of the number of ways in
which atoms can be organized in a structure. The organization of atoms in a mineral structure
is strongly influenced by the presence of long-range and local short- range order effects.
Long-range order acts translationally across the entire crystal and is the fractionation of
atoms onto distinct crystallographic sites or sublattice, i.e. long-range order can be simply
expressed through the mole or site fraction of element i on site S, Xf. This type of mixing is
commonly referred to as independent or random mixing. The entropy of random mixing
corresponds to the ideal configurational entropy of mixing, S'^lx. Short-range order is
important in charge-balanced, coupled substitutions and is responsible for the departure from
random mixing, therefore, from ideality. Whereas the long-range order effects can be
expressed through S'fljx, the short-range order phenomena cause problems because they are
not only difficult to measure but, moreover, there is no standard way of expressing the
entropy of mixing of real minerals in presence of short-range order effects. To resolve this
dilemma, the activity of a mineral, a,, is usually separated into two parts, (1) an ideal mixing
activity, xi, and (2) an activity coefficient, % that takes care of departure from random
mixture and, thus, of any non-ideality of the mineral. This is the origin of the equation
a, =xryl.
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1.2.2.2 Ideal Entropy of mixing (Ideal Configurational Entropy)

Even though it is not feasible to write an analytical expression for the configurational entropy

of real mineral, S™J, it is possible to derive an explicit expression for the ideal

configurational entropy, S'£ix, of a completely disordered, ideal solution. According to

Boltzmann(1896):

5^=^=*.]n(Q) (1-1)

with k being the Boltzmann's constant, and Q. is the thermodynamic probability with which a
certain state of energy can exist in a crystal, e.g. for a binary system A-B with N atoms in
total and NA A-atoms and NB B-atoms we get for Q:

N\ N\

NANB {NXA)\{NXB)\

and the ideal configurational entropy of a completely disordered crystal is:

S" = k • In-. ^ r = £[ln7V! - I n t o , )!-lnto» )l] (1-3)
conflg {NXA)\{NXB)\ \ A) \ B ) I

If N is very large, then by applying Stirling's theorem, the expression inN = N • ln(N) — N

holds. Substitution and re-arranging of eq. (1-3) leads to:

=-N-k-[XA lnXA +XB\nXB] = -R (XA \nXA +XB\nXB) (1-4)

where R is the universal gas constant. This equation is valid if a site is occupied by just one
atom. Many minerals, however, have more than one atom on one site. This can be taken into
account by slightly modifying (4):

S'Lfig =-q-R-{XA\nXA+ XB lnX5 ) (1-5)

The site multiplicity factor, q, gives the number of atoms/ on a particular lattice site. Finally
for a ̂ -component system:

(1-6)

Xsj is the site fraction of atom j on the structural site S, and Hj is the site proportion of atom/
relative to the number of equivalent q sites. Depending on the mixing model used to describe
a solid solution, Sj can be identical to the ideal mixing activity Xf. The configurational
entropy of an ordered solution is always lower than the entropy of mixing of a partly ordered
or disordered solid solution, Consequently, the Gibbs energy of mixing,
Gmix = Hmix - T • Smjx, is more positive in ordered than in disordered solutions, thus favoring

the stability of disordered minerals.
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1.2.2.3 Ideal mixing activities and thermodynamic models

Mixing between mineral end-member can be envisaged to take place in several ways:

1. Mixing occurs between two different cations on only one site.

2. More than one cations mix on one site.

3. Independent mixing occurs on several sites. Such solutions are generally referred to
as reciprocal or multi-site solutions.

All the above concepts describe independent mixing of atoms on distinct sites in a crystal
structure and are called "mixing-on-sites" (MOS) models.

4. Charge balanced substitution

The latter is referred to as a coupled substitution because the substitution in one sublattice
implies a corresponding substitution in another sublattice, equalizing the charge imbalance
produced by the first substitution. This model takes into account short-range phenomena like
the nearest-neighbour interaction of atoms.

The molecular mixing model (MM) is the simplest activity model. It assumes that mixing
takes place between entire phase components and implies complete short-range order.
Therefore, this model yields always the minimal configurational entropy of a solid solution.
In contrast, the mixing of ions on a discrete sublattice in a crystal structure is described with
the random mixing model. The assumption of random mixing-on-sites was implicit in eq. (1-
6). In this model, a complete absence of short-range order effects is assumed, and,
consequently, solid solutions described with the random mixing model have the maximum
configurational entropy. The consequences of the application of molecular or ionic model to
the end-member activities of a solid solution are illustrated by use of the clinopyroxene solid
solution between the end-members hedenbergite, CaFe2+Si2C>6, and acmite, NaFe3+Si2O6. In
pyroxene structure Na+ and Ca2+ are confinded to M2 site; Fe2+ and Fe3+ mix on the slightly
smaller Ml site. Applying molecular model to clinopyroxene with the composition
(Cao.4Nao.6)M2(Feo.42+Feo.63+)M1Si206 yields the following ideal mixing activities for the two
end-members:

*%=*** =0.4 and x%=Xaem=0.6

Note, that the sum of the ideal mixing activities is equal to one. This , however, is only true
in the context of the molecular mixing model. If the pyroxene solid solution is described
with the random mixing model, the ideal mixing activities are:

* = X X" = 0J6

It is obvious that the different end-members activities as obtained by the two ideal mixing
models may cause enormous differences in any PT estimation. These models represent two
limiting cases for the description of ideal mixing activities. In nature, most minerals have
ordering states intermediate between these end-member situations. Thus, a decision has to be
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made which of these models should be used and commonly the ideal activities are calculated
by the ideal-mixing-on-sites (IMOS), representing a disordered solution, unless by other
reasons the MM is more appropriate.

1.2.2.4 Enthalpy of Mixing and the Activity Coefficient yi

Up to now, only the ideal mixing behaviour of completely disordered minerals was
considered. Most minerals, however, deviate from ideality and mix non-ideally. Therefore,
their activities, a;, can no longer be described through the ideal mixing activities, x,.
Macroscopically, this non-ideality is expressed with the activity coefficient, % leading to the
well-known expression a, = Xiju which is referred to as the ,,activity-composition" or ,,a-x"
relationship. The a-x relationship of most complex minerals are still unknown. Despite of
these difficulties, several, mostly empirical models exists that try to approximate the non-
ideal mixing behaviour of solid solutions as a function of composition, temperature and
pressure.

Nearest Neighbour Model

Substitutions of cations in a mineral can change the energy of a crystal. The simplest
physical model describing the associated enthalpic changes is the nearest neigbour model,
sometimes referred to as the Ising model. The Ising model assumes completely disordered
crystals with randomly distributed atoms on the crystal sublattices. This model accounts only
for energetic interactions of the nearest atoms in a crystal structure. In a binary system A-B
with completely randomly distributed A and B atoms, three different next nearest neighbour
pairs can occur: A-A, B-B and A-B. The energies of these pairs are denoted as £AA, £BB and
£AB; the total number of pairs is 0.5Nz, with 7V being the sum of A and B atoms, and z is the
coordination number. The probability, 4u> with which A-A, B-B and A-B nearest pairs can
occur are ^AA^ XA, £BB - XB2 and ^AB = 2XAXB. The total enthalpy of a solid solution depends
on the number of A-A, B-B and A-B bonds and can be expressed as:

Htotal =^N' Z^AA£AA + ^BB^BB + SJUPAB )

= | i V • z{x\eAA + X2
BeBB + 2XAXBeM) (1-7)

= 2N'Z(XA£" +XB£BB +XAXB(2£AB -eM -eBB))

The first two terms are enthalpies that are solely due to energetic interactions between A-A
and B-B nearest neighbours in the pure mineral end-members A and B. This term is called
enthalpy of mechanical mixing:

(1-8)
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The energy necessary to form a chemically homogeneous solid solution by, for example,
breaking the bonds in a phase components and rearranging them newly is given by the third
term in eq. (1-7).

=±N-z.XAXB(2eM-eM -eBB) (1-9)

The total enthalpy is just the sum of eq. (1-8) and (1-9). The term in brackets in eq. (1-9) is
abbreviated by Ae, which is called the characteristic potential for a component system ana-
logously with By's being the energy potentials in the respective binary systems i-j:

mix = — N-z- Ae- XAXB = wABXAXB in a binary system

(1-10)

y^/^y m a n component system (i,j -I, 2...n;i& j)
i j

Three different cases of mixing are distinguished:

Ideal mixing: Ae;y= 0, AHmjX= 0 and wy= 0. In a solid solution of this kind all proportion of
mixture of the end-members are possible.

Non-ideal mixing: Ae,y ^ 0, AHmiX^0 and wy^ 0.

1. AEij>0 and w,y>0. The energetic between the unlike atoms is larger than the mean of the
energies of the like atoms. This substitution leads to an enthalpy increase of a
chemically homogeneous solution with respect to a purely mechanical mixture of the
respective end-members. A positive characteristic potential favours bonds between the
like atoms. Consequently, a positive Agy is responsible for exsolution processes in
solutions and the presence of solvi or miscibility gaps at low temperature.

2. A£,y<0 and Wy<0. AHm(X become negative and bonds between unlike atoms are energeti-
cally favoured and the solid solution is exothermic.

Since a completely disordered crystal has its maximum possible entropy, any deviation from
a random atom distribution must lead to an entropy reduction. This can be described through
an additional entropy term, which is called the excess entropy, Sex.

=0,

AGmix =AHmix-T-S;:ix (1-11)

, (for i = l,2...n)

AGtotal = ^Xtf + qR^X; ]nX, = AG^
1=1 1=1
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In Figure 1-4A,B, the Gibbs energy and enthalpy of a binary solid solution are outlined for
the different scenarios of mixing:

-1.5-

P, T = constant

0.0 0.2 0.4 0.6 0.8

binary system A-B; XB

1.0

Figure 1-4A : The Gibbs energy of mixing for the three cases are given and for the curve with two inflection
points a miscibility gap between the corresponding values of mole fraction will be established.

X

-1.0-

-1.5-

-2.0-

P, T=constant
^ O (ideal)

0.0 0.2 0.4 0.6

binary system A-B;
0.8 1.0

Figure 1-4B : Enthalpy of mixing of a binary solution between the end-members A and B at constant tempe-
rature and pressure. Ideal and non-ideal mixing is shown.
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Regular Mixing Model

The simplest formalism that can be used to model deviation from the ideal mixing behaviour
is the regular model. A solid solution is regular if the enthalpy of mixing is positive and the
solution is completely disordered with randomly distributed atoms on sites. Furthermore, it is
assumed that there are no vacancies in the structure and that the next nearest neighbour
model applies. In general, the thermodynamic state of the solution can be described by eq.
(1-11). The Gibbs energy of mixing for a regular solution is calculated according to eq. (1-
12) for a n component system in which mixing is restricted to one site.

lXJwv for ij = \,2...n; i* j (1-12)
1=1 i=L j

The first term on the right-hand side is the ideal Gibbs energy of mixing and the double sum
is the contribution to Gibbs energy of mixing that arise because of deviation from ideality
and is referred as the excess Gibbs energy of mixing. The total Gibbs energy of mixing
includes the Gibbs energies of pure end-members:

AGmix =AG%X + Gex

» (1-13)
G reat X*"1 / - i0 •*/• . \ /-? s-imech . A s-*\d , siex v '

total = 2u °I Xi + A G W = Gmlx + A(jmix + Gtotal ~ ^ w ; ^ i ™ w m / . v - ^mix ^ ^^mix

This is a general expression and it is independent of the choice of a particular mixing model.

Subregular Mixing Model

The application of a regular model is restricted to symmetrical solutions. Yet, many solutions
have asymmetric thermodynamic properties, for example asymmetrical miscibility gaps. This
can be attributed to the fact that the energetic interactions between atoms may not only be a
function of pressure and temperature but also of composition. Compared to the symmetrical
regular model that has only one composition-independent parameter, asymmetrical solutions
require more than one parameter and are referred to as the subregular solutions. It was shown
that the interaction parameter of a regular solution is a function of the energetic interaction
between atoms in a crystal structure. Thus, it was possible to describe and interpret the
interaction parameter and the regular mixing model on a firm physical foundation. This,
however, is no longer true for subregular model. For example, the excess Gibbs energy of a
binary subregular solution with the atoms 1 and 2 mixing randomly on sites can be
formulated empirically as:

In this case, it is not possible to assign a physical meaning to the two different parameters
wj2 and W21- Consequently, the subregular model does not rest on a physical basis but is
purely empirical and is modelled through polynomial expression of grad n. A commonly
applied polynomial is the MacLaurin series expansion, remembering that the excess Gibbs
energy of the end-members 1 and 2 is always zero for a binary system:
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Ga =A + BX + CX2+DX3 + ... (

A, B, C, D, etc., are constants. Equation (1-15) can be fitted to experimental data in order to
express the excess Gibbs energy. In general, it is sufficient to terminate after the cubic term.
If this is done, eq. (1-14) follows which will be demonstrated briefly. The constants
A, B, C,D can be evaluated if the boundary conditions of the equation are taken into account.
The excess Gibbs energy of the end-member is always zero, ie. Gex= 0 for X= 1. Thus , for a
binary system:

Gex=0 = A /orX = X 2=l-X,=0

and

Gex =A + B + C + D forX = X2=l-X1=l

Applying the cubic approximation for G6* and differentiating Gex with respect to X, at
constant pressure and temperature, gives:

CX2+DX3

=-{C + D) + 2CX + 3DX2

a X

For the pure end-member 1 (ie. X= 0), the differential is:

i
For the pure end-member 2 (ie. X= 1), it becomes:

(dGex\

d X )P,T,X=O

= - (C + D) + 2C + 3D = wa

These two differentials are used to define the subregular mixing parameter wu and
which are commonly referred to as Margules parameters. Solving the two differential equa
tions and substituting in eq. (1-15) leads to eq. (1-14).
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1.3 THERMODYNAMIC SYMBOLS AND CONSTANTS TO PART 1

Table 1-4 :

Symbol

G?

AGj0

mix

^mix

Gtotal

Gideal

Gex

H

H'pj

AfHi 29S

A(AfHu9&

Tj mech
mix

** mix

K

K

«/

P

Q

R

S

e'

Sl,298

Thermodynamic symbols and constants

Description

Activity of the mineral end-member i

Standard molar Gibbs energy of mineral end-member i

Molar Gibbs energy of the pure mineral end-member / at the pressure and
temperature of interest

Mechanical molar Gibbs energy of mixing

Chemical molar Gibbs energy of mixing

Total molar Gibbs energy of mixing

Ideal molar Gibbs energy of mixing

Excess molar Gibbs energy of mixing

Molar enthalpy

Molar enthalpy of the pure mineral end-member / at the pressure and
temperature of interest

Enthalpy of formation from the elements, i.e. standard enthalpy at 1 bar
and 298.15 K

) Enthalpy of reaction at 1 bar and 298.15 K

Mechanical molar enthalpy of mixing

Chemical molar enthalpy of mixing

Total molar enthalpy

Equilibrium constant

Boltzmann constant; k=1.3806xl0"23 [JK"1]

Number of moles i

Pressure

Site multiplicity factor for a sub-lattice

Universal gas constant; i?=O.OO83145 [kJ K'1 mol'1]

Molar entropy

Molar entropy of the pure mineral end-member i at the pressure and
temperature of interest

Standard entropy at 1 bar and 298.15 K
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Table 1-4

Symbol

&Sl,298

oid
^config

c<real
•^mix

sl.

S'

T

Tc

V

Vj,298

Xi

x,k

Xi

XiO

Yi

ek,

Aekl

Z

(continued)

Description

Entropy of reaction at 1 bar and 298.15 K

Configurational entropy

Molar entropy of mixing

Ideal entropy of mixing

Excess entropy

Temperature

Critical temperature

Molar volume

Molar volume at 1 bar and 298.15 K

Interaction or Margules parameter

Mole fraction of the mineral end-member i

Site fraction of element j on site k

Ideal mixing activity of the mineral end-member i

Inversion parameter

Activity coefficient of the mineral end-member i

Energy of the nearest atom neighbour pair k and 1

Characteristic potential

Chemical potential of the mineral end-member i in a solid solution at the
pressure and temperature of interest

Chemical potential of the pure mineral end-member i in a solid solution at the
pressure and temperature of interest

Coordination number
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PART 2: A NEW THERMODYNAMIC MODEL OF FE-CR-NI
SPINELS

2.1 INTRODUCTION

Oxide films forming during corrosion of austenitic stainless steel consist of Fe and Ni ferrites
and chromites (Lin 1994, Domain 2000), which are Fe-Cr-Ni spinel solid solutions. Multi-
component spinels are minerals of variable compositions with cations distributed between
two sub-lattices. Therefore, thermodynamic description of spinels includes thermodynamics
of solid solutions and thermodynamics of order-disorder. Relations between composition and
thermodynamic properties of Fe-Cr-Ni spinels as multi-site non-ideal solid solutions can be
expressed by a thermodynamic model, which must reflect how thermodynamic properties
depend on composition and intracrystalline distribution of cations in spinels.

Oxide spinels have found many practical uses in magnetic and refractory materials,
semiconductors etc. They are accessory minerals in rocks of the Earth crust and dominant
minerals of the upper mantle of the Earth. Therefore spinels are of specific interest to
material scientists, and geologists and a great deal of work has been devoted to investigation
of properties of these minerals. Thermodynamics of multi-component solid solutions was
progressing intensively in the past few decades in connection with necessity for thermodyna-
mic description of alloys and natural and artificial minerals (Guggenheim 1951,1993; Saxena
1973; Kurepin 1981; Ganguly and Saxena 1988; Aranovich 1991; Hillert 1998).

Isomorphous substitutions of atoms are quite common in natural and artificial minerals,
including spinels. Here, we will briefly consider thermodynamic models of minerals with
random distribution of atoms in crystalline sub-lattices because thermodynamics of spinels is
described properly using this assumption.

2.1.1 One-site solid solutions

Substitution of atoms A by atoms B in a sub-lattice of mineral AX leads to formation of solid
solutions (AKVB,V)X with common part X. At favourable conditions, this process can proceed
up to formation of the second end-member BX of these solid solutions. An example of such
a solid solution is Zn-Mg chromite (Zn,Mg)Cr2O4 with isomorphous substitutions only in
tetrahedral sub-lattice. A solid solution series between the end-members can be complete or
restricted, depending on its thermodynamic properties and PT-conditions.

The differences between thermodynamic properties of solid solution (Ai_.vB.Y)X and iso-
chemical mechanical mixture of the end-members, which reflect thermodynamic conse-
quences of isomorphic substitutions, are called integral thermodynamic functions of mixing.
Such functions are: the enthalpy of mixing Aft'\ the entropy of mixing AS*4, and the Gibbs
energy of mixing, AGM. They enter into expressions for enthalpy, entropy and Gibbs energy
of the solid solution:

= (l-x)H(AX) + xH(BX)
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5((Ai.xBx)X) = (l-x)5(AX) + xS(BX) + A^,

G((A!.XBX)X) = (l-x)G(AX) + xG(BX) + AGM.

In contrast to mechanical mixture of the end-members, a solid solution has a great number of
ways for arrangement of isomorphous atoms, determining its configurational entropy:

Sc = -R [x lnO) + (1-*) ln(l-jc)]

where R is the universal gas constant. As the end-members AX and BX do not have the
configurational entropy, the entropy of mixing is equal to Sc and the Gibbs energy of mixing

= AHM-TASM

can be expressed by the equation

AGM= A//* + RT[x ln(x) + (1-*) ln(l-x)].

One-site solid solutions with random distribution of isomorphous atoms are called ideal if
AHM= 0. They are called regular if the enthalpy of mixing is symmetrical relative to x and
can be expressed by

AH** = Wx(l-x),

where Wis a Margules parameter. Miscibility is complete in regular solutions at T> W/2R,
and in ideal solutions at all temperatures. The larger the W the higher is the critical temper-
ature of exsolution.

The molar Gibbs energy of a crystalline substance, G=H-TS, can be divided into a configu-
rational Gibbs energy, Gc = -TSC, where Sc is configurational entropy, and a non-configura-
tional Gibbs energy, Gnc=H-TSnc, where H is enthalpy and Snc is non-configurational, mostly
vibrational entropy. The configurational contribution Gc causes a decrease in Gibbs energy of
a solid solution; conversely, the increase of Sc during formation of solid solutions must be
considered as a driving force of isomorphous miscibility. On the contrary, positive enthalpy
of mixing makes Gibbs energy of the solid solution more positive and causes a restriction of
miscibility.

Activity of the component i depends on

where n{ is a number of moles of component i.

Since AGM = (Alt1 - TAS™) - TASC
M, we can separate non-configurational (mainly enthalpic)

and configurational (entropic) contributions to the activity of the component /:

aft) = oxp(d(AHM- TASlfJ/RTdnJpj^y exp(dASc
M/Rdni)PXnm)

Activity of a component / in an one-site solid solution (Ai_xBx)X with random distribution of
isomorphous atoms is
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where y(i) is a coefficient of non-configurational contribution to activity; it shows the
relation between a(i) and the molar fraction X(i).

An ideal one-site solid solution (Ai.xBx)X with Atf4 = 0 and AS^. = 0has y(i) = 1 and
activities of its components equal to their molar fractions, i.e. a(i) = X(i). For this reason, the
activity of components in other types of solutions is sometimes called "thermodynamic
concentration".

2.1.2 Multi-site solid solutions

These are minerals of variable composition with isomorphous substitutions in several sub-
lattices of their crystal structures, for instance, the minerals having a crystal chemical
formula (A,B)p

a(C,D)^Z with p sites a, q sites J3, and common part Z. In this case, the
configurational entropy results from random mixing of p moles of atoms A and B in sub-
lattice a and of q moles of atoms C and D in sub-lattice B :

Here N'f and Nj are the atomic (ionic) fractions of / in sub-lattices a and B, respectively.

The configurational contribution to activity of the component Aa
pC qZ in (A,B)p

a(C,D)q
(iZ

is:

The enthalpy of mixing depends on the extent of non-ideality of mixing in each sub-lattice.
Note, that the term "ideal multi-site solid solution " has two meanings. It is used for solid
solutions with the activity of the component being equal to its molar fraction, i.e. a(i) = X(i).
Furthermore, this term is used for solid solutions with ideal mixing in their sub-lattices, i.e.
a(i) = a°(i). In both cases, the solid solutions, which deviate from these relations, are called
non-ideal.

Solid solutions with the exchange reaction possible between the components like

ApDqZ + BpCqZ = ApCqZ + BpDqZ

are called reciprocal. If Gibbs energy of this reaction, AGr, is non-zero, these solutions have
non-zero non-configurational Gibbs energy of mixing even at the ideal mixing of
isomorphous atoms in the sub-lattices (Wood and Nickolls 1978). It contributes to the
components activity, for instance

RT In )<ApCqZ) = -NANc AC?,,

RT In XApDqZ) = NANDAGr.



23 PSI Bericht 02-04

The end-members i have non-zero configurational entropy if some of their sub-lattices are
occupied by atoms of different kinds, i.e. as in inverse spinels B[AB]C>4. In such cases, the
entropy of mixing is not equal to configurational entropy of solid solution:

A^1 = Sc (solid solution) - ^

This leads to more complicated expressions for the configurational contribution to activity,
a°(i), as it is shown below in the thermodynamic description of spinel solid solutions.

Taking into account the non-configurational contribution to activity, expressed as an activity
coefficient, y(i), one obtains the following general expression for activity of the components:

2.1.3 Order-disorder in spinels

Thermodynamics of spinels is complicated by an order-disorder phenomenon. In the spinel
structure, cations occupy tetrahedral and octahedral holes in a dense cubic packing of oxygen
anions. Structural formula of a simple spinel, AB2O4, can be written as

(A1.XBX)[AXB2.X]O4 (2-1)

where A and B are di- and trivalent cations (2-3 spinels) or di- and quadrivalent cations (2-4
spinels), x is an inversion parameter being equal to zero in normal spinels, A[B2]O4, and to 1
in inverse spinels, B[AB]O4.

Thermodynamic properties of a simple spinel can be described using thermodynamic
formulations of solid solutions (Kurepin 1975). In general, the non-configurational Gibbs
energy Gnc of a normal (NSp) and inverse (ISp) spinels differ. Let us denote this difference by

AGnc* = Gnc(ISp) - Gnc(NSp) (2-2)

where AGnc* = AH* - T- &Snc*, AH* and ASnc* being the difference in the enthalpy and the
difference in the non-configurational entropy between inverse and normal spinels, respecti-
vely. In Figure 2-1, the contributions of the single terms to the Gibbs energy are exemplary
shown.

Non-configurational Gibbs energy of a mixed spinel can be additive and depends linearly on
inversion parameter. In the case of non-additivity, it can be expressed by a Margules
parameter W:

Gnc(Sp) = Gnc(NSp) + xAGnc* + x(\-x)W (2-3)
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Figure 2-1 : Gibbs energy of simple spinel. Thermodynamic functions of disordering (symbols in paren-
thesis are for W=0)

Gibbs energy of a simple spinel is:

G(Sp) = Gnc(Sp) - TSC

where Sc is a configurational entropy

Sc = -R(x lnx + (l-x)ln(l-x) + x ln(x/2) + (2-x)ln(l-x/2))

(2-4)

(2-5)

G(Sp) has the minimal value at equilibrium cation distribution. The condition d G(Sp)/dx =
0 gives the following equation for cation distribution:

-i?7ln(x7(l-x)/(2-x)) = AH* - TASnc* + (l-2x)W (2-6)

A few thermodynamic models have been proposed for simple spinels. Thermodynamic
description with SIW* = 0 and W=0 corresponds to the models of Neel (1951) and
Navrotsky and Kleppa (1967). Many authors used this model and determined AH* by means
of octahedral site preference energies for cations in the spinel structure. These values have
been estimated by Dunitz and Orgel (1957) on the basis of the crystal field theory and have
been calculated by Navrotsky and Kleppa (1967) on the basis of the available thermodyna-
mic and cation distribution data.
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The latter models incorporated the possibility of non-linear dependence Gnc on x with W ^ 0
(Kurepin 1975) and both Snc * 0 and W *0 (O'Neill and Navrotsky 1983). According to

O'Neill and Navrotsky (1984), W=20 kJ-mol"1 can be accepted for all spinels containing di-
and trivalent cations. These models differ considerably from the previous ones.

Urusov (1983) proposed to take into account thermodynamic consequences of non-ideal
cation mixing in tetrahedral and octahedral sub-lattices of a spinel. According to this model,
the following equation of cation distribution for simple spinel applies:

-RT ln(x2/( 1 -x)/(2-x)) = AH** - TAS*nc +(1.5-2*) W[AB] (2-7)

where W[AB] is a Margules parameter for mixing of cations A and B in octahedral sub-lattice,
AH** is the difference of octahedral site preference energies for cations A and B. Margules
parameter of tetrahedral cation mixing, JF(AB) was accepted as a half W[AB] on the basis of the
energetic theory of heat of mixing (Urusov 1977). Comparison of the proposed models has
given the following result (Kurepin 1988):

AH** = AH* - Q.5W and W[AB] = W (2-8)

Multi-component spinels contain several kinds of cations with the same valence.
Redistribution of these cations between tetrahedral and octahedral sites can take place at
changing temperature. The theoretical analysis of thermodynamics of binary spinels was
initiated by Smart (1954) who used the relations:

i ^ ^ (2-9)0
: a x2

as a condition of equilibrium cation distribution in ferrites of the series A(l)Fe2O4-
A(2)Fe2O4 with a number of cations A(l) and A(2) in octahedral positions being equal to xy
and X2 respectively. Many investigators have used the models of multi-component spinels on
the basis of linear dependence of enthalpy on inversion parameter. Hiroshi and Ishigure
(1998) carried out the calculation of Gibbs energy of mixed ferrites containing Fe, Ni, Co
and Zn cations using the cation preference energies of Navrotsky and Kleppa (1967). Their
calculations show that Fe3O4 is almost complete inverse spinel even at 1000°C and ZnFe2O4
is a mixed spinel (x = 0.25) at 250°C. This contradicts to experimental data for Fe3O4 (JC =
0.7 to 0.75 at 1000°C according to Wu and Mason 1981; Matheus et al. 1992; Wissmann et
al 1998) and for ZnFe2O4 (x = 0.02 at 500°C according to O'Neill 1992), and has lower
values at lower temperatures. It follows that these calculations cannot estimate properly the
cation distribution and thermodynamic properties of the spinels considered in the present
report.

O'Neill and Navrotsky (1984) developed a model for binary spinels which taking into
account the quadratic dependence of enthalpy of simple spmels, the inversion parameter, the
effect of the difference in size of isomorphous cations and the Gibbs energy of reciprocal
reactions between components on thermodynamic mixing properties. This approach was
used to develop a thermodynamic model for multi-component Cr-spinels (O'Neill and Wall
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1987). Sack (1982) has developed a model of Cr-spinels with non-configurational Gibbs
energy expressed by a Taylor series expansion in linearly independent composition variables.

Sack and Ghiorso (1991) pointed out that none of the proposed spinel models were able to
reproduce known activity-composition relations to account for distribution coefficient
between spinels and Fe-Mg silicates and for cation ordering in complex spinels, in particular
in FesC^-FeCraOzt. A new model formulated non-configurational Gibbs energy as a Taylor
series expansion in linearly independent composition and ordering variables (Nell and Wood
1989; Sack and Ghiorso 1991a,b). However, it can be shown that these models cannot
reproduce experimentally determined cation distribution in magnetite and in Fe3O4-bearing
spinels as well. According to the work of Sack and Ghiorso (1991), based on equilibrium and
activity-composition data it was demonstrated, that magnetite is more inverse than random at
all temperatures. These authors concluded that the available EMF-measurements (Wu and
Mason 1981) overestimated the degree of randomisation in Fe3O4. Nevertheless, other EMF
(Matteus and Jacob 1992) and Moessbauer measurements (Wissman et. al. 1998) have
confirmed conclusions of Wu and Mason (1981) about random cation distribution in Fe3C>4
at high temperatures.

A new thermodynamic model for Fe-Cr-Ni-spinels has been created in the present work. The
key feature of the model is an account for the thermodynamic consequences of cation
interaction in all sub-lattices. Urusov (1983) used this approach earlier for simple spinels,
and Kurepin (1989) - for binary spinels. The thermodynamic database for end-members of
Fe-Cr-Ni-spinels has been developed on the basis of compiled thermodynamic data, and
their critical review and test of the linear Gibbs energy relationship (Sverjensky and Moiling
1992) for estimating thermodynamic constants has been successively done. Activity-compo-
sition relations for Fe-Cr-Ni-spinels at 290°C have been determined using a new spinel solid
solution model, which is consistent both with the equilibrium and the cation distribution
data.
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2.2 THERMODYNAMIC MODELS OF SPINELS

2.2.1 A new model for multi-component spinels

A thermodynamic model of multi-component spinel developed in this work differs from
earlier models by accounting for thermodynamic consequences of cation interactions in each
sub-lattice. This leads to by far simpler relations between the thermodynamic properties of
spinels.

Let us denote ionic fraction of cations A among all isovalent cations A, Al,.. . in a spinel
A^A.1,...B,B1, ...O4 as

XA=A/(A+A1+...)

and ionic fraction of cations A in sub-lattices of a spinel (A',A1',...B',B1',...)
[A,A1,.. .B,B1>- • ]O4 for the tetrahedral and octahedral lattices, respectively, as

N'A Nk = A'/CA'+A1'+.. ̂ B'+B1 '+...), and

Configurational entropy and total Gibbs energy

The configurational entropy is determined from the assumption of random distribution of
cations in each sub-lattice of spinel:

Sc =-*-| 5 X -inN] +2jdNj •hvNj j (2-10)

Accordingly, configurational Gibbs energy is Gc = -T- Sc and total Gibbs energy of a spinel
is

G = Gnc-T-Sc (2-11)

Non-confisurational Gibbs energy

Let us consider non-configurational Gibbs energy as a sum of two parts,

Gnc
 = Gncj + Gnc2 • (2-12)

One contribution, Gncj, is the sum of Gibbs energies, G(i), of simple spinels as components
of multi-component spinel without energy of cation interactions:

(2-13)
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where X(i) is molar fraction of a spinel end-member i. In a multi-component spinel
A,A1,.--B,BI,---C>4 w j m iSovalent cations AjA1,.-- and cations B,B1>--- of another valence,
molar fraction of an end-member AB2O4 may be taken as a product of ionic fraction of A and
B among isovalent cations,

(2-14)

For instance, for a spinel A1.xA
1
xB2.yB1

yO4, X{AB2O4) = (l - x)(2 -y)ll .

The second contribution, Gnc?, is the energy of cation interaction in sub-lattices of spinel. It
can be expressed using regular approximation by means of the parameters W'y and Wy of
cation interactions and ionic fractions of cations N), N) and Nit Nj in tetrahedral and
octahedral sites, respectively:

X • NJ • Wij (
' j

Activity of components

Activity of a component, AB2O4, is taken as a product of configurational and non-
configurational Gibbs energy contributions which can be expressed as a°(AB2O4) and
7(AB2O4), respectively:

a(AB2O4) = ao(AB2O4)-y(AB2O4) (2-16)

If components in their standard state have the configurational entropy Sc, a special expression
of the configurational contributions to the activity must be used (Kurepin 1975a, Lehmann
and Roux 1984). For instance, if the standard state of a chosen component of spinel solid
solution, (Aa',Bb',...)[Aa,Bb,...] O4, is a mixed spinel(Ai-xoBxo)[AxoB2_xo]04, this contribu-
tion becomes

a°{(Ai_x0Bx0)[Ax()B2_JO4}= \-^-\ \±-\ \^\ - M (2-17)

Value of y(AB?O4J expresses contributions of Gnci and Gnc2 and depends on:

1. Gibbs energy of reciprocal reactions between components and

2. Gibbs energy of cation interactions,

which determine the corresponding terms, y/(AB2O4) and 72 (AB2C>4):

7(AB2O4) =7;(AB2O4)7'(AB2O4) (2-18)

Non-zero Gibbs energy, AG,., of a reciprocal reaction,

A[D2]O4+ C[B2]O4 = A[B2]O4 + C[D2]O4 , (2-19)
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between the components of the spinel solid solution (A,C,...)[B,D,...]C>4 contributes to
activity of a component, for instance A[B2]C>4 , as

RT In y(A[B2]O4) = - NA' NB AGr. (2-20)

According to the regular solution approximation (Aranovich 1991), the Gibbs energy of
cation interactions in tetrahedral and octahedral sub-lattices is

Gnc2 = 2 I > ; • N) • W\ + 2 £ £ t f , • Nj • WtJ (2-21)

and the partial Gibbs energy of a component / in spinel is

J- Wij ~ Gncl (2-22)

Thus, the relative partial Gibbs energy of component / is the difference between the partial
Gibbs energy of component i, GnC2t, in the multi-component spinel under consideration and
the Gibbs energy of cation interactions, GnC2, of its component i at the standard state, for
instance, the state of simple inverse or mixed spinel:

RT ln[72(AB2O4)] = Gnc2i -Gnc2(i) (2-23)

Taking into account all these contributions, we can determine the activity of a component i
as:

ai=ao
irJr2 (2-24)

2.2.2 Thermodynamic formulations for Fe-Cr-Ni spinel

A general chemical formula of Fe-Cr-Ni-spinels is Fe2+i-zNi2+
zFe3+2(i.y)Cr2yO4 where

z = Ni/(Ni+Fe2+) and y = Cr/(Cr+Fe3+). End-members of this solid solution are simple
spinels: magnetite (FeFe2C>4), chromite (FeQ^C^), trevorite (NiFe2O4) and nichromite
(NiCr2O4). Since it is a reciprocal solid solution, the concentrations of its end-members
cannot be determined unequivocally. Therefore, we assume that the concentration of each
end-member is a product of ionic fractions of all di- and trivalent cations:

X(Fe2+Fe3+
204) =(l-j>)(l-z) (2-25)

X(Fe2+Cr3+O4) =y(l-z)

X(Ni2+Fe3+
2O4) =(l-y)z

X(Ni2+Cr3+
204) =yz

Properties of normal (NSp) and inverse (ISp) spinels, such as normal (NMt) and inverse (IMt)
magnetites, are used further in our thermodynamic analysis. Let us take the following
notation for simplicity: 1 -» Fe2+, 2 -> Ni2+, 3 -» Fe3+, 4 -> Cr3+.

Ionic fractions of these cations in the tetrahedral sub-lattice are:
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N'j = l-z-xi,, N'j = z-X2 , N's = xj+X2, and those in the octahedral sub-lattice are:

Ni = x}/2 , N: = x2/2 , N3 = (2-2y-xrx2)/2, N4 = y.

Cr3+ cations have very high octahedral site preference energy and can occupy only octahedral
positions, while cations Fe2+, Fe3+ and Ni2+ can occupy both tetrahedral and octahedral
positions. This is expressed by a crystal-chemical formula of Fe-Cr-Ni mixed spinel:

( Fe2Yz.xi Niz.x2 Fe3+
xi+x2 ) [Fe2+

xi Nix2 Fe 3+
2-2y-xi-x2 Cr2y ]O4 (2-26)

where parentheses and brackets denote tetrahedral and octahedral sites, respectively.

Chromite and nichromite are normal spinels. Magnetite and trevorite are inverse spinels at
room temperature. At higher temperatures, magnetite turns into a mixed spinel

(Fe2+!.x0i Fe3 +
x 0 i) [Fe2+

xOi Fe3 +
2 .x 0 i ]O4 (2-27)

with inversion parameter xoi. Inversion parameter of trevorite X02 changes as well but to a
lesser extent. Taking into account this fact, we can choose magnetite (Mi) and trevorite (Tr)
having an equilibrium mixed cation distribution and chromite (Chr) and nichromite (Nchr)
with normal cation distribution as components of the multi-component spinels (Figure 2-2).

Fe [Fe

(NMt)
o.cr

(ITr)

Fe3+rN[fe3+lQ Fe3+[NiCr]Q

(NTr),
(Nchr)

3+
Ni[Fe%]Q [CrJO,

Fe2+[Cr3+
2]O4

Figure 2-2 : Components of Fe-Cr-Ni-spinels
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Gncj of magnetite and trevorite depends linearly on the inversion parameters:

Gncl(Mt) = Gncl (NMt) + X] AG13** (2-28)

GncJ(Tr) = Gncl(NTr)+x2AG23** (2-29)

where AGJ3** = Gncl (IMt) - Gncl (NMt) and AG23** = Gncl (ITr) - Gncl (NTr)

and Gnci of Fe-Cr-Ni spinel is:

Gncl (Sp) = liX;GncI (NSph + Xl AG13** + x2AG23**

GnC2 of the Fe-Cr-Ni-spinel is determined by interactions between cations in tetrahedral and
octahedral cation sub-lattices:

G 'nc2 = W'12 N'j N'2 + W'J3 N'j N'3 + W23 N'2 N'3 (2-30)

Gnc2 = 2(W12 N} N2 + W13 Nj N3 + W14 Nj N4

+ W23 N2 N3 + W24 N2 N4 + W34 Ns N4) . (2-31)

At high temperature, magnetite is a mixed spinel and Gnc2 is calculated as follows:

Gnc2 (Mt) = W'n xOj (1-xoi) + W13 xOi (2-x0i)/l. (2-32)

Accepting the earlier discussed assumption Wy = Wy/2, one obtains:

Gnc2 (Mt) = W!3 xoi (3-2 xOJ)/2 . (2-33)

Configurational entropy at random distribution of cations in each sub-lattice is given accor-
ding the following equation:

Sc = -R (N1! ]nN'j + N'2 kiN'2 + N'3 \nN'3 +

2(Nj kiNj + N2 ]nN2 + N3 ]nN3 + N4 \nN4)) (2-34)

The activity of component i depends on three different contributions:

1. entropic contribution;

2. reciprocal reaction contribution;

3. contribution of cation mixing in each sub-lattice.

The entropic contributions are given by the following equations:

a°(Mt) = (N>
1/{\-XOI))1-XO\N'3/XOI)XO\2N1/XOI)XO1(1N3/{2-XOJ))2-X01 (2-35)

a°(Chr) = N'j N4
2

a°(Tr) =(NW(l-xo2))1-x0\N'3/xo2

a°(Nchr) =N'2N4
2
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Gibbs energy of the reciprocal reaction, AG°r, (Tr + Chr = Mt + Nchr) gives the following

contributions to the activities of the components:

RT\n[Y,(Mt)]=-yz&Go
r, RTln[yj(Chr)] = (l-y)zAG°r (2-36)

RTln[yi(Tr)] = y(l-z)AG°r, RT\n[Yi(Nchr)] = -(\-y)(\-z)AG°,-

Gibbs energy of tetrahedral cation mixing, G'nc2, is:

G 'nC2 = N'i N'2 Wn 12 + N'j N'3 W!S 12 + N'2 N'3 W2312 (2-37)

and the partial Gibbs energies of tetrahedral cations are:

G'Lnc2 = N'2 Wn/2+N'3 WjS/2-G',lc2 (2-38)

G'2,nc2=N', W]2/2+N'3 W23/2-G'nc2

G'3,nc2=N'j WI3/2+N'2 W23/2-G'nc2

The same parameters for interactions of the octahedral cations are:

Gnc2 = 2(NjN2 W12 + N}N3 Wj3 + N}N4 W14

+ N2N3W23 + N2N4W24 + NN4W34) (2-39)

GLnc2 = 2{N2W12 + N3W13+N4W!4) - Gnc2 (2-40)

G2,nc2 = 2(NjW12 + N3W23+N4W24) - Gnc2

G3.nc2 = 2(N,W13 + N2W23+N4W34) - Gnc2

G4,nc2 = 2(N1W!4 + N2W24+N3W34) - Gnc2 .

Contributions of cation mixing to the relative Gibbs energy of components are:

RTh\[y2(Mt)] = {\-x0i)G'Lnc2 + x0iG'3,nc2 + xOiGhnc2 + (2-x0i)G3,nc2 .xOi{^-2xOi)W13/2

RTln[y2(Chr)] = G 'j,nc2 + 2G4,nc2

RT\n[y2(Tr)] = (l-xO2)G'2,nc2 + x02G'3jlc2 + x02G2,nc2 + (2-xO2)G3%nc2 - xo2(3-2xO2) W23/2

RTln[y2(Nchr)] = G '2,nc2 + 2G4,nc2. (2-41)
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2.3 THERMODYNAMICS OF CATION DISTRIBUTION AND MIXING
PROPERTIES OF FE-CR-NI SPINELS

2.3.1 Simple spinels

Magnetite

Temperature dependence of cation distribution in magnetite was determined by EMF-
measurements (Wu and Mason 1981, Wood 1991, Matteus and Jacob 1992) and by
Moessbauer measurements (Wissmann et al. 1998 and cited by them work of Haggstrom et
al. 1978). EMF data show transition from an almost inverse (*~1) distribution at lower
temperatures to a near-random one (x=2/3) at 1400-1500°C (Figure 2-3). Moessbauer mea-
surements show random cation distribution already above 1100°C.

°

1600-

1400-

1200-

1000-

800-

600-

400-

200

1-Wu and Mason 1981
2 - Matteus and Jacob 1992
3 - Wissmann et al 1998
4 - Haggstrom et al 1978
5 - the Sack and Ghbrso 1991 model
6 - our model

0.5 0.6 0.7 0.8 0.9 1.0

X

Figure 2-3 : Temperature dependence of the inversion parameter, x, in magnetite

Values of -RTlnK where K = x2/((l-x)(2-x)) decrease with decreasing temperature and form
nearly linear dependences (Figure2-4). Note that such dependence based on EMF data of Wu
and Mason (1981) is consistent with the values of -RTlnK based on relatively low-
temperature Moessbauer data of Haggstrom et al. (1978). With decreasing temperature, the
difference between the values of -RTlnK from Moessbauer measurements of Wissmann et
al. (1998) and the EMF measurements diminishes.
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Table 2-1 :

Temperature
range (°C)

600-

600-

600-

600

573

-1500

-1500

-1500

- 1400

- 1400

Thermodynamic

AH* [kJ-mol"1

-16.7

-20.1

-23.0 (2.0)

9.95(1.9)A

-4.0A

-18.4

-23.5(1.4)

functions of cation distribution in magnetite

] A5*[kJ-mor']

- 5.76 A

-10.1

-17.8(1.2)

I " [ k J m ° r ' 1

31.2 (0.9) A

20.0

References

(l)Dunitz and Orgel (1957)

(2) Navrotsky and Kleppa (1967)

(3) Wu and Mason (1981)

(4) O'Neill and Navrotsky (1983)

(5) O'Neill and Navrotsky (1984)

(6) Matheus and Jacob (1992)

(7) Wissmann et al. (1998)

Note: A Evaluated from parameters a, a and |3 reported in Refs. (4, 5).

10n

5 -

o OH
£

- 5 -

-10-

-15-

-20

Urusov 1983

Navrotsky
and Kleppa 1967

Dunitz
and Orgel-f957-''

400

A

800 1200 1600

Figure 2-4 : Magnetite : Dependence of -RTh\(x'/((l-x)(2-x)) on T (Notations as in Figure 2-3).
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Figure 2-5 : Magnetite: Dependence of -RT\n(x2/((l-x)(2-x)) on x (Notations as in Figure 2-3).

The dependence of -RThxK on the inversion parameter, x, (Figure 2-5) is nearly linear as
well, such that the difference between all experimental data is insignificant. Table 2-1
includes compilations of thermodynamic functions of cation distribution in magnetite
derived from experimental data using different mixing models of spinel. These values can be
compared with estimates of AH* according to the crystal field stabilization energy theory
(Dunitz and Orgel, 1957).

The values of AH* assessed by means of site preference energies and calculated using cation
distribution data atW=0 are close to -20 kJ-mol'1. O'Neill and Navrotsky (1983, 1984), as
well as many other authors, used cation distribution data of Wu and Mason (1981) for
assessment of thermodynamic properties of magnetite by means of the model of simple
spinel with non-zero W. This leads to small negative or even positive values of AH*. It is
easy to calculate that a spinel with such values of AH* and a positive large value of W can
have large inversion parameter only at high temperatures, and the first order phase transition
to normal spinel must take place at decreasing temperature (Kurepin 1975, 1988a). Since
magnetite is an inverse spinel at room and lower temperature range, it follows that
exclusively models with W = 0 are acceptable for a proper description of cation distribution
in magnetite. As a consequence, we adopt a linear relationship for AG*n and get according
to the Wu and Mason (1981) in the temperature range for 600-1500°C the following
equation: AG*JS = -23.0 +0.0134T kJ-mol"1, which is consistent with data for lower
temperatures determined from Haggstrom et al.(1978), (Figure 2-3 and 2-4).
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Trevorite

Trevorite is an inverse spinel at lower temperatures and its inversion parameter is close to
unity even at very high temperatures. Robertson and Pointon (1966) have calculated AH*23 =
77+5 kJ-mol"1 for W= 0 using an experimentally determined inversion parameter. This
value is close to -86 kJ-mol"1 according to theoretical prediction on the basis of crystal field
theory (Dunitz and Orgel, 1957). Using W>0 leads to smaller assessments of AH*23
(O'Neill andNavrotsky 1983; Urusov 1983).

Chromite and nichromite

Chromite and nichromite are normal spinels at all temperatures due to very high octahedral
site preference energy of Cr.3+

2.3.2 Binary spinels

Spinel masnetite—chromite

Lattice parameter and composition relations for spinel magnetite-chromite are intensively
studied (e.g. Levinstein et al. 1971, Wasilewsky 1975). These results can be used for deri-
ving thermodynamic functions of cation distribution. For this purpose, lattice parameters, a,
of some important spinel end-members are compiled in Table 2-2.

Table 2-2 : Lattice parameters of normal and inverse spinel end-members.

Spinel

Fe2+Fe3+
2O4

Fe2+Fe3+CrO4

Fe2+Cr204

NiFe3+
2O4

NiFe3+Cr04

NiCr2O4

CoFe3+
2O4

CoFe3+CrO4

CoCr2O4

ZnFe3+
2O4

ZnFe3+Cr04

ZnCr2O4

CdFe3+
2O4

CdCr2O4

Lattice parameter a [in pm]

Normal spinel

(848.7)

-

837.5

(841.7)

-

830.5

(844.4)

-

832.2

844.3

-

832.7

870.5

859.6

Inverse spinel

839.7*

(834)

-

832.5

(827)

-

(835.3)

(829.7)

-

(835.2)

(835.2

-

(861.4)

(850.5)

Data from O'Neill (1992,1994).. others from Hill et al.(1983).
(Calculated values are shown in parentheses).



37 PSI Bericht 02-04

Because Cr3+ exhibits a large octahedral preference, substitution of cations Fe3+ in inverse
spinels Fe3+[M2+Fe3+]O4 by Cr3+ leads to the following end-members Fe3+[M2+Cr3+]O4. The
difference of lattice parameters for Zn ferrite and chromite which are normal spinels is 11.4
pm, and analogous difference for Cd-ferrite and chromite is 10.9 pm. Adopting an average
value of 11.2 pm as the difference between lattice parameters of ferrite and chromite with
cation M2+, we can evaluate the lattice parameters for normal ferrites using data for
chromites.

These assessments allow us to determine the difference between lattice parameters of normal
and inverse spinel of about 9.1 pm. Applying this argument in reverse order, we can estimate
the cation distribution of an unknown spinel from the difference between lattice parameters
of normal and inverse spinel.

The lattice parameter of magnetite-chromite spinel decreases at increasing FeCr2O4 contents
in magnetite and increases at increasing Fe3O4 content in chromite (Figure 2-6). Moessbauer
measurements (Robbins 1971) showed that the spinel (Fe2+i-xFe3+

x)[Fe2+
xFe3+2-2y-xCr2y]O4 ,

enriched in FeCr2O4 , with y > 0.63 is normal (x~0). On the contrary, in spinels enriched in
Fe3O4 with y < 0.31, the inversion parameter is decreasing at the same rate as the molar
fraction of FeCr2O4 is increasing. If the considered solid solutions obey Vegard's law then
the compositional dependence of the lattice parameters (in pm) for normal and inverse binary
spinel are equal to

a(Mp) = 848.7-11.2 y (2-42)
a(Isp) =839.7-11.27 (2-43)

Figure 2-6 : Unit cell parameters, dependence of a (in pm) on composition for the Fe3C>4- spinel
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Using the lattice parameter of a mixed binary spinel, a, and values
determine its inversion parameter by the following formula:

and aasP), we can

Jv —

a(NSp) ~ a(ISp)

(2-44)

According to the proposed thermodynamic model, the equation of cation distribution in the
binary magnetite-chromite spinel is:

RT-Inl x~ \= AH* - TAS* + (l - 2x -y )W n + y (W14 - Wi4) (2-45)

Our calculation of the x-y relations in Fe3C>4-FeCr2O4 spinel using lattice parameters are
close to their evaluation by means of Moessbauer measurements (Figure 2-7), if we adopt
AG*J3 = -19 kJ-mol"1 , W13 = 0, W14-W34 = 45 kJ-mol"1. This means an ideality of Fe2+ and

,3+Fe mixing in spinel sub-lattices, a linear dependence of non-configurational Gibbs energy
2+ rJ+of magnetite on x, and finally, a very large enthalpy of mixing of Fe2+ and CrJ+ or a negative

enthalpy of mixing between Fe3+ and Cr3+. The value of AG*u at 298 K is consistent with
the relation -RTlnK- 7of Wu and Mason (1981).
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Figure 2-7 : Inversion parameter versus composition of Fe3O4-FeCr2O4 spinel
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Many authors studied the high-temperature activity-composition relations for
FeC^CXj (Oleinikov et al. 1968, Schmahl und Dillenburg 1969, Snetlage and Schroecke
1976, Katsura et al. 1975, Petric and Jacob 1982, Perrot 1985). The determination of the
activity-composition relations by Katsura et al. (1975) at 1500 K using the equilibria of
spinel with wustite or with iron are considered as the most reliable because they take into
account the properties of wustite as a solid solution. This activity-composition data was used
for derivation of thermodynamic functions (Figure 2-8).

Choosing magnetite (Mt) with equilibrium cation distribution

(Fe2+i.xoiFe3+
xoi)[Fe2+

xoi Fe3+2-xoi]C>4 , as a component of high temperature spinel
(Fe2+i.xFe3+

x)[Fe2+
x Fe3+

2.2y-xCr2y]O4, we obtain:

a(Mt) = a°(Mt> }{Mt) (2-46)

a°(Mt) = ((l-xVO-xoi))1"*01 (x/xoi)2"*01 ((2-2j-x)/(2-x0i))
2';c01 (2-47)

(2-48)

Using Wu and Mason's data for cation distribution in magnetite, from activity-composition
data, we obtain Wu ~ 37 kJ-mol"1 at negligible values of WJS and W34.

RT ln[y (Mt)] = Wn(x+l.5x2+6.5xOix+xoi2-3xOiy+xy+2y)
+ Wi4y(x0\-x)

3
CO

1.C

0.8-

0.6-

0.4 H

0.2-

0.0

1500 K

our model

Katsura etal 1975

0.0 0.2 0.4 0.6

N (FeCr2O4)
0.8 1.0

FeCr2O4

Figure 2-8 : Activity of Fe3C>4 in
culated data).

4- FeCr2C>4 spinel at 1500 K (according to experimental and cal-
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The spinel FejC^-FeC^CU with such thermodynamic properties has a solvus with a critical
temperature Tc = 505 °C and a critical composition x ~ 0.4. This value of Tc is lower than its
experimental determination by Cremer (1969) at ~850 °C, but agrees with mineralogical
data. Evans and Frost (1975) found spinels with composition from magnetite to chromite
with 75 mol% FeCr2C>4 in serpentinites formed at -500 °C and moderate pressures. This is an
evidence of complete miscibility of Fe3C>4-FeCr2O4 at ~500°C and higher temperatures,
which is consistent with our data.

Spinel NiFez04-NiCn04

As in the previous case, the end-members of the NiFe2O4-NiCr2C>4 solid solutions are
inverse or almost inverse and normal simple spinels. According to the model, activities of
aNiFe2C>4 are expressed by equations similar to (2-46) - (2-48). Experimental high tempe-
rature data for a(NiFe2O4) at 1000°C (Park and Suito, 1992) are described by the model
(Figure 2-9), if we accept AG*23 = 50 kJ-mol"1, W24 = 30 kJ-mol"1, and W2i = W34 = 0.
Interaction of Ni2+ and Cr3+ in sub-lattices contributes significantly to the enthalpy of mixing
of these solid solutions.

03
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•

0.6-

0.4-

0.2-

0.0-

\
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\ Park and Suito 1992

i 1 1 r—14>HD—
0.0 0.2 0.4 0.6

NiFe2O. Cr/(Fe3++Cr) NiCr2O4

Figure 2-9 : Activity of NiFe^C^ in NiFe2C>4- NiCr2O4 spinel at 1273 K (according to experimental and
calculated data)
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Spinel

Moessbauer studies (Linnett and Rahman, 1972) show that this binary solid solution is an
inverse spinel, Fe3+[(Fe2+,Ni)Fe3+]C>4. At high temperatures, part of tetrahedral sites must be
occupied by divalent cations, presumably by Fe2+. According to EMF measurements
(Katayama et al. 1979), activity of Fe3O4 at 1000 °C is close to molar fraction of Fe3C>4, i.e.
Wn is negligible.

Svinel FeCr?O4 -NiCr7Od

There is no experimental data for these solid solutions which can be used for assessment of
W'12, and we have to assume W'n ~ 0.
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2.4 THERMODYNAMIC PROPERTIES OF END-MEMBERS
OF FE-CR-NI SPINELS

2.4.1 Available thermodynamic data

Available data on thermodynamics of end-members of Fe-Cr-Ni spinels are compiled in
Table 2-3 and Table 2-4.

Magnetite

Thermodynamic properties of magnetite have been investigated extensively. Westrum and
Granvold (1969) and Bartel and Westrum (1976) measured low-temperature heat capacities.
At standard temperature magnetite, Fe3+[Fe2+FeJ+]O4, is an inverse spinel and must have a
configurational entropy, 5c, equal to 2i?ln2 = 11.53 JK^-mol"1 at random distribution of
octahedral cations. Westrum and Granvold (1969) speculated that SQ was accounted by the
integral of Cp from the lowest temperatures. Grenvold and Sveen (1974) and Hemingway
(1990) measured high- temperature heat capacities. The ferromagnetic-paramagnetic phase
transition with Curie point at 848 K influences thermodynamic properties of magnetite in a
wide temperature range. The increase of entropy caused by spin randomisation and electronic
contribution is 52.31 JK^-mol"1.

Chromite FeCrgOj

Low temperature heat capacities of FeCr2O4 have been measured by Shomate (1944) in the
range 53-296 K. Lambda-like Cp anomalies have been found at 80 K and in the range of 90-
140 K. Their impact onto entropic contributions has been evaluated as 0.75 and 2.37
JK^-mol"1. Standard entropy has been estimated as 146.1 ± 1.7 JK^-mol"1. Klemme et al.
(2000) have measured Cp (FeCr2O4) in the range 1.5-340 K and found an additional lambda
transition at 36.5 K. This has increased the estimate of standard entropy, S%s (FeC^C^), up

to 152.2 (3.0) JK^-mol"1.

High temperature heat capacities of FeCr2O4 have been measured by Naylor (1944) in the
range of 298-1800 K. Subsequent estimations of CP by Landia (1962) and by Barin (1995)
gave larger values (Figure 2-10). Klemme et al. (2000) combined their results for Cp with
data of Naylor (1944) and have proposed a new equation for Cp (FeCr^CV in the range of
250-1800K.

Sack and Ghiorso (1991b) presented a comparative evaluation of thermodynamic constants.
Using data for MgCr2O4, they obtained AH°f29S(FeCr2O4) = -1445.49 JK^-mol"1 and

S°m, (FeCr2O4) = 142.7 JK^-mol"1.

As pointed out by Klemme et al. (2000), previous assessments of AH°j-29S (FeC^C^) based on

high temperature equilibrium data are insufficiently reliable, possibly due to large experi-
mental difficulties in investigation of FeCr2O4 and with non-stoichiometry of chromite at
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very high temperatures. Klemme et al. (2000) analysed the available high-temperature
equilibrium data and proposed a new standard value of AH^298 (FeCr2O4) equal to -1433

JK^-mol"1 what differs considerably from previous assessments.

Cp, J-K"1 mol"1

18O-|

175-

170-

165-

160-

155-

150"

145"

140-

135-

130"

Klemme et al.

\

.20' Landia 1962

Nayior 1944

Barin 1995

300 400 500 600
T, K

700 800

Figure 2-10 : Chromite FeCr2O4: temperature dependence of heat capacity, Cp

Trevorite

According to the low temperature measurements by King (1956) of Cp(NiCr2C>4) in the
range of 51 to 298 K with extrapolation to absolute zero, the standard entropy S°29S - S°o

(NiFe2O4) is equal to 125.94 JK'^mol'1. Later assessment (131.8 JK^-mol'1, Kelley and King
1961) includes an assumed configurational term R In 2. Robie and Hemingway (1995) evalu-
ated standard entropy S°m (NiFe2O4) = 140.9(5) JK^-mol"1 as the sum of oxide entropies.

Landia et al. (1966) have evaluated high-temperature heat capacities. Data of Mah and
Pankratz (1976) are very close to these evaluations and differ very much from the estimates
of CP by Barin (1995) (Figure 2-11). As seen in Table 2-3, the difference between
assessments of AHj,9S (NiFe2O4) is rather small in contrast to that in S°m
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Table 2-3 :

Spinel

Fe3O4

Fe[Cr2]O4

Fe3+[NiFe3+

Ni[Cr2]O4

Compilation of standard thermodynamic properties of spinels

]O4

AHo
a98 kJ-mol"1

-1115.7(2.1)

-1117.4

-1460.6

-1459.8(4.2)

-1445.5 (5.0)

-1433

-1079.5

-1075.3

-1077.8 (3.8)

-1086.5 (4.6)

-1077.0(3.8)

-1070.5 (2.0)

-1451.8

-1431.1

-1381.6

-1435.5(7.1)

-1375.7(4.2)

S 298 JK -mol

146.1(0.4)

146.1

146.0(1.7)

142.0

142.7

152.2(3.0)

126.0(0.8)

131.8

126.8

140.9 (5.0)

129.3

120.5

119.2(8.4)

110.9(5.9)

129.7 (0.8)

References

Robie and Hemingway 1995

Berman 1988

Shomate 1944

Rezukhina et al. 1965

TKV 973

Sack and Ghiorso

Klemme 2000

King 1956

Kelley and King 1961

Popov 1961

Popov and Chufarov 1963

Zayonchkovsky and Rybal'skaya
1965

TKV 1973

Naumov et al. 1971

Robie and Hemingway 1995

Levitsky et al. 1965

Naumov et al. 1971

TKV 1973 ; Barin 1995

Levitsky et al. 1981

Kubaschewski 1993
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Table 2-4

Spinel

Fe3O4

FeCr2O4

NiFe2O4

NiCr2O4

Coefficients for heat capacity equations: Cp = ai+a2T+asT'2+a4T'0'5+asT2

2659.11

301.8

163.01

151.04

139.75

95.59

132.353

203.726

152.67

167.11

a2(T)

-2.5215

-0.04157

0.022343

0.02866

0.029408

0.1705

0.118254

0

0.077821

0.017883

2073400

487700

3188000

-2133840

-3359576

39927

-1952413

0

-1485000

-2105417

a4(T-0-5)

-36455

-2803

0

0

474.8

0

0

0

0

0.739274

a5(r2)

1.3677-10"3

1.147-10"5

0

0

0

0

0

0

0

0

T[K]

298-800

298-1800

400-1800

298-1800

298-1000

298-855

855-1300

298-853

298-800

[JK-'-mol"1]

Reference

Robie,
Hemingway 1995

Naylor 1944

Kelley 1961

Landia 1966

Klemme 2000

Mah 1986

Landia 1966

Landia 1966

Barinl973

Barin 1995
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£180-
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Robie and Hemingway, 199!
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Barin 1995
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Figure 2-11: Trevorite NiFe2O4: temperature dependence of heat capacity, Cp



PSI Bericht 02-04

Nichromite

46

There are large differences between the existing estimates of thermodynamic functions of
-lthis mineral (Table 2-3) exceeding 50-70 kJ-mol"1 for A/7",9g(NiCr204) and 10-20 JK'-mol

for S%8 (NiCr2O4).

2.4.2 Application of a linear Gibbs energy relationship

Sverjensky and Moiling (1992) found a dependence between Gibbs energy of formation of
isostructural analogs, AGy 29g (MX); cationic radii, r(M2+), according to estimation of

Shannon and Prewitt (1969); and partial molal Gibbs energy of cations in aqueous solution,

298(MX) = a(MX)AG°(M2
 aq) + b(MX) +J3(MX)r(M2+). (2-49)

Such dependence can be used for selection of thermodynamic values for spinel end-members
from available data and for prediction of unknown values. Existing correlation between
Gibbs energy and enthalpy of formation of minerals enables to use Ml°p9g (MX) instead of

AGyi298 (MX) in the Sverjensky and Moiling (1992) equation. Results of our calculations for

ambient conditions on the base of compilation of thermodynamic data are shown in Table 2-
5 and Table 2-6.

Table 2-5 : Parameters of linear Gibbs energy relationships for spinels

Spinel

MCr2O4 (NSp)

MFe2O4 (ISp)

a(MX)

-0.97634

-0.88193

b(MX)

2126.1

1875.17

j3(MX)

-2.661

-4.1299

afkJ-mol"1]

0.95

0.4

Table 2-6 : Experimental and calculated values of (negated) standard enthalpy of formation, in kJ-mol"1

Fe

Co

Ni

Zn

C

Mg

Mn

A / ~ 7 - T n r
f.298

Exp

1433

1436*

1381.6

1550.2*

1437.6

1783.

1582.4*

MCr.O
(NSp)

Calc

1434.4

1394

1380.8

1485.7

1437.3

1783.5

1576.0

A

-1.4

0.8

0.3

0.1

(6.4)

AH°fwx
f,29S

Exp

1117.4

1087.8

1081.1

1441.5

MFe2O
(ISp)"

Calc

1117.4

1086.9

1081.1

1168.1

1089.0

1441.4

1236.7

A

0

0.9

0

0.1

r(M2+)

pm

0.77

0.735

0.70

0.745

0.95

0.72

0.82

G,,(M2+
aq)

kJ-mol"1

468.61

549.57

572.58

452.83

446.6

154.68

339.99

* Values not used for evaluation of parameters a, b and j3.
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Chromites

There is a very good correlation between AG298(M
2+

aq), r(M2+) and values of AH^m(MX) of

Fe, Ni, Cd and Mg chromites shown in Table 2-6. Calculation of AH°fm (MnCr2O4) using

enthalpy of formation from oxides (-69.04 kJ-moi"1 Kubaschevski and Alcock 1982) and
recent data for oxides (Klemme 2000, Robie and Hemingway 1995) gives -1582.4 kJ-mol"1

against -1576.0 kJ-mol"1 obtained from correlation for chromites. The conformance of these
evaluations can be considered as an evidence of reliability of the correlation. This allows us
to propose new values of Mff298 for CoCr2O4 (-1394.0 kJ-mol"1) and ZnCr2O4 (-1485

kJ-moi"1), which differ considerably from previous estimations.

Inverse ferrite

Analogous correlation has been found for Fe, Co, Ni and Mg ferrites and has been used for
calculation of AH°f29S for ZnFe2O4 (-1168.1 kJ-mol"1), CdFe2O4 (-1089.0 kJ-mol"1) and

MnFe2O4 (-1236.7 kJ-mol"1). These values also differ from the previous estimations.
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2.5 SELECTED THERMODYNAMIC FUNCTIONS FOR THE
FE-CR-NI SPINEL MODEL

2.5.1 Standard thermodynamic functions and high temperature heat capacity

The linear Gibbs energy relations were used to evaluate the enthalpies of formation. The
values of Aft̂ ,9c5 which obey these relations together with that calculated by means of these

relations were selected for the end-members of the model of Fe-Cr-Ni spinel. All the selected
data are presented in Table 2-7.

2.5.2 Representation of activity-composition relations in Fe-Ni-Cr spinels

Activities of the end-members in Fe-Cr-Ni spinel have been calculated using the thermo-
dynamic model for solid solution developed in this contribution as a set of functions of
composition of the Fe-Cr-Ni spinels. The following thermodynamic functions of cation
distribution were used:

AG°13 = -23.0 + 0.0134 T kJ-mol"1; G°2S = -50.0, and

W14 = 40.0 ; W24 = 35.0 ; W12 = W13 = W23 = W34 = 0 .

Activities of the end-members are calculated according to the common formula (used in the
GEM-Selektor code):

lno, = \aXj + lnAy- (2-50)

where Xj is a bulk mole fraction of j-th end-member in the spinel phase; A/ is activity
coefficient.

The dependence of lnÂ  on composition at 290 °C has been fitted to the following expression:

= Yf (bj}+bj4Zj) + Yf (bj2+bj5Zj) + Y/(bj3+bJ6Zj) (2-51)

where coefficients bji to bjg and parameters Yj and Zj are given in Table 2-8 together with a
goodness-of-fit estimate (standard deviation).

2.5.3 Application of the model

Calculated activity-composition relations in Fe-Cr-Ni spinel at 563 K (Figure 2-12) refer to
stable and metastable solid solutions and show gaps of miscibility. Solid solutions Fe3O4-
FeCr2C>4 are unstable in a broad compositional range (Figure 2-13) and a(Fe^O4) in chromite
phase drastically increases with increasing Fe3C>4 content. Application of our model, which
takes into account non-ideality of the cation interaction, differs strongly from calculations on
the basis of site preference energies without considering the non-additivity of Gnc.
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Table 2-7 :

End-member

Fe3O4

FeCr2O4

NiFe2O4

NiCr2O4

Selected standard thermodynamic functions of spinel end-members

^ 2 9 8

[cm3-mor']

44.57

44.22

43.43

43.12

<J 298

[kJmor1]

-1012.53

-1333.74

-972.89

-1271.73

#°298

[JK-'mol"1]

-1115.7

-1433.0

-1081.1

-1381.6

"S°298

[JK-'mol"1]

146.1

152.2

131.8

119.2

a\

2659.11

135.75

132.353

167.11

«2[7]

-2.5215

0.029408

0.118254

0.017883

20734000

-3359576

-1952413

-2105417

Mr0-5]

-36455

478.8

—

—

«5[r2]

0.0013677

—

—

—

T interval,

[K]

298-900

298-1800

298-855

298-800

Ref.

RH95

RH: Robie and Hemingway, 1995.

Table 2-8 : Data for calculation of activity coefficients X of the spinel end-members at 290 °C.

End-member

FeFe2O4

FeCr2O4

NiFe2O4

NiCr2O4

j

1

2

3

4

Y

X2+X4

\-X2-X4

X2+X4

l-X2-X4

z

X3+XA

X3+X4

l-XrX4

l-X3-X4

b,

-4.6416

-13.4379

-16.9689

21.4181

b2

29.2483

47.0794

45.2720

-43.9963

h

-24.1520

-32.4267

-27.0821

22.7413

b4

-35.2936

38.6054

34.8018

-19.1106

bs

51.0881

-63.6511

-50.3732

36.1278

b6

-20.0526

28.4136

19.7474

-16.9187

a

0.08

0.06

0.08

0.22

a denotes standard deviation of calculated values of lno, from their approximation by Eqn. (2-51).
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Figure 2-11: Trevorite NiFe2O4: temperature dependence of heat capacity, Cp
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Figure 2-12 : Calculated dependence of activity of Fe3O4on composition of Fe-Cr-Ni spinel at 563 K
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Figure 2-13 : Dependence of activity of Fe3O4 on composition of Fe3O4-FeCr2O4 spinel at 563 K according
to calculations on the basis of site preference energies and by using the proposed model
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Figure 2-14 : Calculated phase equilibria in the system Fe3O4 - FeCr2O4 - NiFe2O4- NiCr2O4 at 563 K.
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Calculation of phase equilibria in the system Fe3O4-FeCr2O4-NiFe2O4-NiCr2O4 (Figure 2-
14) have been carried out using the GEM-Selektor code (see Part 3). As a main result, it
shows that the field of two-phase equilibrium between Fe-Ni ferrite and Fe-Ni chromite
occupies the larger part of the phase diagram in agreement with the available data about
oxide films formed during corrosion of stainless steel under simulated BWR conditions
(see Part 1). All investigators note that these oxide films consist of an inner layer with
mainly chromite and an outer layer - predominantly ferritic oxide. Domain et al. (2000)
mention the following compositions of ferrite and chromite in oxide films: Fe3<D4
+ Fe1.92Cr1.08O4, Nio.6Fe2.4O4 + (Fe,Ni)Cr2O4 and NiFe2O4 + NiCr2O4. This is consistent
with our data that the equilibrium phases are magnetite and chromite at the reducing
conditions with very low oxygen activity; magnetite-trevorite spinel enriched in NiFe2O4
and Fe-Ni chromite enriched in FeCr2O4 at more oxidizing conditions; and trevorite and
chromite rich in NiCr2O4 at even higher oxygen activity.

Note that our data refer to phase equilibrium in the Fe-Cr-Ni-O system while the available
experimental data can possibly be related to non-equilibrium spinels. Nevertheless, there is
clear consistency of spinel compositions determined in experiments, as compared to our
thermodynamic modelling predictions.
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2.6 CONCLUSIONS TO PART 2

A new thermodynamic model for multi-component spinel solid solutions has been
developed, which takes into account thermodynamic consequences of cation interactions in
each spinel sub-lattices. The model has been applied for evaluation of activity-composition
relations for Fe-Cr-Ni spinels. Thermodynamic functions of cation interactions have been
assessed using intra-crystallme cation distribution in magnetite, lattice parameters, and
activity-composition relations in binary spinels.

Thermodynamic functions of ferrite and chromite spinels have been compiled and used for
creating a thermodynamic database for modelling of oxidation of austenitic stainless steel.

Data obtained from our Fe-Cr-Ni model are rather unexpected. They show that mixing of
Fe2+ and FeJ+ as well as Ni2+ and Fe3+ can be considered as ideal and the dependence of
enthalpy of Fe and Ni ferrites on JC - as linear. This is, in contrast to the recently suggested
thermodynamic models of simple spinels (O'Neill and Navrotsky 1983; Urusov 1983;
Kurepin 1988), consistent with the earlier models (Neel 1951; Navrotsky and Kleppa
1967). At the same time, our results show that the cation distribution in binary and multi-
component spinels and their thermodynamic properties depend strongly on M2+- Cr3+ cation
interactions. The influence of other cation interactions on thermodynamics of spinels is of
secondary importance.

In our model, mixing of cations with the same valence was accepted as ideal. Its impact
onto thermodynamic mixing properties can be refined using additive equilibrium- and
cation-distribution data for binary and multi-component spinels.

Our model can be tested by means of comparison of calculated phase equilibria with the
available experimental data that show formation of two spinel phases during corrosion of
austenitic steel under HWC conditions, namely ferrite, MFe2O4, and chromite, MG2O4
(Lin et al. 1994, Domain et al. 2000). Our modelling approach to the phase equilibrium
calculations in the Fe-Cr-Ni-O system is in good accordance with these experimental
facts. In the future, additional data on composition of oxide films, as well as other
equilibrium and thermodynamic data, can be used for refinement and calibration of our
thermodynamic model for Fe-Cr-Ni spinels.



PSI Bericht 02-04 54

2.7 LIST OF SYMBOLS TO PART 2

Table 2-9 : List of symbols

Symbol Description

a(i) Activity of the component /

a°(i) Configurational Gibbs energy contribution to activity of the component i

Cp Heat capacity

G Molar Gibbs energy

Gc Cconfigurational Gibbs energy

Gnc Non-configurational Gibbs energy

Gncl Non-configurational Gibbs energy of a spinel excluding energy of cation interaction

GnC2 Gibbs energy of cation interaction in a spinel

GnC2j Partial Gibbs energy of the component i

AG(i[j]) Gibbs energy of the reciprocal reaction with ijj] as a product

AGM Gibbs energy of mixing

AGfj Gibbs energy of formation from the elements at temperature T

AG*ij Difference between Gibbs energy of inverse and normal simple spinels with cations i
andy (ij: 1-Fe2+, 2-Ni2+, 3-Fe3+, 4-Cr)

AG**/j Difference between Gncj of inverse and normal spinels with cations i andy

H Molar enthalpy

AH* Difference between enthalpy of inverse and normal simple spinel AB2O4

AH* jj Difference between enthalpy of inverse and normal simple spinel with cations / and j
(ij: 1-Fe2+, 2-Ni2+, 3-Fe3+, 4-Cr)

AH** Difference between enthalpy of inverse and normal simple spinel A[B2]O4 without
energy of cation interaction

AHM

AHfJ

CO

[i]

ISp

NSp

n-

Enthalpy of mixing

Enthalpy of formation

Cations / in tetrahedral

Cations / in octahedral

Inverse spinel

Normal spinel

Number of moles i

from the elements at temperature T

sites

sites
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Table 2-9

Symbol

N,

N',

P

p,q

R

Sc

ASM

*s£
T

W

W,j

X

Xj

X,

x0

xoi

XQ2

X(i)

X,

x,y,z

y

z

r(0

Yi(i)

7tf)

(continued)

Description

Ionic fraction of £ in the octahedral sub-lattice of Fe-Cr-Ni spinel

Ionic fraction of/ in the tetrahedral sub-lattice of Fe-Cr-Ni spinel

Pressure

Site multiplicity factors for a sub-lattice

Universal gas constant; R = 8.3143 [J K"1 mol'1]

Conflgurational entropy

Non-configurational entropy

Entropy of mixing

Non-configurational entropy of mixing

Temperature, K (or °C if indicated)

Margules parameter

Margules parameter for mixing of cations i andj in octahedral sites
(ij: 1-Fe2+, 2-Ni2+, 3-Fe3+, 4-Cr)

Margules parameter for mixing of cations / and/ in tetrahedral sites
{ij: 1-Fe2+, 2-Ni2+, 3-Fe3+, 4-Cr)

Inversion parameter of a simple spinel or indicator of composition in a solid solution

Quantity of octahedral Fe2+ in crystal chemical formula of the Fe-Cr-Ni spinel

Quantity of octahedral Ni2+ in crystal chemical formula of the Fe-Cr-Ni spinel

Inversion parameter of simple spinel as the component of a multi-component spinel

Quantity of octahedral Fe2+ in crystal chemical formula of magnetite

Quantity of octahedral Ni"+ in crystal chemical formula of trevorite

Mole fraction of the end-member i

Ionic fraction of cation i among isovalent cations in a spinel

Indicators of composition of spinels or population of their sub-lattices

Ratio Cr/(Cr+Fe3+) in the Fe-Cr-Ni spinel

Ratio Ni/(Ni+Fe2+) in the Fe-Cr-Ni spinel

Activity coefficient of the component i

Contribution of reciprocal reactions to activity coefficient

Contribution of cation interactions to activity coefficient
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PART 3: THERMODYNAMIC MODELING OF Fe-Cr-Ni-O-H
SOLID SOLUTION - AQUEOUS SOLUTION SYSTEM
(SSAS) USING GIBBS ENERGY MINIMIZATION

3.1 INTRODUCTION

In contrast with the abundant work done in investigations of the radioactivity build-up in
LWR (cf. Neeb 1997) and of steel corrosion at hydrothermal conditions (cf. Lister et al.
1987; Robertson 1991; Baston et al. 1996), much less progress has been achieved so far in
modelling of chemical interactions and equilibria between steel, aqueous phase and
corrosion products (spinels, hematite etc.), even though there is a general understanding in
regard of importance of chemical controls on partitioning of 60Co, dissolved Fe, Ni, Cr and
other metals between aqueous solution and oxide phases. Extensive solubility data at
hydrothermal conditions has been reported for magnetite (e.g., Tremaine and Leblanc
1980), but for other phases, especially mixed ferrites and chromites, such data remain
scarce or controversial (as stated by You et al. 1996). This points to importance of
advanced thermodynamic modelling in prediction of dissolved metal concentrations at the
conditions typical for BWR using thermochemical data for metals and oxides, theoretically
sound mixing models for spinels (see Part 2), and consistent thermodynamic database for
aqueous species. Such a prediction for the Fe-Cr-Ni-H-0 SSAS model comprises an
objective of the present contribution.

Turner (1992) has considered a thermodynamic basis needed to analyze interaction of
mixed spinels with water in presence of H2 gas, taking into account consequences of the
Gibbs' phase rule. He pointed out that, for mixed spinels, neither the concept of a thermo-
dynamic solubility nor that of a [single] solubility product is valid, even though rates of
dissolution of ferrites are mass-transport limited above 150 °C and equilibrium states can
be achieved rather rapidly. Such an equilibrium state, eventually established in a closed
system, would depend on the relative quantities of spinels and aqueous solution present, on
the relative masses of three metals, and on the compositional dependence of the free energy
of formation of spinels. Consequently, the dissolved levels of Fe, Ni and Cr would not be a
solubility in a direct sense of this word; the system is rather more analogous to a set of
slow solvent-partitioning equilibria than to a set of real solubilities. It is necessary to go
back to more basic concepts than solubility, and to remember that the driving force for all
the processes changing each individual spinel is that the Gibbs free energy of the whole
system be minimized (Turner 1992 p. 331). As the dissolved metal concentrations depend
on the S/W ratio, very different in the laboratory experiments and in the industrial plants,
this may explain large discrepancies found between the laboratory experiments and the in
situ measurements. There is just one thing missing in the excellent thermodynamic
reasoning of Turner: perhaps, he had no appropriate computational tool for quantitative
modelling of equilibria in a redox-dependent multi-component solid-solution - aqueous
solution system. The obvious and the only possible choice would have been a Gibbs energy
minimization code (see below).
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You et al. (1996) summarised their work on measuring solubility of pure- and mixed Fe, Ni
and Co ferrites and attempted a thermodynamic analysis of the involved equilibria, using
the solubility products of mixed spinel. The resulting equations have no simple analytical
solution - nothing unusual in view of the fact that the law-of mass-action approach (cf.
Glynn and Reardon, 1990) alone is not suitable for solving solid-solution aqueous-solution
(SSAS) equilibria, and supporting algorithms like construction of Lippmann diagrams can
help in binary systems, but not in higher-order systems (Kulik et al. 2000). You et al.
(1996) therefore assumed congruent dissolution of mixed ferrites, but presented neither any
results of solubility model calculations nor any input thermodynamic or solubility data for
them. These authors obviously did not take into account Turner's (1992) warnings that any
laboratory measurements of dissolved Fe, Ni, Co, Cr, ... at equilibrium with ferrites and
chromites cannot be directly applied to modelling the reality because of the non-stoichio-
metric nature of spinels and, in most cases, the lack of buffers in the BWR systems.

Korb and Stellwag (1996) performed a far more substantial research, considered predic-
tions of Gibbs energy of formation (from elements and oxides) of ferrites and chromites in
the Co-Cr-Fe-Mg-Mn-Ni-Zn-O system. The available and predicted thermochemical
data for oxides were put together with that for gases and water plus aqueous species into a
data file (160 species in total). The file was used in calculations of "...thermodynamic
stability and solubility of spinels and other possible oxide phases..." with help of the Gibbs
energy minimization GEM code Chemsage, GTT Technologies (Eriksson and Hack 1990)
and (for plotting Eh-pH diagrams at 300 °C) HSC Chemistry for Windows, Outokumpu
Research Oy (Roine 1994). The GEM codes like Chemsage are suitable for solving
multiphase equilibria in multi-component solid-solution (aqueous-solution) systems,
provided that a consistent set of thermodynamic data (G° values for all end-members,
aqueous species and gases plus parameters and equations for extrapolation to elevated T,P,
also for calculation of activity coefficients) is available. However, Korb and Stellwag
(1996) collected thermodynamic data from two different databases (SGTE and HSC),
without matching these possibly inconsistent data; estimated missing data using Criss and
Cobble (1964) extrapolations for aqueous species, strictly speaking, valid up to 200 °C only
and nowadays made obsolete by the SUPCRT92-98 database (Shock et al. 1997; see
below); and calculated the G° values for mixed spinels of non-stoichiometric composition
assuming ideal mixing behaviour (which is mostly not the case, see Part 2 of this report).
The latter approach (to consider discrete phases of mixed spinels) contradicts Turner's
reasoning and also the idea of GEM calculations of multi-component solid-solution
equilibria, which implies that only thermodynamic data for end-members are taken at input
and mixing is calculated implicitly on iterations of the minimization algorithm. Taken
together, these limitations resulted in evaluation of the relative stability of spinels in high
temperature water "...by calculating and comparing potential pH diagrams." (p. 569) — an
obvious step far back relative to what Chemsage or another GEM code could really yield,
provided that a consistent set of input thermodynamic data and non-ideal mixing model of
spinels had been used.
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A considerable effort in prediction of mixing properties and solubility of the spinel-type
oxidation products in BWR has been made in Japan (Hiroishi and Ishigure 1998; Ishigure
2000). As shown above (Part 2), these authors have built their considerations upon the
obsolete model of Navrotsky and Kleppa (1967), and hence were not capable of repro-
ducing a miscibility gap between chromites and ferrites that must take place at tempera-
tures below 400-500 °C. Furthermore, in the thermodynamic approach of Ishigure (2000)
aimed at modelling of Co pick-up by spinel phases under the influence of a competing M+2

metal cation, only a binary case with ComMi.mFe2O4 or ComMi_mCr2O4 spinels is consi-
dered in the form of an exchange reaction (A stands for Cr+3 or Fe+3):

t Co(OH)+ + ComMi_mA2O4 = Com+tM1.m-tA2O4 +1 M(OH)+ . (3-1)

Reaction (3-1) is expected to proceed to the right if this decreases Gibbs energy of the
system (t < 0), or the reverse reaction takes place if t > 0, until equilibrium is reached.
Assuming t to be small (an unrealistic assumption, for example, Zn content in spinel scales
from Zn-treated BWR may often exceed 10% (Riess and Stellwag 1996)), one obtains an
equilibrium constant for the reaction 3-1 as function oft: K = (s/v)\ where s and r are
equilibrium concentrations of Co(OH)+ and M(0H)+, respectively. It is difficult to solve for
four unknowns given three initial concentrations (p of Co(OH)+, q of M(OH)+ and a of
ComMi.mA2O4) in the system, that's probably why only an initial q/p ratio is considered for
the numerical estimation of threshold values for Co uptake by Zn and Co ferrite and
chromite (Ishigure 2000, Table 2). A better progress could have been achieved by appli-
cation of the Lippmann diagrams and the MBSSAS code (Glynn 1991) because Lippmann
diagrams link solid and aqueous mole fractions of two metals at equilibrium.

However, even Lippmann diagrams can only be helpful in binary systems (see more in
Kulik et al. 2000), whereas the Cr-Fe-Ni-(Co-Zn)-O-H system is by far more complex
and cannot be solved analytically or with help of the binary exchange reactions such as
equation (3-1). This really leaves chances only to one computer-aided numerical technique
- the Gibbs energy minimization, the applicability of which (in GEMS-PSI code imple-
mentation) to predict SSAS equilibria in LWR systems is demonstrated in the subsequent
sections.
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3.2 METHODS OF THERMODYNAMIC EQUILIBRIUM MODELLING

In principle, there are two numerical methods of chemical thermodynamic modelling which
can be applied to complex aquatic systems: (i) Law-of-Mass-Action - Reaction Stoichio-
metry (LMA) and (ii) direct Gibbs Energy Minimization (GEM). The LMA approach is
more common and available in many speciation computer codes such as PHREEQC
(Parkhurst and Appelo, 1999) or EQ3/6 (Wolery, 1992); the latter contains thermodynamic
database extending to hydrothermal conditions.

The LMA approach requires no thermodynamic data for the "master" species (usually
aqueous ions) and only logK of formation of the "product" species at temperature/pressure
of interest. However, this leads to serious limitations in setting up complex chemical
models, namely: (i) stable phase association must be known a priori to be included into the
mass balance; (ii) bulk compositions of aqueous and solid-solution phases at equilibrium
can not be directly resolved and must also be known at input; (iii) different redox states of
the same element, e.g., Fe(II) and Fe(III), must be assigned to separate mass-balance con-
straints, or provided with an additional equation defining the ambient redox potential; and
last but not least (v) the LMA method is basically insensitive to errors and inconsistencies
in thermodynamic data. Given that the Cr-Fe-Ni-O-H metal-spinel-aqueous system is
strongly controlled by changes in redox conditions, which define the quantity and com-
position of all solution phases, the applicability of LMA modelling concept to the LWR
system appears to be strongly questioned by the inherent limitations mentioned above.

The Gibbs energy minimization (GEM) codes, such as Chemsage (Eriksson and Hack
1990) or Selektor (see below), have been developed in parallel since early 1970es. The
most advanced, "convex programming approach" (Karpov 1981), implemented in the
"interior point method" (IPM) non-linear minimization algorithm (Karpov et al 1997), is
still relatively uncommon because of its higher demand for a consistent thermodynamic
input data. Nowadays, this technique and its software implementation (Selektor and
GEMS-PSI codes) are quickly advancing because of some unique features, briefly des-
cribed below.

The GEM approach is based, in principle, on a mass balance in any chemical system that is
set up using total quantities of chemical elements and a single charge balance constraint
only. These elements and charge are called "Independent Components" in a sense that
stoichiometries of all species in all phases of the system - "Dependent Components" - are
built from those independent components. As such, no "master" and "product" species are
considered; instead, the phases (each including one or many species) are explicitly defined
in the system formulation. For each species that may appear at the equilibrium state, the
stoichiometry and a value of standard molar (or partial molal) Gibbs energy of formation
from elements must be provided at the temperature and pressure of interest from the
thermodynamic database. Equilibrium chemical potentials of all independent components
and species are first calculated, and on this basis, the stable phase assemblage is auto-
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matically selected from any number of possible phases (exceeding the number of
independent components), which leads directly to solution of the phase equilibrium and
speciation problem out of any number of (non-ideal) multi-component solid, liquid,
aqueous, gaseous and/or sorption phases that may exist in a given stoichiometry basis.

3.2.1 Convex programming approach to Gibbs energy minimization

In GEM chemical system formulation, all species are taken with their formal elemental
stoichiometry into the mass balance (total moles of chemical elements and zero charge),
though an alternative choice of stoichiometric units, e.g. aqueous ions or metal oxides, is
possible (Karpov et al. 1997). Species belong to either single- or multi-component
aqueous, gaseous, liquid or solid phases that may (or may not) appear at the equilibrium
state. A non-linear minimization algorithm iteratively finds quantities xj of all relevant
species from the set L that minimize the total Gibbs energy of the system G(x) subject to
the elemental mass balance constraints Ax = b. If Vj denotes an approximation of prime
chemical potential of j-th species (expressed via the standard state chemical potential and
concentration), then:

,u,, JeL (3-2)

In vector-matrix algebraic notation, a problem of finding the equilibrium speciation of the
system (vector*, numbers of moles of species) is defined by:

G(x) => min, subject to Ax = b, x e 9t (3-3)

where 9? is a set of kinetic upper-lower restrictions to x (trivially, x > 0). The vector x will
be an optimal solution of the problem 3-3, if and only if such a vector u exists that the
following conditions of optimality are satisfied (Karpov et al 1997, for trivial 9? set):

v - ATu > 0,

^ = b' (3-4)
x > 0,
xT(v-ATu)=0

( r is a transpose operation). These four Kuhn-Tucker criteria are fulfilled upon convergence
of the Interior Points Method (IPM, Karpov et al 1997) - a powerful non-linear
minimization algorithm used as the numerical kernel of the Selektor computer codes
designed for finding stable phase assemblages and equilibrium speciation in complex hete-
rogeneous multi-component multi-phase chemical systems. It is important to realize that
the IPM algorithm internally considers mixing in multi-component phases, which can be
seen in the expanded expression (3-2) for G(x):

G(x)= X c,x.+ Z x , l n - ^ - - I * , l n - ^ . , a e O . (3-5)
W JGL J J jela J Xa jeS°w J Xaa jeSw Xa
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Here G(x) = G/RT, where G is a function of total Gibbs energy of the system; T is
temperature, K; R is universal gas constant; XJ is a number of moles of y'-th dependent

component from the whole-system set L; Xa = "L x • stands for the total numbers of
ye I a JI a

moles of dependent components (from a set /a) in the phase a; Sg and 5°w are sets of gases
and aqueous species; and

- ^ + l n y jeL\(Sg{JS°w)
RT J

• l n v . + lnP, jesP (3-6)
RT

j + In 55.51,

where gy are the empirical values standing for the standard state Gibbs energy of formation

of the dependent component from independent components; y. is an activity (fugacity)

coefficient ofy-th species (consistent to standard and reference states for gj); P is pressure,

bar, and O is the set of phases.

Hence, no input solubility products and stoichiometries for any intermediate compositions
of solid-solutions are necessary for GEM calculations of equilibria in SSAS systems. Only
standard molar Gibbs free energy values and stoichiometries of end-members must be
provided, plus equations for calculation of activity coefficients of these end-members in
case of any (non-ideal) mixing different from the simplest Raoult' Law (activity equals
mole fraction).

3.2.2 Selektor and GEMS-PSI codes

The above briefing readily suggests that GEM programs are clearly more demanding in
their numerical implementation and also for consistent thermodynamic input data than the
LMA codes. But once established, their clear benefit is that they provide at least two
facilities that are not available with the LMA approach. First, the GEM code can calculate
equilibrium redox (pe) and pH state with the speciation of any (non-ideal) aqueous and
multiple-component solid-solutions in one run, thus obviating the need for any supplemen-
tary assumptions and iterations. Second, the IPM algorithm principally calculates the dual u
vector (Eqn. 3-4) containing equilibrium values of molar chemical potentials for inde-
pendent components (usually chemical elements and charge) .

Due to this, the GEM convex programming algorithm can always find equilibrium values
of pH, pe (Eh) and partial pressures of gases right away from the bulk composition of the
aquatic system, and can automatically detect inconsistencies in the thermodynamic input
data. It provides an attractive tool especially for modelling SSAS systems because the
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GEM model can in particular simultaneously account for the impact of variations in redox
conditions onto: (i) precipitation/dissolution of mixed metal and oxide phases, (ii) aqueous
speciation of metals, and (iii) speciation in all co-existing solid-solution phases, with the
least possible number of assumptions and balance constrains.

In this contribution, we used the GEM-Selektor code, versions 1.91b-PSI and 1.93b-PSI
(http://les.web.psi.ch/Software/GEMS-PSI/), with a provisional built-in thermodynamic
database (see below). The code has been developed since 1991 by D.Kulik's group in Kiev
(Ukraine) in collaboration with Prof. I. Karpov (Irkutsk, Russia), and since June 2000 the
development is taken over by the PSI (Waste Management Laboratory). The GEMS code
has a graphical user interface (GUI) based on a Qt™ GUI Toolkit, available for Win32,
Linux and Mac OS X platforms.

Taken together, these software tools contain everything needed for a rigorous thermody-
namic modelling of metal partitioning in Fe-Cr-Ni-H-O SSAS systems at BWR condi-
tions, according to the demanding criteria of Turner (1992).
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3.3 INPUT THERMODYNAMIC DATA

3.3.1 Solid phases

Thermodynamic data for the Fe-Cr-Ni spinel end-members were used as listed in Table 2-
7 (Part 2); for other solids (simple oxides, metals), the data were collected from the
available literature (Table 3-1), mainly from the compilation by Robie and Hemingway
(1995). These standard state data for 1 bar 25 °C were stored as records in "DComp"
format of the GEMS-PSI thermodynamic database. The code automatically recalculates
G°298 values from Tr = 298.15 K to g°r at temperature of interest and reference pressure Pr

using standard integration of entropy:

T T T C

go
T-Go

Tr=-\s°TdT = -So
TXT-T,)-]\^-dTdT (3-7)

Tr TrTr

which, for the five-term Cp —f(T) equation used in Tables 2-7 and 3-1, expands to

g°T = G°Tr -S%{T -Tr)- aoAG - axBG - a2CG- a3DG - a^c , (3-8)

where ao, «i, ai, #3 and a$ are empirical coefficients of the heat-capacity function

Cp =ao + a,T + a2T~2 + a3T~0-5 + a4T
2 , and (3-9)

y-T + Tr; BG =\{T-T,.f; Cc =

(3-10)

(Dorogokupets et al. 1988). Note the following relation between g°r function and Gibbs
energy of formation G°r, which also applies to the HKF EoS calculations done in
SUPCRT92 code:

G°T = g°r (compound) - Zg°T(element) (3-11)

because g°r (element) it 0 at T ^ Tr (summation here involves formula stoichiometry
coefficients). Pressure corrections for g°j function were performed assuming constant
molar volume of minerals (V°T,P = V°Tr.pr) at relatively low pressures (< 100 bar) and
temperatures (< 300 °C):

g°T+V}Tr.Pr(P-Pr) (3-12).
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Table 3-1 :

End-member
mineral

Hem Fe2O3

Esk Cr2O3

Wu Feo.9470

Bun NiO

Fe, metal

Cr, metal

Ni, metal

H2, gas

H2O, gas

O2, gas

Standard thermodynamic <

^ 2 9 8 ,

cm3mor'

30.27

29.09

12.04

10.97

7.092

7.231

6.588

.. .

—

.. .

G°298>

kJ-mol"1

-744.24

-1047.31

-244.90

-211.10

0

0

0

0

-228.13

0

jata for selected solids and gases

-fr°298>
kJ-mol"'

-826.20

-1128.40

-266.30

-239.30

0

0

0

0

-242.40

0

S°298>

JK-'mor1

87.4

83.3

56.6

38.0

27.276

23.62

29.87

130.683

187.29

205.137

1501.47

227.25

-19.3

4110.7

440.747

-16.25

151.21

27.2797

52.9891

29.9574

«2 (-7)

-1.2146

-0.02132

0.03017

-5.3024

-0.375176

0.02293

-0.2049

0.003264

-0.043531

0.004184

«3 (-T-2)

14123000

3543030

-2533000

24306700

4679000

-1222000

0

50208

5471.84

-167360

«4(-r-°5)

-21493

-2567.3

1501

-53039

-6439.8

803.2

-1374.6

0

0

0

a5 (-T2)

0.000569

0

0

0.0035206

0.000184

1232000

0.0001742

0

0

0

T interval,
K

298-900

298-573

298-1600

298-573

298-1042

298-2100

298-600

298-1273

298-1273

298-1273

Ref.

RH95

KL00

RH95

RH95

D88

RH95

RH95

S92

S92

S92

Notes: Hem - hematite; Esk - eskolaite; Wu-wustite; Bun - bunsenite; RH95 —Robie and Hemingway 1995; KL00 — Klemme et al. 2000;

D88 - Dorogokupets et al. 1988; S92 - SUPCRT92.DAT (Johnson et al. 1992).



PSI Bericht 02-04 70

3.3.2 Gases

Standard molar thermodynamic data for gases were taken from the SUPCRT92.DAT
database (Johnson et al. 1992). Calculation of g°j values for gases is performed according
to equations (3-7) to (3-10), in the same way as that for minerals. In this modelling
exercise, the gas phase is considered as an ideal mixture of ideal gases and is used only for
calculations of hydrogen, oxygen and H2O vapour fugacity (i.e. P = 90 bar - slightly
greater than PSAT - is taken, and bulk compositions of the model systems are specified in
such a way that the gas phase does not appear in the mass balance). Molar volume of gas at
T,P is estimated from the ideal gas equation V°T,P

 = RTIP. Pressure correction for gases is
implicit in the definitions of the gas chemical potential and standard state, i.e. gr.p = g°r +
RTlnP (cf. Karpov et al. 1997); it is performed internally in the IPM algorithm.

3.3.3 Aqueous electrolyte species and water-solvent

Standard partial molal properties of aqueous species with the empirical coefficients of the
revised Helgeson-Kirkham-Flowers equation of state (HKF EoS) were taken from:
SUPCRT92.DAT and SLOP98.DAT databases

http://zonvark.wustl.edu/geopig (Shock et al. 1997).

These files and HKF EoS calculation routines from SUPCRT92 code (Johnson et al. 1992),
also built into GEMS-PSI code, provide the most consistent data and tools for temperature
and pressure (up to 1000 °C and 5 kbar) corrections in partial molal properties of aqueous
species, available so far. In addition to inorganic aqueous ions and mononuclear hydroxo
complexes of metals, the SUPCRT database also accounts for properties of dissolved gases
and (with high accuracy) of the water-solvent, which makes it possible to avoid
introduction of the non-ideal gas mixture at least in the range of conditions relevant for
such applications as in this contribution (pressurized or boiling water reactors), where only
equilibria in liquid aqueous phase are considered. We cannot discuss here in detail the
HKF EoS and SUPCRT database (see Shock et al. 1997 and refs. therein), but would like
to mention that this database has become in the past decade a de facto standard in
geochemical modelling of hydrothermal systems (e.g. in EQ3/6 code (Wolery 1992); latest
ChemGeo codes distributed by GTT Technologies; Selektor codes etc.). We can only
wonder why our modelling exercise seems to be the first one where the SUPCRT dataset is
applied to the LWR systems.

The SUPCRT aqueous database is consistent to calculation of activity coefficients of
individual aqueous species, Yj, using the extended Debye-Hiickel (EDH, or Helgeson's "b-
dot") equation:
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where, 2j denotes the species formula charge, / the effective molal ionic strength. Ay and
By are P, 7-dependent coefficients, br is the common EDH b-dot parameter (ca. 0.06 in
common cases), and a°y denotes either common or individual Kielland ion-size parameter

(cf. Nordstrom and Munos 1994; Langmuir 1997). The last term on the right hand-side is
applied also to neutral aqueous species and dissolved gases. However, the activity
corrections for aqueous species seem to be of little importance for the LWR modelling
because of a quite low ionic strength - in most cases / < 0.0001 molal due to very low
solubility of spinels and hematite. For such systems, there is no significant error in
considering log(activity) as close to log(molality) in interpretation of the modelling results.

3.3.4 Phases and species in chemical system definition

Table 3-2 lists thermodynamic data used in the subsequent calculations of LWR model
systems at T — 290 °C and P = 90 bar. This pressure is somewhat greater than the saturated
vapour pressure at this temperature (74.4 bar as calculated by SUPCRT), which allows one
to consider certain excess of H2 or O2 that remains in dissolved form without appearance of
stable gaseous phase in the mass balance.

Table 3-2 : List of phases and species used in GEM model calculations, with thermodynamic
data at P = 90 bar and T= 290 °C (563 K)

Phased - ^ ^ ^
Species ~~^-»>^_

Aqueous electrolyte

Cr(OH)+2

Cr+3

CrO+

CrO2"

HCrO2°

Cr 2 O/ 2

CrO/ 2

HCrO4"

Fe(OH)+

Fe+2

FeO°

HFeO2 '

Fe(OH)+2

Fe+3

FeO+

FeO2"

HFeO2°

HNiO2-

Ni(OH)+

Ni

NiO2"
2

NiO°

Type

S

S

S

S

S

s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s
s

g(90, 563)

J-mol'1

-371060

-109230

-349729

-507057

-575450

-1374543

-720350

-818593

-268501

-59085

-202958

-384637

-209246

+66416

-196220

-360651

-428044

-312067

-209544

-5920

-210501

-141618

V°(90,563)

cm3mol"1

-99.745

-136.44

-56.125

-97.652

2.022

-48.076

-143.03

-6.683

-42.946

-76.973

-13.913

-105.64

-79.863

-130.08

-70.492

-79.036

11.427

-123.36

-49.746

-85.970

-214.91

-21.187

Comments

HKFEoS

Crm

Crra

Crm

Crra

Crra

Cr^

Cr^

Cr^

Fen

Fe11

Fe11

Fe11

Fe111

Fem

Fe111

Fem

Feffl
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Table 3-2 (continued)
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Phaser*""- ~^__^
Species " •—~>̂ _

H2°

H2O2°

HO2"

O2°

OH"

H+

H2O

Gas mixture

Hydrogen H2

Vapour H2O

Oxygen O2

Spinel solid-solutions

FeFe2O4 (Mt)

FeCr2O4 (Cr)

NiFe2O4 (Tre)

NiCr2O4 (Ncr)

"Steel" solid-solution

chromium metal Cr

iron metal Fe

nickel metal Ni

(Fe,Cr)2O 3 solid-
solution

eskolaite Cr2O3

hematite Fe2O3

Single oxide phases

Hematite Fe2O3

Wustite Fe0.947O

Bunsenite NiO

Type

S

S

S

S

S

S

W

G

G

G

#1 #2

J M

M J

J M

M J

I

I

I

I

I

0

0

0

g(90. 563)

J-mol"1

-11017

-176927

-59488

-30991

-141552

0

-262669

-37322

-281174

-57181

-1066656

-1387316

-1022541

-1317649

-8533

-9655

-10457

-1079606

-777942

-777942

-264648

-225894

V° (90.563)

cm^-mol"1

43.069

49.250

-79.930

61.438

-90.35

0

24.506

520.25

520.25

520.25

44.52

44.22

43.43

43.12

7.231

7.092

6.588

29.09

30.27

30.27

12.04

10.97

Comments

Dissolved gas

Dissolved gas

Solvent

Nominal ideal to

calculate only

fugacities

Two phases 1 and
2

included to repro-

duce a miscibility

gap between

chromites and

ferrites

Ideal mixing
assumed

Ideal mixing
assumed

Types of species: S - aqueous solute; W — water solvent; G - ideal gas component; J - "junior"
and M - "Major" solid-solution end-member (see text); I - ideal solid-solution
end-member; O - single-component in solid phase.

This simplifies our thermodynamic model, obviating the need to consider non-ideality of
gases and their mixing in the gas phase. The model has only the liquid aqueous electrolyte
phase to be present together with solid phases in the stable assemblage. Since the SUPCRT
dataset contains data for dissolved gases (Cb0, H20) with T,P corrections described with
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HKF EoS, the chemical potentials and fugacities of oxygen and hydrogen gases can be
correctly calculated, even though the gas phase itself is absent from the mass balance.

The compounds in Table 3-2 are grouped into the following phases: aqueous electrolyte;
(nominal) gas mixture; "Chromite" and "Ferrite" Fe-Cr-Ni spinel solid-solutions; Fe-Cr-
Ni "steel" metal phase taken as ideal solid-solution; hematite-eskolaite (Fe,Cr)2O3 ideal
solid-solution; and single-component solid phases Hematite, Bunsenite and Wustite.

According to Gibbs' phase rule, the "water-free" system Fe-Cr-Ni-O must contain no
more than four phases at fixed T,P; the aqueous system Fe-Cr-Ni-O-H-charge - no more
than five. In both cases, the list of potential phases contains more entries, which means that
some of phases will be eliminated in GEM calculations of equilibria. Indeed, Bunsenite
and Wustite phases did never appear because of their instability with respect to spinel and
"steel" solution phases and hematite.

Two spinel solid-solution phases were introduced because of a need to reproduce the large
miscibility gap between chromites and ferrites (see Figure 2-14). Both phase definitions
identically implement the new Kurepin's mixing model for calculation of activity coef-
ficients (Table 2-8, equations 2-50, 2-51). In the "Chromite" spinel phase definition, the
FeCr2O4 and NiCr2C>4 end-members are declared as "Major" (M) and the FeFe2C>4 and
NiFe2C>4 ones as "Junior" (J). Conversely, in the "Ferrite" spinel phase, the FeC^CM and
NiCr2C>4 end-members are declared as "Junior", and FeFe2O4 and NiFe2O4 as "Major".
These declarations are used only to obtain a correct automatic initial approximation before
entering the main GEM IPM algorithm.

On automatic initial approximation, the GEM-Selektor code assigns large positive gr,p
increments to all "Junior" end-members, to make them relatively unstable with respect to
the "Major" end-members. Thus, the initial-approximation compositions of two spinel
phases will be different. After convergence of the IPM minimization algorithm, two phases
will have different mole fractions of end-members then and only then when the total
composition of the system falls into the miscibility gap and both solid-solution phases co-
exist. Outside the miscibility gap, the GEM IPM will converge either with two phases of
the same composition (usually, one of them in trace quantity), or one of these solid-
solution phases zeroed off. If there is no need to consider a solid solution system with a
miscibility gap then it is sufficient to introduce only one solid-solution phase definition
into the model chemical system.

It is important to include a metal phase ("Steel" solid-solution) in order to investigate how
Fe, Cr and Ni partition into spinel phases in presence of oxygen and/or water. As a first
approximation, we assumed here a simple ideal mixing between three metals. This is a
reasonable approximation - for instance, inspection of Figure 2 in (Navada and Sreed-
haran, 1999) reveals that activities of metal end-members in SS304 type steel (calculated
with a non-ideal Kohler' model) only slightly depend on temperature and are close to mole
fractions (somewhat higher for Cr and lower for Ni around 400-500 °C). The hypothetical
hematite-eskolaite ideal solid-solution has been included in effort to clarify the tendency
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for Cr partitioning in aquatic system at oxidizing conditions (though it did not change
anything qualitatively, see below). Of course, incorporation of Cr into hematite is expected
to be non-ideal, probably with a miscibility gap, but this is a question for future studies.

Validity of the new solid-solution model for "Ferrite" and "Chromite" spinels has been
checked using the GEMS-PSI "Process simulator" mode for the H2O-free system by
calculation of 121 equilibria over an evenly-spaced grid covering the whole spinel com-
positional quadrangle at T= 290 °C temperature and P = 90 bar pressure (see Figure 2-14).
The system bulk composition for each grid point was created by adding number of moles
of each spinel end-member in such a way that the sum was always 1 mol. For the grid
boundary points, 1-10"7 mol Fe,Ni,Cr and 2-10"7 mol O were added to prevent disappear-
ance of the respective independent components from the system.
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3.4 MODELLING OXIDATION OF STAINLESS STEEL IN H2O-FREE
SYSTEM Cr-Fe-Ni-O AT T = 290 °C, P = 90 BAR

The next step was to model phase equilibria including spinels that exist on the steel
oxidation pathway in absence of H2O. For this purpose, an initial bulk composition has
been composed from 100 g of "stainless steel" containing 17.853 g Cr, 69.076 g Fe and
13.071 g Ni, and 0.0001 g of O2. This model composition of steel has been recalculated
from the full composition (Table 3-3); a trace amount of oxygen was added to prevent total
disappearance of oxide phases at the simulation start-point.

Table 3-3 : Initial steel

C

0.037

P

0.038

S

0.005

composition (in mass %)

Si

0.513

Co

0.233

Ni

12.3

Mn

1.75

Cr

16.8

Mo

2.14

V

0.062

Ti

0.241

Fe

65

All phases except aqueous electrolyte and hematite-eskolaite solid-solution (Table 3-2)
were included into the IPM problem formulation (only oxygen in gas phase). A series of 41
equilibria were computed in the "Process Simulator" mode of GEMS-PSI, keeping all
input parameters of the start-point system constant, except of addition of O2 stoichiometry,
which had been increased from 0 to 40 grams in 1 g steps. Resulted equilibria have been
stored into database records, then sampled using "GtDemo" module, and plotted as shown
on Figure 3-1 and 3-2.

Inspection of Figure 3-1,A shows that at low additions of oxygen, chromite spinel phase
exists at equilibrium with metal phase. On Figure 3-2,A one can see that up to 11 g O2
added, nearly pure chromite builds up, while in the metal phase, chromium gets totally
depleted. At this point, log^O2 (fugacity of oxygen) is buffered at levels of -58 to -57, and
then jumps up to about -43 to -42 (Figure 3-l,B). Along this transition, the mole fraction of
FeFe2O4 (Mt) end-member in the chromite phase rapidly increases up to 13 mol.% where a
second, ferrite spinel phase appears containing ca. 91% FeFe2O4 and 9% FeCr2O4 end-
members.

Two co-existing spinel phases of different composition form another JO2 buffer, which
lasts up to 33 g O2, added. After this point, the remaining metal phase consists of nickel
only, and a drastic change of composition occurs in the ferrite phase, where the mole
fraction of FeCr2O4 rapidly decreases and that of NiFe2O4 end-member increases and takes
over (Figure 3-2,B,C).

Between the additions of 38 and 39 g O2, the system goes through an invariant point region
where the metal phase disappears and hematite appears, at the ferrite composition around
45% FeFe2O4 and 53% NiFe2O4. On further oxidation, iron goes into hematite; composi-
tion of ferrite phase changes to nearly pure trevorite, and that of chromite phase to chromite
with some nichromite. This last change corresponds to a log/O2 jump from about -36 to -
30 and then steady increase up to appearance of the O2 gas phase. The modelled pathway
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shows a complicated pattern, though typical for the redox-controlled solid-solution
systems. Three phase assemblages buffer oxygen fugacity at different levels (Figure 3-
1,A,B), with rather steep change of_/D? after each buffer is exhausted. These jumps are so
steep that we could not obtain any nice fugacity diagrams (/O2 - composition) from the
above simulation results. Hence, another "process simulator" has been run for the same
system, now for incrementing log/Ch from -58 until 0 in step 1.
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Figure 3-1 : Quantities of phases (A) and O2 gas fugacity (B) in GEM model O2 titration of 100 g of
"austenitic stainless steel" composition (see text) in H2O-free system Fe-Cr-Ni-0 at T = 290
°C, P = 90 bar.

There is no way to directly set any activity or fugacity in the GEM input data - such
parameters are only the results of calculation of equilibrium state. It is only possible to add
various amounts of acid, base, reductant, or oxidant (in our case O2) to the total bulk
composition of the system, and look how big is the difference between the calculated
log/Ch value and that prescribed at a given simulation point. The amount of titrant or
oxidant is then adjusted in order to obtain the difference smaller than the "convergence
threshold". Such an "inverse titration sequence" procedure can be automatically performed
by the "Process Simulator" module of GEMS-PSI (usually, 10 to 17 IPM runs are
necessary to obtain one given point). Results of its application to our H2O-free spinel-steel
system are shown on Figures 3-3 and 3-4.
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Figure 3-2 : Variation of mole fractions of end-members (X) of the two spinel phases (A,B) and metal
"steel" phase (C ) in the same model titration profile as on Figure 3-1.
Abbreviations : Mt — magnetite FeFe2O4 ; Chr — chromite FeCr2O4 ; Tre - trevorite NiFeiOj ;

Ncr — nichromite NiCr2O4.

Now, three "buffers" in the system look like three "close-to-vertical" lines on Figure 3-3,B
at log/D2 values -58 to -57, -43 to -42, and -37 to -36, respectively. Horizontal shelves on
this plot depict unbuffered compositions, where tiny additions of O2 cause strong changes
U1/D2. The shelf between log/02 values -36 and -30 contains no calculated points because
an increment to addition of O2 to produce a shift in 1 unit here becomes less than 10"7 g,
beyond the precision of normal floating-point numbers, and even this small increment
throws the system 6 log/C^ units up!
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Figure 3-3 : Quantities of phases (A) and O2 additions (B) as functions of Oi gas fugacity in GEM model
profile of inverse O2 titration sequence for 100 g of "austenitic stainless steel" composition
(see text) in H2O-free system Fe-Cr-Ni-O at T= 290 °C, P = 90 bar.

Such a stiff, singular behaviour is most probably due to the slight inconsistency in the input
thermodynamic data, revealed in the close vicinity of the non-variant point where all four
phases are present. Indeed, the metal phase disappears at log/O2 = -36.5, and hematite
appears at log/Cb = -30.5 (Figure 3-3,A). Compositions of both co-existing spinel phases
remain the same at both ends of the singularity, but change strongly on both sides of it
(Figure 3-4,A,B).

As seen on Figure 3-4,B, the most intricate change occurs in the area of stability of the
ferrite phase (from magnetite with minor chromite up to trevorite with minor nichromite).
The chromite spinel phase changes from mainly chromite in the reduced part of the system
to mainly nichromite with ca. 20% trevorite in the oxidized part (in presence of hematite).
The two-spinel area (log/O2 from -42 to -37) covers conditions for the HWC regime, while
that with log/O2 > -30 goes into oxidizing NWC conditions. Typical compositions of
spinels found in LWC at both regimes agree well with the predicted changes (Figs 3-2 and
3-4; see also Part 4).
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Figure 3-1. For abbreviations, see caption to Figure 3-2.
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3.5 MODELLING OXIDATION OF CORROSION PRODUCTS IN THE
SSAS SYSTEM Cr-Fe-Ni-O-H A T 7 = 290 °C, P = 90 BAR

Now, it's time to consider the SSAS system. This is a more intriguing task, especially in
view of thermodynamic reasoning of Turner (1992) that equilibria in such complex systems
depend not only on the solid composition, but also on the solid-to-water (S/W) ratio. The
latter parameter is subject to a large fundamental uncertainty and must be estimated in
advance of any meaningful interpretation of either experimental data or modelling results.

3.5.1 Principles of local/partial equilibrium and selection of solid/water ratios

The process of steel-water interaction (corrosion) is essentially an oxidative incongruent
dissolution of the metal phase with simultaneous formation of spinel phases in the "double
film" (see Part 1) - an irreversible process by its definition. Later on, the inner, chromite
spinel layer effectively excludes the metal phase out of interaction with aqueous solution,
but any change in aqueous chemistry (e.g., oxidation or reduction) will eventually alter
quantities and/or compositions of co-existing spinel phases or cause precipitation (or disso-
lution) of other phases, such as hematite. Many such irreversible processes, akin to
titration, can be modelled as a sequence of local or partial equilibrium states (cf. Nordstrom
and Munos 1994), if the whole system can be separated into small enough "nodes" where
full mixing and equilibration can be safely assumed within the relevant time-scale
constraints. In the case of the LWR system, our main concern is to define a realistic mass
ratio of reacting metal-oxide layer to aqueous phase. There is no sense in introducing large
errors by assuming that all the construction stainless steel parts have reacted (this is
definitely not so).

Inquiries concerning two Swiss power plants have shown that volume of liquid water in the
LWR systems is between 250 and 700 m3; the average thickness of spinel film on the inner
surface of equipment in contact with water is 1.5 to 2 jim; but a large uncertainty exists
with respect to the total area of the stainless steel parts exposed to reaction with water - ca.
5'000 m2 per 250 - 300 m3 of water in one case and up to 350'0OO m2 per 700 m3 of water
in another. The latter number probably includes the surfaces of vapour condensation units,
but, even if those are excluded assuming that their surface is 6-7 times greater than that of
the liquid-water contour, at least a 10 times uncertainty still remains.

Density of spinels is slightly above 5 g-cm"3, which results in a maximum "surface density"
of the corrosion film 5'000 kg-m"3 • 2-10"6 m • lm2 / lm2 =10 g-m"2. From this number
(equivalent to 8 g-m"2 of reacted steel) and the density of water (0.735 g-cm"3 at P = 90 bar,
T = 290 °C), one obtains (Table 3-4) that the 8/W ratio in the LWR systems is indeed
rather uncertain - the truth, probably, lies within two orders of magnitude.
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Table 3-4 : Conservative estimates of S/W parameter

PSI Bericht 02-04

Water volume, m3

Steel surface, m2

S/W ratio, g-(kg HaOy1

300

5000

0.18

700

50000

0.57

700

350000

4.0

Note: S/W is the steel-to-water ratio; 8 gm"2 of steel is assumed to be
converted into oxide scales.

Apart from the largest source of uncertainty - the total area of stainless steel in contact with
water (zircalloy and titanium surfaces were excluded) - we do not know, for instance, what
part of the initially reacted steel has been re-deposited away of the corrosion areas. We can
assume, for modelling purposes, that the most probable estimate for effective S/W ratio is
1 g^kgFkO)"1, taking the minimum possible value as 0.1 and the maximum ratio as
5 g-(kgH2O)'\ Most of GEM modelling runs were performed therefore at S/W =
1 g-(kg EbO)"1, the other two ratios were used mainly in the sensitivity analysis calcula-
tions.

3.5.2 System formulation

All species and phases from Table 3-2 were included into the system definition. In some
runs, the single-component hematite phase was included, and the hematite-eskolaite solid
solution excluded, analogous to the H^O-free model system (Section 3.4). Already first
runs at S/W = 1 and even 5 g-(kg H2O)"1 have shown that in presence of hematite (i.e., at
oxidizing conditions), nichromite spinel is unstable relative to the aqueous phase, and all
chromium and significant part of nickel exist in dissolved forms (bichromate, chromate and
Ni+2 ions). Due to this (and the suggestions that chromium may be sorbed to hematite), in
subsequent runs, the (Fe,Cr)2O3 solid-solution was included instead of the single-
component hematite. Results were qualitatively the same, except that some chromium
entered into hematite phase right at the redox transition, but escaped to the aqueous phase
upon further addition of oxygen.

The initial bulk composition of the system was set to 1 g of steel containing 0.17853 g Cr,
0.69076 g Fe and 0.13071 g Ni (the same as in H2O-free model) and 1000 g of H2O.
Titrations were performed by adding O2 (in 0.1 g steps) in the "Process Simulator" mode of
GEM-Selektor. The start points were created by adding H2 just up to appearance of trace
gas phase (0.19 g H2 added for S/W = 1 g-(kg H2O)"!, producing pe = - 4.7, log/H2 = 1.5
(bar) and dissolved [H2°] = 0.11 molal = 220 ppm).

3.5.3 Results (total dissolved Fe, Cr, Ni; composition of solid phases)

The 02-titration profiles for the water-spinel system at S/W = 1 g-(kg F^O)'1 are shown on
Figure 3-5. Both the plots for total dissolved metals (Figure 3-5,A) and fugacity of gases
(Figure 3-5,D) show a reduced region (up to 1.89 g O2 added), in which dissolved O2 is
absent (log/O2 < -36), dissolved H2 is present (logyH2 > -1) and total dissolved iron con-



PSI Bericht 02-04 82

centration [FeAQ] > 10"7 molal (5.6 ppb). This reduced region is followed by a narrow
redox transition at 1.89 to 1.93 g O2 added, where log jO2 jumps from -36 to -6, log^Bb
goes down to -16, dissolved H2 disappears, [FeAQ] drops below 10"8 molal (0.5 ppb), and
dissolved Ni and Cr sharply jump from ca. 10"9 molal up to around 10^ molal due to com-
plete dissolution of nichromite spinel phase and relatively high solubility of nickel ferrite at
equilibrium with hematite. In the third oxidation region, [NIAQ] and [CrAQ] slightly increase
in parallel with appearance of dissolved O2 and log/Ch increasing from -6 to 0.

Figs. 3-5,B,C show that composition of chromite and ferrite spinel phases changes in the
same way as it has been modelled in the HbO-free system (but in a narrower region limited
by the stability field of H2O). In the reducing region, in presence of Ni-rich metal phase,
the mole fraction of FeFe2O4 end-member slightly decreases in the chromite spinel and
(closer to redox transition) strongly drops in the ferrite spinel up to roughly equal trevorite-
magnetite composition. Right after the point where the metal phase disappears and
(FejCrbOs phase appears, the ferrite phase turns into a nearly pure trevorite, and the
chromite phase drops some chromium into a hematite-eskolaite solid-solution (up to 30%
Cr2C>3 at the redox barrier). However, upon further oxidation, Crm turns into CrVI and
leaves for the aqueous phase.

To achieve a better resolution around the redox transition, O2 titration of the system has
been performed in 0.01 g increments from 1.8 to 2.1 g-(kg H2O)"1. This enlarged fragment
of the titration diagram is shown on Figure 3-6. We believe that this fragment covers the
NWC conditions where slight oxidation occurs due to radiolysis. More reducing environ-
ment would then correspond to the HWC operation mode, where hydrogen is added.
Interestingly, equilibration of 0.1 g of steel with 1 kg water at 290 °C without any addition
of hydrogen results in all calculated parameters close to those depicted around 1.85
abscissa point on Figure 3-6. Similar calculations for higher S/W ratios end up in a more
reduced system, akin to what is plotted on Figure 3-5 at abscissa between 0.5 and 1.5. We
can assume therefore that our modelled O2-titration profiles at S/W = 1 can realistically
describe equilibria at both HWC and NWC regimes.

Quantities of phases are not shown on Figure 3-5. For instance, at S/W = 1 and no O2

added, 0.13 g of metal phase (almost pure Ni) is present with 0.36 g of chromite and 0.85 g
of ferrite. At addition of 1.8 g O2, only 0.024 g of metal phase is left. At 2 g OT added, solid
phases are 0.35 g of ferrite (trevorite) and 0.766 g of Cr-hematite. Finally, at 3 g O2 added,
there are 0.334 g of trevorite and 0.76 g of hematite; at this point, almost all chromium and
large part of nickel exist dissolved in the aqueous phase.

3.5.4 Results (aqueous speciation of Fe,Cr,Ni)

Plots on Figure 3-7 correspond to the same system as depicted on Figure 3-6 and show
variations of predominant aqueous species of Ni, Cr and Fe, dissolved gases, pH and pe in
the aqueous phase in response to titration with O2. Only aqueous species comprising more
than 99% of total MeAQ in all points are selected; as ionic strength is very low (< 0.001
molal), log (activities) are plotted instead of log (molalities) for the metal species.
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Figure 3-5 : GEM model O2 titration profile for the SSAS system Fe-Cr-Ni-O-H at T = 290 °C, P = 90
bar at S/W = 1 g-(kg H2O)~l: Total dissolved metal concentrations (A); Compositions of the
chromite spinel and (Fe,Cr)2O3 phases (B); Composition of the ferrite spinel phase (C);
fugacities of the gases (D). Fugacity of H2O vapour is 51.9 bar at all points.
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Figure 3-7 : Profiles of aqueous speciation of nickel (A), chromium (B), iron (C), dissolved gases, pe and
pH (D) in the same part of the GEM model CK titration profile as shown on Figure 3-6.
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Nickel (Figure 3-7,A) shows the simplest speciation pattern because it is assumed to exist
in aqueous phase in divalent species only. Ni+2 ion dominates at all conditions, and is, in
fact, the only significant species at oxidizing conditions. An obvious reason for this is a pH
drop to less than 3 due to conversion of Crm to chromate "acid" (HCKV), see Figure 3-
7,B, while no cations are available to provide alkalinity for neutralization of this acidity. At
reducing conditions (and pH = 6), nickel exists mainly as two hydroxo species, NiO°
(Ni(OH)2 in conventional writing) and Ni(OH)+; chromium exists in trivalent hydroxo
complexes HCrO2° (Cr(OH)3) and CrCV (Cr(OH)4~). Dissolved iron displays the most com-
plicated speciation pattern. In the reduced region, FeOH+ hydroxo complex prevails,
followed by FeO° (Fe(OH)2) and Fe+2 ion; at oxidizing conditions, two species - HFeO2°
(Fe(OH)3) and FeO+ (Fe(OH)2+) dominate, but in a narrow transitional region -3 < pe < -
1.5, five species, both of Fe11 and Fem, define FeAQ (Figure 3-7,C).

The most problematic area on Figure 3-7 lies at pe > 5 on the right side of the titration dia-
grams. In reality, at the oxidizing conditions, the inner surfaces in the NWC system should
be coated with a porous hematite film (see Part 1). This hematite surface is expected to
adsorb protons at pH below "point of zero charge" (6.5 predicted at 300 °C, cf. Kulik
2000), and hence to some extent, to buffer the pH drop; it can also uptake chromate ions
(Turner 1992) because anion adsorption is favoured at decreasing pH, and in this way,
resist "chromate acidification" of the system even more effectively, thus maintaining
dissolved Ni at much lower levels (probably, below 10"5 molal) at equilibrium with
trevorite and hematite. However, at the moment, no titration data for hematite surfaces
exist above 100 °C and no information about temperature behaviour of adsorption of
anions such as CrCV2 at elevated temperatures is available; besides, the surface properties
of hematite coatings are not well known.

For these reasons, the model calculations presented here at pe > 5 (log^O2 > -5) must be
regarded only as qualitative. Checking calculations at S/W = 1 with 3 g O2 and 3.446 milli-
molal NaOH addition (to obtain pH = 6 at oxidizing conditions) showed that Q-AQ remains
the same (3.43 millimolal), while NIAQ drops down to logm = -9.55, mainly as NiO°
hydroxo complex. Accordingly, 0.52 g of ferrite phase is present at pH = 6 instead of 0.334
g at pH = 2.8 in the system not neutralized with NaOH.

3.5.5 Sensitivity of the GEM SSAS model of the LWR spinel-water system

Any chemical modelling is subject to several kinds of fundamental uncertainties of input
data. For this reason, it makes sense at least to mention these sources of uncertainty and
identify which of them are likely to affect the interpretation of the modelling results.

Uncertainty of the standard thermodynamic data is traditionally taken into account. For the
Fe-Cr-Ni-O-H aquatic system, the subset of SUPCRT98 database can be considered as
having the uncertainty of G°298 values around 1-2 kJ-mol"1 (Shock et al. 1997), or max. 0.3
pK units, within the interval 25 to 300 °C. Formation of polynuclear hydroxo complexes is
unlikely at low dissolved metal concentrations and near-neutral pH, at least in the reducing
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region. For solids, the standard state G°29s data (Table 2-6, 3-1) can be taken as uncertain to
within 2-3 kJ-mol"1 or max. 0.5 pK units at 290 °C, and temperature - pressure trends
defined by Cp =j{T) coefficients are not likely to introduce larger uncertainty. For spinels,
the mixing parameters are not known exactly because experimental data are scarce and all
obtained above 500 °C (see Part 2), then extrapolated to 300 °C, and no precise enough
experimental data are available at this temperature, although qualitative behaviour of the
solid-solution model appears to be correct. Obviously, variation of the mixing parameter
would result in narrowing or expanding the miscibility gap between chromite and ferrite
compositions and may potentially affect compositions of co-existing spinel and aqueous
phases stronger than the uncertainty of standard-state thermodynamic data.

Other sources of uncertainty must be attributed to the input bulk composition of the system.
Of these, the uncertainty of steel bulk composition probably plays only minor role - even
relatively large variation of Cr/Fe and Ni/Fe ratios would only change masses of two co-
existing spinel phases and hematite (in oxidized system), but would hardly change metal
solubilities defined by these oxide phases. The same applies to the impact of minor com-
ponents like Mn, Co, Mo etc., excluded in the present model from the steel composition. A
far more important and probably the major source of uncertainty is the rather ill-defined
effective S/W ratio (see Section 3.5.1), expected to vary within 1.5-2 orders of magnitude,
between 0.1 and 5 or more (g steel)-(kg H2O)"1. To some extent, this kind of uncertainty
can also be related to "patchiness" of the LWR systems, where certain parts react at lower
temperatures, or these parts are made of different alloys, etc.

Impact of S/W variation can be seen on Figure 3-8, where GEM-calculated metal solubili-
ties and/32 calculated at S/W = 0.1, 1.0 and 5.0 g.(kg H2O)"1 are compared, plotted against
additions of O2 relative to the main redox transition. As expected, higher effective amounts
of reacted steel buffer the system stronger against changes in JO2 and dissolved metal
concentrations, especially FCAQ in a suboxic region of most importance for LWR systems.
As seen of Figure 3-8,B and D, at S/W = 5, the system can tolerate rather high production
of free oxygen (up to 0.15 g per kg H2O) before getting into the main redox transition,
while at lower S/W, tiny amounts of added O2 (0.03 and < 0.01 g) would oxidize the
system completely. Hence, Figure 3-8,B suggests that accurate measuring of FeAQ and Eh
(or dissolved H2) may help in determining the S/W ratio more precisely.

In conclusion, the S/W ratio appears to be the most important parameter for interpretation
of SSAS thermodynamic model predictions, though at the same time it is the most
uncertain parameter. For oxidizing region, the applicability of the model still has to be
improved by eliminating insufficiency in the formulation of chemical system (surface
protonation and chromate adsorption to hematite are not yet considered).
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Figure 3-8 : Impact of SAV ratio (numbers on lines in grams of steel per kg H/>0) as a function of O2
addition relative to main redox transition (O2 add.rel.) onto profiles of total dissolved metal
concentrations of chromium (A), iron (B), nickel (C) and log^C^ (D) for the aqueous system
Fe-Cr-Ni-O-H-e at T= 290 °C, P = 90 bar.
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PART 4: IMPLICATIONS FOR THE LWR CHEMISTRY

4.1 CORROSION AND ACTIVITY BUILD-UP IN LWR

In Part 1 of this report, the radiation problem caused by the uptake of radionuclides,
especially 60Co, into the corrosion scales of stainless steel has been outlined. Here,
composition of the real corrosion scales in LWR plant will be discussed, and some facts
about the concentrations of impurities in the reactor- and feed-water systems will be
summarized. The radioactivity of 60Co in the PWR water is on average 0.3-3 MBq m"3, and
in the BWR it amounts up to 10 MBq m"3. The oxidizing BWR coolant usually contains a
colloidal fraction of hematite (a-Fe2C>3), which originates mainly from the feed-water.
Hence, the concentrations of Fe, Ni and Cr in the reactor water are strongly influenced by
the feed-water quality and are normally fairly constant. For instance, at the nuclear power
plant Muhleberg in Switzerland over the last decade, the total conductivity of the reactor
water was between 0.8-1.6 u,S cm"1; Cr and Fe showed fairly constant concentrations
around 1 (ig-kg"1. For Ni, only a few values in the feed-water are known, by a factor of 10
less than that of Fe in the reactor water.

The water chemistry in PWR plants can be characterised by concentrations around
1- 2.2 ppm 7Li, 2-4 ppm H2(aq), < 0.05 ppm O2(aq), < 0.2 ppm Cl", < 0.5 ppm of soluble
Fe, and < 4 ppm of SiC>2(aq). Concentration of boric acid H3BO3 ranges from 0 to 2500
ppm boron according to the requirements of the reactor physics. The conductivity in the
PWR coolant is less than 30uS cm"1. In the PWR plants, the build-up of corrosion products
in water is determined by the corrosion rate of stainless steel and incalloy around 15-500
mg-m"2-month"1. The colloidal fraction is again high (90% of total Fe in the reactor water),
and due to the reducing water conditions, the colloidal particles are comprised mainly of
magnetite or Ni-ferrites.

The corrosion scales in PWR and BWR are composed of two layers (Tapping et al. 1986;
Robertson 1991; Stellwag 1992; Baston et al. 1996a,b). Under the PWR conditions, the
inner layer is enriched with Cr. The outer layer in PWR contains mainly magnetite. The
inner corrosion layer under the BWR conditions is also Cr-enriched, and trevorite is known
as a characteristic oxide in the transition region to the outer layer; the latter contains
essentially hematite, mainly deposited from the colloidal fraction in the reactor water. The
composition and the amount of corrosion scales differ significantly from one BWR plant to
another; the reported values range from 0.1 to several mg cm'2.

For newer PWR plants in Germany, a typical value of 0.025 mg cm"2 for the inner corro-
sion scales is reported (Neeb 19971. The corrosion layers in PWRs are quite insensitive to
variations of the lithium hydroxide and boric acid concentrations as long as pH is stabilised
around 7.4. This specific pH has been applied to account for the lowest solubility limit for
nickel ferrites (Seidelmann 1999). For PWR corrosion scales, the outer layer is described
as Fe2.4Nio.6O4 and the inner layer varies from Cr2Feo.75Nio.25O4 to CrFe1.5Nio.5O4 (Neeb
1997). It is also commonly agreed that 60Co is located up to >70% in the inner layer.
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Several measures to mitigate the radioactivity build-up in the corrosion scales have been
undertaken, and the most successful up to now was to eliminate reactor components
containing cobalt, e.g. elimination of stellite in the ,,pins and rollers" of the control rods. In
addition, the injection of depleted ^Zn into the reactor water was applied successfully and
the activity build-up could be decreased (Baston et al. 1996a,b: Riess and Stellwag 1996).
However, the reasons for this success are still under discussion, since the beneficial effect
of zinc addition was detected by chance.
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4.2 THERMODYNAMIC MODELLING OF CORROSION PRODUCTS
UNDER THE BWR CONDITIONS

From the experience with the activity build-up in LWRs it is evident that the interaction of
60Co with the corrosion scales is of the first-order importance. In the last thirty years, many
authors attempted to explain the mechanism of the activity build-up and to propose
counter-measures. The activity build-up was simulated using many empirical models; one
class of such models relays on the mass-balance calculations and experimentally
determined transfer coefficients of Co between the aqueous electrolyte and the solid phases
(Grauer 1987; Alder et al. 1989; Staudt 1996; Hiltpold 1999). Computer codes for these
models with different levels of sophistication are in use, involving sorption and/or diffu-
sion processes in a semi-empirical way. Even though several of these models could be
calibrated to specific power plant conditions and can predict the activity build-up well
enough for practical purposes, they are still unable to respond adequately to changes in the
water chemistry and usually need re-calibration. Other modelling approaches based on
more fundamental thermodynamic or kinetic theories have been attempted (Hiroishi and
Ishigure 1998; Korb and Stellwag 1996), but not approved so far for practical applications
in power plants. On the other hand, the advantages of a thermodynamically sound model
are evident for hydrothermal systems where equilibria are attained fast enough. Difficulties
with the thermodynamic equilibrium approach arise from the ultimate need for consistent
thermodynamic data or, partially, from the incomplete or erroneous model assumptions, as
discussed in more detail in Part 3 of this report.

Once these difficulties have been recognized and eliminated or worked around, the
thermodynamic approach to modelling the activity build-up under the LWR conditions
becomes preferential because it is based on fundamental principles and hence is of the
strongest predictive potential. In this report, certain model assumptions and restrictions
have been adopted and, within this framework, a good agreement between our predictions
of composition and sequence of mixed spinel phases formed on austenitic stainless steel,
on one side, and the known analytical findings on real corrosion scales in LWR's on the
other side, has been demonstrated.
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4.3 CONCLUSIONS

• Thermodynamic approach is feasible at hydrothermal conditions of the LWR because
the reaction rates are sufficiently high, so that the "local equilibrium" concept can be
applied to the corrosion products interacting with water.

• Oxide films forming during hydrothermal corrosion of austenitic stainless steel
consist mainly of Fe and Ni ferrite and chromite phases that are actually Fe-Cr—Ni spinel
solid solutions. Multi-component spinels are oxide minerals of variable composition
with cations distributed between two sub-lattices. Description of such mixed phases
includes thermodynamics of solid solutions and thermodynamics of order-disorder. The
relations between composition and thermodynamic properties of Fe-Cr—Ni spinels as
multi-site non-ideal solid solutions can be expressed by a thermodynamic model, which
must reflect how stability of the mixed phase depends on its composition and intra-
crystalline distribution of cations.

• A new thermodynamic model for Fe-Cr-Ni spinels has been created in the present
work (Part 2). The key feature of the model is an account for the thermodynamic
consequences of cation interaction in both sub-lattices. The mixing of Fe2+ and Fe3+ as
well as Ni2+ and Fe3+ can be considered as ideal, and the dependence of enthalpy of Fe
and Ni ferrites on composition parameter x as linear. Mixing of cations of the same
valence, except between Fe3+ and Cr3+, is also assumed ideal. At the same time, the
cation distribution depends strongly on M2+-Cr3+ cation interactions. The model is con-
sistent with equilibrium composition and cation distribution data.

• Thermodynamic dataset for two ferrite and two chromite end-members of Fe—Cr—Ni
spinels has been developed on the basis of critical review of published data and
enhanced by some predictions based on the linear Gibbs free energy relationships. The
activity-composition relations for Fe-Cr-Ni spinels can now be described using a new
mixing model in the whole compositional range. At the conditions of interest (90 bar
pressure and 290 °C temperature), a large miscibility gap between (Fe,Ni) chromite and
(Fe,Ni) ferrite phases is predicted; compositions of both co-existing phases depend much
stronger on JO2 than on the initial composition of stainless steel.

• Turner (1992) pointed out that, for mixed spinels interacting with water, neither the
concept of a thermodynamic solubility nor that of a [single] solubility product is valid.
More basic concepts than solubility are needed, namely, that the driving force for all the
processes changing each phase is that the Gibbs free energy of the whole system is mini-
mized. Hence, the Gibbs energy minimization (GEM) code, GEMS-PSI v. 1.91b, based
on the convex programming approach (Karpov et al. 1997) has been applied to model-
ling the Fe-Cr-Ni-H-O SSAS system at 90 bar pressure and 290 °C temperature (Part 3
of this report).
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• Firstly, the equilibrium compositions of steel oxidation products were modelled as
function of oxygen fugacityyC»2 by incremental additions of O2 in H^O-free system Cr-
Fe-Ni-O. Secondly, oxidation of corrosion products in the Fe-Cr-Ni-O-H-charge
aquatic system was modelled at different initial solid/water ratios. The models clearly
show what compositions of the spinel chromite and ferrite phases are predominant under
NWC/HWC water conditions in a BWR plant.

• The most significant changes in composition of two spinel oxide phases (chromite
and ferrite) and hematite must take place in the transition region from the hydrogen
regime to the oxygen regime. Under more reducing conditions, the Fe-rich ferrite
(magnetite) and Ni-poor chromite phases co-exist at equilibrium with a metal Ni phase,
maintaining low dissolved concentrations of all three metals. Two co-existing spinel
phases act as a weak buffer against further oxidation of the system (e.g. due to radio-
lysis), the more effectively the higher solid/water ratio is chosen. At oxidizing condi-
tions, the chromite phase becomes enriched in nickel and completely dissolves up to
high Cr(aq) and Ni(aq) levels; ferrite phase composition changes to mainly Ni-ferrite
(trevorite); and hematite appears as a third phase which still maintains low dissolved iron
concentration.

• Thus predicted sequence is quite consistent to the available observations of the
corrosion scales and, therefore, the new GEM thermodynamic model can realistically
describe the equilibrium composition of the corrosion products on stainless steel under
the LWR conditions.

• The thermodynamic spinel SSAS model can now be further extended in order to be
helpful for predicting the 60Co radioactivity build-up. At least, Co and Zn have to be
included. This would require an extension of the thermodynamic mixing model to the
Fe-Cr-Ni-Co-Zn spinel system.
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