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A comprehensive compilation and evaluation of experimental and thermodynamic data for the
Cr-O system is presented and, by application of the CALPHAD method, a consistent set of
thermodynamic model parameters is optimized based on new experiments. Nonstoichiometry of
eskolaite (Cr2O3−�) is described using the compound energy model, and the liquid is described
using the two-sublattice model for ionic liquids. Cr3O4 is described as a stoichiometric com-
pound. Also the magnetic transition in Cr2O3 and the oxygen solubility in Cr are modeled.
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1. Introduction

Solid oxide fuel cells (SOFC) offer high fuel conversion
efficiencies and, due to their high operating temperature
(>1173 K), combined heat and power-generation capability.
For the planar design SOFC, which offers low fabrication
costs, ceramic and metal interconnect materials have been
tested and evaluated over the years. Meanwhile, the use of
Cr-base alloy interconnect materials has gained popu-
larity due to their relative ease of fabrication, low machin-
ing costs, and high thermal conductivity.[1] Namely a
Cr5Fe1Y2O3 oxide dispersion strengthened alloy with the
composition 94% Cr, 5% Fe, and 1% Y2O3 developed
jointly by Plansee and Siemens with excellent material
properties has been promoted as a suitable alternative to the
earth alkaline doped LaCrO3 ceramics interconnect. How-
ever, the use of this alloy as an interconnect material in
SOFCs leads to the degradation of the fuel cell performance
especially on the cathode side of the fuel cell. Loss of per-
formance caused by the migration of Cr originating from the
alloy interconnect is well documented by several investiga-
tors. Microstructural analyses of the cathode of SOFC cells
show the formation of Cr2O3 and (Mn, Cr)3O4, which block
active sites as well as pores, thus substantially reducing the
triple-phase boundary area for the normal oxygen reduction
reaction at the cathode/electrolyte interface.

The influence of Cr from the interconnect alloy on the

strontium-doped lanthanum manganite (LSM) cathode can
be modeled in terms of an equilibrium thermodynamic view
to contribute to strategies for reducing the SOFC chromium
poisoning process by optimizing SOFC operating condi-
tions and refining SOFC material compositions.

2. Experimental Data

2.1 Phase Diagram Data

Experimental investigations of phase diagrams in the
Cr-O system were made by Ol’shanskii and Shlepov[2] and
Toker.[3] These authors document the existence of a large
miscibility gap between the metallic and the oxide melt.
Eskolaite (Cr2O3) is the dominating stable oxide phase over
a wide temperature range. Results of special points in the
Cr-O phase diagram from several studies are summarized in
Table 1. The melting temperatures of eskolaite in air re-
ported from Kanolt[4] and Wilde and Rees[5] can be dis-
carded as being too low. McNally[6] measured a melting
temperature of 2603 K in air using an induction furnace.
This value significantly deviates from the result of
Bunting,[7] who measured 2543 ± 25 K also in air. Grube
and Knabe[8] found that 1 wt.% Cr2O3 lowers the melting
point of metallic Cr from 2163 K to between 2043 and 2063 K.
Lam[9] reported the existence of molten chromium with
oxygen impurities of 1400 ppm at 2133 K. The monotectic
reaction of Cr (bcc) metal and liquid was found at 2083 K
by Grube and Knabe[8] and by Ol’shanskii and Shlepov.[2]

The question of the existence of a crystalline Cr3O4 phase
was discussed controversially by several authors. Investiga-
tions made by Hilty et al.[10] and Hook and Adair[11] led
them to postulate the existence of a crystalline Cr3O4 phase
in the Cr-Fe-O system. Concerning the pure Cr-O system,
Ol’shanskii and Shlepov[2] and Johnson and Muan[12] did
not find Cr3O4 up to the eutectic temperature of chromium
oxide, whereas Toker et al.[13] concluded from microstruc-
tural observations and a discontinuity in the slopes of the
temperature-oxygen pressure curves for univariant equilib-
ria involving metallic Cr and various chromium oxide
phases that a Cr3O4 phase exists in a narrow temperature
range between 1923 and 1978 K. Microstructures of a
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quenched chromium melt with maximum oxygen impurities
of about 2930 ppm lately investigated by Lam[9] document
an inner Cr3O4 phase and an outer Cr2O3 phase in dispersed
oxides in large chromium grains and grain boundaries. This
indicates that the first phase to crystallize on solidification is
Cr3O4, giving strong evidence for the stability of this phase.
Thus in this study the authors accept the findings of Toker
et al.[13] and Lam.[9]

2.2 Thermodynamic Data

2.2.1 Oxygen Potentials. Grube and Flad[14] measured
log (PO2

) values for the Cr-Cr2O3 equilibrium between
1053 and 1573 K by both oxidizing Cr to Cr2O3 and reduc-
ing Cr2O3 to Cr in a flowing H2-H2O atmosphere. At tem-
peratures �1573 K they were confronted with the loss of a
quarter of Cr in the case of oxidation; thus at these tem-
peratures log (PO2

) values were determined solely from the
reduction of Cr2O3. Novokhatskii and Lenev[15] studied the
equilibrium of the reduction of Cr2O3 to Cr with hydrogen
from 1493 to 1893 K. These authors used a flow method
where thermal diffusion problems were suppressed by in-
serting corundum bushes into the reaction tube. Appreciable
sublimation of metallic chromium was not observed. Davies
and Smeltzer[16] determined log (PO2

) values of Cr2O3 at
1173, 1273, and 1373 K, using an electrochemical cell with
a calcia-zirconia electrolyte and a Fe/FeO reference elec-
trode. Toker et al.[13] measured log (PO2

) values of Cr2O3 by
equilibrating Cr and Cr2O3 in H2-CO2 mixtures of known
oxygen potentials at temperatures from 1773 to 2098 K.
Pehlke et al.[17] used two separate series of emf measure-
ments employing the solid oxide electrolyte galvanic cell
technique from 1148 to 1548 K. The reversibility and ac-
curacy of the yttria-doped thoria electrolyte and the elec-
trode was tested by measurements of a standard iron-
chromium alloy at 1326 K. The independent results of
corrected cell potentials of the two measurement series are
excellent. The data are in close agreement with the gas-solid
equilibrium measurements by Jeannin et al.[18] Disagree-
ment between the emf results from Pehlke et al.,[17] Pugliese
and Fitterer,[19] and Tretjakow and Schmalzried[20] were

assigned to possible electronic conduction in the zirconia
electrolyte used by the latter authors, as well as transport of
oxygen ions from the cathode to the Cr/Cr2O3 anode. Ap-
plying the same technique as Pehlke et al.,[17] Holzheid and
O’Neill[21] noted a deviation from the well-established trend
at 900 to 1300 K for high-temperature data caused by finite
electronic conductivity at elevated temperatures, causing
transfer of oxygen through the cell, as well as the impor-
tance of sufficient time to attain equilibrium, that is, days
for T < 1100 K. The obtained dissociation pressures of
Cr2O3 are in agreement with average values derived from
emf studies using an yttria-doped thoria electrolyte worked
out by Jacob[22] and a very high-temperature gas-mixing
study of Toker et al.[13]

2.2.2 Heat Capacities, Heat Contents, and Entropies.
Anderson’s[23] calorimetric data set of Cp-values lacks de-
tailed documentation of the experimental procedure. Bruce
and Cannell[24] applied a two-dimensional temperature
wave method using a single crystal of Cr2O3 to calculate
specific heat in the temperature range 290.68 � T � 323.43
K, and fitted the data to the heat of diffusion equation em-
ploying a least-mean-squares fit to the heat of diffusion
equation that considers some material properties. The accu-
racy of this study is evident from excellent data reproduc-
tion by performing two runs in the entire temperature range.
Documentation of the experiments, data presentation, and
fitting procedure were worked out very carefully. Resulting
Cp data correspond nicely to the most recent calorimetric
results from Klemme et al.[25] The latter authors measured
a consistent data set of heat capacities of synthetic esko-
laite from 1.5 to 340 K with mean increments of 0.56 K.
Uncertainties of 0.4% for Cp (20 K < T < 200 K) and 0.7%
for Cp (T < 20 K) were estimated. For C°p (Cr2O3) � 120.37
J/K � mol, Chase et al.[26] relied on the calculated results
from heat content measurements performed by Kelley
et al.[27] The latter authors fitted their data measured from
400 to 1800 K by:

H°T − H°298.16 = aT +
b

2
T 2 + cT −1 + d (Eq 1)

Table 1 Special points in the Cr–O system

Melting T of
Cr2O3 in air, K

Eutectic
T, K

Eutectic composition,
x(O)

Cr3O4

detected
Stability T range

of Cr3O4, K
Monotectic

T, K Ref

2257 … … … … … Kanolt[4] experimental
2317 … … … … … Wilde and Rees[5] experimental
2603 … … … … … McNally et al.[6] experimental
2543 ± 15 … … … … … Bunting[7] experimental
… 1933 0.52 No … 2083 Oh’shanskii and Shlepov[2] experimental
… 1918 0.523 No … 2083 Johnson and Muan[12] experimental
2571 1941 0.513 Yes 1923 to 1978 … Degterov and Pelton[39] calculated
… 1929 0.496 Yes 1918 to 1974 2160 Kowalski and Spencer[40] calculated
… 1937 0.499 Yes 1923 to 1978 2130 Talor and Dinsdale[41] calculated
… 1938 ± 2 0.497 Yes 1923 ± 2 to 1978 ± 3 2083 Toker et al.[13] experimental
2539 1938 0.497 Yes 1918 to 1973 2117 This work, calculated

Note: Italicized data were used for optimization.
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yielding

H°T − H°298.16 = 28.53T + 1.10 × 10−3 T 2 + 3.736
× 105 T −1 − 9759 (Eq 2)

Temperature derivation of Eq 2 results in:

Cp = 28.53 + 2.20 × 10−3 T − 3.736 × 105 T −2 (Eq 3)

For S°298 Cr2O3) Chase et al.[26] relied on the results from
Anderson,[23] who calculated S°298 (Cr2O3) � 81.17 ± 0.84
J/K � mol by a graphical method of plotting the heat capac-
ity against the logarithm of the temperature and modeling
the heat capacity curves with Debye functions. This proce-
dure was critically documented by other authors, for example,
Klemme et al.[25] Klemme et al.[25] recommend S°298
(Cr2O3) � 83.1 J/K · mol by reevaluating emf data from
Holzheid and O’Neill, [21] who calculated S°298 (Cr2O3) �
85.74 ± 1.3 J/K · mol from their measurements. Dellien et
al.[28] adopted their S°298 (Cr2O3) value from Wagman et
al.[29]

Shirokov[30] estimated S°298 of a highly metastable CrO
phase to be 46.86 J/K � mol.

2.2.3 Enthalpies of Formation. Roth and Wolf [31]

found �fH°298 (Cr2O3) � −1125.8 ± 2.5 kJ/mol by applying
a calorimetric technique. Mah,[32] using a bomb calorimet-
ric combustion technique at 1323 K and 30 atm oxygen
pressure, calculated �fH°298 (Cr2O3) � −1140.98 ± 1.7 kJ/
mol. Some difficulty caused by moisture adsorption was
encountered in weighing the combustion products. This was
circumvented by heating the combustion products to 1323
K. For the calculation of �fH°298 (Cr2O3) the heat content
data given by Kelley et al.[27] were used. Ramsey et al.[33]

used heat capacity and entropy data from tabulations of
Coughlin[34] to obtain �fH°298 (Cr2O3) � −1122.06 kJ/mol.
Navrotsky[35] cited Garrels and Christ[36] for �f H°298
(Cr2O3) � −1128.42 kJ/mol. Chase et al.[26] evaluated
�fH°298 (Cr2O3) � −1134.7 ± 8.4 kJ/mol from several
earlier studies, while Dellien et al.[28] adopted �f H°298
(Cr2O3) � −1139.72 kJ/mol from Wagman et al.[29] Klemme
et al.[25] recommend �fH°298 (Cr2O3) � −1128.2 ± 0.4 kJ/
mol by evaluating emf data from Holzheid and O’Neill.[21]

Shirokov[30] estimated �fH°298 (CrO) � −305.4 kJ/mol
for metastable CrO.

3. Previous Assessments of the Cr-O System

Banik et al.[37] established a phase diagram for the Cr-O
system based on a subregular solution model that is in good
agreement with experimental data obtained by Ol’shanskii
and Shlepov,[2] thermodynamic data for Cr-Cr2O3 from
Fromm and Gebhardt,[38] and thermodynamic estimates for
CrO from Shirokov.[30] Degterov and Pelton[39] reassessed
the CrO-Cr2O3 subsystem, using a modified quasi-chemical
model for the molten slag database. Their calculated liq-
uidus temperature of Cr2O3 in air is 2571.16 K, which is in
good agreement with an early finding by Bunting[7] who
measured 2543 ± 25 K. Kowalski and Spencer[40] used the
associated solution model for the liquid phase based on the

experimental data used by Taylor and Dinsdale.[41] The lat-
ter authors proposed a phase diagram in good agreement
with the experimental data obtained by Toker,[3] using the
same thermodynamic models as the authors use in this
work, which are the two-sublattice ionic model for the liq-
uid and the compound energy model for the Cr2O3 phase.
Taylor and Dinsdale[41] fitted Cp data from Anderson[23]

close to the antiferromagnetic to paramagnetic transition
and data from Chase et al.[26] at elevated temperatures as a
sum of magnetic and nonmagnetic contributions. Experi-
mental information on phase relations for their assess-
ment were taken from Ol’shanskii and Shlepov,[2] Toker,[3]

Kelley et al.,[27] and Grube and Knabe.[8] The heat capacity
of Cr3O4 was taken as 7/5 times the nonmagnetic value
for Cr2O3 according to Neumann and Kopp’s rule. Their
calculated values for the enthalpy of formation and the en-
tropy of Cr3O4 are in agreement with an estimate done by
Chipman.[42]

Their optimization of one of the charged endpoints in
their compound energy model for eskolaite and the use of
six interaction parameters to describe the liquid may lead to
problems on extrapolation to higher-order systems, espe-
cially as their miscibility gap does not close on increasing
temperature. The use of six parameters for the description of
the Cr3O4 phase is somewhat incommensurate with the
scanty experimental information of this phase.

There is a large uncertainty concerning the exact melting
point of Cr2O3, and only few thermodynamic data of the
Cr3O4 phase and the liquid phase exist. This is reflected by
significant variations of the position of the eutectics, the
stability field of Cr3O4, and the temperature of the mono-
tectic reaction of Cr (bcc) and liquid between the assess-
ments of the Cr-O system.

4. Thermodynamic Modeling

4.1 Solid Phases

The crystal structure of eskolaite is �-Al2O3 type, space
group R3̄c. Eskolaite shows an antiferromagnetic to para-
magnetic transition at 305.5 K. The magnetic properties
of eskolaite can be described using a magnetic ordering
model proposed by Inden,[43] and simplified by Hillert and
Jarl.[44] In this model, a magnetic contribution to the Gibbs
energy is added to the nonmagnetic part of the Gibbs energy
given as:

�Gm
MAG� RTln(� + 1) f (�) (Eq 4)

where � is a parameter related to the total magnetic entropy,
and � � T/Tc. Tc is the critical temperature for magnetic
ordering. Tc and � are both dependent on the composition.
The magnetic parameter p equals 0.28.

The oxygen nonstoichiometry of Cr2O3 with the sublat-
tice occupation (Cr2+,Cr3+)2 (Cr3+,Va)1 (O2−)3 can be mod-
eled using experimental data from Matsui and Naito.[45]

This means that reduction is accomplished by the formation
of interstitial Cr3+ and not by the formation of oxygen
vacancies, which is in agreement with Young et al.[46] When
modeling oxygen deficiency in an oxide phase, it is impor-
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tant to submit the experimental data to a defect-chemistry
analysis. In the case of Cr2O3−� modeled with interstitial
Cr3+ the defect reaction reads:

2CrCr
x + Va i

x + 3OO
x → 3⁄2Cr �Cr + 1⁄2Cri

��� + 1⁄4Va i
x

+ 9⁄4OO
x + 3⁄8O2 �g� (Eq 5)

giving the equilibrium constant

Kr =
�Cr �Cr�

3�2�Cri
����1�2�Va i

x�1�4�OO
x �9�4PO2

3�8

�CrCr
x �2�Va i

x��OO
x �3 (Eq 6)

Assuming small defect concentrations all concentrations
except [Cr�Cr] and [Cri

���] are ∼1 and can be ignored. Due to
charge neutrality, the relation [Cri

���]�3[Cr�Cr] must hold.
Inserting this into Eq 6 gives the proportionalities [Cri

���] 	
PO2

−3/16 and [Cr�Cr] 	 PO2

−3/16. To explain their experimental re-
sults Matsui and Naito[45] proposed a defect reaction that
leads to the same proportionality; however, their equation
violates the fundamentals of defect chemistry and must be
rejected in favor of the defect reaction given above (Eq 5
and 6). The following other interstitial defects could be
assumed: Cr���

i giving a slope of PO2

−1/4, and Cr���
i giving a

slope of PO2

−3/20. Both are unlikely, the former because it is
unlikely to get Cr4+ on reduction, the latter because of the
large size of Cr2+. Assuming the defect reaction:

CrCr
x + 1⁄2OO

x → Cr �Cr + 1⁄2VaO
�� + 1⁄4O2 �g� (Eq 7)

leads to a proportionality of [VaO
��] 	 PO2

−1/6 and [Cr�Cr] 	 PO2

−1/6.
This slope does not correspond to the experimental findings
of Matsui and Naito.[45] Also the defects cannot explain the
electrical properties measured by Young et al.[46]

The low nonstoichiometry data from Matsui and
Naito[45] show a different slope than their higher nonstoi-
chiometry data. In contrast to Matsui and Naito[45] who
explain this assuming that neutral Cr forms interstitially, the
present authors believe that the different slopes are caused
by a competing defect reaction, for example charge dispro-
portionation, 2Cr3+ → Cr2+ + Cr4+, similar to the case of
LaMnO3 perovskites.47 The present authors did not consider
this by their defect chemistry model, as it would make the
description quite complex.

Figure 1 is a graphic representation of the model the
authors use to describe the oxygen nonstoichiometry of
eskolaite, where each corner of the composition square rep-
resents a °G parameter. The four corner compositions rep-
resent all possibilities to express the Cr2O3 phase according
to the above formula for the sublattice occupation. The cor-
ner Cr3+:Va:O2− corresponds to stoichiometric Cr2O3. The
three other corner compositions present charged com-
pounds. Only compounds along the neutral line can exist on
their own. As the most reasonable way to model reduction
is to use the reduced neutral endpoint (Cr2+)2 (Cr3+

2/3Va1/3)1
(O2−)3, labeled A in Fig. 1, one has to find functions of °G
of three charged corners expressed solely in terms of the
neutral compositions. This is done by using the two equa-
tions for the stoichiometric and the reduced endpoints, by
choosing an arbitrary reference, and by defining a reciprocal
reaction giving four equations with which all °Gs at the
corners can be expressed.

The function to model the reduction then reads:

°GCr2
2+

�Cr2�3
3+

Va1�3��O2−
�3

= °GCr2O3
+ 2⁄3°GCr

SER + A + BT

+ RT�2⁄3 ln 2⁄3 + 1⁄3 ln 1⁄3� (Eq 8)

The last term describes the configurational entropy due to
mixing of Cr3+ and Va on the interstitial site. °G of the 3+
charged end member (Cr3+)2 (Cr3+)1 (O2−)3 is chosen as
reference and given the value °GCr3+:Cr3+. Then the reciprocal
relation reads

°GCr3+:Cr3+ + °GCr2+:Va = °GCr3+:Va + °GCr2+:Cr3+ = �Gr (Eq 9)

To avoid the inevitable formation of miscibility gaps if the
energy of the reciprocal relation is large we set this energy
zero, which leads to:

°GCr3+:Cr3+ + °GCr2+:Va − °GCr3+:Va − GCr2+:Cr3+ = 0 (Eq 10)

This means that without introducing interaction parameters
one gets an ideal description between Cr2O3 and Cr2O3−�.
The expressions for all °Gs at the corners resulting from Eq
8 to 10 are listed in Table 2.

In contrast to Taylor and Dinsdale,[41] who needed four
parameters to model the Cr2O3 phase and had to arbitrarily
equate the °G of (Cr2+)2 (Va)1 (O2−)3 to stoichiometric
Cr2O3, the latter constraint is not needed in this model, and
one can reduce the number of parameters to only two.

The oxygen solubility in solid Cr (bcc) can be described
by an interstitial solution model of the form (Cr)1(O,Va)3.
For this model, literature data from Caplan et al.[48] are
used. It was not possible to model the oxygen solubil-
ity using the end member °GCr:O as this end member turned

Fig. 1 Compound energy model for the Cr2O3−� phase
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Table 2 Thermodynamic description of the Cr–O system

Cr Cr-bcc-A2 51.996 4050.0 23.543
O 1⁄2 mol O2 15.999 4341.0 102.52

Liquid

(Cr2+,Cr3+) p(O2−,Vaq−)q

p � 2yO2− + qyVa, q � 2yCr2+ + 3yCr3+

°GL
Cr2+:Vaq− − H SER

Cr � GCR_L

°GL
Cr3+:Vaq− − H SER

Cr � 2GCR_L + GCR2O3_L − 3GCR1O1_L

°GL
Cr3+:O2− − 2HSER

Cr − 3H O
SER � GCR2O3_L

°GL
Cr2+:O2− − 2H SER

Cr − 2H O
SER � 2GCR1O1_L

°LCr2+:O2−,Vaq− � °LCr3+:O2−,Vaq− � 121,000

Solid Cr (bcc_A2)

(Cr)1(O, Va)3

°G bcc
Cr:Va − H Cr

SER � GHSERCR

°G bcc
Cr:O − H Cr

SER − 3H O
SER � GHSERCR + 3 GHSEROO + 243T

L bcc
Cr:O,Va � −709,542

p � 0.4; Tc � −311.5; � � −0.008

Solid Cr (cph_A3)
°G cph

CrVa − HSER
Cr � GCRHCP

p � 0.28; Tc � −1109; � � −2.46

Solid Cr (fcc_A1)

°G fcc
Cr:Va − H Cr

SER � GCRFCC

p � 0.28; Tc � −1109; � � −2.46

Solid Cr (bcc_A12)
°G bcca12

Cr:Va − HSER
Cr � GCRBCCA12

Solid Cr (cub_A13)
°G cub

Cr:Va − HSER
Cr � GCRCUB

CrO

°G Cr:O
Cr1O1 − H Cr

SER − H O
SER � GCR1O1

Cr2O3

(Cr2+,Cr3+)2 (Cr3+, Va)1 (O2−)3

°G Cr2O3
Cr3+:Va:O2− − 2H Cr

SER − 3H O
SER � GCR2O3

°G Cr2O3
Cr3+:Cr3+O2− − 3H Cr

SER − 3H O
SER � GCR2O3 + GHSERCR

°G Cr2O3
Cr2+:Cr3+O2− − 3H Cr

SER − 3H O
SER � GCRO0 + 1⁄3GHSERCR − 5.2923T

°G Cr2O3
Cr2+:Va:O2− − 3H Cr

SER − 3H O
SER � GCRO0 − 2⁄3GHSERCR − 5.2923T

p � 0.28; Tc � 308.6; � � 3.0

Cr3O4

°G Cr:O
Cr3O4 − 3H Cr

SER − 4H O
SER � GCR3O4

Functions

GHSERCR � 298.15 < T < 2180
−8856.94 + 157.48T − 26.908T ln T + 0.00189435T 2

−1.47721 × 10−6 T 3 + 139,250T −1

2180 < T < 6000
−34,869.344 + 344.18T − 50.0T ln T − 2.88526 × 1032 T −9

GCRHCP � 298.15 < T < 2180
−4,418.94 + 157.48T − 26.908T ln T + 0.00189435T 2

−1.47721 × 10−6 T 3 + 139,250T −1

2180 < T < 6000
−30,431.344 + 344.18T − 50.0T ln T − 2.88526 × 1032 T −9

GCRFCC � 298.15 < T < 2180
−1572.94 + 157.643T − 26.908T ln T + 0.00189435T 2

−1.47721 × 10−6 T 3 + 139,250T −1

2180 < T < 6000
−27,585.344 + 344.343T − 50T ln T − 2.88526 × 1032 T −9

GCRBCCA12 � 298.15 < T < 2180
2230.06 + 160.1996T − 26.908T ln T + 0.00189435T 2

−1.47721 × 10−6 T 3 + 139,250T −1

2180 < T < 6000
−23,782.344 + 346.8996T − 50T ln T − 2.88526 × 1032 T −9

GCRCUB � 298.15 < T < 2180
7042.06 + 158.1076T − 26.908T ln T + 0.00189435T 2

−1.47721 × 10−6 T 3 + 139,250T −1

2180 < T < 6000
−18,970.344 + 344.8076T − 50 T ln T − 2.88526 × 1032 T −9

GHSEROO � 298 < T < 1000
−3480.872255 − 25.5028601T − 11.1355068T ln T − 0.005098873T 2

+ 6.6184604 × 10−7 T 3 − 38,364.8742T −1

1000 < T < 3000
−6568.76015 + 12.66000166T − 16.8138015T ln T − 5.9579637 × 10−4 T2

+ 6.78055555 × 10−9 T 3 + 262,904.778T −1

3300 < T < 6000
−13,986.728 + 31.259625T − 18.9536T ln T − 4.25243 × 10−4 T 2

+ 1.0721 × 10−8 T 3 + 4,383,200T −1

GCR2O3 � −1,164,542 + 728.56T − 119.8T ln T
−4.97 × 10−3 T 2 + 1,050,000T −1

GCR1O1 � 0.5GCR2O3 − 0.5GHSEROO + 255,269 − 53.82T
GCR3O4 � 1.5GCR2O3 − 0.5GHSEROO + 280,045 − 93.76T
GCRO0 � 108,305 + GCR2O3 + 2⁄3GHSERCR
GCR_L � 298 < T < 2180
15,483.015 + 146.059775T − 26.908T ln T + 0.00189435T 2

−1.47721 × 10−6 T 3 + 139,250T −1 + 2.37615 × 10−21 T 7

2180 < T < 6000
−16,459.984 + 335.616317T − 50T ln T
GCR2O3_L � GCR2O3 + 439,078 − 169T
GCR1O1_L � 0.5GCR2O3 − 0.5GHSEROO + 339,673 − 121.4T

Note: All parameters are in SI units: J, mol, K, Pa: R � 8.31451 J/mol � K. Parameters for solid Cr, liquid Cr, and gaseous O are from Dinsdale.[49]

Element
Element
reference Mass H298-H0 S298 Element

Element
reference Mass H298-H0 S298
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out to be too stable and CrO3 appeared in the stability
diagram at high oxygen partial pressures. Therefore a large
value is given to the end member °GCr:O (in this case 0
was a large number) and the oxygen stability is modeled
with the temperature dependence of °GCr:O and a regular
interaction parameter °LCr:O,Va that must of course be nega-
tive.

The Cr3O4 phase is based on the eskolaite phase. Its heat
capacity is given by Neumann and Kopp’s rule. Metastable
CrO is described in the same way.

The descriptions for solid and liquid chromium metal
and gaseous O2 are from Dinsdale.[49]

4.2 Ionic Liquid

The two-sublattice ionic liquid model[50,51] is selected to
describe the ionic liquid. As the experimental data on the liq-
uid phase are scarce, the number of parameters are kept as low
as possible. The sublattice occupation (Cr3+,Cr2+)p(O2−,Vaq−)q
is chosen With this expression one is able to obtain reason-
able results for the liquid phase using the positive interac-
tion parameters, °LCr2+:O2−,Va, and °LCr3+:O2−,Va that are re-
quired to give the miscibility gap. Figure 2 is a graphic
expression of the model, where each corner of the compo-
sition square represents a °G parameter of the liquid phase.
The four corner compositions represent all possibilities to
express the liquid phase according to the above formula.
The liquid composition changes along the hyperbolic curves
in Fig. 2.

A special feature of the Cr-O system is the occurrence of
a eutectic very close to the composition of CrO. The eutectic
temperature is mainly determined by the value of the corner
Cr2+:O2−.

One derives the °GL functions of the oxide compositions

(Cr3+:O2−) and (Cr2+:O2−) from the eskolaite phase. The
°GL of liquid Cr is taken from Dinsdale.[49] In this model
description of the liquid phase metallic Cr-liquid can be
described by both the corners Cr2+:Va and Cr3+:Va. Cr3+:Va
must be metastable compared with Cr2+:Va. One way of
doing this would be to simply say that Cr3+:Va equals
Cr2+:Va plus a large positive term, for example +600,000 as
given to °GCu2+:Va by Hallstedt et al.[52] in his original as-
sessment of the Cu-O system. This is however problematic
for reciprocal systems. If the reciprocal energy of the system
is large, there will be a tendency to form miscibility gaps as
pointed out by Hillert and Sundman.[53] Hallstedt and
Gauckler[54] recently reoptimized the Cu-O liquid, obtain-
ing the parameter °GCu2+:Va from the reciprocal relation and
giving it a reciprocal energy of 0. This considerably im-
proved the description of the Cu-O liquid and removed the
inverted miscibility gap found at high temperatures in the
original assessment.[52] An identical strategy is used here.
Thus metallic liquid is given by the corner °GL

Cr2+:Va. The
parameter °GL

Cr3+:Va is obtained by the reciprocal reaction
given as:

°GCr3+:Va

L = 2 °GCr2+:Va

L + °GCr3+:O2−
L − 3 °GCr2+:O2−

L + �Gr;

�Gr = 0 (Eq 11)

5. Optimization of Parameters

The complete set of optimized thermodynamic param-
eters describing the Cr-O system is given in Table 2.

The optimization of the thermodynamic parameters was
performed using the PARROT module of the Thermo
Calc[55] database system. In principle, PARROT can take
into account all sorts of thermodynamic and phase diagram
data simultaneously. The program minimizes the sum of

Fig. 3 Calculated Cr-O phase diagram with oxygen isobars. The
gas phase was not included in the calculation.

Fig. 2 Two-sublattice ionic liquid model for the Cr-O system
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squared errors between the experimentally determined
phase diagram and thermodynamic data. As the use of all
the experimental data in a simultaneous least square calcu-
lation often leads to divergence, the authors selectively ad-
justed the relative weight of each experimental data point
and excluded data that were inconsistent with the majority
of the data points during the optimization procedure.

The first parameters to be optimized were the Cp-
parameters of Cr2O3. These parameters were then kept fixed

during the rest of the optimization. The data used were heat
content data from Kelley et al.[27] and Cp data from Klemme
et al.[25] at 290 K and from 335 to 338 K with a low relative
weight. The magnetic parameter for Cr2O3, p, is equal to
0.28. The authors optimized Tc and � using Cp data from
Klemme et al.[25] close to the antiferromagnetic to paramag-
netic transition temperature. To determine the parameters
describing the enthalpy and entropy of Cr2O3, the authors
used log (PO2

) data from Jeannin et al.[18] and Toker et
al.,[13] high-temperature emf data from Holzheid and

Fig. 4 Enlargement of the calculated Cr-O phase diagram close
to the CrO composition, with experimental data and oxygen iso-
bars included

Fig. 5 Calculated oxygen potential phase diagram of the Cr-O
system, with experimental log (PO2

) data as a function of tempera-
ture from different studies

Fig. 6 Stability of Cr3O4 in the log (PO2
) versus temperature

diagram

Fig. 7 Calculated oxygen solubility in Cr (bcc) with experimen-
tal data and oxygen isobars included
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O’Neill,[21] and, with low relative weight, �fH°298 and S°298
data from Holzheid and O’Neill.[21] In the next step the
authors optimized the nonstoichiometry of Cr2O3−� using
data from Matsui and Naito.[45] They assessed Cr3O4 and
the liquid simultaneously, using experimental phase equi-
libria data from Toker et al.,[13] experimental data on the

liquidus at the oxygen poor side from Toker et al.,[13] and
experimental data on the liquidus at the oxygen rich side of
the miscibility gap from Ol’shanskii and Shlepov.[2] The
melting temperature of eskolaite in air was taken from
Bunting.[7] Finally the solubility of O in solid Cr was opti-
mized using data from Caplan et al.[48] In Table 1 values
that were used for the authors’ optimization are written in
italic letters.

6. Results and Discussion

6.1 Phase Diagram

The calculated phase diagram with oxygen isobars is
shown in Fig. 3. An enlargement of the phase diagram close
to the CrO composition is presented in Fig. 4. The shape of
the liquidus on the oxygen poor side of the miscibility gap
resulting from the authors’ optimization deviates slightly
from former optimizations relying on a single experimental
datum from Toker et al.[13] and an earlier experiment from
Ol’shanskii and Shlepov.[2] The calculated liquidus tem-
perature of eskolaite in air is 2539 K, in good agreement
with the measurement from Bunting.[7] For the monotectic
temperature of the reaction of Cr (bcc) and liquid, the pres-
ent authors calculate 2117 K, and for the eutectic one gets
1938 K at a mole fraction of oxygen of 0.497. Cr3O4 is
formed at 1918 K by a eutectoid reaction Cr2O3 + Cr + 1⁄2
O2 → Cr3O4. At a mole fraction of oxygen >0.497 it de-
composes in a peritectic reaction at 1973 K that forms
Cr2O3 and liquid. Figure 5 shows the calculated oxygen
potential phase diagram of the Cr-O system with experi-
mental log (PO2

) data included. The experimentally deter-
mined phase stabilities from Toker et al.[13] are particularly
well reproduced by the authors’ optimization. The shape
and size of the miscibility gap is speculative due to the lack
of experimental data. The stability of Cr3O4 is shown in the
log (PO2

) versus temperature diagram in Fig. 6. The solu-
bility of oxygen in Cr (bcc) is shown in Fig. 7. For the
maximum solubility of oxygen in Cr (bcc) one calculates a
mole fraction of oxygen of 0.08 at.% at 1938 K. For the
composition of Cr2O3−� one calculates the maximum non-
stoichiometry of Cr2O3−� phase with � � 0.098 to be at
1918 K. The oxygen nonstoichiometry resulting from this
optimization might seem somewhat high, but it results sim-
ply from the extrapolation of experimental data from Matsui
and Naito[45] on oxygen deficiency in function of (PO2

)
down to the oxygen partial pressure at the Cr-Cr2O3 equi-
librium following the proportionality given by the defect
chemistry analysis in section 4.1. The comparison of the
authors’ calculated oxygen nonstoichiometry in Cr2O3−�

with the experimental data by Matsui and Naito[45] is given
in Fig. 8.The solid lines correspond to the optimization ac-
cepted in this work. Obviously the authors’ results show a
significantly higher temperature dependence compared with
the experiments. Considering a temperature dependence for
the reduced neutral endpoint of the phase Cr2O3−� gives
values of GCRO0 � −202,130 + 235T + GCR2O3 + 2⁄3
GHSERCR (dotted lines in Fig. 8) and leads to the reduced
neutral endpoint being too stable at low temperatures.
Therefore, due to existing data at only three different

Fig. 8 Optimized nonstoichiometry of Cr2O3−� with the only
available experimental data from Matsui and Naito[45] included.
Optimization of a temperature dependence is represented by dotted
lines. The solid lines result from the authors’ accepted optimiza-
tion without considering temperature dependence. The low non-
stoichiometry data show a different slope than the higher nonstoi-
chiometry data.

Fig. 9 Comparison of calculated heat capacities of Cr2O3 with
experimental data
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temperatures from a single author, it was decided not to
optimize a temperature dependence giving GCRO0 �
108,305 + GCR2O3 + 2⁄3 GHSERCR. The data at low oxy-
gen nonstoichiometries were not used, as the introduction of
an additional defect species would be required to reproduce
these.

6.2 Thermodynamic Data

The heat capacities, Cp, of the solid Cr2O3 phase (Fig. 9)
are well represented by the authors’ assessment. For the
magnetic parameter � one calculates 3.0, and for Tc one gets
308.6. For �fH°298 (Cr2O3) one calculates −1123 kJ/mol,
which is in particularly good agreement with the data from
Ramsey et al.,[33] and for S°298 (Cr2O3) one gets 85 J/K · mol,
which is very close to the results from Holzheid and
O’Neill.[21] For �fH°298 (Cr3O4) one calculates −1402 kJ/
mol, and for S°298 (Cr3O4) one gets 175 J/K · mol. These
values for Cr3O4 deviate significantly from the results of
Taylor and Dinsdale,[41] who calculated �fH°298 (Cr3O4) �
−1447.685 kJ/mol, and S°298 (Cr3O4) � 150.555 J/K · mol.
For a metastable CrO phase one calculates �fH°298 � −306
kJ/mol, and S°298 � 46.83 J/K � mol based on the estimates
of Shirokov.[30]

7. Conclusions

With the authors’ reassessment of the Cr-O system, they
are able to describe available thermodynamic and phase
diagram data with as few optimizing parameters as possible.
However, it must be kept in mind that experimental data on
the liquid miscibility gap are largely missing, and that a
large variation of the measured melting points of eskolaite
exists.
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