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1. Introduction

In the present study a new ternary, Cr-Mn-0, is added to
the description of the C-Cr-Fe-Ni-O system [1,2]. In parallel, the
Fe-Mn-0 and Mn-Ni-O systems are being assessed [3,4] and in
combination they will yield a consistent thermodynamic database
for the C-Cr-Fe-Mn-Ni-0O system. That system is of fundamen-
tal importance when describing the influence of oxygen on high
alloyed steels. The solid phases are of interest as material in the
interconnects in solid oxide fuel cells (SOFC). Ferritic steels have
been considered as interconnect materials of SOFCs with operating
temperatures in the range 873-1073 K. Recent studies have shown
that the oxide scale formed on ferritic interconnects primarily are
composed of Cr,03 and (Cr, Mn)304 spinel [5-7]. A thermodynamic
description of the Fe—-Cr-Mn-0 system could thus be of invaluable
help to understand the oxidation behaviour of such interconnects.
Other important areas are oxidation processes like the formation
of oxide layers on high alloyed steels, inner oxidation, sintering
processes and high temperature corrosion. The liquid phase is of
interest for e.g. the interaction between steel and its slag in a met-
allurgical context.

This work will also contribute to the development of a larger
oxide database by which it will be possible to treat many types of
different steels. The models in this work are compatible with the
models used in a parallel work on the Al,03-Ca0O-Fe-0-MgO-SiO,
system [8,9]. The database can be used with appropriate thermody-
namic software, e.g. Thermo-Calc [10], to calculate thermodynamic
properties, equilibrium states and phase diagrams. The thermody-
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namic database can also be combined with a kinetic database and
suitable software, e.g. Dictra, to simulate diffusion controlled phase
transformations where oxides play an important role [11]. The
description of the constituent binaries Cr-Mn[12], Mn-0[3,13] and
Cr-0 [14] are combined to form the ternary and the model param-
eters for the Cr-Mn-0O system are optimised using experimental
data available in the literature.

Cr-Mn-0O has been assessed recently by both Jung [15] and
by Povoden et al. [16], but is reassessed in this work. Except for
the Mn-O description that Povoden et al. also used, they both
based their assessments on other descriptions for the binary
subsystems than the ones used in the present work. Furthermore,
the description of the spinel phases is more ambitious in the
present work. Povoden et al. [16] used a stoichiometric description
unable to describe the cation distribution between tetrahedral
and octahedral sites. Jung [15] did not describe the deviation
from stoichiometry towards the metallic side for Cr304, MnCry04
and Mn3O04. An extensive thermodynamic database for the
Al,03-Ca0-Co0-Cr0-Cr,03-FeO-Fe;03-MgO-MnO-NiO-SiO,
system has been developed by Decterov et al. [17] using the
modified quasichemical model [18-20] to describe the molten slag
phase. Those assessments are not considered in the present work
since the two liquid models are not compatible.

2. Thermodynamic models
2.1. Liquid

The ionic two-sublattice liquid model [21,22] is applied to
the Cr-Mn-O system, using the formula (Cr*2, Mn*2)p(0~2, Va—<,
CrOq5, MnOj 5)q. The liquid phase in the Fe-O system was first
modelled with (Fe*2, Fe*3)p(0~2, Va~2)q[23], but later Fe*> was
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replaced by a neutral species, FeO 5[24]. This change was imposed
by an equivalent change for Al-containing system where Al*3 was
replaced by AlOq 5 in order to better control the unwanted recipro-
cal miscibility gaps that occurred in e.g. Al 03-Ca0-SiO,. However,
even though a new model for liquid Al,03 (without AlO;5) has
been developed [25], the FeOq 5 species has been kept. To conform
to the model in Fe-0, neutral CrO; 5 and MnO1 5 species are used
to model liquid Cr,03 and Mn;,0j5 in the present work. Cr-O was
earlier assess by Taylor and Dinsdale [26], who only used only one
oxidation state of Cr to model the liquid phase, namely Cr*3. The
liquid phase in Cr-O0 is reassessed in a parallel work [14] using the
formula (Cr*2)p(0~2, Va~2, CrOy 5 )o. It has been established that Cr
is mainly divalent in liquid oxide at low oxygen potentials and Cr*2
is a prerequisite in the model if calculations of redox equilibria of
liquid oxide should be possible.

P and Q are the number of sites on each sublattice. P and Q vary
so that electroneutrality is maintained. The same model can be
used both for metallic and oxide melts. At low levels of oxygen,
the model becomes equivalent to a substitutional solution model
between metallic atoms. The ionic two-sublattice model was devel-
oped within the framework of the compound energy formalism
(CEF) [27], which is used to describe phases using two or more
sublattices and is widely used in Calphad assessments [28,29]. The
Gibbs energy of the liquid phase is expressed by:

Gm = Yer2Yo-2°CGpzip2 + Yun2Yo-2 Oypi2.0-2
+ Qly,e V2 Gp2.ya-0 + Yyn+2° Gyn+2:va-2 )
+QYcr0, 5°Gero; 5 + YMn0; 5 GMno, 5) + RTP(V iz In(yps2)
+Yun2 10V mp2)) + RTQY g2 In(yg-2) + Yy,-0 In(Yy,-0)
+Ycro; 5 IN(Yero, 5 ) + YMno; s IN(Ymno, 5)) + EGm (1)

where y denotes the site fraction and £G,, is the excess Gibbs energy
which depends on the interaction between species within each
sublattice:

E 2 0 1
Gm = QyVayCrJrz-yMn”( LCr+2,Mn+2:Va+ LCrJrZ.,Mn”:Va(-yMnJr2 _yCr+2))
0 1
+YVayCr+2y0—2( LCr”:o*Z,va + Lcﬁz;ofz‘va(yo& _J’Va))
0 1
+yVayMn+2yo*2( LMrﬁz:O*Z,Va + LMnJrz:O’Z,Va(yO’Z _yVa))
+Yrr2Yo2Ye0 s Lepra.0-2
Crr=70 1.5 “Crt<:074,Cr0q 5
+Yunt2Yo-2YMn0; 5 Lynt2.0-2
Mn*<70 nU15 *Mn*4:07%,MnO; 5
+Yer2Yeroy s Lo Y2y O
Crt2YCr0y5 Lcrt2:crog 5,va T Y crt2YMnOys “crt2:Mn0, 5,Va

0 0
+Ymnt2Ycro 5 LMn+2;Cro1_5,v3+yMn+2yMn01_5 LMn+2:MnO1_5,Va
(2)

Above only the interaction parameters that are actually used in the
present work are included. A colon is used to separate species on
different sublattices and a comma is used to separate species on
the same sublattice.

2.2. Spinel: cubic and tetragonal

There are two types of spinel phases in the Cr-Mn system;
cubic and tetragonal spinels (Strukturbericht H14 for cubic spinel).
Hausmannite (Mn304)is a tetragonal spinel (a-Mn304) at low tem-
peratures and transforms to a cubic spinel (3-Mn304) at higher
temperatures. o-Mn30y4 dissolves small amounts of Cr, while 3-
Mn304 extend up to MnCr,04. Cr304 is also a cubic spinel and
is included in the same model. Only under some conditions: high
temperature and low oxygen partial pressure, is the cubic spinel

stable in the composition range MnCr,04-Cr304. The tetragonal
distortion originates from the Jahn-Teller distortion of octahedral
sites occupied by Mn*3 ions. The modelling of the spinel phase is
discussed in detail in previous works [1,3,30].

In accordance with the work by Dorris and Mason [31], it
is assumed that a- and -spinel have different ionic configura-
tions: a-spinel is described by (Cr*2, Cr*3, Mn*2, Mn*3);(Cr*3, Mn*2,
Mn*3, Va),(Cr*2, Mn*2, Va),(0~2), and B-spinel by (Cr*2, Cr*3,
Mn*2){(Cr*3, Mn*2, Mn*3, Mn*4, Va),(Cr*2, Mn*2, Va),(0~2),. The
first sublattice represents tetrahedral sites and the second sublat-
tice represents octahedral sites. A normal spinel has the divalent
ions on the tetrahedral sites and the trivalent ions on the octahe-
dral sites. An inverse 23-spinel has trivalent ions on the tetrahedral
sites and divalent and trivalent ions on the octahedral sites, while
an inverse 42-spinel has divalent ions on the tetrahedral sites and
divalent and tetravalent ions on the octahedral sites.

The models for the spinel phases might seem a bit complicated at
first sight, why an explanation for this complex approachisin place.
a- and 3-Mn304 are modelled with vacancies on the octahedral
sublattice and an extra interstitial sublattice, with Mn*? in places
that are normally filled with vacancies, to be able to model the devi-
ation from stoichiometry according to the experiments from Keller
and Dieckmann [32]. According to Dorris and Mason the degree
of inversion of Mn304 remains small even at high temperature.
It would be expected to be even smaller at lower temperature,
i.e. smaller in a-Mn304 than in B-Mn304. Mn*3 would thus be
unnecessary to include on the tetrahedral sublattice of a-Mn304.
But Mn*3 on the tetrahedral sublattice in ®-Mn3;0,4 are needed to
be able to retain electroneutrality when octahedral vacancies are
included to describe the deviation from stoichiometry towards the
oxygen-side. Cr*3 on the tetrahedral sublattice might seems unnec-
essary toinclude because the degree of inversion of MnCr, Q4 is very
low, but for this description to be consistent with the description
of the Fe-Cr-Ni-0 spinel in an earlier work [1] were Cr*3 is present
on the tetrahedral sublattice, Cr*3> must be included also here. Cr*2
in the interstitial sublattice also originate from the Fe-Cr-Ni-O
assessment, where it is needed to describe the oxygen activity
dependence in (CrxFeq_yx)3_504.

The number of end-members for the a- and [3-spinels are 48
and 45 respectively and most of these have a net charge and can be
present only in neutral combinations, but each end-member must
be given a Gibbs energy value. In practice the number of indepen-
dent parameters is much less than this. In the models above only
four independent parameters are used to model hausmannite, one
for Cr304, two for MnCr,04 and one for interstitial Cr*2. The 48 and
45 end-members in a- and (3-spinel are thus reduced to 8 model
parameters for each phase. For the remaining parameters, simple
relationships are assumed to hold for the substitution of one cation
for another on the same lattice, for example:

GCr+2:Cr+3 - GCr“:Cr‘*‘3 = GCr*'Z:MnJr3 - GCr*'3:MnJr3 (3)

i.e. substitution of a Cr*2 for a Cr*3 on the first sublattice is assumed
to be independent of which ions reside on the other lattices. The
relationship in Eq. (3) is a so called reciprocal reaction, and can be
rearranged as:

AGCr”,Crﬁ:Mn”,CrJr3 = GCr”:CrJr3 - GCr”:CrJr3 - GCr”:mn*3
+ GCr+3:Mn+3 =0 (4)

Proceeding in this way allows all end-members to be evaluated
based on the 8 model parameters mentioned above. The model
is thus rather simple in all its complexity and extrapolations into
higher-order systems are shown to give accurate results [33] in the
Fe-Cr-Mn-Ni-O system.

Cr has a low solubility in a-spinel. Below, the description on
the modelling is focused on the cubic phase, but most parts of the



86 L. Kjellgvist, M. Selleby / Journal of Alloys and Compounds 507 (2010) 84-92

Fig. 1. Compositional square for MnCr,04. The possible neutral compositions are
on the marked neutral line.

discussion hold for both phases. Many parameters in the tetragonal
a-spinel have the same functions as the cubic 3-spinel.

MnCr,04 is described using (Crg™, Mny_g*2)(Cry 5",
Mn,;*2)(0~2)4, where & is the inversion parameter. In MnCr,04,
the degree of inversion is very low, hence MnCr,04 is a normal

spinel, £=0. The four °G parameters ("Gg&cﬂ, OGf/ln+2'Mn+2'
°Gﬁn+2:€r+3 and OG§r+3:Mn+2) are from now on denoted OGgC. "ng,

"ch and "G‘gz. The Gibbs energy of stoichiometric 3-MnCr,04 is
given by

°Gh = Y33 Ghy + VoV Che +YeV3Gly + VeV Gl = TSm + FG(5)

where the superscripts ' and ”’ denote tetrahedral and octahedral
sites, respectively. This is a system with a neutral line between the
"Gzﬂc corner and the "ch—"ng side, see Fig. 1. All points on the
neutral line between the normal and inverse spinels represent the
stoichiometric composition, but with different distributions of ions
on the tetrahedral and octahedral sublattices. Only one point on
the line represents the equilibrium composition at a given tem-
perature. The site fractions in Eq. (5) could be replaced by the
variable describing the disorder, &£ =y, =1 -y}, =2 -2y} = 2y’.
£=0 yields the normal state (Mn*2);(Cr*3), and &£=1 yields the
inverse state (Cr*3);(Crp5*3, Mng5*2),. The excess energy, £Gy,, in
Eq. (5) should be neglected since there already are more compound
energies than experimental information. Rearranging Eq. (5) and
expressing all site fractions in terms of £ yields:

Gh + TSm(§) = °Ghe + J5c& +0.5AGhc, &2 ©)
p B B p B
AG)eoc =G + G, — %Gy, — °Gie )
B B B p
Joe =Gl +0.5°Gh, — 1.5°Gh. (8)

Since the degree of inversion is low, the Gibbs energy of 3-MnCr, 04

is given by "ch. Ong and "G’gc are fixed from the assessments of

the Mn-0 and Cr-0 systems, respectively. Jzﬁc is used to model the

degree of inversion. lf"Gzﬁ2 and "G?C were not already known, we
would have chosen one of them as a reference and the other one
would be used to model the degree of inversion. The last parameter
("G'gz), would be obtained by giving some value for the recipro-

cal relation, AGP The established value in the model for the

2C:2C*
spinel phase is AG?C:zc = 0. Since "ng and "ch are known, ]’;C
and Acgc:zc could not both be evaluated. Since no detailed studies

on the cation distribution are available, AGzﬂc;zc = 0is chosen. This
choice will give an almost perfectly normal spinel for all tempera-
tures.

To be able to model the spinel all the way to Mn304 and also
include Cr;04 in the same model, Cr*2 should be included on
the tetrahedral sublattice and Mn*3 and Mn** on the octahedral
sublattice. This give, besides °G/. (oc;ﬁrﬂﬂ+3 ), °Gh, (Ocﬁ Cagges)
and "Gzﬁ4 (°cP +2...+4) known from the Cr-O and Mn-O assess-

Mn™“:Mn

ments, five more unknown parameters: °G’g3, °Gg4, "Gcﬂz, °Gf3 and
"Gﬁl, which we evaluate from the reciprocal relations AGcy:23 =0,
AG:24=0, AGp.2=0, AGp:c3=0 and AGg:c4=0. B-Mn304
shows a small deviation from stoichiometry. Vacant sites are
formed in the octahedral sublattice to model the deviation towards
oxygen in equilibrium with Mn,03. To model deviation towards
manganese in equilibrium with halite, Mn*2 is assumed to enter
interstitial sites normally filled with vacancies. Cr*? ions are also
allowed on the interstitial sublattice, this originates from the
modification of the Cr-Fe-O assessment [1]. The final model for
the Cr-Mn spinel is (Cr*2, Cr*3, Mn*2),(Cr*3, Mn*2, Mn*3, Mn*4,
Va),(Cr2, Mn*2, Va),(0~2),.

The ocﬁnﬂ:cﬁ Mnt2.0_2 “Parameter was used as amodel param-

eter. Without this parameter a Cr-Mn-spinel with some (~1%)
interstitial Mn is formed, preventing the experimental data on the
phase boundary B-spinel/halite to be reproduced. The 21 remaining

parameters in the nonstoichiometric system (Ochz. ”chz, "vaz,
chvz' OGgMC (M=Mn*2, Mn*3, Mn*4, Va), "GI’?,M* (N=Cr*2, Cr*3,
M=Mn*2, Mn*3, Mn*4, %=Cr*2, Mn*2), OGzﬁCC) are evaluated using
reciprocal reactions, see Eq. (4).

Mn304 and MnCr,04 undergo magnetic transitions at low tem-
peratures (~40K). The transition in MnCr,04 is not considered in
this work due to the low temperature at which it takes place. The
Curie temperature of Mn30,4 is modelled to be able to describe
how the Curie temperature varies in Fe304-Mn30g4 in the Fe-Mn-0
assessment [3]. The magnetic contribution to the Gibbs energy is
given by a model proposed by Inden [34] and adapted by Hillert
and Jarl [35].

2.3. Manganosite, bixbyite, eskolaite and pyrolusite

The manganosite (MnO) phase has the NaCl-type structure
(Strukturbericht B1), with the generic name halite. The halite phase
is described using a model within the CEF with two sublattices;
one for metal ions and one for oxygen ions. MnO has a consider-
able solid solubility, due to the oxidation of Mn*2 to Mn*3 and the
formation of cation vacancies. The solubility of Cr in manganosite
is modelled with Cr*3 ions on the metallic sublattice. The phase is
thus represented as:

(crt3, Mn*2, Mn*3 va),(072),

The parameter Gglf‘ﬂ‘?o_z is evaluated in the Cr-Fe-O assessment

[36], and the solubility of Cr in manganosite is obtained using
an interaction parameter, OL‘gji‘éeWz:sz. a-bixbyite (a«-Mn,03)
transforms to 3-Mn, 03 (Strukturbericht D53) at around 300 K. The
a-modification was not considered in this work due to the low
transformation temperature. The solubility of Cr in (3-bixbyite is
modelled by adding Cr*3 ions on the cation sublattice. The model

yields:
(Mn+3 , Cr+3 )2(072 )3

Eskolaite (Cr,03) has the generic name corundum (Strukturbericht
D51). The solubility of Mn in eskolaite is modelled by adding Mn*3
ions on the cation sublattice. The model becomes:

(Crt?, crt3, Mn*3),(Crt3 Va),;(072);
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The parameter GCMO“jg“_j\‘/’;?OJ is evaluated in the Fe-Mn-O assess-

ment [3], and the solubility of Mn in eskolaite is obtained using an

int i t OLcorundum
Interaction parameter, “"Le+3 y+3.y,:0-2-

Pyrolusite (MnO, ) with the generic name rutile (Strukturbericht
C4) is described as a stoichiometric phase. There are no reports on
any solubility of Cr in pyrolusite.

The description of Cr,0j3 is taken from Taylor and Dinsdale [26]
and the descriptions of MnO, 3-Mn,;03 and MnO, are all from
Grundy et al. [13].

3. Experimental data

There are very few studies on the thermodynamic properties of MnCr,04. No
heat capacity measurements were performed, and the enthalpy and entropy at
298 K is not known. Several values for the Gibbs energy of formation of MnCr;04
(AG{AHGZOA) from MnO and Cr,0; are published. The most recent investigation
is from Tanahashi et al. [37] who derived AG{AnCr204 = —59 £ 8KkJ/mol at 1873K
by equilibrating molten iron or copper with an MnO-saturated MnCr, 04 crucible.
AG{AnCrZO4 was calculated using the compiled AG{AHO and AGfCrzo3 from Barin [38].

Tsai and Muan [39] reported AG{AnCr2 04 from MnO and Cr,03 at 1773 and 1873 K,
calculated from the reaction

CrOq.5 + Mng 5A10; = AlO; 5 + Mng 5CrO; (9)
; -f -f -f

They achieved AGMnCrZD4 = AGMnA1204 —20,000 at 1873K and AGMnCrZO4 =

AG{AnAIZO4 — 19,200 at 1773 K. The result will depend on which value is chosen

for AG{V{nA]204' In their calculations they used AG{VI“N204 at 1873 K from Lenev and

Novokhatskiy [40] and obtained AG‘I;mCrZO4 = —52.6KJ. If one uses other values for

G{Anmzo‘, reported in literature one may obtain e.g. AGlf\/[nCrzO4 =-51.5K] [38],

—54.4K][41]and —35.6 k] [42] at 1873 Kand —50.7 k] [38], —53.6 k] [41] and —34.8 k]
[42] at 1773 K.

Jacob et al. [43] used the same technique as Tsai and Muan [39] and calcu-
lated the standard Gibbs energy changes at 1373 K for Eq. (9) using the activity
data for the spinel phase obtained in their study and data for the corundum phase

from a previous work [44] on the Al;03-Cr,03 system. Using AG from Barin

[38]Aclfvlncr204 = —57.5 £+ 2.4K] could be calculated.

Biggers [45] studied the ternary system CoO-MnO-Cr,03; by approximately
the same technique as Tsai and Muan [39] and found that AG{/MCFZO4 = -59.0k]
at 1523 K.

Hasting and Corliss [46] investigated the magnetic structure and properties of
MnCr,04 by means of neutron diffraction. They reported that MnCr,04 is a normal
spinel at room-temperature with less than 1% Mn*? ions present on octahedral sites.
No experiments to study the temperature dependence of the cation distribution in
MnCr,04 have been reported.

Speidel and Muan [47] studied the Cr-Mn-0 system in air in the temperature
range 873-2253 K. Their reported solubility of Cr in Mn,03; and Mn in Cr,03 are
considerable higher than the ones reported by Golikov et al. [48] and Pollert et al.
[49,50]. Golikov et al. [48] made X-ray analysis for the Cr-Mn-0 system in air in the
temperature range 973-1673 K. They suggest that the temperature for the three-
phase equilibrium -spinel + Mn, 05 + Cr, 05 equilibrated in air is 973 K, but they did
not perform any experiments at lower temperatures. Pollert et al. [49] performed
annealing experiments in order to determine the a/3-spinel phase boundary in the
temperature range from 1215 to 1395K. They also reported a very high solubility
limit of Cr in Mn;, 03, which corresponds to an oxygen partial pressure >0.21 atm.
Later, Pollert et al. [50] reinvestigated the phase equilibria between Mn;03 and 3-
spinel and found a lower solubility, which agrees with that found by Geller and
Espinosa [51], who measured the maximum solubility of Cr in Mn,03 to 13 mol.%.
Pollert et al. [50] also investigated the Cr,03/(3-spinel equilibria and the o/3-spinel
equilibria in the temperature range 1100-1620K. The experimentally determined
three-phase equilibria equilibrated in air from these four authors [47-50] are sum-
marized in Table 1.

Naoumidis et al. [52] investigated the Cr-Mn-0 system at 1273 K both in air and
in an Ar-4vol.% H, atmosphere (po, ~ 102" bar).

Garbers-Craig and Dippenaar [53] studied the Cr-Mn-0 system in a CO/C0,=4.8
atmosphere in the temperature range 1673-2023 K.

Holba et al. [54] investigated the o/B-spinel transition temperature of
Mn,Cr3_xO4 samples in the temperature range from 569 to 1445K. At room-
temperature, they found that samples with 1.0 <x <1.76 were cubic spinels and
samples with 1.80 <x < 3.0 corresponded to the tetragonal spinel.

The Mn-content in bec for the three-phase equilibrium halite + 3-spinel+bcc was
measured by Ranganathan and Hajra [55] to be xy, =0.252 at 1323 K.

Bobov et al. [56] investigated the two-phase equilibria (3-spinel/halite at 1073,
1173 and 1273 K in an atmosphere with an oxygen partial pressure ranging from
10-'3 to 10! Pa. They found that the lattice parameters of 3-spinel changed with
the oxygen partial pressure, but made a mistake when they used their results. They

MnAl, 0,

Table 1
Three-phase equilibria in the Cr-Mn-0 system in air.
Equilibrium Temperature (K) Reference
3-Spinel + Mn, 053 +Cr, 03 973 Golikov et al. [48]
<873 Speidel and Muan [47]
813 This work
3-Spinel + a-spinel + Mn, 03 118310 Golikov et al. [48]

1183 +5 Speidel and Muan [47]
1235 Pollert et al. [49]
<1180 Pollert et al. [50]
1177 This work

3-Spinel + Cr, 05 +liquid 2243 +20 Speidel and Muan [47]
2465 This work

assumed that the composition of the spinel varied linearly with the H,O/H, ratio
which is not true. Later, Naoumidis et al. [52] measured the relationship between
the lattice parameter and the composition at 1273 K. In the present study, the com-
position of B-spinel was recalculated, based on the data from Naoumidis et al. [52].

Tanahashi et al. [57] determined the phase equilibria for the Cr-Mn-0O sys-
tem at 1873 K as a function of Pp, (2 x 1076 — 2 x 102 Pa). They found an increasing
solubility of Cr in cubic Mn,Cr3;_,04 with decreasing oxygen partial pressure and
an increasing solubility of Mn in cubic Mn,Cr3_4O4 with increasing oxygen partial
pressure.

4. Optimisation and results

The optimisation of the parameters was performed using
the PARROT module of the Thermo-Calc software package [10].
The values for the model parameters assessed in this work are
listed in Table 2 . Data for the pure elements were taken from
Dinsdale [58].

Using the scattered experimental data for the Gibbs energy

of formation of MnCr,04 from MnO and Cr;03 (AG{VI“Cr204 =

AH{\AnCr204 + AS{AnCr204T), it is difficult to evaluate any tempera-
ture dependence, and AS! = O was therefore assumed. In the

MnCry04
optimisation, low weight was given to these data and higher weight
to the phase diagram data. The enthalpy of formation, AH{flnCr204’
is optimised to be —51.0 kJ/mol. The optimised Gibbs energy of for-
mation of MnCr, 04 from MnO and Cr, 03 is shown in Fig. 2 together
with the experimental data.

Since no detailed studies on the cation distribution is available,
AG,., = 0 was chosen, see Section 2.2. This choice will give an
almost perfectly normal spinel for all temperatures. At 1273 K, the

Fig. 2. Calculated and experimental [37,39,43,45] Gibbs energy of formation for
MnCr;04.



88 L. Kjellgvist, M. Selleby / Journal of Alloys and Compounds 507 (2010) 84-92

Table 2
Assessed parameters (in SI units; ], mole, K.)

The magnetic contribution to Gibbs energy is described by:

Gmagn =RTIn (B+1)f(7), T=T|Tc

Fort<1:

f)=1- [(797~1 /140p)-+(474/497)((1/p)-1)((z> /6)+(z® /135)+(x!> /600))]
- A

and for t>1:
f(r) = —((z5 /10)+(z~15/315)+(z25 /1500))

A
where A=(518/1125)+(11, 692/15,975)((1/p) — 1) and p depends on the structure.

Liquid (Cr*?, Mn*2)p(0~2, Va=¢, CrO; 5, MnO1 5)q
Gpi.g-2 — 2HSR — 2HSR = 2GCR101.L
“Certa = HSER GCRL

°Gero, 5 — HSER 1.5HR = 0.5GCR203.L
N2 *ZHISVIEJ{ 21—15ER 2GMN101.L
ns2va — HOER = GMN. L
°Guno, 5 — HIEX — 1.5HS™ = 0.5GMN203 L
Leprzg 2y, = 208, 000 - 53T
1[‘CrJrZ:O’Z,Va =-21,000

=129,519

—45,459

= 47,000

Mn#2:0-2,Mn0; 5 = — 33 839

=110, 000

Crt2:VaVa,MnOy 5 — 110, 000

=110, 000

oL =110, 000

OL w2 yni2.va = —15,009 + 13.6587T

L2 pmi2.va = 504 + 0.9479T

1leu-rz:crz,Va -
Mn+2:072Vva =
"cl*zzo*z.CroL5
L,
oL
UL
Vg,

Crt2:vaCro; 5

Mn*2:Va,Cro; 5
Mn*+2:VaMnO; 5

Halite: (Cr*3, Mn2*, Mn3*,Va); (02~ );
°Gep3.0-2 — HER — HER = CWUSTITE
°Gynt2:0-2 — Hyk — 1-1SER GMN101
o —Hk HSER GMN101 - 21, 884 — 22.185T

ULMn‘Z.Mn”:O’2 =-42,105
]LMnJ’Z,Mn”:O’2 =46,513
l)LCrJrS.Mn‘Z:O’2 =23,000°

Pyrolusite (MnO3): (Mn*4);(0~2),
Gyyi4:0-2 — Hyk — 2HZER = —545, 091 + 395.379T — 65.277T In T — 0.007803T? + 664, 955/T

Bixbyite: (Cr*3, Mn*3),(02)3
0Gepi3,0-2 — 2HSER — 3HSER — GCR203 + 39, 000 — 13T 2
OGyni3:0-2 — 2Huk — 3HZR = GMN203

l)[‘Cr*3,Mn*3:0’2 =-25,000*°

Corundum: (Cr*2, Cr*3, Mn*3),(Cr*3, Va);(0-2)3
°Gep2.yag-2 — 2HER — 3HSR = GCR203
3 wao-2 — ZHIER — 3HER — GCR203
OGepe2,r3.0-2 — SHER — 3HR = GCR203 + 665, 910
G ri3.0-2 — 3HEER — 3HIRR — GCR203 — 232, 227.2 + 241.3793T
3 vao-2 — 2HSR — 3HSER — GMN203 + 25, 500 — 3.7T
M3 302 — 2HSEnR HZER _ 3HSER — GMN203 + 300, 000 *
LCr"3,Mn+3:Va:O’2 =15,000°
Magnetic properties (p=0.28):
for compounds containing only Cr cations Tc=—918 and f=—5.814
for compounds containing Mn cations Tc=0 and S=0

B-Spinel: (Cr*2, Cr*3, Mn*?);(Cr*3, Mn*2, Mn*3, Mn*4, Va),(Cr*2, Mn*?, Va),(0~2)s
G213 yao-2 — SHER — 4HFER = 10.5GFCB — 3.5GFFB — 0.5]FF + JFC + GCCB
ct2.vavao-2 — HER — 4HSER = 3 5GFCB + 1.5GFFB — 0.5]FF + C + JFC + GCCB
G 43,643 ya0-2 — SHEER — 4HSER = 10.5GFCB — 3.5GFFB — 0.5]FF + JFC
HEER — 4H5™R = 3.5GFCB + 1.5GFFB — 0.5]FF + C + JFC

crt3:vava:0-2 ~ Her o .
Mn+2:Mn+2:va:0-2 ~ SHym — 4H0 = GM2M2B

%, 3HER — 4HRR — 7GMMB

Mn*2:Mn*3:va:02

Gyt 2ivnt4vaso-2 — SHaR — 4HSER 14GMMB + JMMB — GM2M2B

Gnt2:vava:o-2 — Hark — 4H3ER = 8GGMN203B — 56GMMB — 3]JMMB + 3GM2M2B + 2RT(61n6 — 3In3 — 21n2)

02t 2iva0=2 — Hng 2HSER 4HS® = GM2M2B — 7GMCB + 10.5GFCB — 3.5GFFB — 0.5]FF + JFC + GCCB

G2 i3 vao-2 — HER — 2H,5v,ER 4HSER 7GMMB — 7GMCB + 10.5GFCB — 3.5GFFB — 0.5]FF + JFC + GCCB

G2 amtaiyao-2 — HER — 2HyER — 4HgER = 14GMMB — GM2M2B + JMMB — 7GMCB + 10.5GFCB — 3.5GFFB — 0.5]FF + JFC + GCCB
G 3+ 2va0-2 — HEER — 2HyER — 4H3ER — GM2M2B — 7GMCB + 10.5GFCB — 3.5GFFB — 0.5]FF + JFC

°Gert3 mnBvao-2 — HE: — 2HSER 4H3™ = 7GMMB — 7GMCB + 10.5GFCB — 3.5GFFB — 0.5]FF + JFC

Gept3 nt4ivao-2 — HEER — 2HSER 4H)™ = 14GMMB — GM2M2B + JMMB — 7GMCB + 10.5GFCB — 3.5GFFB — 0.5]FF + JFC
OGMn*z:CrH:Va:O’2 - 2HSER HSEI? 4H(S)ER =7GMCB

OG*:*:Cr+2:O’2 = OG*:*:Va:O’2 + 2GFFB + D —JFF

°G, ... vin+2:0-2 = °G....va.0-2 + 8GGMN101B — 2GM2M2B + 4RT In 2

°Gyin+2 .3 :Mn+2:0-2 = Gynt2:crt3vaio-2 + SGGMN101B — 2GM2M2B + 4RT In 2 + 145, 000 °

Magnetic properties (p=0.28):

for compounds containing only Cr cations Tc =100 and 8=0.9

for compounds containing only Mn cations Tc=43.15 and 8=0
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Table 2 (Continued )

a-Spinel: (Cr*2, Cr*3, Mn*2, Mn*3); (Cr*3, Mn*2, Mn*3, Va),(Cr*2, Mn*2, Va),(02)4

G213 ya0-2 — SHIER — 4HSER = 10.5GFCA — 3.5GFFA — 0.5]FF + JFC + GCCA

2 vavain-2 — HEER — 4HZER = 3.5GFCA + 1.5GFFA — 0.5]FF + C + JFC + GCCA

ZGCr+3:Cr+3:Va:072 - SBEII-{IEER - ?Eigg“ = 10.5GFCA — 3.5GFFA — 0.5]FF + JFC

chl~+3;vA;v,]:o—2 — HEE 7S;1RHO :SE3I£5GFCA + 1.5GFFA — 0.5JFF + C + JFC

DGMmzszZ;Vazo—z - 3H§,[Eq{ - 4HgER = 21GMMA + 2]JMMA — 2GM3M3A

DGMH+3:MH+2:Va:o,2 - BHm - 4H§’ER = 14GMMA + 2]JMMA — GM3M3A

OGMHH:MHQ:VEO,Z - BH%nR - 4H‘s’m =7GMMA

GMn+3:Mn"3:Va:O 2= 3HMn — 4H0 = GM3M3A

"G t2vavao-2 — Hyk — 4HSER = 8GGMN203A — 6GM3M3A + 7GMMA + 2RT(6In6 — 5In 5)
°Gnt3-vavao-2 — Hyrk — 4HZHR = 8GGMN203A — 5GM3M3A + 2RT(6In6 — 51n5)
Gert2in+2:yai0-2 — HER — 2HYR — 4HSER = 10.5GFCA — 3.5GFFA — 0.5]FF + JFC + GCCA + 21GMMA + 2JMMA — 2GM3M3A — 7GMCA
G2 a3 ya0-2 — HER — 2HpER — 4H3ER — 10.5GFCA — 3.5GFFA — 0.5]FF + JFC + GCCA + 7GMMA — 7GMCA
G 3 mt2va0-2 — HEk — 2HpER — 4H3ER — 10.5GFCA — 3.5GFFA — 0.5]FF + JFC + 21GMMA + 2JMMA — 2GM3M3A — 7GMCA

Ge3 3 va0-2 Hélr‘:;;{— 2H§,§E - 4H§E§ = 10.5GFCA — 3.5GFFA — 0.5]FF + JFC + 7GMMA — 7GMCA
*Gynt2:cri3ivan-2 — 2He, " — Hypy — 4H5™ = 7GMCA

Gyt ymo-2 — 2HER — HEM,EE* — 4H3P = 7GMCA + GM3M3A — 7GMMA
°G,...c12.02 =°G....yao-2 + 2GFFA + D — JFF
evnt2:0-2 = °G...va0-2 T 8SGGMN101A — 42GMMA — 4]JMMA + 4GM3M3A + 4RT In 2
Magnetic properties (p=0.28):
for compounds containing only Cr cations Tc=100 and $=0.9
for compounds containing only Mn cations Tc=43.15 and =0

Functions
GCR _L(298.15<T<2180)=GHSERCR +24, 339.955 — 11.420225T+2.37615E — 21E — 21T’
GCR_L(2180<T<6000)=—16,459.984 +335.616316T— 50TIn T
GHSERCR(298.15<T<2180)=— 8856.94 + 157.48T — 26.908TIn T+.00189435T? — 1.47721E — 06T> + 139, 250/T
GHSERCR(2180<T<6000) = — 34, 869.344 +344.18T — 50TIn T — 2.88526E +32/T°
GCR101 _L=0.5GCR203 _L—0.25 + GO2GAS+189, 130 - 51T
GCR203(298.15<T<1000)=—1, 177,497.8 +814.9138T — 132.046TIn T+.005256015T% — 1.38885E — 06T° + 1, 501, 761/T
GCR203(1000<T<2600)=— 1, 166, 947.9+701.5624T — 115.5381TIn T—.00620492T> + 1.00698E — 07T + 239, 949/T
GCR203 _L=-1,047,074+260.777T—3.97112TIn T+2GCR _L+ 1.5GO2GAS
CWUSTITE(298.15<T< 1000) = — 563, 748.9 + 407.4569T — 66.02315TIn T+.002628T> — 6.944225E — 07T° + 750, 881/T
CWUSTITE(1000 < T<2600) = — 558, 473.9 +350.7812T — 57.76905TIn T —.00310246T> +5.034917E — 08T° + 119, 974.7|T
GMN _1(298.15<T<1519)=GHSERMN + 17, 859.91 — 12.6208T — 4.41929E — 21T’
GMN _L(1519<T<6000)=GHSERMN + 18, 739.51 — 13.2288T — 1.656847E + 30/T°
GMN101 .L=GMN101 +43, 947 — 20.628T
GMN101=-402, 478 +259.356T — 46.835TIn T—.00385T> +212, 922/T
GMN203 _L=+2GMN101 +0.5G02GAS — 64, 953 +43.144T
GMN203=-998, 618 +588.619T— 101.956TIn T —.018844T2 + 589, 055/T
GHSERMN(298.15<T<1519)=—8115.28 + 130.059T — 23.4582TIn T —0.00734768T> +69, 827.1/T
GHSERMN(1519<T<6000)=— 28, 733.41+312.2648T — 48TIn T+ 1.656847E +30/T°
GO2GAS(298.15<T<1000)=— 6961.74451 — 51.0057202T — 22.2710136TIn T—0.0101977469T2 +1.32369208E — 06T> — 76, 729.7484|T
GO2GAS(1000<T<3300)=— 13, 137.5203 +25.3200332T — 33.627603TIn T—0.00119159274T2 + 1.35611111E — 08T + 525, 809.556/T
GO2GAS(3300<T<6000)=—27,973.4908 +62.5195726T — 37.9072074TIn T — 8.50483772E — 04T? +2.14409777E — 08T> +8, 766, 421.4/T
GCCB=46,028.95+38.73173T — 11.58574TIn T+.006411774T?
GCCA=GCCB+1000?
GFCB=—214, 607.7 +138.83T — 23.28714TIn T—.001595929T2 + 227, 729.3/T
GFCA=GFCB+1000 ?
JFC=156, 000 — 3.37T
GFFB=—161, 731+ 144.873T — 24.9879TIn T —0.0011952256T2 + 206, 520/T
GFFA = GFFB + 1000
JFF=46, 826 — 27.266T
C=120,730-20.102T
D=402, 520 —-30.529T
GMCOB=GMN101 +GCR203 — 51, 000 2
GMCOA=2300+20T?
GMCB=GMCOB/7 2
GMCA=GMCOA/7 + GMCOB/7 @
GMFB=—181, 660+ 125.8T — 22.08TIn T— 0.0016T2 + 104, 000/T
GMFA = GMFB +4900 — 1.9T
JMF=28, 000
GMN304A=—1,439,700+892.2T — 154.748TIn T—0.017408T> + 986, 139/T
GMN304B=15,270+7T
GMMB = GMN304B/7 + GMN304A/7
GMMA = GMN304A/7
JMMB =26, 210 — 17.46T
JMMA =95, 000
GGMN101B=GMN101 +66, 200 — 13.795T
GGMN203B=GMN203 +228, 000 — 200.34T+0.05T?
GM2M2B =21GMFB + 2JMF — 14GFFB + 2]JFF
GGMN101A=GMN101+58,500 - 11T
GGMN203A =GMN203 +240, 000 — 211.8T+0.05T2
GM3M3A =10.5GMMA +JMMA — 10.5GMFA — JMF + 7GFFA — JFF

2 Parameters assessed in this work. Parameters for the Mn-0 system originate from Grundy et al. [13], with revision regarding the liquid and spinel phases from Kjellqvist
and Selleby [3]. Parameters from the Cr-0O system originate from Taylor and Dinsdale [26,36], with revision regarding the liquid and spinel phases from Kjellqvist et al. [1,14].
Parameters for the metallic phases and the gas phase could be found elsewhere [12,58].
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Fig. 3. Calculated cation distribution in MnyCr3_,04 (1 <x<3) at 1473K. T and O
represent tetrahedral and octahedral sites, respectively.

calculated fraction of Mn*2 ions on octahedral sites is 2 x 10~4. The
calculated cation distribution in MnxCr3_,04 at 1473 K is shown in
Fig. 3.

The experimental data for the Cr-Mn-0O system in air are incon-
sistent. The measured single phase regions of a-spinel, Mn,03 and
Cr,03 are much larger in the study by Speidel and Muan [47] than
in other studies [48-50,52]. In the present work, the experimental
data from Speidel and Muan [47] is not taken into consideration.
Data from Pollert et al. [50] are used in the optimisation for the
Mn,03/B-spinel phase boundary. For the (3-spinel/Cr,03; bound-
ary data from Pollert et al. [50], Tanahashi et al. [57], Naoumidis
et al. [52] and Garbers-Craig and Dippenaar [53] are used. For the
B-spinel/halite boundary, data from Bobov et al. [56], Tanahashi et
al. [57] and Garbers-Craig and Dippenaar [53] are used.

For the tetragonal spinel, the only available data to determine
the model parameters are the o/B-phase boundary and the tran-

sition temperature. Tetragonal MnCr, Q4 is not a stable compound
and the parameter "G‘;‘Anﬂ op 3 is optimised to reproduce the exper-
imental data from Naoumidis et al. [52], Pollert et al. [49] and Holba
et al. [54].

No good measurements for the Mn, O3 + 3-spinel + Cr, O3 three-
phase equilibrium in air is available. Speidel and Muan [47]
reported that 3-spinel should be stable below 873 K and Golikov et
al. [48] claimed the temperature to be 973 K, but without doing any
experiments at lower temperatures. The optimised temperature is
813 K. According to the present thermodynamic modelling, in order
to be able to fit the temperature from Golikov et al. [48], the Gibbs
energy of MnCr,04 must be more than 8 k] higher than the opti-
mised value. If MnCr; Q4 is assessed according to the measurements
from Golikov et al., other experiments could not simultaneously be
reproduced, e.g. the phase boundaries between [3-spinel and Cr,03
and between 3-spinel + Mn,03.

The only data for the liquid phase is the one from Speidel
and Muan [47] who measured the three-phase equilibrium -
spinel+corundum +liquid to be at 2243 + 20K and x¢; =0.63. To be
able to fit that temperature a rather large interaction parameter
in the liquid phase is needed and another possibility is to instead
use a temperature dependence for the Gibbs energy of formation
of MnCr,04. Povoden et al. [16] choose to assess a temperature
dependence of MnCr,04 in their Cr-Mn-0 assessment and could
then reproduce the temperature of the three-phase equilibrium
-spinel + corundum +liquid. This also led to a very low tempera-
ture for the three-phase equilibrium 3-spinel + corundum + MnO,.
It is difficult to justify any of these approaches based on the insuf-
ficient experimental data available. Additional measurements on
both these two three-phase equilibria would be desirable to obtain
a more satisfactory description of this system. No ternary interac-
tion parameters are used in the Cr-Mn-O0 liquid.

The calculated phase diagram in air, together with experimen-
tal data is shown in Fig. 4. Figs. 5 and 6 show the calculated
composition-oxygen partial pressure phase diagram at 1273 and
1873 K with experimental data. The calculated phase diagram in an
atmosphere with a CO:CO, volume ratio of 4.8, yielding oxygen par-
tial pressures in the range 10~19 — 10-7, is shown in Fig. 7 together
with the experimental data from Garbers-Craig and Dippenaar [53].

Fig. 4. Calculated phase diagram of Cr-Mn-O for a fixed pressure of 0.21 bar (air) with experimental data.
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Fig. 5. Calculated and experimental [52,56] phase diagram at 1273 K.
Fig. 8. Isothermal section of the Cr-Mn-0 system at 1323 K, including the exper-
imental point from Ranganathan and Hajra [55] on the three-phase equilibrium
halite + 3-spinel + bcc.

The calculated mole-fraction of Mn in bcc at the three-phase
equilibrium halite + 3-spinel+bcc at 1323 K is 0.252, in excellent
agreement with the measured value reported by Ranganathan and
Hajra [55]. An isothermal section of the ternary Cr-Mn-O system at
1323 K is shown in Fig. 8.

5. Conclusions

The present assessment gives a good description of the avail-

able experimental information in the ternary Cr-Mn-0 system. A

complete list of all parameters is found in Table 2. The Gibbs energy

function of MnCr,04 was evaluated based only on Gibbs energy of

formation and phase diagram data. The description of the spinel

phases in the Cr-Mn-0 system is consistent with the description

of the Fe-Cr-Ni-0 [1], Fe-Mn-0 [3] and Mn-Ni-O [4] spinel from

earlier and ongoing work, and we are now able to do thermody-

namic calculations in the five-component Fe-Cr-Mn-Ni-0 system.

Fig. 6. Calculated and experimental [57] phase diagram at 1873 K. The models in this work are compatible with the models used in a
parallel work on the Al,03-CaO-Fe-0-MgO-SiO, system [8,9].
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