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Introduction

John L. Haas, Jr. developed computer software for the
simultaneously multiple regression of thermochemical data (Haas
and Fisher, 1976) and examined the chemical systems iron-silicon-
oxygen, nickel-oxygen, and copper-oxygen as an example of the use
and application of the software. The majority of this report
represents his effort on those systems through early 1989. He
worked on this study in collaboration with the CODATA (Committee
on Data for Science and Technology of the International Council
of Scientific Unions) Task Group on Chemical Thermodynamic Tables
(TGCTT) for which most of this report was prepared in January of
1988. He retired from the USGS in late 1988 and worked briefly
on the project in early 1989. His intention had been to publish
this study as a USGS Bulletin. However, following a review by
the TGCTT in early 1989 he abandoned the effort. His study
received high marks from the TGCTT and was accepted in principle
with suggestions for some changes. All changes except that
involving wiistite were completed. The information in this report
is used by many investigator through out the world. This report
provides a formal refereﬁce to that study and to follow on
efforts which have been compiled for this purpose by Hemingway.
The report is composed of 5 parts. The first four parts
‘represent the original report submitted to the TGCTT, with
correctiqns noted by Haas to members of the TGCTT in a letter
dated February 27, 1988. Part five provides revised tables of
thermodynamic data for most of the phases studied and they bear

the number of the table that they replace (Tables 8.01 - 8.21).



the number of the table that they replace (Tables 8.01 - 8.21).
These values may be compared with the original tables of
thermodynamic data, figures and comparative data tables provided
in Parts 1-4. Part 5 is based upon computer runs made in April
of 1989 on a VAX 11/780 computer. (The use of trade, brand or
product names in this report is for identification purposes only
and does not constitute endorsement by the U.S. Geological
Survey.) Haas has provided a copy of this version of his program
to the Chemical Thermodynamics Data Center at the National
Institute of Standards and Technology in Gaithersburg, Maryland,
and to the USGS in the fdrm of both fortran code for the VAX and
as fortran code for IBM compatible microcomputers. An earlier
version of the program is available in IBM compatible
microcomputer code from the USGS as Open-File Report 88-489 A and
B. Part 6 lists the current version of the software called

TDM0O01. The original program was called PHAS20.
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Abstract, Table of Contents, and Text

John L. Haas, dJr.
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January 17, 1988

Recommended fugacities and standard electrochemical potentials for 02 in the
buffer pairs from 200 to 1800 K were derived from critical reviews of experi-
mental data and thermodynamic theory. Included are C;, H°(T)-H°(298), [G°(T)
-H°(298)1/T, S°, AfH°, AfG°, V°, and the coefficients of volume expansion .

and of volume compression for the oxide phases.

-

Planned for publication as a Bulletin of the U.S. Geological Survey. This
report is not to be used nor cited without prior permission by the author
(Phone 703+648-6755). Scientific review of this version (text and tables Jan.
17, 1988; figures Dec. 1, 1987) has not been completed and, therefore, the
manuscript is subject to change.

3



Page ii

ABSTRACT

Recommended thermodynamic data, including standard electrochemical
potentials and fugacities of oxygen, are supplied for the oxygen buffers:
copper-cuprite, cuprite-tenorite,‘nicke]-bunsenite, iron-wustite, iron-
magnetite, jron-quartz-fayalite, wustite-magnetite, magnetite-quartz-fayalite,
and magnetite-hematite. The data for the buffers are the product of a
detailed statistical evaluation of the experimental data for the copper-
oxygen, nickel-oxygen, and iron-silicon-oxygen systems, using thermodynamic
theory and simultaneous least-squares regression techniques. .

The thermodynamic and volumetric data have been revised for each of the
~oxides and for fayalite. Algebraic equations are also supplied for the molar
volume, heat capacity, entropy, heat content, and other thermodynamic
properties of these phases.

New equations for the thermodynamic and volumetric properties of the
wustite 'solid solution and of the metastable, stoichiometric compound, FeQ,
are included in the report. In evaluating the wustite golid solution, the
existence of "domains" was noted but not used to derive the thermbdynamic
properties. In part the published data for domains are conflicting, but more
often the differences in the data that indicate the existence of domains are
at the level of precision for the measurements. Before serious evaluation can

include this phenonemon, more precise and reproducible data are needed. The
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activities of Fe, 02, and FeQ in fhe wustite solid solution as a function
of temperature from 800 K to 1700 K are given in tables. The equations used
to prepare the tables are given so that the user can calculate the properties
at conditions other than those suppliad. The functions describe the
properties of wustite at one atmosphere from the isobaric invariant point
(iron-wustite-magnetite equilibrium) to the melting curve for the solid
solution. The temperature and composition of the isobaric invariant point was
found to be 839.15 K and Fe0.9170, respectively.

No attempt was made to evaluate the wustite-liquid equilibria or the

properties of the liquid phase.
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CHAPTER 1
INTRODUCTION

Introduction

The experimental data from calorimetry, X-ray diffraction, éﬁ& reaction
equilibria for the oxides of copper, nickel, and iron, and for fayalite have
been critically reviewed. The critical review identified inconsistent data.
An optimization routine using thermodynamic principles gave a statistically
based best fit of the valid data. The thermodynamic functions for the oxides
and for fayalite and the recommended standard electrochemical potentials of
nine commonly used solid oxygen buffer assemblages have been improved through
this approach. In additioh, the phase relations for the wustite solid
solution have been found to differ considerably from the previous estimates.
The thermodynamic properties of the solid solution, in particular, the partial

molar properties and activities of Fe, FeQ, and 0, are in good agreement

2
with the experimental data for wustite. However, the most important
contribution from this study was the refinement of the-data for the major
oxygen buffer assemblages.

In the geological sciences an increasing use is made of the chemical
potential buffers of oxygen as a tool in research. The fugacity of oxygen is
an important parameter in volcanogenesis, metamorphism, or ore genesis to cite

Jjust a few natural processes. The oxidation state of iron and traces of

manganese in complex iron-magnesium aluminosilicates such as chlorites,
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epidotes, garnets, or pyroxenes control the stability of the solid solutions.
The oxidation state also controls the positions of the stability tie-lines
with other minerals and with the coexisting fluids or melts. Researchers
attempt to deduce the fugacity of oxygen or the changes in the fugacity of
oxygen in time and space from the mineral assemblages and the available
thermodynamic data for these minerals. The thermodynamic data were derivéd
from laboratory studies. In the research on the stability of complex mineral
assemblages containing iron, manganese, or other elements with two.or more
valence states, the assemblages are equijlibrated Qith simple solid assemblages
such as quartz (5102); fayalite (FeZSiO4) and magnetite
(Fe304). Because the chemical poteﬁtia] of 02 for this assemblage

is fixed at a given temperature and pressure by the reaction

(quartz) = 3 Fe,Si0

2”74

2 Fe304(magnetite) + 3 Si0

2 (fayalite) + Oz(g) 1.1
the chemical potential of oxygen in the assemblage is "known". Or is it?
Figure 1.1 shows a sample of published equations for the fugacity of oxygen
calculated from the equilibrium constant for reaction 1.1. The graphed curves
were cited in publications since 1980. If the chemical potential of oxygen

-

for the buffer assemblages are to be used as "known" values, agreement should

be better.

Figure 1.1 near here.

This report presents the results of a critical review of the data for
these nine oxygen buffer assemblages:
(1) copper(Cu) - cuprite(CUZO)

(2) cuprite(CUZO) - tenorite(Cul)

/%t
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(3) nickel(Ni) - bunsenite(NiQ)

(4) iron(Fe) - wustite(Fel_yO)

(5) iron(Fe) - magnetite(Fe3O4)

(6) iron(Fe) - quartz(SiOz) - fayalite(FeZSiO4)

(7) wustite(Fel_yO) - magnetite(Fe304)

(8) magnetite(Fe3O4) - quartz(SiOZ) - fayalite(FeZSiO4)

(9) magnetite(Fe304) ;»hematite(Fe203)

In conducting the critical review, every attempt was made to..insure that
the recommended chemical potentials of oxygen for the buffer assemblages were
consistent with all aspects of the chemical systems. This included analyses
of the heat capacities, relative heat contents, and entropies for each of the
phases in the system and of the reactions and electrochemical potential data
measured either independently of or relative to each other. Volumetric data
for the solid phases were also included because many applications require that
chemical potentials be-known to pressures in excesg of 30 kilobars.

A thesis was set up that stated (1) there were sufficient experimental
data already in the public literature, and (2) better results would be
obtained if a diligent application of thermodynamic theory were applied to
these pubTished data. In performing the analysis no experimental research was
undertaién. Only published data and thermodynamic principles were used to
develop the recommended tables. The revised optimization routine of Haas and
Fisher (1976) was used to find the right combination of entropies, enthalpies
of formation and thermal functions that produced the best fit of the
experimental data within the precision of all data. As an additional benefit

of the critical review, the thermodynamic properties of the oxides have been

updated.

-
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CHAPTER 2
NOMENCLATURE, SYMBOLS, AND CONSTANTS

Table 2.1 supplies the reader with the symbols and abbreviations used in
this report. In general, every attempt was made to conform to common useage.

The user will note that phases were cited by mineral name rather than by
chemical formula. A chemical formula by itself does not identify the
structural state, whereas a mineral name usually is unique to a structural
state of a chemica] component. If no mineral name exisﬁed, that is if the
pure chemical composition does not occur naturally, the formula is followed by
either (s), (1), or (g)'to identify the state. For metallic iron, the

identifiers alpha and gamma were used. In this report, Fe(alpha) is

equivalent to all of the following: Fe(alpha), Fe(alpha'), Fe(beta), and
Fe(delta) as used in other reports. With the fitting functions that were
developed here, no additional distinctions were necessary for the
body-centered cubic $tructura] state for iron. Also for nickel, Ni(alpha) is
equivalent to Ni(alpha) and Ni(beta), the face-centered cubic phase stable
below and above the Curie temperature, respectively.

Table 2.2 contains the critical constants and conversion factors used in
this report.

Where possible, the data have been corrected to the International
Practical Temperature Scale of 1968 (Comite International des Poids et

Measures, 1969). For most phase equilibria, however, this was not possible

[/
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because the necessary temperature calibration data were not supplied by the

authors.

Tables 2.1 and 2.2 near here.




CHAPTER 3
SCOPE OF EVALUATION

Introduction

To describe one or maybe two thermodynamic quantities of a chemical
system by simple algebraic equations is not an adequate descriptfbn of the
chemical buffer system. A proper analysis examines all available data for the
thermodynamics of the system and makes the maximum use of the interrelations
among the thermodynamic quantities such as heat capacity, entropy, molar
volume, Gibbs energy, and so forth. Such an analysis might be considered
"ovérki]]", but it is hecessary if the best values for the chemical buffer
system are to be obtained. When the results of the analysis are compatible
with the first or second derivatives (changes in entropy and heat capacity or
with derivatives of the molar volume) as well as with the measured differences
among buffer systems, the opportunity for arriving at erroneous conclusions

-

becomes small, indeed.

Phases and Oxygen Buffers-lncluded in Study
In this study, an attempt was made to evaluate the available data for the
oxygen buffer assemblages in the copper-oxygen, nickel-oxygen, and iron-
silicon-oxygen systems. The desired result should be recommended values for
the oxygen buffers when they are used as "yardsticks" to measure the chemical

potentia] of oxygen in other assemblages and solid solutions. The following
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buffer reactions were included in this evaluation:

Page 3-2
17 January 1988

2 Cu(s) + 0.5 Oz(g) = Cu20(cuprite) 3.01
Cu,0(cuprite) + 0.5 Oz(g) = 2 CuO(tenorite) 3.02
Ni(s) + 0.5 Oz(g) = NiO(bunsenite) 3.03
(1-y) Fe(s) + 0.5 0,(g) = Fel_yO(wustite) 3.04
3 Fe(s) + 2 Oz(g) = Fe304(magnetite) 3.05
6 . 2(1-y) L
(127) Fel_yO(WUSt1te) + 0y(9) = ) Fe;0,(magnetite) 3.06
2 Fe 304(magnetite) + 0.5 Oz(g) =3 Fe203(hematite) 3.07
2 Fe(s) + Sioz(quartz) + 02(9) = Fe25104(fayalite) 3.08
3 Fe23164(faya]ite) + Oz(g) = 2 Fe304(magnetite) + 2 Sioz(quartz) 3.09

To succeed in the task, the published literature was searched for the

available heat capacities, entropies, molar volumes, expansivities,

compressibilities, and reaction data. Special attention was given to

“primary" and "secondary" data. The results of other evaluations were read
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with interest but not given any weight in this study. "Primary" data were
defined as the experimental data with only instrumental corrections applied
but without conversions to thermodynamic properties. For examples,
electrochemical potentials reported as volts were considered "primary" data.
“Secondary" data were defined as experimental measurements that were converted
to other units using defined (or possibly undefined but assumed) constants or
experimental measurements that have been smoothed by curve-fitting. An
example of “secondary" data would be a set of calculated fugacities (or
activities) of Dz(gas) derived from an electrochemical study using the

motar gas constant and the Faraday.

Reference Data Taken From Others Sources
Evaluating every aspect of the chemical system was not the aim of this
study. The thermal functions for the elements and for the compounds CO(g),

COZ(g), H20(s,1,g), and Sioz(quartz, cristobalite) were taken from

the sources indicated below:

Source  Phases
Cox and others (1987) Cu(s,1)
Garvin and others (1987) C(graphite), CO(g), COZ(g)
Hy(), Hy0(g), 0p(g)
Haar and others (1984) H20(1ce, water; steam)
Chase and others (1985) Fe(alpha,gamma), Ni(s,1)
Hemingway (1987) SiOZ(a]pha-, beta-quartz)
Chase and others (1985) SiOZ(alpha-, beta-cristobalite)
Iron and nickel have lambda-type anomalies in the heat capacities at 1042

and 631 K, respectively. The anomalies are due to the magnetic disordering
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with increased temperature for the body-centered cubic or alpha-iron phase and
for the face-centered cubic nickel phase. In order to have thermal functions
that mimic the true curvature of the experimental data, the 100-kelvin-spaced
tabulations of the JANAF Thermochemical Tables (Chase and others, 1985) were
supplemented with the experimental data upon which the tabulations were based.
Least-squares fitting of the combined data sets are in agreement with both the -
JANAF Thermochemical Tables and with the experimental data within the
precision of the experimental data. The volume functions for iron and nickel
were fit as a part of the data evaluation process and will be discussed in
Chapter 7. The observations for the alpha-to-gamma inversions of iron as a
function of pressure were also included in the final optimization and will
also be discussed in Chapter 7.

The thermal functions for alpha- and beta-quartz were based on a recent
experimental study and critical review by Hemingway (1987). ‘The values for
AfH°(298) and S°(298) were taken from the CODATA Recommended Key Values
for Thermodynamics 1987 (Cox and others, 1987). No corrections were needed as
a result of the new work by Hemingway (1987) because the enthalpy of formation
was based on solution calorimetry near ambient temperature. The volume
functions for alpha- and béta-duartz were based on a least-squares fitting of
the data contained in the sources below. Figures 3.1 and 3.2 show the

correlations of the fitted function to the data.

A=
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Source Temperature Pressure
Range Range
Ackermann and Sorrell (1974) 298-1373 K 1.01 b
Adams and others (1919) 298 K 0-12 kb
D'Amour and others (1979) 298 K 0-73 kb
Jay (1933) 291-1003 K 1.01 b
Levien and others (1980). 298 K 0-62 kb
Olinger and Halleck (1976) 298 K 33-121 kb
Vaidya and others (1973) 293 K 5-45 kb

Figures 3.1 and 312 near here.

The fitted functions are also consistent with the work of Berger and
others (1966) between 299 and 931 K except in the vicinity of the
crystallographic lambda-type anomaly and first-order transition that occurs
between 844 and 848 K. The three observations by Ackermann and Sorrell (1974)
between 1473 and 1673 K were not included in the fitted set because there was
evidence of inversion to beta-cristobalite. The compressibility of beta-
quartz is consistent with the above data and the alpha-to-beta inversions as
reported by Yoder (1950), Cohen and Klement (1967), and Koster van Grqfs and
Ter Heege (1973). .

No attempt was made to separate out the thermodynamic and volumetric
properties of the incoé%nsurate phase that occurs over less than a l-kelvin
range near the alpha-to-beta inversion. There are few applications where the
properties of the incommensurate phase would be significant.

The thermal functions for alpha- and beta-cristobalite were based on the

JANAF Thermochemical Tables (Chase and others, 1985), the evaluation for

quartz, and the measured enthal?ilfifference between alpha-cristobalite and
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é]pha-quartz at 347 K (Kracek and others, 1953) and between beta-cristobalite
and beta-quartz at 970 K (Holm and others, 1967). The inversion temperature
has not been obsérved experimentally because the reconstructive process is
slow. The calculated inversion, where the Gibbs energy difference becomes
zero, is 1207 K. This is a departure from the inversion temperature of 1079 K
given in the JANAF Thermochemical Tables (Chase and others, 1985). The |
thermal function is about 1,200 J/mol lower than the observations 5y Richet
and others (1982), but the latter author's data for quartz were also high by
the same amount (Hemingway, 1986).

The volume functions for alpha- and beta-cristobalite were based on a
least-squares fit of the data in the sources below. Figure 3.3 shows the

correlations of the fitted function to the data.

Source Temperature "~ Pressure
 Range Range
Berger and others (1966) 298-773 K 1.01 b
Johnson and Andrews (1956) 296-1411 K 1.01 b
Wright and Leadbetter (1975) 573-1473 K 1.01 b

Figure 3.3 near here.

P

There are no experimental data available for the effect of pressure on
the molar volume of cristobalite. Fortunately, all reactions where

cristobalite was present were conducted at ambient pressure.

Auxiliary Experimental Data
In addition to the direct observations for the reactions 3.01 through
3.09 given above, and for the propérties (such as heat capacity, entropy, or

volume) of each of the phases in the reactions, the following data were also
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used as constraints on the mathematical description of the system.
(1) Data on reactions where the oxygen was replaced either by HZO and

H2 or by CO2 and CO in the proper proportions to balance the

chemical reaction. An example would be the following reaction:
Ni(s) + COZ(g) = NiO(bunsenite) + CO(g) 3.10

(2) Electrochemical potentials between two buffer assemblages. An. example of
the net reaction between the buffers represented by equations 3.03 and

3.04 would be the following:
(1-y) Fe(s) + NiO(bunsenite) = Fel_yO(wustite) + Ni(s) 3.11

(3) Measurements of the variation of the composition of wustite as a function
of oxygen fugacity, the ratio of.HZO(g) to Hz(g), or the ratio of
COz(g) to CO(g).
.(4) Measurements of the potential difference between wustite samples of known
composition and a buffer assemblage.
No use was made of the aqueous chemistry for copper, nickel, or iron.
For copﬁér, the data might be useful because the direct observations for the

following reaction are available.
Cu(s) = Cu2+(aq) + 2 e 3.12

However, for iron and nickel, the properties of the aqueous ions are derived
from data for the solids. These indirect observations cannot improve the

fitting of the data for the oxides.
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Reactions outside of the system defined above were also not included in
this study. To do S0 would also involve the evaluation of the introduced
phases. Because such additions are not likely to constrain the results more
closely, the study was restricted to the system defined and reactions with
other oxides such as Co0, Mg0, Ca0, and with other more complex silicates were
not included.

When the study was originally developed, the oxides of manganese were
also included (Haas, 1984). However, as the study developed it was realized
that the data for the manganese oxides were of very limited value in fixing
the data for the oxygen buffers included here. The data for the manganese

oxides have been set aside for a separate evaluation.

Wustite, A Special Problem

Figure 3.4 near here.

The commonly accepted stability relations in the iron-oxygen system are
given on Figure 3.4 and are based on estimates and data supplied by Darken and
Gurry (1945, 1946). The diagram is given for information only. The results
of this review differ in some important details that will be discussed in
Chapter/7.

The thermochemistry of wustite has been a special problem for compilers
and evaluators of thermodynam%c data. Wustite is a solid with a defect NaCl
structure. The common formula is Fel-yo but for some purposes the formula
FeO1+x is used. Tabulations are available for Fe0'9470 in most
compilations of thermodynamic data. Other formula more closely related to the
structure are also available. In the above formula, y is the moles of iron

deficit, and x is the moles of oxygen excess to the stoichiometric formula,
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Fe0. It is recognized that these formula do not identify all structural
complexities. The reader is referred to the recent review by Hazen and
Jeanloz (1984) for a more detailed discussion of the solid solution.

The phase wustite contains some excess oxygen at all pressures and all
temperatures (Simmons and Seifert, 1979; Liﬁ and others, 1984).

Stoichiometric Fe0 as a metastable intermediate phase of the decomposition of
wustite at 225°C.and ambient pressure was found by Hentschel (1970). However,
the quenched cell dimensions indicated that phase was not stoichiametric. The
quenched cell dimensions are smaller than was expected. Hazen and others
(1981) reported a non-elastic behavior for wustites held at pressures greater
than 150 kb and room temperatures for durations of two weeks or more. Jeanloz
and Hazen (1983) attributed the anomalies to diffusion-controlled ordering of
defects at elevated pressures. Akimoto's (1972) observation of stoichiometric
wustite at elevated pressure and temperature with anomalously lower cell
dimensions upon quenching may be reported torrect]y. The small cell
dimensions observed at ambient conditions may be another manifestation of
ordering induced at lower pressures than those used by Hazen and others (1981)
due to the elevated temperatures.

For practical purposes, the compositions of wustite coexisting with iron
or with/magnetite are known-on]y'poor]y. After the early attempts by Chaudron
(1921), there have been many studies to define the stability limits and
thermodynamic properties of wustite. The atéempts have been a mixture of
experimental data, theory, and assumptions with varying justifications. Among
the more prominent studies were the work of Darken and Gurry (1945, 1946), of
Engell (1957), of Vallet and Raccah (1965) and later coworkers, and of
Giddings and Gordon (1974).

The establishment of the composition limits of wustite is difficult.
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¢
Direct chemical ana]ygjs have yielded poor results. The compositions were

calculated indirectly from the intersections of plots of a property such as
electrochemical potential or fugacity of oxygen as a function of composition
at constant temperature within the solid solution and plots of the same
property measured for the bounding two-phase assemblages as a function of
temperature., The most Widely quoted values for the compositions of wustipe
coexisting with iron and magnetite are the results of measurements and
estimates by Darken and Gurry (1945, 1946). Refer to Figure 3.4... Based on
experimental measurements at and above 1373 K and on published data for gas
ratios of C02(g) and CO(g) for the two-phase boundaries, Darken and Gurry
estimated the compositions down to the disproportionation temperature of 833
K. The estimated composition at 833 K was Fe0.9450 (Darken and Gurry,

1946). It must be emphasized here that this composition does not have a

direct experimental basis.

The compositional data of Darken and Gurry (1945, 1946) were used by
later researchers as guide for the preparation of a wustite sample,
Fe0'9470, for calorimetry (Coughlin and others, 1951; Humphrey and others,
1952). The method of Blue and Claassen (1949) was used to prepare the sample.
The amounts of iron and magnetjte needed to make a wustite of known
composi%ion were placed at opposite ends of a silica tube. A small amount of
water was placed in the tube and the tube sealed without mixing the iron and
the magnetite. On heating to 700 to 900°C, the water reacted with the two
solids and converted both to wustite. The wustite from the magnetite-end of
the silica tube was used by Coughlin and others for their calorimetric
studies. Subsequent eva]uators.fabulated the thermodynamic properties for the
composition of the calorimetric sample, Feo.9470, relying on the

calorimetric measurements from this sample (heat capacity, relative heat
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content, entropy, and heat of solution) and on the apparent absence of
significant compositional changes for the wustite ;oexisting with iron as
indicated on Figure 3.4. The composition of wustite coexisting with iron on
the phase diagram prepared by Darken and Gurry (1945, 1946) varies from

F

90.9540 to Fe0'9450. In this review, the composition Fe 0

0.947
will be given no special treatment because it has no significance beyond being
a sample used in calorimetric studies. It will be shown that the composition
of the wustite coexisting with iron varies significantly and the composition
of the calorimetric sample is metastable below about 1050 K.

In this study, no assumptions wére made a priori except as given in
Chapter 5, below. The most critical of those assuhptions was that the log of
the fugacity of oxygen was a linear function of the amount of excess oxygen,
X, in the wustite solid solution, where FeO1+x was used as the chemical
formula. The thermodynamic properties were evaluated and tabulated for
stoichiometric Fe0 and for wustites with y varying from 0.00 to 0.16, where
Fel_yo was used as the chemical formula. The terms x and y have the

following relationship to each other:

1

l-y =
- 1 +x

3.13

Vallet and coﬂorkers (See Vallet and Carel, 1979) have proposed the
existence of sub-domains within the wustite étability limits. It is not clear
whether the sub-domains are separated by first-order transitions or by
second-order transitions and the authors are not clear on that point with the
phase diagrams that they present. In part, some of the diagrams violate the
phase rule for a two-component system at constant pressure. Other authors

have not succeeded in reproducing the same results or have found results that
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were not compatible with the existence of the sub-domains (Giddings, 1972;
Hayakawa and others, 1972; Touzelin, 1974). In this analysis the existence of
sub-domains was considered but the phenonemon was not used in the refinement
process. As suggested by Hazen and Jeanloz (1984), a more detailed study of
the factors time, temperature, pressure, and transformation should be made
before real progress in the development of a detailed thermodynamic
description of wustite would be possible. At this time, such a description
must be left for the future when the careful work needed for such.an analysis
is completed. In doing the careful work, the researcher must record the
composition and the structural state of the phases both before and after the
experiments. As will be pointed out in Chapter 11, Recommendations for Future
Research, the observations of transient phenomenon during the experiments will
also be important.

The review for wustite, as presented here, will differ greatly from all
previous reviews. . For-example Spencer and Kubaschewski (1978) and.Esdaile
(1983) accepted all results from the studies by Darken and Gurry (1945, 1946)
without further critical review. This included accepting the values derived
from extrapolations over a temperature range as large as 500 kelvin. Knacke
(1983) used additional data derived from the study by Giddings and Gordon
(1974)/but made no attempt to conduct a thorough review of data or to apply
all available thermodynamic constraints to the wustite solid solution and to
the chemical ;elations among wustite, iron, and magnetite. In this study,
only experimental observations or reasonable inferences based upon
observations were considered. As stated before, the results of reviews were
not included. -The reviews (Chase and others, 1985; Leonidov and Medvedev,
1984, and others), however, were read with interest. The tests for validity

of this evaluation was not how well it agreed with previous reviews but how
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well the experimental data could be calculated using the mathematical model

developed in the evaluation..

Literature Searched

The published literature was searched through December, 1986. Emphasis
was placed on obtaining copieés of the papers and only minor effort was given
to data available only in an abstract. Data that were available as points or
curves on a graph generally were ignored. This course of action was based
upon the belijef that scaling data from a graph most often gave results that
were inferior in precision to other data that were precisely reported.
Examples would be the heat capacity measurements on NiQ, bunsenite, by Lewis
and Saunders (1973) or by Mainard (1963), or on Fe304, magnetite, by
Shepherd and others (1985). Apparently, the authors did not recognize their
results as being either important enough or accurate enough to supply the data
for their measurements made up to 640 K. Thelnet result was that the
measurements for Ni0 were repeated recently by Hemingway (1984).

Some studies were rejected upon first reading because the data supplied
by the study had to be in error. An example would be the study by Choi and
others (1973) where they report the coexistence of wustite solid solution with
oxygen gés pressures varying from 10‘4 to 100 mm Hg and wustites varying
from FeQ to FeO.llZO‘ These results are not consistent with any other
studies in the published literature. Another example is the work by Janowsky

and others (1974). Refer to Figure A.21, part n in Appendix A.
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CHAPTER 4
METHOD OF EVALUATION

In conducting the‘eva]uation, all experimenta] data re]ated‘fb chemical
reactions given in Chapter 1 were collected and reviewed. Other reviews were
read but were not used, except that they supplied insight into various aspects
of the data set. As with previous evaluation techniques, least-squares
fitting of data were performed both to identify conflicts and to smooth the
data, but, uh]ike other approaches, these fittings were performed
simultaneously on all properties of a phase and all interactions among phases.
In order to accomplish this, the mathematical model for the properties of the
phases in the buffer system was developed. The functions aré given in Chapter
5.

It is not possible to begin the least-squares fitting on the complete
data set as the first step. If this were tried, overfitting or underfitting
of data would occur because one does not always know how many ;nd which
algebraic terms should be included for each phase. Preliminary least-squares
fitting of the data for heat capacity, specific heat, and relative heat
content (incremental enthalpies) were made to identify the appropriate
constants and to eliminate the non-significant constants. The same was done
for fitting the volume-related data. ;%en these steps were completed for each
phase, all data for all phases and for all interactions amdng the phases were

evaluated using the least-squares approach described below. Infégg\ggijdfinal
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step only the terms that were found to be significant were allowed to be fit
to the data. The other terms were constrained to be zero.

An extension of the least-squares procedure of Haas and Fisher (1976) was
used to develop the final optimization. The method performs simultaneous,
least-squares fitting of a set of related functions in a méthematical model to
the measured properties of edch phase in the chemical system and to the
observed chemical reactions and electrochemical potentials amoeng groups of
phases in the system. The mathematical model used in this study is supplied
in Chapter 5. There are several features that make this approach useful for
the evaluation of mineral thermodynamics:

(15 The approach is phase-oriented and not composition-oriented. The method
is readily adaptable to evaluating both stable and metastable equilibria
because the phase and not the composition is specified.

(2) The method allows for fitting of isochemical inversions ‘among phases.
Where the temperature of a polymorphic inversion is known within narrow
limits (e.g. 5 K), the method forces the Gibbs energy difference between
the two polymorphs to be zero at the inversion temperature and the
reference pressure. If the temperature of an inversion is unknown or
only poorly known (%25 kelvin), the inversion temperature
can be determined after the optimization. An example of a well defined
inver{Z}on temperature would be the first-order phase change between ice
and water at 273.15 K and 1 bar. With this feature, it was relatively
easy to evaluate the thermodynamic data associated with alpha- and gamma-
iron or with any other polymorphic series.

(3) The method allows for weighting of the data. An attempt was made to fit
all observations within the precision of the observations. For

precision, the experimentor's estimate was used except for those
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observations where the precisions were found to be excessively small in
absolute magnitude. In those situations, the precision was revised to
reflect the scatter in the set of observations or to reflect the inherent
imprecision in the method or both. The weighting factor W of each
observation was set as follows:
1

W = 5 4.1
(precision)

where the precision was an absolute quantity and was expressed in the

same units as the observation. Where the data were believed to be in

error, a weight of “zero" was given by setting the precision to 1013,

(4) The method allows for the optimization of different but related properties
for a phase without separate fittings. A simple example would be the
simultaneous fitting of data for Cps H(T)-H(298), and S(298) for a
phase. By being able to fit the mathematical model to the complete
spectrum of experimental data simultaneously, the agreement or
discordance of the data was immediately apparent.

(5) The method is readily expandable to include additional variables. The
procedure originally described by Haas and Fisher was expanded to allow
for two additional independent variables for a total of four independent
variables. In this study, the additional independent variables were the
pressure of the observation and a reference pressure or, alternately, the
composition x of the wustite phase where FeOl+x was used for the
fofmu]a for that phase.

(6) The method has the capability of fitting functions that are non-linear in
the constants. This was necessary to be able to fit expansivity and

compressibility data and a considerable body of data related to the
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thermochemistry of wustite.

(7) The method allows for the insertion of additional constra1nts.through the
user-defined subroutines. This feature was necessary to derxve-theAnnet
benefit from the observations where wustite was present The ?
observations, either fugacities of oxygen, ratios of H20 to H2 on
of CO2 to CO, electrochemical potent1a]s, or compos1p1ons “from
coulometric titrations, could be calculated from the equilfbnin;4
constants and the corrections for the activity of Fe or FeQ jn'thef;qlin‘
solution where the composition was known. . 7 - g

(8) The procedure is expandable to evaluate the propert1es of many phases"an
to consider large numbers of observat1ons by s1mp]e chang1ng 5
dimensions in the computer code. In this prob]em, about 40 ;he;es were
included, but this number may be expanded to greater than 150. Many of
these were phases with fixed properties that were der1ved from.prekus‘w
work by the CODATA Task Groups. Over 8,000 observations were 1ncluded in ?L{}
the final evaluation. . %_h ___A

(9) The method allows for the trial fitting of the experimental data where
s°(0), the entbop&'at the absolute zero of temperature, for a phase might
be set to some theoretical value. S°(0).can also be a fitted constant
where the term takes on the value necessary tn prqduce the 1east-snuareé:
minimum in the regression process.

(10) Finally, because the method involves a regression analysis, the
preparation of tables of properties that includes a statistically-derived
2-sigma confidence 1imit on the predicted properties is possible. Hence
the tables to be preeented in a later chapter will include such 2-sigma

confidence limits at each 250-K isotherm.

The successful use of the method does depend upon many human factors.
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Among them is the diligence with which the experimentalists explored the
physical phenomenon and published objective descriptions of the experimental
observations. These are beyond the control of the evaluator. At this point
it would also be stated thét the policy of many journals influenced the
quality of the published data. Some journal editors erroneously limit an
author's freedom to publish by permitting the printing of graphs that are too
small for scaling of data or by permitting equations that smooth and bias the
data and do not match the detail that is present in the experimental data.

Where possible, authors were contacted for a table of experim%}al data.
This evaluator greatly éppreciétes the cooperation supplied by W.W. Smeltzer,
S.N. Flengas, Mats Hillert, J. Myers, R.M. Hazen, B.S. Hemingway, Erik
Rosen, H.P. Eugster, N.B. Neskovic, P. Chiotti, and A. Trumm. The user of
this compilation owes a debt of thanks to them for their cooperation. The
user should also complain strongly when an editor wishes to denigrate their
research effort by reducing or remo{g}ng the experimental facts that are the
very basis of their report.

There was also the diligence with which this evaluator searched the
literature and abstracted the quantitative data, assigned weights to the data
and sought a solution that objectively reproduced the data. It is hoped that

little can be found that this evaluator did not include in attending to the

task.

3L



CHAPTER 5
FUNCTIONS DESCRIBING THERMODYNAMIC PROPERTIES

Introduction

In order to use a least-squares approach to correlate experimental
measurements of thermodynamic properties of all types, it is mandatory that
explicit algebraic functions exist that relate all properties to each other.
By the same token, if an experimental observation can be calculated from
thermodynamic data, the experimental observation can be used as a constraint
on the thermodynamic properties in a least-squares eva]uatioﬁ procedure. In
this chapter, the functions were derived to fit the heat capacity, entropy,
enthalpy, Gibbs energy and molar volume of every phase, and the enthalpies of
reaction, Gibbs energy changes, equilibrium constants, and electrochemical
potentials for reactions among a group of phases. For wustite (Fel_y0 or
Fe01+x), the functions that relate the molar volume, the logarithms of the
activity of FeQ, Fe, and 02 to the composition of the wustite solid
solution were also developed. In turn, the compositioﬁ of the wustite
coexisting with-iron or with magnetite as well as the compositional width of
the wustite stability field were also derived from these equations. In
setting up the mathematical model used in this analysis, only a minimum of
empirical assumptions were developed. VTo the extent possible, the maximum use
was made of the interrelations among the thermodynamic properties. In

addition, the Fe-Q system allowed the use of some special constraints.
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The model, using an integrated set of algebraic representations that do
not violate thermodynamic theory, makes possible the ana]ysis of a broad
spectrum of daﬁa. The primary purpose of the hode] is served wfthin the
scheme of data analysis and in the optimization of the thermodynamic
properties for the chemical system being evaluated. The details are being
presented here to allow the reader an understanding of the approach to this
task. The model is not presented with the aim that it be adopted for general
useage though this author has found the model equations useful far subsequent

thermodynamic predictions.

General Thermodynamic Relationships
At constant bulk composition, thermodynamic theory provides the following
exact functional relations among temperature (T), volume (Vi)’ coefficient
of volume expansion (a]phai), coefficient of volume compression

(betai), heat capacity (C ) at a reference pressure Pr, the heat

Pr,i
capacity (CP i) at an arbitrary pressure P, volume (Vi)’ entropy

(Si)’ Enthalpy (Hi)’ free energy or Gibbs energy (Gi)’ equilibrium

constant (K), and electrochemical potential (E):

1 § Vi
a]phai = — — 5.01
Vi §T p
1 $ Vi
betai = - 5.02
Vi §p T
P
i - Cpryi = - f T (62v,/6T% ) dp 5.03
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T P
S? = S?(O,Pr) + J (CBr,i/T) dT - f (6V1/6TIP) dp 5.04
0 Pr
T P
Hf{ = H?(TF,PP) + I ;!‘,‘i T + J [Vi-T(GVi/éTIP)] dp 5.05
Tr Pr
G.i = H_i - T Si 5-06
J
-RTInK = [ n;6; 5.07
i=1
J
-n, FE = 7} n; Gi 5.08

where R and F are the ideal gas constant and the Faraday constant,
respectively. Tr is a reference temperature (kelvin) for the enthalpy or
Gibbs energy. For practical purposes, Tr is 298.15 K in this evaluation. The
restriction on Tr is that the function for CPr,i and V, include Tr

within the range of validity for the function. The term j is the number of
species in the reaction and n; is the stoichiometric coefficient for the

ith species, positive for each product and negative for each reactant.

The term Na is the number of electrons involved in the reaction.

In all subsequent notation, the enthalpy and Gibbs energy of a phase will

be identified by n, and g;, respectively. The intention is to

37



FUNCTIONS DESCRIBING THERMODYNAMIC PROPERTIES Page 5-4

17 January 1988
identify these terms and show that they depart from common useage. Where the
symbols H and G are used, they will refer to standard IUPAC notation

(Commission on Thermodynamics, 1982).

Reference States

In using equations 5.01 through 5.08, two reference states were
identified. They were $3(0,Pr) and h$(Tr,Pr).

Si(O,Pr) refers to the residual entropy at the absolute zero.of
temperature. In practice, the mathematical model contains a constant of
integration alo,i that iszfit during the regression analysis of all data
including the supplied data for S°(T)-S°(0), if any. If a zero-point entropy
were to be considered, the magnitude of the zero-point entropy would be either
added to the data set or forced to be an estimated value and added onto the
calculated entropy during the fitting procedure.

The reference temperature Tr for enthalpy, h?(Tr,Pr), was set
to 298.15 K. For all elements in their stable structural state at 298.15 K,
h;(298,Pr) was set equal to the quantity
298.15-52(298,Pr) where S2(298,Pr) was the
entropy of the reference structural state at 298.15 K and Pr. From this
identity, it followed that g;(298,Pr) for all elements was zero at
298.15 K (equation 5.10). It also followed that the Gibbs energy for other
phases at 298.15 K was identical to the Gibbs energy of formation from the

elements at 298.15 K and the reference pressure.

h;(298,Pr) = 298.15 - S;(ZQS,PP) 5.09

40



FUNCTIONS DESCRIBING THERMODYNAMIC PROPERTIES Page 5-5
. 17 January 1988

g;(zgs,Pk) = 0 = h3(298,Pr) - 298.15 - 53(298,Pr) 5.10

The chosen stafe permitted use of terms in the'empirical equatién for heat
capacity that would become undefined at T = 0 kelvin and gave a better
mathematical description of the heat capacity data. The chosen state also
made programming of the mathematical model less complex. In practice,
h?(Tr,Pr) and the residual when equation 5.05 was evaluated at
298.15 K were combined into one fitted constant of integration, ag,i'

The convention used in the fitting of enthalpy and Gibbs energy differs
from standard conventions in that a single reference state at a specific
temperature and pressure was used. That reference temperature and pressure

was 298.15 K and 1 atm (1.01325 bar), respectively. Gibbs energy and enthalpy

are related to standard notation as fo]]ows:'

. T P
93(T,P) = 8,62(298K,1.01 b) + [ sedT+/ viap 5.11
298 1.01

h3(T,P) = g5(T,P) + T - S3(T,P) 5.12
In order to conform with current useage, the evaluated results were converted
from the one-atm reference state used in the evaluation to the one-bar
reference state prior to the generation of the tables that are presented in

later chapters.

Empirical Equations Describing the Thermodynamic Relations
From the relations given in the preceding section, it follows that an

empirical equation that describes the heat capacity C

41
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temperature and the volume Vi as a function of temperature and pressure

will generate the mathematical description for the thermodynamic properties.

The empirical functions and the equations for other properties generated from

them are given in the following sections.

Empirical Equation for the Molar Volume of a Phase as a Function of Pressure
and Temperature
The molar volume of a phase was fit using the following function

(modified from Robinson and others, 1983):

(=T7300) 101 4 p

V. = [b 3,i

§ + b

T+b +b 1.e(‘P/E‘“’OO)] 5.13

1,i 2,i 4.1 5,

Equation 5.13 gives the molar volume as a-function of temperature and
pressure. The experimental data, presently available, can be adequately fit
with such a function, but this was because measurements were made either at
one atmosphere (nominal) and elevated temperature or at room temperature (293
or 298 K, nominal) and elevated pressure. As data become available,
additional terms can be added. The first exponential term mimics the
expansivity curve for a solid. The second exponential term mimics the
compressibility curve of a solid. The use of these exponential terms
eliminated the extreme excursions that would be possib]é from a simple power
series.- Figures 5.1 and 5.2 are examples of the fitting of the above function

to the data for bunsenite, NiO.

Figures 5.1 and 5.2 near here,

%
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Coefficient of Volume Expansion of a Phase
From equation 5.13, equations for several types of data, as reported in

the literature, were derived. The coefficient of volume expansion was:

1 sV,
a]phai = — 5.14
Vi §T p
b. .
b 3,1 -T/300
- — ¢
2,1 399
alphai = 5.15

Experimental data are usually reported as volume differences relative to

a reference volume at a reference temperature.

"a]pha"i = 5.16

where Vri is the reference volume at Tr. The model equation for this

observation was
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b, A(T-Tr) + b, i(e'T/3OO _ exp-Tr/BOO)
"a]pha"i = 2 2 . 5.17

-Tr/300 (T-Tr)
bl,i + bz,iTr + b3,ie

Figure 5.3 shows the plot of the coefficient of volume expansion as a

function of temperature for fayalite, Fe25i04.

Figure 5.3 near here.

Coefficent of Volume Compression of a Phase

In 1ike manner, the coefficient of (volume) compression is

1 s,
beta, = - — — 5.18
v, 6P o
.
) 5, -P/35000
4, - e
beta, = - 35000 5.19

-P/35000
1.0 + b4,iP + b5,ie

In the empirical equation, betai is independent of temperature. The
optimization produces an average betai. .For iron the function has been
adequate within the precision of the data to fit the déta to 700 kb and 873 K
(600°C). -

44



FUNCTIONS DESCRIBING THERMODYNAMIC PROPERTIES Page 5-9
' 17 January 1988

Again, experimental data are usually reported as volume differences

relative to a reference volume at a reference pressure. Then

1V - Vry
"peta'. = - 5.20

Vri P - Pr T

where Vri is the reference volume at Pr. The model equation for this

observation was

b4 1.(P-Pr) + b5 i(e—P/35000 _ e-PP/35000)
‘petat; = - — ’ : 5.21
-Pr/35000 (P-Pr)

1.0 + b4,1Pr + bs,ie
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Empirical Equation for the Heat Capacity of a Phase at Constant Pressure
Empirically, it was found that the following function will describe the
heat capacity for most phases as a function of temperature T at a constant

pressure Pr.

5.22

The last term, CM,i’ is necessary for phases that have second-order
magnetic anomalies such as magnetite. They will be discussed later.

A1l too often a "curve fitter" will attempt to use all terms and then
. complain in print that the empirical function violates thermodynamic theory.
The real violation was the author's blind use of least-squares procedures
without any consideration for the significance of the fitted constants. No
phase has a complex heat capacity that requires use of all fitting terms given
in this equation. In order to avoid overfitting of the available data for a
phase,. attention was paid to the significance of each constant. For most
phases, the second through %ixth terms are more than édequate. The other
terms are included 1) because other authors have employed them, and 2) their
useage may be desiéé}b]e in some situations. In the above equation, the
second, fifth and sixth terms are the same as in the classical Maier-Kelley
equation for heat capacity (Maier and Kelley, 1932). The second, fourth,
fifth, sixth, and seventh terms are the same as those used by Haas and Fisher

(1976) and by Robie and others (1979).
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The first, second, fourth, and fifth terms of equation 5.22 are used by
Berman and others (1984, 1985) to represent the heat capacity of silicates.
To eliminate unreliable extrapolations at high temperatures, Berman and others
recommended that the second and fourth constants must be less than or equal to
zero. '
Fei and Saxena (1987) recently proposed the following equation for the
heat capacity that incorporates the Petit-Dulong limit for Cv, and the
conversion of C, to C,:

v P

Co=3Rn(1+ le‘l + kT2 4 k3T‘3) +(A+BT) +Ch 5.23

P 2

The first term to the right of the equality refers to the Petit-Dulong limit
for CV‘ The term (A + B T) is an approximation for the quantity
alphaZVT/beta. The last term, CE, was added to cover departures

from the Petit-Dulong limit for those substances that exhibit disordering,.
anharmonic, mqﬁ@ktic, and electronic contributions to the heat capacity. The
above function may be mapped into equation 5.22 above. However, in this
study, this equation was not used. Use was made of the Petit-Dulong limit for
heat capacity and that will be discussed below.

Where possible, unreliable extrapolations or maxima in the heat capacity
function were eliminated by choice of fitting terms on an ad hoc basis. In
certain intractable situations, where no combination of terms leads to proper
fits of the high temperature data, the Dulong-Petit limit and the relation

between CV 3

and CP j were employed:

Cpi = Cyi + (V5 alpha;? T)/beta, 5.24
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where Cv,i is the heat capacity at constant volume. The terms a\phai
and betai are the coefficients of volumetric expansion and of volumetric
compression of the phase, and are calculated from equations 5.10 and 5.14,
respectively. For practical purposes, where the temperature is several times
greater than the Debye characteristic temperature, GD,

Cv,i is approximately equal to (3 R m) where m is the total number of

moles of atoms in the formula. The heat capacity at constant pressure was
estimated at a temperature at least 3 times the Debye temperature and used as
an an “observation". In practice, the temperature usually was 2000 K or
higher.

Certain phases have lambda anomalies associated with Neel temperatures,
Curie temperatures or other second order phenomena where the phase undergoes
changes in the orientation of the magnetic structure. Measured heat
capacities of such pha;es have a cusp and cannot be fit by the generalized
function for Cp i An'examp]e using the experimental data for bunsenite

(NiQ) 1is given in Figure 5.4.

Figure 5.4 near here.

Hillert and Jarl (1978) approximated the magnetic portion of the anomaly
by the following functions. For temperatures less than or equal to the
critical temperature, where the critical temperature is the temperature of the

maximum in the anomaly

Cﬁ,i = kappa? R 1In (1 + tau3)/(1 - tau3) 5.25
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For temperatures greater than the critical temperature,
° _ b 5 5
CM i = kappai R In (tau” + 1)/(tau” - 1) 5.26

The quantity tau is defined as T/T.. The terms kappa? and
kappa? are two constants for the ferromagnetic (a) and
paramagnetic (b) states of the ith phase. The powers 3 and.S are empirical.
In this study, where these powers were not adequate they were set by visual
inspection of the plots from various fittings of the function to the available
experimental data.

Following the approach of Agren (1979), the logarithms were replaced by
the following MacLauren expansion. For tempefatures less than or equal to the

critical temperature,

n
Gy = 2kappad R T taudi(Z*1)/(ak1) 5.27
k=1

For temperatures greater than the critical temperature,

n
Coi = 2kappay R D taudi(Z1) (a1 | 5.28
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In this study, the temperature TC were adjusted somewhat to give the best

fit of the available data. The values used in this study are somewhat .higher

than the reported values but generally not by-more than 2 kelvin. The

critical temperature, TC’ was calculated from the list of constants using

the following equation:

T

= a + a,, :(P-1.01325) - 5.29
12,1

C,i 11,1

The series was usually truncated at k = 7 but was extended to k = 15 for
the elements iron and nickel. As stated above, the powers j% and
j¥ were obtéined by visual inspection of plots of the experimental
data and trial fittings of the functions.

In this study, 5 phases, the properties of which were being evaluated,
and 2 elements had lambda anomalies within or close to the temperature range
of 200 to 1800 K. The phases and the critical temperatures are given on Table

5.1.

Table 5.1 near here.

Acceptable past procedures for fitting thermochemical data allowed for
the fitting of the heat capacity data and heat content data as well as
possible and substituting the algebra for a first-order inversion to mimic the
heat capacity curve for the second-order lambda anomaly. By using equations
5.27 and 5.28 this was no longer needed. The complete equations for the heat
capacity of the phases listed on the table are given below. For temperatures

less than or equal to the critical temperature,

~
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_ -3 -2 1 -.5
Cppyi = 3,477 * 3 T + ag T + 3,17
2 3
+ a5’ + a6,1 T + a7, T + a8,i T
;A tauj%(ZK'l)
+ a . —_— 5.30
13,1 2k-1

For temperatures greater than the critical temperature,

) 3 -2 -1 -5
Cppyi = 3,477 * 33 T7 + a3, T7 + 3,7
2 3
gyt gy T o+ oa; Tt ag T
f taydi(2k-1)
v oa.. . - 5.31
14 ,1
) ] 21

where ji and j! were empirical coefficients selected by

trial, and n was 7 for for the oxides in this study. For iron and nickel, the
exponents were +3 and -5, respectively to conform with useage elsewhere. For
these elements n was set to 15. 1In these equations, the constants (2

kappa? R) and (2 kappa? R) were replaced by fitted

parameters 313, and 14 9> respectively.
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Figure 5.4 shows the fit to the heat capacity data of bunsenite, Nid.
The solid line was calculated from the fitted constants and equations 5.30 and
5.31, above. These.data will be supplied in a later chapter.
Equations 5.30 -and 5.31 are contingous at tau = 1 only if a13’i =
314,1' In this study, as in the earlier studies (Agren, 1979; Fernandez
Guillermet and Gustafson, 1984), these constants were not constrained to be
equal. Figure 5.5 is an enlarged portion of Figure 5.4 near 519 K. The error
in calculated heat capacities is sﬁa]l and not significant relative to the
precision of the data. However, because the constants are not identical,
corrections were introduced to force entfopies, enthalpies, and other
properties derived by integration to be identical at the temperature of the
anomaly. The corrections are constants, being only a function of the two
fitted constants a13’i and a
-j;, the critical temperature T., and the nth term at which the

st
14,1 the exponents 35 and

series is truncated.

Figure 5.5 near here.

Entropy of a Phase
After integration of the heat capacity functions (equations 5.30 and
5.31) and using the relation given in equation 5.04, the entropy functions at

tembérature and pressure for a phase is given by equation 5.32, below.

5
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. . a1 4 a5 a3 4 23,
o= 5500 - 73 - - -
37T 2T T T°
+ a. . InT + a. . T + a T2/2 + a T3/3 + a .
5,1 6,1 7,1 8,i 10,1
P sy
Pr

For all phases without a lambda-type anomaly, S§ j is zero.
For a phase with a lambda-type anomaly and at temperatures less than the

critical temperature,

n tauj%(ZK'l)

se . =

M,i T 13,1 5.33

S
k=1 Ji(2k-1)

For a phase with a lambda-type anomaly and at temperatures greater than

the critical temperature,

-
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n tauji(Zk'l)

o

M,i = 214, 5
k=] Jj(2k-1)
n n
1 1
toag i L o ——— a1 5.34
13,1 4 2 14,1 " 7
k=1 Ji(2%-1) k=1 Jj(2k-1)
The integral in equation 5.32 is given by the following equation.
"oy b3.i (-T/300)
J — dP = [b2 i - 2 o\ " ]
PP §T 300
b, .
2 s
5.35

Without specific evidence that S;(O) differed from zero, the first
approach was to assume that S;(O) was zero. For the phases

evaluated and the data used in this study, the assumption produced an
acceptable fit,

Enthalpy of a Phase

The equations below give the enthalpy of the ith species at temperature

and pressure,
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1,i 42,4 . 5

T2 T3 T4
+ a T + a, + — + a9 . — + adg : — + a,
5, 6,i 2 7,1 3 8,1 4 - 9,1
P P sV
+ hﬁ .+ [ Vdp - TJ — dp 5.36
51 sT
Pr Pr

For all phases without a lambda-type énomaly, hﬁ ; is zero.

For a phase having a lambda-type anomaly and at temperatures less than or

equal to the critical temperature,

N pagdiki+l)
ho ¢

M T f13,il 5.37
k=0 X' (3jk'+1)

where k' = 2k-1. For a phase having a lambda anomaly and at temperatures

greater than the critical temperature,

-
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n TC t:auj'i(k +1)

he . = a z
M,1 14,1 Vi
k=0 X (Jik'+1)
n n
T T
C C
bag ] —CS— - sy, 5.38

il oo
"ok (35K +1) ok (34K +1)

The second integral in equation 5.38 was given in equation 5.35, above.

The first integral in equation 5.36 is as follows:

P
_ (-T/300)4.
J V dp [bl’ +by  T+by e ]
Pr
b, -
1
2 b

5.39

In the above equations, ag,i is the constant of integration necessary
to satisfy the reference state chosen for the chemical system and replaces the
summation of hi(Tr) and the evaluation of the equations at 298.15 K
necessary to satisfy the chosen reference state. In equation 5.38, the last
two terms are needed to force continuity in enthalpy because the terms
a13’1 and a14, Were not constrained to be equal at the critical

temperature of the lambda anomaly.

56



FUNCTIONS DESCRIBING THERMODYNAMIC PROPERTIES Page 5-21
17 January 1988
Gibbs Energy of a Phase
Using the reference states given above and the foregoing equations, the
Gibbs energy of a phase at temperature and préssure can be calculated from

equation 5.40.

a . a .
. 1,i 2,1 5
g = = —2— -—2 +a, . (+4InT)+4a, . T
i 6 T2 o7 3,i 4,
va. . (T-TInT) ~a, . T2 -a, . T/6 -a, ., TH12 +ag . - axn . T
5,1 6,i 7,i 8,i 9,1 10,
P
+ 9y ; -+[ vV dP 5.40
Pr

For a phase without a lambda-type anomaly, g& j is zero. For a
phase with a lambda-type .anomaly and at temperatures less than or equal to the

critical temperature,

O ) ] st 1
Z TC tauJik +1 T tauJik

I, i = 2134 — - - 5 5.41
ey K- Gk 3 (k)

where k' ='2k-1. For a phase with a lambda-type anomaly and at temperatures
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greater than the critical temperature,

sy, 0 sity, o
Te taudik *1 T taudik ]
M, = 4,7 L - 2
’ H k=1 kl (j:i'kl‘i'l) J..i‘ (kl) J

T, T} o Te T

+ a . - - a .- -
3,1 L . s tfsn s
A P S HSRS) J;(k')ZJ N IV DL
5.42

The integral in equation 5.40 was given in equation 5.35, above.

Enthalpy and Gibbs Energy of Formation From the Elements

In the mathematical model developed here, the enthalpy or Gibbs energy
for formation of a compound has no special notation. The properties are
obtained by writing the chemical equation for the formation of the phase and
evaluating the enthalpy or Gibbs energy of reaction in the usual manner as
shown by equation 5.43.

k
AfG° = g(phase) + 1 n, g(e]ement)i : 5.43

i
i=1

where k is the number of elements in the phase and ns is the

stoichiometric coefficient for each element. The term n; is negative by

5§
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convention because the elements are reactants. The difference between this
convention and the usual thermodynamic convention is that the elements do not
have an assigned value of zero, except, as stated earlier in this chapter, the
Gibbs energy of the elements is zero at the reference temperature and

pressure, 298.15 K and 1.01325 bar (1 atm), respectively.

Equilibrium Constants and Electrochemical Potentials

The contribution of the ith species to an equilibrium constant or an
electfochemical potential was calculated using the equations for the Gibbs
energy above, the stoichiometric coefficient ni; and dividing by "-R T" or

l'-ne F*, respectively, as indicated in equations 5.07 and 5.08.

Relative Heat Content of a Phase

A commonly measured thermodynamic property is the relative heat content.
The relative heat content is the difference in the heat content of a phase or
phase assemblage evaluated at two temperatures. The relative heat content or
incremental enthalpy data were fit by evaluating h°(T) for the phase stable at
the temperature T and h°(Tr) for the phase stable at the reference temperature
Tr using equation 5.36. The relative heat content was the difference between
the two/values. Because the procedure allowed for different phases at T and

at Tr, phase inversions provided no obstacle for the evaluation process.

Modelling the Properties of the Wustite Solid Solution
Before one may fit the data for the wustite solid solution and
interactions with that complex phase, one must have a model that is useable to
describe the natureiof the solid solution. In the following sections, the

empirical relations and the thermodynamic identities that were used in this
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study are supplied.
The model used here is the simplest of a large number of possible models
that could have been used. However, it will be shown in Chaptef 7 that the

model is acceptable within the precision of the data.

Empirical Relations Between log f(02) and Composition of the Wustite Phase
Empirically, at one atmosphere, log f(02) can be considered a linear
function of x, the amount of excess oxygen in the wustite formula, FeO1+Xt
This is equivalent to assuming that the cation vacancies are distributed
randomly and that they may be treated as simple boint defects. Figure 5.6

shows selected isotherms from several papers. The temperatures range from

965K to 1573K.

Figure 5.6 near here.

log f(02) = p(T) + s(T) x 5.44

where r(T) and s(T) are functions of the absolute temperature. These can be
integrated readily into the functions for the other properties provided that
r(T) and s(T) have a form that is compatible with the contribution to the

equilibrium constant for the ith phase:

b0



FUNCTIONS DESCRIBING THERMODYNAMIC PROPERTIES Page 5-25
_ 17 January 1988

r(T) [or (M1 = a; /(6 R In(10) %) + a, /(2 R n(10) 12)

- ay . (1+1n T/(R 1n(10) T) - 4/(R 1n(10) T°%)

a
4,r

~ 3 . (1-1n T)/R 1n(10) + a T/(2 R 1n(10))

6,r

+ a, _ T%/(6 R 1n(10)) + a

. o.r 73/(12 R 1n(10))

ag,r/(R In(10) T) + alO,r/(R 1n(10)) . 5.45

The solid lines on Figure 5.6 are calculated isotherms derived from the
results of the evaluation given in a later chapter.

Equation 5.45 is the general form if all constants were used. Any
prudent evaluator will use only the constants that prove significant. As will
be shown in Chapter 7 and in Appendix A, only a few of the constants were used

to fit the functions r(T) and s(T).

The Fugacity of Oxygen at the Iron-Wustite and Wustite-Magnetite Boundaries

For thermodynamic calculations, it is useful to have a algebraic
expression for the fugacity of oxygen at the wustite boundaries. The utility
of these equatioﬁs will be shown below. Suffice it to say that they
eliminated the considerable amount of iteration needed to solve the
thermodynamic equations without them.

Equations 5.46 and 5.47 refer to the iron-wustite and the wustite-
magnetite boundaries, respectively. As with the fugacity for oxygen in the

wustite solid solution field, the function for the fugacity of oxygen, a(T),

Al
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also was given the form of the contribution to the equilibrium constant given

by example for r(T) above.

log f(02,iw) a(T) 5.46

b(T) : 5.47

[}

log f(02,wm)

In practice, only a few constants were used to fit the data for the fugacity
of oxygen, a(T), coexisting with alpha-iron and for the fugacity of oxygen,

~a'(T), coexisting with gamma-iron. For the wustite magnetite boundary, the

function for the fugacity of oxygen, b(T), was also fit using only a few

terms.

The Composition of Wustite at the Iron-Wustite and Wustite-Magnetite
Boundaries

At equilibrium and for a given temperature T, equation 5.44 and the
fugacity of oxygen at the iron-wustite boundary, a(T) [or a'(T)] yield the

boundary composition Xyt

X; = 5.48

Similarly, the composition Xp at the wustite-magnetite boundary is derived
from equation 5.44 and b(T), the fugacity of oxygen at the wustite-magnetite

boundary.

b2
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b(T) - r(T)
Xy = 5.49
s(T)

Observations made by Fischer and Hoffmann (1958, 1959), by Hoffmann
(1959), and by Touzelin (1974) indicate that wustites of intermediate
composition would decompose to nearly stoichiometric FeQ and magnetite before
finally exsolving to the stable assemblage of iron and magnetite. In this
study the compositions of wustite for the metastable extension of the wustite-
magnetite boundary were constrained to approach stoichiometric FeQ at lower

temperatures,

Compositional Width of the Wustite Stability Domain at Constant Temperature
and Pressure .

Giddings (1972) measured the compositional width of the wustite field by
careful coulometric titration. By use of equations 5.48 and 5.49, one may

arrive at the following relation:

xb - X = 5.50

x



FUNCTIONS DESCRIBING THERMODYNAMIC PROPERTIES Page 5-28
17 January 1988
Special Derived Relationships Used in the Data Analysis
The analysis of the data for the Fe-0 system allowed several special
relations to be used to constrain and reinfbrcé the consistency'of the
results. . Below, constraints on both the properties of the phases as well as

the activity of Fe and FeQ are developed.

The Activity of Fe in the Wustite Stability Field

For a two-component system, the Gibbs-Duhem relation may be used to
derive the activity of one component, provided the activity of the other is
known as a function of composition at constant temperature and pressure,.

N1 Slog ay = -'N2 dlog a, 5.51

T,P T,P
where N1 and N2 are the mole fractions of each component and 3y

and a, are their respeétive activities. For the binary system Fe—Oz,
N(Fe) 6log a(Fe) = - N(02) dlog a(Oz) 5.52

The gctivity of Oz(ideal gas) is equal to the fugacity of
Oz(ideéi gas) divided by the fugaciéy of the ideal gas at the reference
pressure (equation 5.53). Numerically, the activity and the fugacity are
“equal but the former is unitless while the latter has the unit of bar in the

convention followed in this report.
log a(0,) = Tlog [f(0,,bar)/(1 bar)] 5.53

Given the following chemical formula for wustite, Fe0

b

1+x°
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2

N(Fe) = 5.54
(3+x)
(1+x)

N(0,) = 5.55
(3+x)

From equation 5.44 it can be shown that
"slog a(02). = s(T) éx 5.56

By systematic substitution of these equations into equation 5.52 and

solving, the activity of iron is given by the following equation:

log a(Fe) = X, + — = X = — 5.57

where X3 is the amount of excess oxygen in the wustite phase coexisting in

equilibrium with metallic iron, as defined by equation 5.48, above.

The Activity of FeQ in the Wustite Stability Field
As with the derivation of the activity of Fe as a function of composition
at constant temperature and pressure, the activity of FeQ in the system

FeO-Oz’begins with the following equation:

N(Fe0) Slog a(FeQ) = - N(Oz) §log a(02) - 5.58

Given the formula for wustite, Fe01+x,

N(FeQ) = 5.59

(2+x) ég
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N(0,) = — 5.60
(2+x)

Using equations 5.58, 5.56, 5.59, and 5.60 above, it can be shown that

(1),
log a(Fe0) = - X 5.61
4

Heat Capacity of Wustite Solid So]gtion

Todd and Bonnickson (1951), among others, measured the heat capacity of a
sample of wustite. The sample used for their study had the composition
Fe0.9470. In discussions in Chapter 7, this composition will be referred
to as the “calorimetric composition" or the “calorimetric wustite". This
composition has no significance beyond being the sample used for calorimetry.
Other compositions were used for measurements but the data are inaccurate and
were not used for fitt{ng. A1l data are discﬁs;éd in Chapter 7. In the next
several paragraphs, the fitting equations for the heat éapacity of a wustite
of unspecified composition, Fel-yo’ are developed. These equations were
fit to the data during the optimization.

Consider the following chemical reanBLn:

-

(1-y) FeO + y/2 02 = Fe, 0 5.62

1-y

Then, at equilibrium,

AG =0 =24.G°+ (l-y) R T 1n(10) log a(Fe0) + y/2 R T 1n(10) log a(02) 5.63

Ll
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_y0) - (1-y) g°(Fe0) - y/2 g°(0,) 5.64
By substitution,
9°(Fe;_0) = (1-y) g°(Fed) + y/2 g°(0;)

- (1-y) R T 1n(10) log a(Fe0) - y/2 R T 1n(10) log a(02) 5.65

The heat capacity of a phase has the following relation to the Gibbs energy of

the phase:
52
Cd ; = - — g? 5.66
P,i 6T2 i

Equation 5.66 may be rewritten as follows:

C;(Fel_yﬂ) = (1-y) C;(FeO) + y/2 C;(Oz)

52 82
+ (1-y) —5 [R T 1n(10)] log a(Fe0)] + y/2 — [R T 1n(10)] log a(Oz)]
8T ST

-~ 5'67

In the calorimetric measurements, C;(Fe 0) was observed.

1-y
The fitted functions for Fe0O, log a(FeQ), and log a(02) must be consistent
with these data. Of course, these same fitted functions must also be
consistent with the other experimental data accepted as valid for the

b1

optimization.
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Entropy of the Wustite Solid Solution
Beginning with the same reaction as for heat capacity above, and using

the relation

$

52 = - —g° 5.68
1 5T 1

one may readily show that the entropy of a wustite of composition Fel_yo

can be defined as the following equation.

S°(Fe1_y0) = (1-y) S°(Fe0) + y/2 S°(02)

) §
+ (1-y) g;-[R T 1n(10)] log a(Fe0)] + y/2-—? (R T 1n(10)] 1log a(OZ)]
§

5.69

Equation 5.69 was used in the optimization as the fitting function for

the entropy of Fe, 0.

1-y

Heat Content of the Wustite Solid Solution

The heat content or incremental enthalpy for wustite was calculated using

the following relation: -

0) = g°(Fe 0) 5.70

h (Fel-y 1-y0) + T S°(Fe1_y

The Gibbs energy, g°(Fe, 0), and the entropy, S°(Fe, ,0), are

1-y 1-y
defined in equations 5.65 and 5.68, respectively. The heat content for
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wustite was calculated by evaluating equation 5.70 at T and at Tr and then

calculating the difference:

[H°(T)-H°(Tr)](Fe1_y0) = h°(Fe1_y0,T) - h°(Fe1_y0,Tr) 5.71

Reactions Including ﬁustite as a Component

Much of the data for reactions that included wustite were reported either
as values of log a(02), log [P(COZ)/P(CO)], log [P(HZO)/P(HZ)]
or potential differences relative to another buffer reaction or to oxygen gas
at some fixed pressure. (At the relatively low pressures, one atmosphere or
less, it was assumed that the gases behaved ideally and the pressures of the
gas, divided by the reference pressure, could be replaced by the activity of
the gas, ai.) For example, Ackermann and Sanford (1966) reported log

[P(C02)/P(C0)] values for various compositions of wustite within the

stability field. The Ehemica] reaction was as follows:

FeO(wus,s1n) + CO(g) = Fe(wus,sln) + coz(g) 5.72
The equilibrium constant for this reaqﬂjon is given by equation 5.73.

log K ; log a(Fe) + log a(C02) - log a(Fe0) - log a(CO) 5.73
Solving for log [a(COZ)/a(CO)], one obtains equation 5.74;

log [a(COZ)/a(CO)] = log K - log a(Fe) + log a(Fe0) 5.74

For equation 5.72, at equilibrium,

¢
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-1

log K = ———— [g°(Fe) + g°(C02) - g°(Fe0) - g°(c0)] 5.75
R T In(10)

From equation 5.57,

s(T) X X
log a(Fe) = — x, + — - X - — 5.76
2

The term X3 is defined by equation 5.48 in the preceding section.

From equation 5.61,
log a(Fe0) = - ——x - 5.77

Then, for a given x in the formula Fe01+x,

-1
log [a(C0,)/a(C0)] = AT o) [g°(Fe) + g°(CO,) - g°(Fed) - g°(CO)]
. n
s(T) xa2 x2
T e ' > YT 7
] T
3 x2 | 5.78
A ,

During the fitting procedure, Ackerman and Sanford's (1966) data and all

similar data were fit by such an equation. For log a(OZ) or log

/0
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[a(HZO)/a(Hz)] data and for electrochemical potentials relative to
another buffer assemblage or to a fixed activity of oxygen gas, adjustments
were made in equation 5.72. In fitting, equafions similar to 5.78 were used
for those data sets.

Data reported for the iron-wustite boundary were treated in the same way
except that log a(Fe) was defined as zero and x was defined as X3
(equation 5.48).

For the wustite-magnetite boundary, the reaction used was either

Fe304(magnetite) + CO0(g) = 3 FeO(s) + Coz(g) 5.79
or
0.25 Fe304(magnetite) + CO0(g) = 0.75 Fe(s) + Coz(g) ' 5.80

In these cases, x was defined as X, as in equation 5.49, above. The

fitting equations were, respectively,

-1
log [a(C0,)/a(C0)] = E—;f;—zzag'[3 9°(Fe0) + g°(C0,) - g°(Fe30,) - g°(C0)]
n

5.81

or
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-1
log [a(COZ)/a(CO)] = ———[0.75 g°(Fe) + g°(C02) - 0.25 g°(Fe304) - g°(co)]
R T 1n(10)
s(T) xa2 xg
- 0.25 — Xg t — = Xy - — .5.82
2 2 2

In summary, all reactions that included wustite were treated in the same
way.  The chemical reaction was defined in terms of FeQ as a component and
adjustments were made in terms of x, the amount of excess oxygen in the

formula.

Temperature of the Breakdown of Wustite to Iron and Magnetite
At the breakdown temperature, that is at the isobaric invariant point
where the phases iron, magnetite, wustite, and vapor coexist, the following

functions must be coincident:

log f(bz,iw) = a(T) 4 5.83
log f(02,wm) = b(T) 5.84
log f(O;) = 0.5 log K[Fe304 =3 Fe+2 02] ' 5.85
Tog f(02) = log a(Fe0, iw) - log K[2 Fe0 = é Fe + 0,] 5.86
log f(Oz) = - log g(FeO, wn) - log K[2 Fe304 =6 FelQ + 02] 5.87

72
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The first two equations are empirical representations of the log f(02) -

temperature dependence of the iron-wustite and the wustite-magnetite

equilibria. (See also equations 5.46 and 5.47 above.) The 1asf'three
functions are the log f(02) - temperature dependencieé as calculated from

the equilibrium constants indicated by the reaction in the brackets. In

equation 5.85, the phases iron and magnetite are stoichiometric and at unit

activity. No activity corrections were necessary. However, for equations

5.86 and 5.87, corrections for the decreased activity of FeQ at the iron-

wustife and at the wustite-magnetite boundary were necessary.

Without the addition of some other constraints, it would be fortuitous if
the available experimental data as analysed using the mathematical model would
give the required coincidence in temperature and composition of the wustite
solid solution at a fixed pressure. Let us analyse the available data for
strength and weakness in order to choose some observation that can be fixed
safely and not cause undue distortion in the fitting.

(1) Composition of the solid solution at the triple point. In the course of
assembling the data, critical reading of the source manuscripts showed
that all data on the composition of-the wustite solid solutions are
derived from indirect observations. There are no direct measurements
available for guiding a Togical choice of the composition coexisting with
iron and magnetite.

(2) Thermodynamic data and experimental studies on the oxidation of iron to
magnetite below the isobaric invariant point. —The combustion and
solution calorimetry are not of sufficient accuracy to fix the fugacity
of oxygen at the isobaric invariant point. The errors are generally in
excess of 1300 J/mol for the formation of magnetite from the elements and

leads to an error of about 0.08 in the log f(OZ). Addition of errors

IE;
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from the inaccuracies in entropy and heat capacity would increase this

error to greater than 0.10. The HZO/H2 ratios coexisting with

magnetite and iron below the isobaric invariant point are also

inaccurate.

Refer to Figures.A.32 through A.37 in Appendix A.

(3) The breakdown temperature of wustite at 1 bar. The following temperatures

are reported for the isobaric équilibrium among the phases iron, wustite,

magnetite, and vapor.

Eastman and Evans (1924)
Schenck and Dingmann (1927)

Emmett and Shultz (1933)

Temperature Data Source
570°C 843.15 K Chaudron (1921)
565°C  838.15 K Eastman (1922)
570°C  843.15 K
560°C  833.15 K
559°C  832.15 K
569°C  842.15 K Barbi (1964a)
572°C  845.15 K Barbi (1964a)
577°C  850.15 K Barbi (1964a)
569°C  842.15 K Barbi (1964b)
565°C  838.15 K Birks (1966)
570°C  843.15 K Rau (1972)
554°C  827.15 K

Barbero and others (1981)

A least-squares fitting of the weighted data for the iron-wustite and the

wustite-magnetite boundaries, yielded a temperature of 839.15 K (or 566°C).

This temperature was used as the isobaric invariant point at one atmosphere

because it is é]so in agreement with the 1ist of observations given above. By

using the "polymorph" feature of the optimization routine (Haas, 1974), the

fugacities of oxygen at the iron-wustite and wustite-magnetite boundaries,

a(T) and b(T), respectively, were forced to be identical at 839.15 K.

fat
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Summary

The general thermodynamic relations, the empirical functions for V°,

°
CP’

a(Fe0), C;(Fel_yO), S°(Fe1_y0), H°(T)-H°(Tr) for Fe

and log a(02), and the derived relations for log a(Fe), log
l-yo’
and reactions including wustife are given above.

. The philosophy used during the course of this optimization was to develop
a fitted modei that was consistent with all that was known for the chemical
systems. If an observation could be calculated from one or more of the
equations in the model, the observation and the associated precision was
included in the data set that was to be fitted. As will be demonstrated in

Chapter 7, this effort paid dividends in detecting erroneous experimental data

and in exposing misconceived ideas.



CHAPTER 6
DATA EVALUATED

A1l types of data indicated by equations in the preceding chapter were
contained in the fitted data set. In summary a total of over 8,000
observations and theoretical constraints were used in the optimization. Every
attehpt was made to use the primary observations such as gas ratios, heat
capacities, electrochemical potehtia]s, and so forth, if available, in
preference to calculated log a(02) data or values derived from equations.

Instead of publishing the experimental data, many authors chose to
publish equations only.. Where the equations described chemical reactions, the
observed property (Gibbs energy difference, equilibrium cohstant, or
electrochemical potential) were calculated at appropriate intervals, such as
every 50 kelvin within the range of the study, and these calculated values
were entered into the data'set. In this study, no use was made of an author's
fitted slopes and intercepts.

Most, but not all, of the observations and the calculated values are
shown graphically and in summary tables in the next chapter where the results

are discussed. The remainder are discussed in Appendix A.
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CHAPTER 7
RESULTS AND DISCUSSION OF THE EVALUATION

Introduction

It is worth restating again that the optimization presented here was the
result of a “simultaneous" fitting of all functions given in Chapter 5 to the
data for the chemical system. Because all functions and constraints were fit
in one operation, the resulting properties for each phase and for the
interactions among the phases did not depend upon a few observations but was
the result of evaluating the entire data set taken collectively. Because many
observations and many constraints were used in this optimization, minor
changes, such as adding or deleting some data sets or some constraints, woﬁld
have little significance in the final results. The evaluated data sets
contained redundan£ data. The changes that would have the most significant
effect on the evaluation would be changes in one or more of the empirical
equations given in Chapter 5, above. Justification for the empirical
equations used in this report is that they do describe fhe available data
adequately from 200 to 1800 K and up to pressures in excess of 100 kb.

To avoid chaos, the discussion will follow approximately the order in
which the equations and thermodynamic properties are given in Chapter 5. The
discussion will start with molar volumes and related data, then continue with
thermal data, entropy, enthalpies of formation, compositional data for the

wustite stability field, and conclude this chapter with activities of Fe and

77
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FeO. All reaction equilibria are given in Appendix A.
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Molar Volume
Copper and the Oxides of Copper
A survey of the volumetric data for copper and the oxides of copper was

not made at this time. It was left for future research.

Nickel, Ni(s,1)

The survey of the volumetric data for nickel was superficial. The data
contained in citations in the compilation by Clark (1966) were augmented by
the expansivities of the solid reported by Fraser and Hallett (1961) and by
Nix and MacNair (1941) and the densities of the liquid reported by Saito and
others (1969a,b). The following equations were the results of the
least-squares fitting of the data. Figures 7.01 through 7.03 show the fitted

curve and the experimental data. Refer to Table 7.01. For the solid metal,

V(cm3/mol) = [6.4165 + 0.35902-1073 T + 0.008750 e{~7/300)7

[1. - 0.50260-10"° P] 7.01

For the liquid,

V(cm3/mol) = 5.6645 + 1.0232-1073 T L 7.02

Figures 7.01 through 7.02 and Table 7.01 near here.

7
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Bunsenite, NiO(s)

The monoxide of nickel has a lambda-type Neél transition at 519 K.

Above this temperature, bunsenite is paramagnetic. The crystal structure is

the cubic halite structure. Below 519 K, bunsenite is antiferromagnetic and

has a rhombohedral structure that is progressively more distorted along the

[111] direction of the high-temperature cubic phase as temperature decreases

below 519 K. "The rhombohedral crystallographic modification was ignored in

fitting the lower temperature data. This lack of accuracy was minor. Figures

~7.04 and 7.05 show the correlation between the fitted Equation 7.03 and the.

data cited on Table 7.02.

V(cm3/mol) = [10.6575 + 0.50147-107° T + 0.008496 e(~1/300)]

.[1. - 0.34255-10"°

P+ 13.653-1073 e(-P/35000)7 7.03
As with nickel, there is a lack of fit in the vicinity of the Neel
temperature. But, more importantly, the high-temperature data measured by
N
Leipold and Nie{§§en (1964) were not used in the optimization. The data, if
correctly measured, indicaie an anomalous increase in the coefficient of

volumetric expansion. There is no justification for such an expansion.

Pd

Figures 7.04 through 7.05 and Table 7.02 near here.

'
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Iron, Fe(alpha=bcc=sl, beta=fcc=s2)

Metallic iron is a body-centered close-packed cubic structure (bcc) and
is ferromagnetic below the Curie temperature of 1042 K. The ferromagnetic to
paramagnetic transition does have an expression in the molar volumes but the
structure does not change., At 1184 K, the face-centered close-packed cubic
structure (fcc) becomes stable at one bar total pressure and persists to 1665
K where iron reverts to the alpha or bcc structure. The melting point is 1809
K. |

The data for alpha- and gamma-iron (Table 7.03) were fit with equations

7.04 and 7.05, respectively. For alpha-iron,

V(cm3/mol) = [6.77756 + 0.38690-1073 T + 0.12143 el~1/300)4

-[1. - 0.33286-10"% P + 21.7861-1073 e(-P/35000), 7.0
For gamma-iron,
V(em3/mol) = [6.4797 + 0.5177-1075 T + 0.3623 e(~1/300);

[1. - 0.30110-107% P + 27.831.1073 e(-P/35000); 7.05

-

Figures 7.06 through 7.08 show the results. Again, near the lambda-type
anomaly, the function contains a minor inaccuracy in fitting the data for the
alpha phase. For most thermochemical aﬁp]ications, this has no significance.

The experimental data of Esser and Muller (1933) shown on Figure 7.06,
part b, has the same expansivity as the other isobaric studies, but the

absolute data reported in the study are systematically off by 0.02

/éhé/mol. This may have been an equipment or calibration error.

5
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Figures 7.06 through 7.07 and Table 7.03 near here.
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Ferrous Oxide, FeQ, and the Wustite Solid Solution, Fe, 0

1-y
The data for the wustite solid solution are summarized on Table 7.04.

Hentschel (1970) and more recently Simmons (1980) have shown that the cubic

cell edge of quenched wustite at room temperature is a linear function of the

amount of iron deficit from the stoichiometric formula, Fe0.
ao =c ¥ cl(l—y) : 7.06

The available data at room temperature and one bar are compared with the
fitted curve on Figure 7.09. Equation 7.07 was used to calculate the fitted

curve,

V(cm3/mol) = [11.8563 + 0.617125-1073 T + 369.056 et~1/300)4

“[1. - 0.53957-107% p + 4.5581-10"3 e(-P/35000);

- 23.5379 y + 2.270 y® - 0.07298 y° 7.07
The experimental data.of Touzelin (1974) between 1073 and 1348 K and the
fitted curves are show on Figure 7.10. Based on these data and the fit of the
data, the linearity in a, at elevated temperature is also valid. Other
data measured at high temperatures were scatteréd and were not necessarily
measured under controlled oxygen potentials. It must be noted that the study
by Hayakawa and others (1972) is nét consistent with the oxygen activities
calculated from their reported C0,-CO gas mixtures. The data were given
zero”weight.

Figure 7.11 shows the effect of pressure on the wustite structure. The

correlation is based on the experimental measurements of Hazen (1981). The

§3
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other data at elevated pressure were less consistent. The study by C]endé;;en

and Drickamer (1966) is anomalous and was given zero weight in the fittin;f

Whereas a calibration curve between composition and X-ray-determined cell
edges might work for temperature-quenched wustites*, such a curve must'be used
with caution for pressure-quenched samples. Hazen and others (1981) note that
wustites do not show ideal elastic behavior when held at pres§ures in excess
of 150 kb for periods of weeks. For example, a sample held at 170 kb for 14
days, then at. 200 kb for an additional 14 days was 0.8 percent smaller than
before the pressure treatment. This was discussed in detail by Jeanloz and
Hazen (1953). The reason for this behavior is unknown but may be due to
diffusion-controlled orﬁering of defects at elevated pressures.

Like bunsenite, wustite has a Neél transition from antiferromagnetic to
paramagnetic behavior at about 190 K. Also like bunsenite, this traqﬂgtion is
first order. The cubic halite structure which exists at temperatures above
190 K becomes progressively distorted along the [111] cubic direction to a
rhombohedral structure with decreasing temperature. The effect of pressuré on
the Neel temperature is given by equation 7.08 (Zou and others 1980) where

pressure is expressed in bars.
Ty (K) = 190. + 0.002163 (P-1) 7.08

Table 7.05 gives the measured Neel temperatures as a function of

composition. The data are conflicting. For this reason, a Ne€l temperature

* A prudent experimentalist would construct a calibration curve from data that
the experimentalist observed in that laboratory. The cell edge a, will

vary with the quench procedure used in a laboratory.
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temperature of 190 K was used in this study and no compositional variation was

allowed.

Figures 7.09 through 7.11 and Tables 7.04 and 7.05 near here.
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Hematite, Fe203(s)

Hematite is an antiferromagnetic solid with the corundum structure which
exists at room temperature and one bar. Between 248 and 265 K and one bar
pressure, hematite undergoes a-second-order Morin transition. This transition
has been studied by Umebayashi and others (1966), Searle (1967), and by
Worlton and Decker (1968). Up to approximatelyIG kb this transition has a
slope of 0.00370.0002 K/b. Above this pressure, the slope is
considerably less. At 298 K, the transition is bétween 20 and 30 kb. The
ranges in these data are due to hysteq;;is in the measurements. There is'a
slight but detectable change in the compressibility of hematite near 30 kb
(Sato and Akimoto, 1979) but this has been ignored in this evaluation.

Hematite has a Neél transition at 955.5 K and one bar. This
transition has a negative slope (Mao and others, 1977) and is located between

550 and 630 kb at 298 K. Assuming a linear dependence,
TN(K) = 955,53 - 0.00112(%*0.00007)-(P - 1) 7.09

Table 7.06 shows the experimental data used to derive equation 7.10,
below. Figures 7.12 and 7.13 show the correlation between the fitted equation

and the data.

V(cm3/mol) = [29.7593 + 1.30076-1073 T + 0.48106 e}~ 1/300)7

"[1. - 0.46005-10-6 p _ ; 4415.70-3 e(~P/35000) 1 710

Figures 7.12 through 7.13 and Table 7.06 near here.

gt
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Fayalite and the Diferrous Silicate Liquid, Fe25104(sl,1)
The volumetric properties of fayalite are given on Figures 7.14 through
7.16. The solid lines on these Figures were calculated from the fitted

equations below. For fayalite,

V(em3/mol) = [44.8974 + 1.66293-1073 T + 0.442294 el~T/300)1
“[1. - 0.49420-10°6 P + 13.4370-1073 e(-P/35000); 7.11
Lgquid A
1qit 3

For the diferrous silicate ¥&gid, V(cm”/mol) = 50.0395-[1. +

8.00758-10~3 e(-P/35000)4

Table 7.07 has'a summary of the available data. The volume of the liquid
diferrous silicate was derived from the melting curves for fayalite and the
spinel phase and the thérma] functions for all three phases. The enthalpy of
melting of fayalite at one bar was taken from the ana]ysjs by Stebbins and-

Carmichael (1984). These data will be discussed in a section on reactions

below.

Figures 7.14 through 7.16 and Table 7.07 near here.

'
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Diferrous Silicate (Spinel Structure), Fe25104(52)

Table 7.08 cites the available volumetric data for the high-pressure
dimorph of fayalite. The phase has a normal spinel structure. The magnetic
transition is below 100 K. Figure 7.17 and 7.18 show the available
experimental data and the fitted curves calculated from equation 7.13.

4

V(cm3/mol) = [42.0021 + 2.8523-10"% T - 1.01528 e{~T/300);

“[1. - 0.35156-1076 P + 8.7455.10"3 o(-P/35000)4 7.13

Within the precision of the measurements, the effect of pressure as
measured by Mao and others»(1969), Sato (1977), and Wilburn and Bassett (1978)
are equivalent. At one bar, however, the volume measured by Marumo and others
(1977) is too large by about 1.33 cm°/mol. The phase equilibria indicate
the smaller value of 42.076%0.049 cm3/mol is preferred.

+o
This is close,the measured values of 42.03%0.02 cm3/mol

A
reported by Mao and others (1969) and of 42.076%0.014
cm3/mol reported by Yamanaka (1986). The data measured by Yamanaka (1986)
at 873 and 973 K are too large and would indicate an anomaly in the

coefficient of volume expansion. These data were given zero weight.

Figures 7.17 through 7.18 and Table 7.08 near here.
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Magnetite, Fe304(s)

Magnetite is a cubic, inverse spinel above the Verwey transition that is
located at approximately 110 to 125 K and has a negative slope. For
geological applications, the properties of this low-temperature phase is of no
importance. Magnetite changes from a ferrimagnetic solid to a paramagnetic
solid at the Neél temperature of 849.1 K. The effect of pressure on the
critical température, TN is shown on Figure 7.19 and was fit by equation

7.14 where P is in bars.
Ty(K) = 849.1 + 0.0020029- (P - 1) | 7.14

The molar volume of magnetite is given by equation 7.15 where pressure is

in bars and temperature is in kelvins.

V(em3/mol) = [42.9347 + 2.73147-1073 T + 1.26153 e(~1/300)4

6 p 4+ 7.37298-103 e(-P/35000); 7.15

«[1. - 0.386024-10"

The experimental data'are cited on Table 7.09 and both the data and the
fitted curves are given on Figures 7.20 through 7.21.

Gorton and others (1965) clearly show the effect of magnetic disordering
on the molar volume. The fitted equation does not contain terms for fitting
the anomaly and some inaccuracy does result. Shar&a‘s (1950) data were given
zero weight because the data do not indicate the existance of any magnetic
anomaly but should have.

Mao and others (1974) observed a first order transition in magnetite at -
about 250 kb at room temperature and tentatively identified thé high-pressure

phase as monoclinic. Huang (1987) reinvestigated the inversion. At room



RESULTS AND DISCUSSION OF THE EVALUATION Page 7-14
. 17 January 1988

temperature, the reversal bracket spans from 250 kb with increasing pressure
to less than 50 kb with decreasing pressure. At 873 K (600°C), the bracket is
about 50 kb wide and centers on about 110 kb. Based on Huang's interpretation
of his data, the inversion lies near 200 kb at 298 K but could vary from about
145 to 255 kb. The slope of the pressure-temperature inversion curve is
-0.0081 K/bar but, conceivably, could vary from -0.0207 to -0.00045 K/bar. No
attempt was made in this compilation to evaluate the thermodynamic g;;perties
of the high-pressure "monoclinic" phase.

Carel and Vallet (1981) proposed a first-order change in magnetite at
1433 K and ambient pressure. This is discussed in the next section on heat

capacity.

Figures 7.19 through 7.21 and Table 7.09 near here.
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Molar Heat Capacity and Heat Content Data

Introduction

A1l available data above 200 K were evaluated. Some data between 100 and
200 K were also included where it was useful to get better definition of the
low-temperature curvature or of the function around Neél transitions.
In general, déta below 200 K were not used because the empirical equat{ons are
not applicable as temperature approaches 0 K and because data in this range of
temperatures have little application in the earth sciences. Data that exist
for temperatures below 200 K were generally not cited in the tables in this
section.

On the tables, the error is given as x.xty.y percent.
The x.x represents the average error of the fitted curve from the experimental
data and the y.y represents the average deviation of the error about the
average error. For example, +1.2%0.4 percent indicates that
the data average 1.2 percent larger than the fitted curve and the 0.4
represents the average scatter of the errors about the 1.2 percent value. Or
stated différently, the average exberimenta]'va]ue lies between 0.8 and 1.6

percent higher than the fitted curve.

-
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Tenorite, CuO(s)

The experimental data for the heat capacity and rg]ative heat content
(incremental éntha]pies) are cited on Table 7.10 and are blotted on Figures
7.22 and 7.23. The insert on Figure 7.22 shows the data measured by Hu and
Johnson (1953) and the calculated curve near the Neel temperature, 227
K. The data by Clusius and Harteck (1928) and by Millar (1929) were given
zero weight. For tenorite,

¢3 [J/(mol K)1 = 1.42819-10° 172

4.20905-10% 11

3.28723-10° 7702

+ .
- 30.1998
+ 2.20428.107% T
+ Co 7.16
where, for T = 227 K (% T,),
7 [(2k-1)
Cy [9/(mol k)] = 2.19256 N — 7.17
a1 (2k-1)
and where, for T > 227 K,
7 _-5(2-1)
Cy [J/(mol K)1 = 1.92047 y — . 7.18.
o1 (2k-1)

Fiqures 7.22 through 7.23 and Table 7.10 near here.
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Cuprite and the Dicuprous Oxide Liquid, Cu20(s,1)

The data for cuprite are cited on Table 7.11. The data of Hu and Johnson
(1951) were not used because they were not consistent with the high-
temperature data of Mah and others (1967) and because the entropy calculated
from these data (Gregor, 1962) was too large to be in agreement with the phase
equilibria.

Figures 7.24 and 7.25 show plots of the experimental data and the fitted
equations, 7.19 and 7.20. The enthalpy of melting of Cu20 is 65,653 J/mol

at 1516.7 K. For cuprite,

¢3 [u/(mol K)1 = 1.25617-10° T7
- 3.53957-10% 17!
+ 2.73479-10° 1703

+2.92731-1072 T ‘ 7.19
For the liquid CuZO,

¢3 [3/(mol K)] = 99.6136 7.20

Figures 7.24 through 7.25 and Table 7.11 near here.
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Bunsenite, NiO(s)

The experimental data for bunsenite are cited on Table 7.12 and plotted
' on Figure 7.26 and 7.27. Equation 7.21 is a fit of these data.

The experimental data of King and Christensen (1958) are too low by about
2 percent. The measurements by Hemingway (1984) and by Tomlinson and others
(1955) are in good agreement except the highest value measured by Tomlinson
and others. This value is 2 percent too small and was given zero weight in
the optimization. The data of King and Christensen (1958) were the only data
aQai]ab]e for the temperatures above 1108 K. In order to fit this region the
data were not used directly. Instead, the differences in heat contents
between adjacent observations were calculated and fit. The weights used were
the same as the absolute magnitude of the precision for the original data.

The experimental data measured by Lewis and Saunders (1973) between 325
and 650 K and by Mainard (1963) between 300 and 575 K were not available for
inclusion in the evaluation. The data were presented as a smooth graph only
and errors in scaling the heat capacity from the graphs would exceed two ‘
percent. Had the tables of data been available, Hemingway (1984) would not
have had to repeat the measurements.

C3 [J/(mol K)] = 4.20397-10° 772
9.43725-10% 771

+

7.13873-103 7°0+5
110.6966

3.1427-1072 T

+

+ Cy : 7.21

where, for T £ 519 K (= Ty),

%
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7 3(2-1)
Ci [9/(mol K)] = 8.50694 | ——n
and where, for T > 519 K,

7 _-15(2k-1)
Cy [J/(mol K)I = 8.10930 } ~——o—
| oy (2-1)

Page 7-19
17 January 1988

S 7.22

7.23

The lambda anomaly at 519 K represents an approximately 4.0-J/(mol K)

increase in entropy and a 1,730-Jd/mol increase in enthalpy.

Figures 7.26 through 7.27 and Table 7.12 near here.
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Ferrous Oxide, FeQ, and Wustite, Fel_yo or Fe01+x
The available experimental data for wustite are cited on Table 7.13 and
are plotted on Figures 7.28 through 7.30. The curves were calculated from

equation 7.24, below.

Y
Fp(wust1te) = 1-y Cp(FeO) + E-CP(OZ)

2

d y

+T—5 [(1-y) R T 1n a(Fe0) + — R T 1n a(0,)] 7.24
2 2

dT 2

Refer to Chapter 5 for the derivation of this equation. The heat

capacity of Fe0 was calculated from the fitted equation below.

C3 [J/(mol )] = 5.68242-107 T3
- 9.71854.10° T~2

1.69293-103 71

4.37416-102 7°0+5

+

+

33.7527
9.72807-1073 T

+

+ CM ' 7.25

where, for T £ 190 K (= TN),

7 _3(2k-1)
Cy [J/(mol k)] = 11.07788 1 T 7.26
, k=1 (2k-1)
and where, for T > 190 K,
7 -15(2k-1)
Cy [J/(mol k)] =8.31625 | _* 7.27
k=1 (2k-1)

U



RESULTS AND DISCUSSION OF THE EVALUATION Page 7-21
17 January 1988

In fitting equation 7.24 to the data, the temperature of the lambda
anomaly, TN’ was kept constant with composition at 190 K. Koch and Fine
(1967), Michel and others (1970) and Mainard and others (1968) studied the
variation of TN with composition and published conflicting results as were
given on Table 7.05.

Mainard and others (1968) measured the heat capacities for five wustite
samples from "1-y" = 0.899 to "1-y" = 0.944 moles. Unfortunately, they only
supplied a graph of Cp/(CP at TN) for each composition and gave no
data that would enable the calculation of absolute heat capacities.
Qualitatively, the fitted curve is in agreement with the data of Mainard and
others (1968) though the Neél temperatures differed and the ratios for
temperatures above TN are somewhat larger thqn are indicated by-the work
of Todd and Bonnickson (1951). This is another example of poor judgement of
what should be published. Unfortunately, to get the absolute heat capacities
the research will have to be repeated because the experimental data are noﬁ
available.

Rogez and others (1982) measured the heat content between 1179 and 299 K
for samples of wustite varying from y = 0.0562 to y = 0.1166 moles. (Refer to
Figure 7;30.) The data were nearly 5 percent low when compared with the work
of Coughlin and others (1951). An attempt to adjust the data measured by
Coughlin and others (1951) downward by about 5 percent to agree with Rogez and
other's (1982) study produced unacceptable distortions in the fitting of the -
equilibria. Coughlin and others' (1951) data were accepted as correct. It
should be noted that the trend of the fitted curve parallels the data measured
by Rogez and others (1982).

The lambda anomaly represents an approximately 5.1-J/(mol K) increase in

11
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entropy and an approximately 790 J/mol increase in enthalpy.

Figures 7.28 through 7.30 and Table 7.13 near here.
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Hematite, Fe203(s).

A summary of the data used to fit the model are given in Table 7.14. The
studies by Esser and others (1933), by Roth and Bertram (1929), by Parks and
Kelley (1926), and by Reznitsky and Filippova (1972) were given zero weight.
The work used poorly described samples. Because better data were available,
these data were not needed. As for magnetite and bunsenite, the heat contentﬁ
of Coughlin (1951) were recalculated and entered in the file of fitted data as
differences in heat content between adjacent experimental temperatures. The
precision used as a guide in fitting was the absolute magnitude of the
precision for the original measurements.

Figures 7.31 and 7.32 show the exﬁerimental data and the fitted curves as
calculated by the following equation. |

¢3 [J/(mol k)] = 3.73378-10% 772

4 -1

-

6.54451-10° 7705

9.71352-10

+

2.77769-10792 T

+

+ Cﬁ 7.28

where, for T = 955.53 K (= TN),

7 T3(2k-1)

Cy [J/(mol K)] = 25.7486 R — . 7.29
ke (2k-1)

and where, for T > 955.53 K,
7 T-15(2k-1)

Cy [J/(mol K)] = 17.6061 | ——uw—n 7.30
=1 (2-1)
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The lambda anomaly associated with the Neél temperature represents
an approximately 11.7-J/(mol K) increase in entropy and about 9,100-J/mol
- increase in the enthalpy of hematite. Reactions in which hematite is a phase
should exhibit significant curvature between 900 and 960 K as a result of this

second-order transition.

Figures 7.31 through 7.32 and Table 7.14 near here.
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Fayalite and the Diferrous Silicate Liquid, FeZSiO4(sl,])

Table 7.15 cites the sources of data used to refine the heat capacity and
heat content of fayalite and FeZSiO4(1) as shown on Figures 7.33 and
7.34.

Osako's (1980) data are clearly in error and were not used. Roth and
Bertram (1929) measured the heat content of a natural sample of unknown
composition. These data were also given zero weight. The results are given

by the lines on the graphs and by equations 7.31 and 7.32.
For fayalite, Fe25i04(sl),

¢3 [J/(mol K)] = 1.99298-10° 772
3.77927-10% 17!

+

3.10914-10% 7°9+°

+

220.7439

8.03640-1073 T 7.31

For the diferrous silicate liquid, Fe 5104(1),

2

C; [J/(mol K)] = 226.833 _ 7.32
Stebbins and Carmichael (1984) determined that the heat of fusion of
fayalite as measured by Orr (1953) was in error. -Iron would exsolve from the
melt and alloy into the Pt-10Rh capsule. The composition would migrate away

from iron towards Fe304-231'02 that is the reported '
composition of the mineral laihunite. The hypothetical congruent heat of
fusion of fayalite at 1490 K of 89.3 kJ/mol as determined by Stebbins and

Carmichael (1984) and phase equilibria were used to correct the drop

)01
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calorimetry and to determine the heat content of the liquid.

Figures 7.3 through 7.34 and Table 7.15 near here.
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Diferrous Silicate (spinel structure), Fe25104(52)

Measurements have become available since 1980 on the heat capacity of the
spinel dimorph of fayalite. These data are cited on Table 7.16 and plotted on
Figures 7.35 and 7.36. The measurments of Osako (1980) are discordant and
were given zero weight. The fitted curve (Equation 7.33) represents the best
estimate based on the data and on the available phase equilibria for the three

polymorphs, fayalite, the spinel structure, and the liquid.

C3L/(mol K)] = - 4.41874-10° T°2
- 1.72553-10% 770-5
+ 236.469

+1.38599.1073 7.33

Figures 7.35 through 7.36 and Table 7.16 near here.
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Magnetite, Fe304(s)
The experimental data used to evaluate the heat capacity of magnetite are
- cited on Table 7.17 and plotted on Figures 7.37 and 7.38. The older studies
(those made before 1950) were made using natural magnetites of unknown
composition. These studies were given zero weight. Experimental heat
capacities in the studies listed below were published as graphs only and could
not be included in this evaluation. Because of discrepancies among the
“research of Bartel and Westrum (1975), Coughlin and others (1951), and of
Gronvaold and Sveen (1974), it is indeed unfortunate that the authors did not

make the data available in tabular form.

SOURCE TEMPERATURE RANGE
Dixon and others (1965) 1.2 to 4.7 K
Gmelin and others (1983) 5 to 130 K
Gmé]in and others (1984) 80 to 125 K
Matsui and others (1977) 77 to 160 K
Rigo and others (1983) 4 to 17 K, 77 to 180 K
Shepherd and others (1985) 5 to 350 K
Sukhareyskii and others (1970) 12 to 160 K
Todo and Chikazumi (1977) 7 to 50 K

The data of Gronvold and Sveen (1974) are systematically higher than the
data of Bartel and Westrum (1975). However, the data in both sets were given
equal weight. The departure of the fitted equation from the heat capacities
measured by Gronvold and Sveen (1974) near 1000 K was due in part to an
anomalous and unexplained inflection in the measurements, in part to the low

values required by the the relative heat content data of Coughlin and others
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(1951), especially at temperatures above 1000 K, and in part to the available
phase equilibria.

As with bunsenite and hematite, the heat content data were the only
information in addition to the reaction equilibria that would canstrain the
fitted constants at temperatures above 1000 K. Above the anomaly at 849 K,
the heat content data were not used directly. Instead, the differences in the
heat contents between adjacent experimental temperatures were calculated and
fit by the mathematical model. The precisions used for each point were the
absolute precisions for the original data. Equation 7.34 is the result of the
optimization. ;

C3 [J/(mol k)] = -1.12425-10° T3
+ 2.51675-107 T2
3.31526-10% 77}

2.11896-10% 7705

+ N
- 225.613
+ 6.48354-1072 T
A 7.34
where, for T = 849.1 K (= TN),
7 A(2k-1) .
Cy [9/(mol k)] = 63.8383 ] —— : 7.35
=y (2k-1)
and where, for T > 849.1 K,
7 ~15(2k-1)
Cy [d/(mol X)1 = 47.5655 [ ——vu-o . 7.36
, (2k-1)

k=1

Nk
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\

The lambda anomaly at 849 K representé an approximately 22.9-J/(mol K)
increase in entropy and an approximately 16,800-J/mol increase in enthalpy.
Reactions where magnetite is a reacting phase should exhibit significant
curvature between 800 and 865 K as a result of this second-order anomaly.

Carel and Vallet (1981) proposed an endothermic first-order change in
magnetite'at 1433 K. The standard change in enthalpy was reported as -9,990
J/mol when heating. fhis could not be confirmed to exist either by

crystallography, calorimetry, nor thermochemistry and was not allowed in this

study.

Figures 7.37 through 7.38 and Table 7.17 near here.
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Entropy

Table 7.18 gives the reported data for S°(T)-S°(0) as derived from
integration of calorimetric data and the entropies, S$°(T), derived from the
optimization of the data. The fitted entropies are consistent with the
experimental S°(T)-S°(0) and with the various reactions to be discussed in the
following section except as follows.

The entropy of King (1957) for bunsenite was clearly too high when the
heat capacity data measured by Hemingway (1984), the combustion calorimetry of
Boyle and others (1954), and the reaction data (For example, refer to Figures
A.15 or A.30 in Appendix A.) were considered. The accepted value is 1.29
J/(mol K) lower than the value reported by King (1957). Such corrections are
consistent with<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>