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As part III of this series, the model is extended to iron oxide-containing melts. All available
experimental data in the FeO-Fe2O3-Na2O-K2O-MgO-CaO-MnO-Al2O3-SiO2 system were
critically evaluated based on the experimental condition. The variations of FeO and Fe2O3 in
the melts were taken into account by using FactSage to calculate the Fe2+/Fe3+ distribution.
The molar volume model with unary and binary model parameters can be used to predict the
molar volume of the molten oxide of the Li2O-Na2O-K2O-MgO-CaO-MnO-PbO-
FeO-Fe2O3-Al2O3-SiO2 system in the entire range of compositions, temperatures, and oxygen
partial pressures from Fe saturation to 1 atm pressure.
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I. INTRODUCTION

MANY slag systems in the steelmaking process and
non-ferrous metallurgical process contain significant
amounts of iron oxide. For example, the CaO-FeO-
Fe2O3-SiO2 slag is the main slag system of both the basic
oxygen furnace (steelmaking process) and converter
process of non-ferrous metals such as Cu and Zn. In
addition, the slags for ferro-alloy production and
electric arc furnace slags for steel production contain a
large amount of iron oxide. Molar volume or density is
one of the most fundamental physical properties of
liquid slags and is required for the design of industrial
processes. However, the molar volume of Fe oxide-con-
taining slag is complex because of the redox reaction in
slag producing both FeO and Fe2O3 in liquid state. The
amount of FeO and Fe2O3 changes with slag composi-
tion, temperature, and oxygen partial pressure.

Critical evaluation of all experimental molar volume
data in the Li2O-Na2O-K2O-MgO-CaO-MnO-PbO-
Al2O3-SiO2 system, the modeling of molar volume of
unary and binary melts, and demonstration of predictive
ability of the present structural molar volume model in
ternary and multicomponent melts were already pre-
sented in the Parts I and II of this series of studies.[1,2]

The purpose of the present study is to critical review
of the experimental molar volume data of the FeO-
Fe2O3-Na2O-K2O-MgO-CaO-MnO-Al2O3-SiO2 system
and modeling based on a structural molar volume

model. The molar volume parameters of pure FeO and
Fe2O3 and hypothetical binary FeO-SiO2 and Fe2O3-
SiO2 melts were optimized in the present study based on
the most reliable experimental data. Then the molar
volumes of all ternary and multicomponent melts under
any oxygen partial pressure can be accurately predicted
from the present structure molar volume model.

II. STRUCTURAL MOLAR VOLUME MODEL

A structural molar volume model for binary systems
was presented in Part I of this study and its expansion to
ternary and multicomponent systems was explained in
Part II. A short review of the model is given below.
The total number of oxygen (nt) in one mole of a

M2O-…-MO-…-M2O3-…-SiO2 melt (where M is any
metallic cation such as Na, Ca, Mg, Fe(II), Al, Fe(III),
etc.) is

nt ¼ XM2O þ � � � þ XMO þ � � � þ 3XM2O3
þ � � � þ 2XSiO2

;

½1�

where X is the mole fraction of each respective oxide
in the melt. Then the number of bridged oxygen (nOo)
in one mole of solution can be calculated by multiply-
ing the mole fraction of Si–Si pairs (XSi–Si) in the solu-
tion, calculated by the Modified Quasichemical Model
(MQM)[3] with an optimized thermodynamic database
(FactSage FToxid database[4]): nOo ¼ XSi�Sint. Strictly
speaking, Al2O3 and Fe2O3 behave as amphoteric com-
ponents in molten slags. However, for the sake of sim-
plicity, Al2O3 and Fe2O3 were treated in the present
model as network modifiers like Na2O, CaO, MgO,
FeO, etc. The amount of different silicate tetrahedral
Qn species in one mole of given melt can be calculated
based on the random distribution of bridged and bro-
ken oxygen around each Si atom in silicate melt. In
addition, the amount of free oxygen bond units, nM–M

per mole of melt, can be calculated to be
nM�M ¼ XM�Mnt, where M = all cationic species like
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Na, Ca, Mg, Fe(II), Al, Fe(III), except Si in given
melt.

The molar volume of binary silicate MO-SiO2 melts is
calculated from the molar volume of MO and SiO2 and
Qn species using the following formula:

Vm ¼ nQ4ðaSiO2
þ bSiO2

TÞ þ
X3

n¼0

nQnðan þ bnTÞ

þ ntxM�MðaM�M þ bM�MTÞ;
½2�

where molar volume of each unit in the model is
expressed as a function of temperature, a + bT. The
unary molar volume parameters and binary Qn species
parameters were determined based on unary and bin-
ary molar volume data.

In order to predict the molar volume of ternary and
multicomponent slags, the quantity of each Qn species
for a given melt can be calculated from pair (bond)
fraction information using the MQM model[3] with
FactSage FToxid database.[4] Then, the molar volume of
the melt can be calculated using the following formula
based on a linear extrapolation of the unary and binary
parameters weighted by the quantity of each M-Si pairs:

Vm ¼ nQ4ðaSiO2
þ bSiO2

TÞ þ
X3

n¼0

nQn

P
i xSi�iðani þ bniTÞP

i xSi�i

þ nt
X

i

X

j

xi�jðai�j þ bi�jTÞ; ½3�

where nQn and nt are the number of moles of Qn species
and total oxygen in one mole of liquid. xSi � i and xi � i

are bond fractions of broken oxygen (Si-i pairs) and free
oxygen (i–j pairs where i and j are cations other than Si)
in one mole of liquid. The molar volume parameters of
pure SiO2 ðaSiO2

þ bSiO2
TÞ, QnðanM þ bnMTÞ; where n =

0 to 3, and MO ðaM�M þ bM�MTÞ are obtained by the
reproduction of the molar volume change in the binary
a MO-SiO2 melt. The last term in Eq. [3] incorporates
the effect of free oxygen species. The molar volume of
Mi-Mj (ai-j + bi–jT) is the average of the molar volume
of Mi–Mi (ai–i + bi–iT) and Mj–Mj (aj–j + bj–jT). In the
case of Na2O containing system, Na2 is considered as
network modified cation species. That is, Na2 is M in
Eqs. [2] and [3]. The same is applied for other alkali oxi-
des. It should be noted that there is no ternary or higher
order correction term in Eq. [3]. Once unary and binary
Qn species parameters are determined, accurate predic-
tion of molar volume of ternary and multicomponent
systems can be done by the model.

The last term in Eq. [3] incorporates the effect of free
oxygen species (e.g., Na-Na, Ca-Ca, Na-Ca, etc.). That
is, if there is no SiO2 in the melt, the molar volume of the
slag can be calculated only from the last term. There-
fore, the molar volume of binary molten slag with no
SiO2 changes linearly in the present model. For example,
the molar volume of the ternary CaO-FeO-Fe2O3 slag
varies linearly, from the present model, dependent on
the amount of each component in slag. This will be
discussed later.
The molar volume of the Na2O-K2O-MgO-CaO-

MnO-Al2O3-SiO2 slag was already fully modeled in the
Parts I[1] and II.[2] The model parameters can be found
in Part I.[1] So, the addition of FeO and Fe2O3 to this
multicomponent slag only requires the molar volume
model parameters for unary FeO and Fe2O3 and binary
FeO-SiO2 and Fe2O3-SiO2. The model parameters are
listed in Table I. The details of modeling process are
discussed below.

III. CRITICAL EVALUATION AND OPTIMIZA-
TION OF MOLAR VOLUME

In order to develop an accurate molar volume model
containing iron oxide, an accurate thermodynamic
database to calculate the amount of Fe2+ and Fe3+ in
liquid slag under any partial pressure of oxygen is
required. In FactSage FTOxid database,[4] critically
evaluated and optimized model parameters for liquid
slag with FeO-Fe2O3-SiO2-CaO-MgO-MnO-Al2O3-etc.,
components are stored. During the optimization of the
thermodynamic model, the phase equilibria between
slag and gas to quantify the variation of Fe2+ and Fe3+

as a function of oxygen partial pressure, composition,
and temperature; the phase diagram data of Fe satura-
tion, air, and various oxygen partial pressures; the
activity data for liquid slag, etc., are all taken into
account. Some of the published results for the opti-
mization for FeO-Fe2O3,

[6] FeO-Fe2O3-SiO2,
[7] FeO-

Fe2O3-MgO,[8] FeO-Fe2O3-CaO,[9] FeO-Fe2O3-Al2O3,
[9]

FeO-Fe2O3-CaO-SiO2,
[9] FeO-Fe2O3-MgO-SiO2,

[10]

FeO-Fe2O3-MnO-Mn2O3-SiO2
[11] systems are available

in the literature.
The bond fractions of liquid slags containing iron

oxide were calculated from the MQM[3] with optimized
thermodynamic model parameters from FactSage
FTOxid database.[4] The structural units for the molar
volume are then calculated from the bond fraction data.

Table I. Optimized Molar Volume Model Parameters for Unary and Binary Fe Oxide Silicate Systems

Oxides

Q3 Q2 Q1 Q0 Pure Oxide Linear#1

a b 9 103 a b 9 103 a b 9 103 a b 9 103 a b 9 103 a b 9 103

FeO 27.00 2.00 37.00 3.00 38.00 4.00 41.00 7.00 13.46 1.25 8.76 2.92
Fe2O3 45.00 0.00 45.00 0.00 70.00 0.00 70.00 0.00 10.05 1.38 26.92 9.09
SiO2 (Q

4) – – – – – – – – 27.3 0.00 26.9 0.00

a is in cm3/mole and b is in cm3/mole-K.
#1: The model parameters for a linear model obtained from the work of Lange and Carmichael.[5]
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Table II. Summary of Experimental Data of Iron Oxide-Bearing Melts

System Reference (Year: Authors) Methoda Data Presentation Condition

FeOx 1961: Henderson et al.[12] MBP table Fe Sat. (Ar)
1963: Adachi et al.[13] DBA, SBA graph Fe Sat. (Ar)
1964: Henderson[14] MBP table Fe Sat. (Ar)
1965: Ward and Sachdev[15] MBP table Fe Sat. (N2)
1967: Gaskell and Ward[16] MBP table Fe Sat. (Ar, He, N2)
1968: Mori and Suzuki[17] DBA graph variable CO/CO2 (not specified)
1970: Sokolov et al.[18] MBP table Fe Sat. (He)
1974: Lee and Gaskell[19] MBP table variable PO2 (not specified)
1974: Ogino et al.[20] DBA graph Fe Sat. (N2, Ar)
1976: Kawai et al.[21] MBP equation Fe Sat. (Ar)
1978: Shiraishi et al.[22] SBA table Fe Sat. (Ar)
1988: Hara et al.[23] DBA table air, CO2/H2, CO2

CaO-FeOx 1964: Henderson[14] MBP table Fe Sat. (Ar)
1974: Lee and Gaskell[19] MBP table variable PO2 (not specified)
1974: Ogino et al.[20] DBA graph Fe Sat. (N2, Ar)
1975: Abrodimov[24] MBP graph (assumed Fe Sat. and air)
1976: Kawai et al.[21] MBP equation Fe Sat. (Ar)
1983: Sumita et al.[25] DBA graph air
1988: Hara et al.[23] DBA table air, CO2/H2, CO2

2006: Vadasz et al.[43] MBP table air
Na2O-FeOx 1983: Sumita et al.[25] DBA graph air
FeOx-SiO2 1961: Henderson et al.[12] MBP table Fe Sat. (Ar)

1962: Adachi and Ogino[26] MBP table Fe Sat. (N2)
1963: Adachi et al.[13] DBA graph Fe Sat. (Ar)
1964: Henderson[14] MBP table Fe Sat. (Ar)
1965: Ward and Sachdev[15] MBP table Fe Sat. (N2)
1967: Gaskell andWard[16] MBP table Fe Sat. (Ar, He, N2)
1969: Gaskell et al.[27] MBP table Fe Sat. (Ar)
1970: Sokolov et al.[18] MBP table Fe Sat. (He)
1972: Holeczy et al.[28] MBP table (assume Fe Sat.)
1974: Lee and Gaskell[19] MBP table variable PO2 (not specified)
1974: Ogino et al.[20] DBA graph Fe Sat. (N2, Ar)
1976: Kawai et al.[21] MBP equation Fe Sat. (Ar)
1978: Shiraishi et al.[22] DBA table Fe Sat. (Ar)
1982: Mo et al.[29] DBA equation Fe Sat. (N2, Ar)
1997: Courtial et al.[30] DBA table Air
2013: Thomas DBA table 1 pct CO—99 pct Ar

Na2O-FeOx-SiO2 1982: Mo et al.[29] DBA equation air
1987: Lange and Carmichael[31] DBA table air
1988: Dingwell et al.[32] DBA table air
2006: Liu and Lange[33] DBA table air
2013: Guo[34] DBA table 1 pct CO—99 pct Ar

K2O-FeOx-SiO2 2006: Liu and Lange[33] DBA table air
CaO-FeOx-Al2O3 1977: Zielinski and Sikora[35] MBP table air

2000: Vadasz[36] MBP table air
FeOx-Al2O3-SiO2 1975: Abrodimov[24] MBP graph (assumed Fe Sat. and air)
MgO-FeOx-SiO2 1968: Bryantsev[37] MBP table Fe Sat. (Ar)
CaO-FeOx-SiO2 1960: Adachi et al.[38] MBP graph Fe Sat. (N2)

1962: Adachi and Ogino[26] MBP table Fe Sat. (N2)
1962: Wu et al.[39] MBP table Fe Sat. (Ar)
1964: Henderson[14] MBP table Fe Sat. (Ar)
1969: Gaskell et al.[27] MBP table Fe Sat. (Ar)
1970: Sokolov et al.[18] MBP table Fe Sat. (He)
1974: Lee and Gaskell[19] MBP table variable PO2 (not specified)
1974: Ogino et al.[20] DBA graph Fe Sat. (N2, Ar)
1975: Abrodimov et al.[24] MBP graph (assumed Fe Sat. and air)
1976: Kawai et al.[21] MBP equation Fe Sat. (Ar)
1982: Mo et al.[29] DBA equation air
1985: Licko et al.[40] SBA equation air
1988: Dingwell and Brearly[41] DBA table air
1988: Hara et al.[23] DBA table air, CO2/H2, CO2

2000: Vadasz et al.[36] MBP table air
2013: Guo[34] DBA table 1 pct CO—99 pct Ar
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Structural changes are automatically taken into account
in the molar volume calculations as described in Eqs. [2]
and [3]. All the volume parameters used in this work are
listed in Part I[1] of this study and new parameters
related to FeO and Fe2O3 are listed in Table I. The
summary of experimental data for iron oxide-containing
slags is presented in Table II. The present modeling
results are also compared with the results of the linear
model developed by Lange and Carmichael.[5]

A. FeO-Fe2O3 System

The density of the iron oxide system has been
primarily studied in contact with solid iron under an
inert atmosphere. Only Mori and Suzuki[17] and Hara
et al.[23] examined the melts under controlled oxygen
partial pressures.

The density measurements of iron oxide melts in
contact with iron (iron saturation) are relatively

scattered. It was noted in earlier works that the density
of iron oxide melts (and other iron oxide-rich melts)
could be varied depending on the inert gas used. Ward
and Sachdev[15] demonstrated that they could obtain
very different results depending on whether they used Ar
or N2 atmosphere while using the MBP method. This
effect was later attributed to the precipitation of iron
from the melt due to the differences in thermal conduc-
tivities of the inert gases. The deviation between the
results obtained using different inert gases could be
eliminated with better temperature control. Gaskell and
Ward[16] performed improved measurements using Ar,
N2, and He gas and obtained virtually the same results.
Therefore, it should be noted that in some of the earlier
works there is the possibility of iron precipitation which
significantly increases the apparent density of the melt
(lowers the molar volume) depending on the inert gas
used. Early results using Ar gas are comparable with the
more recent/accurate results.
The optimized molar volume of the FeO-Fe2O3

system is shown in Figure 1 along with experimental
data. Both the linear model and the present model
assume a linear extrapolation across the system. A
subset of the data in iron saturation has been shown, as
there are too many data points to illustrate while
maintaining clarity. In iron saturation, the most accu-
rate results are believed to be those of Ogino et al.[20]

using a DBA technique (tabulated) in both Ar and N2

atmospheres. Density values of between 4.58 and 4.59 g/
cm3 at 1673 K (1400 �C) were obtained. These values are
consistent with the more recent values by Shiraishi
et al.[22] who used a SBA technique (tabulated) with
correction of surface tension contributions.
Mori and Suzuki[17] varied oxygen partial pressure by

controlling the CO/CO2 ratio and used a DBA method.
They reported their density measurements graphically,
and only published their Fe3+/Fe ratios without oxygen
partial pressure information. It was not possible to
calculate the ferric to ferrous ratios using FactSage and
therefore the raw data were used as reported. Hara
et al.[23] measured a single composition with a CO2/H2

ratio of 22, using a DBAmethod. The present model and
the linear model of Lange and Carmichael[5] are illus-
trated at two temperatures [1673 K and 1773 K (1400 �C
and 1500 �C)]. The results of Lange and Carmichael may
not reproduce the data exactly because all the

Table II. continued

System Reference (Year: Authors) Methoda Data Presentation Condition

CaO-MgO-FeOx 2006: Vadasz et al.[43] MBP table air
MnO-FeOx-SiO2 1969: Gaskell et al.[27] MBP table Fe Sat. (Ar)

1970: Sokolov et al.[18] MBP table Fe Sat. (He)
1974: Ogino et al.[20] DBA graph Fe Sat. (N2, Ar)

Higher order system 1968: Bryantsev[37] MBP table Fe Sat. (Ar)
1970: Sokolov et al.[18] MBP table Fe Sat. (He)
1979: Nelson and Carmichael[42] DBA equation (assume Fe Sat.)
1982: Mo et al.[29] DBA equation air
1997: Courtial et al.[30] DBA table air
2013: Guo[34] DBA table 1 pct CO—99 pct Ar

aMethod: DBA = Double Bob Archimedean; SDA = Single Bob Archimedean; MBP = Maximum Bubble Pressure.
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Fig. 1—The molar volume of the binary FeO-Fe2O3 system at 1673
K and 1773 K (1400 �C and 1500 �C).[12–14,17,20–23] The data point at
the lowest Fe2O3 content, iron saturation, represents multiple data
from various research groups. Experimental condition for each study
can be found in Table II.
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experimental data used in this work were analyzed using
FactSage. The calculate the ferric to ferrous ratios do not
coincide exactly with the values used by Lange and
Carmichael for the calibration of their model parameters.
In addition, the model of Lange and Carmichael was

calibrated primarily using the experimental data of melts
studied in air and in relatively silica-rich compositions.
The experimental data of Mori and Suzuki are

inconsistent with the more recent data of Hara et al.
The results published by Mori and Suzuki suggest a
non-linear variation in molar volume between FeO and
Fe2O3. It is unknown why their results differ from Hara
et al. The transcription of their results and the uncer-
tainty of the Fe3+/Fe content does not explain the
deviation. The present model is in good agreement with
the most recent experimental results with iron saturation
using various techniques. The molar volumes of FeO
and Fe2O3 were numerically optimized by performing a
multi-linear regression on the data of Hara et al.,[23]

Ogino et al.,[23] and Sumita et al.[25] with the experi-
mental data of the CaO-FeO-Fe2O3 system.

B. Ternary Systems

1. CaO-FeO-Fe2O3 system
This silica-free ternary system in iron saturation was

examined by Henderson[14] (MBP), Ogino et al.[20]

(DBA), and Kawai et al.[21] (MBP). Abrosimov

Fig. 2—The ternary CaO-FeO-Fe2O3 system: (a) compositions (mol pct) examined and (b) model accuracy.[14,20,21,23–25,43]
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Fig. 3—The (a) ternary CaO-FeO-Fe2O3 system in iron saturation at 1673 K (1400 �C),[14,20,21] and (b) calculated molar volumes of the theoreti-
cal binary CaO-FeO system (straight lines) in comparison to those of real CaO-FeOx system under iron saturation (curved lines) at 1673 K
(1400 �C).
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Fig. 4—The molar volume of ternary Na2O-FeO-Fe2O3 system in air
at 1673 K (1400 �C).[25]
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et al.[24] (MBP), Sumita et al.[25] (DBA), Hara et al.[23]

(DBA), and Vadasz et al.[43] (MBP) all examined this
system in air. Hara et al.[23] (DBA) and Lee and
Gaskell[19] (MBP) varied the oxygen partial pressure.
Unfortunately, Lee and Gaskell did not provide the
partial pressures used; therefore, their results have been
omitted from this comparison.

The compositions studied by each research group along
with the experimental condition and the accuracy of the
present model are shown Figure 2. This system is well
reproduced with a linear model, as demonstrated in the
work ofHara et al.[23] at various oxygen partial pressures.
The model parameters used for CaO, FeO, and Fe2O3 in
this work can reproduce all the most accurate experimen-
tal data. Thework byOgino et al., Sumita et al., andHara
et al. were all performed using accurate DBA techniques
and are reproduced well within 2 pct error. The data
obtained from MBP measurements are less well repro-
duced. In iron oxide-bearing systems, the MBP method
appears to provide very poor and inconsistent results
compared to the DBA method.

The molar volume of this system in iron saturation is
shown in Figure 3(a). Although it is with iron satura-
tion, there are a certain amount of Fe2O3 in the melt. A
significant curvature is noted in the high-FeOx region.
This is due to the local maximum of the Fe3+/Fe2+

ratio at approximately 25 mol pct CaO in iron satura-
tion. For illustrative purposes, the molar volume
assuming no Fe2O3 (that is, FeO-CaO) for both the
present model and the linear model is shown in
Figure 3(b).

2. Na2O-FeO-Fe2O3 system
The Na2O-FeO-Fe2O3 system was studied in air by

Sumita et al.[25] using the DBA (graphical) method. The

results were published as the Fe2O3-Na2O system with
the addition of Na2O in air. The measurements at 1673
K (1400 �C) are shown in Figure 4. Both the present
model and the linear model fail to reproduce the
experimental data. Both models predict lower molar
volumes. There are several potential explanations for
this failing. It is possible that the calculations by
FactSage are incorrect in estimating the Fe3+ content
in sodium-bearing melts; the database of the Na2O-
FeO-Fe2O3 system is still under development. Another
possibility is that there is an interaction between ferric
iron oxide and sodium oxide which results in the
formation of an associate with a larger molar volume.
The linear model and the present model provide oppo-
site trends; the linear model of Lange and Carmichael
assumes a smaller volume of Na2O and a larger volume
of iron oxide in air than the present model.

3. FeO-Fe2O3-SiO2 system
This ternary system was primarily studied in contact

with solid iron (iron saturation) or in such highly
reducing conditions that they could be approximated as
being in iron saturation. Only a single measurements has
been performed in air, by Courtial et al.[30] using the
DBA technique. Due to the quantity of the experimental
data in iron saturation, only the most systematic or the
most accurate data are shown in Figure 5 to maintain
clarity.
All the results obtained from DBA measurements

(Adachi et al.[13] (1963), Ogino et al.,[20] Shiraishi
et al.,[22] Mo et al.[29] and Thomas[44]) are self-consistent.
These data were used for the optimization of the
FeO-SiO2 system with more emphasis on the data of
Shiraishi et al. The study by Shiraishi et al. spanned the
widest composition range, provided results at multiple
temperatures, used an accurate DBA technique, and
tabulated their results. The results obtained from MBP
methods are less consistent. For example, the results of
Henderson[14] and Gaskell and Ward[16] follow the same
trend as those of Shiraishi et al. but with more scatter.
The results of Sokolov et al.[18] and Ward and
Sachdev[15] are both believed to have precipitated iron,
increasing the density and lowering the molar volume.
The linear model of Lange and Carmichael does not
reproduce the most accurate data in the iron oxide-rich
region. Any curvature in the model of Lange and
Carmichael is due to the variation of ferrous to ferric
ratio with SiO2 content in the system. The FeO-SiO2

system with Fe saturation was optimized by fitting the
data of Shiraishi et al. and ensuring a smooth trend from
the SiO2-rich region.
The hypothetical molar volume of the FeO-SiO2 melt

is calculated in Figure 6. The result of the present model
is very similar to the results from the linear model by
Lange and Carmichael above 33 mol pct SiO2.
The Fe2O3-SiO2 system could not be optimized in a

similar manner as the FeO-SiO2 system due to lack of
experimental data. Therefore, it was optimized by
assuming all the temperature dependence terms were
equal to zero (as was done in the Al2O3-SiO2 system)
and optimized based on experimental data in higher
order systems using the DBA method. The calculated
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Fig. 5—The ternary FeO-Fe2O3-SiO2 system in iron saturation at
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1500 �C).[13–16,18,22,29,44] Molar volumes increase with temperature
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for the data presented for authors at multiple temperatures.

1192—VOLUME 47B, APRIL 2016 METALLURGICAL AND MATERIALS TRANSACTIONS B



molar volume of a hypothetical Fe2O3-SiO2 system is
shown in Figure 7. The variation of molar volume at
1673 K (1400 �C) is consistent with the results obtained
by the linear model Lange and Carmichael in the high
SiO2 region but deviates at low SiO2 region due to the
restriction imposed by the molar volume of pure Fe2O3.
As the binary parameters are temperature independent,

the temperature dependence of molar volume in
Figure 7(b) results from by those of pure Fe2O3 and SiO2.
In air, only a single composition of the FeO-Fe2O3-

SiO2 system (at ~37 mol pct SiO2) was examined by
Courtial et al.[30] (DBA) and their results are shown in
Figure 8. The experimental molar volume of FeO-
Fe2O3-37 mol pct SiO2 decreased with temperature.
According to the present model, this trend is calculated
to be due to the decrease in quantity of ferric to ferrous
ratio with temperature in air. Both the molar volumes
from the linear model and the present model are similar
in this composition range and can reproduce the
temperature dependence. However, both models predict
higher molar volume by approximately 5 pct. It was
impossible to reproduce these experimental data without
significantly sacrificing the accuracy of the model in
higher order systems.

C. Quaternary Systems

1. MgO-CaO-FeO-Fe2O3 system
This quaternary system was recently studied by

Vadasz et al.[43] in air using the MBP method with
nitrogen gas. The results are moderately well repro-
duced, as shown in Figure 9. However, it is noted that
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the results of Vadasz et al. are considered to be less
accurate because of MBP technique. Their results in the
CaO-FeO-Fe2O3 system are also less accurate compared

to the data obtained by DBA technique. Part of the
measurements at 1623 K (1350 �C) are potentially
below the liquidus.
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2. CaO-FeO-Fe2O3-Al2O3 system
This quaternary system in Fe saturation was exam-

ined by Sikora and Zielinski[35] using the MBP method

in a temperature range between 1723 K and 1923 K
(1450 �C and 1650 �C) (Figure 10). They started with a
CaO-Al2O3 melt and added iron oxide. Their results in
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the CaO-Al2O3 system suggested a very high thermal
expansion and were inconsistent with other results (see
Part I). Vadasz et al.[36] (MBP) examined several
compositions in air at 1573 K (1300 �C). As seen in
the previous CaO-MgO-FeO-Fe2O3 system, their results
are much higher than the predictions from both a linear
model and the present model. In addition, based on the
phase diagram calculated by FactSage, the experiments
were carried out at sub-liquidus temperature.

3. Na2O-FeO-Fe2O3-SiO2 system

a. Iron saturation. This quaternary system was exam-
ined by Guo[34] using a DBA technique using a 1 pct
CO—99 pct Ar atmosphere. As the partial pressure of
oxygen was sufficiently low, this study can be approx-
imated as being in iron saturation. The compositions
examined are along with the iso-FeO section (XFeO =
0.285) as shown in Figure 11. The experimental molar
volume data show a non-linear trend (minimum
at 20–30 mol pct of Na2O/(Na2O+SiO2)), which is

reasonably well predicted by the present model. This
non-linear behavior is due to the increasing volume
trend in the binary Na2O-SiO2 system with the addition
of Na2O and decreasing molar volume in the FeO-SiO2

system in iron saturation. This will be discussed in more
details in Section V.

b. Air (Na2O-Fe2O3-SiO2). This quaternary system in
air was examined in four publications,[29,31–33] all of
which used the DBA method. All the results are
moderately well predicted with the present model
leaning toward a slight under-prediction, as shown in
Figure 12.

4. K2O-FeO-Fe2O3-SiO2 System
This system was only examined in air by Liu and

Lange[33] using the DBA method at temperatures
between 1273 K and 1723 K (1000 �C and 1450�C).
The results are well predicted as shown in Figure 13. No
research groups have examined this system in iron
saturation.
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Fig. 14—The quaternary MgO-FeO-Fe2O3-SiO2 system in iron saturation: (a) compositions (mol pct) examined and (b) model accuracy.[37]

Fig. 15—The CaO-FeO-Fe2O3-SiO2 system in iron saturation (approximated as the FeO-CaO-SiO2 system).[14,18–21,24,26,27,34,38,39]
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Fig. 17—The quaternary CaO-FeO-Fe2O3-SiO2 system in air and other conditions: (a) compositions (mol pct) examined in air and (b) model
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5. MgO-FeO-Fe2O3-SiO2 System
This quaternary system was examined by Bryan-

stev[37] using the MBP method in iron saturation
(Figure 14). All measurements were performed at 1723
K (1450 �C). All the experimental results are systemat-
ically over predicted by approximately 2 pct, but the
general trend is well predicted by the present model.

6. CaO-FeO-Fe2O3-SiO2 System

a. Iron saturation. The CaO-FeO-Fe2O3-SiO2 system in
iron saturation, approximated as the CaO-FeO-SiO2

system, was studied across wide compositions ranges as
shown in Figure 15. The experimental data were mea-
sured using DBA[20,34] and MBP[14,18,19,21,24,26,27,38,39]

techniques. In order to provide further insight into this
system, binary sections are shown in Figure 16 across
the 30 and 50 mol pct SiO2 as well as the 40 mol pct FeO
joins. The iso-SiO2 joins provide insight into the effects
of CaO and FeO substitution.

Along the 30 and 50 mol pct SiO2 sections, the results
of Gaskell et al.[27] (MBP) and Guo[34] (DBA) are well
predicted. The remaining experimental data all obtained
by MBP method suggest lower molar volumes and are
very scattered.
The 40 mol pct FeO section was examined at multiple

compositions by Guo[34] and their data are well pre-
dicted by the present model. The previous linear model
also reasonably reproduces the molar volumes in this
system. The large difference between two models in low
SiO2 is mainly due to the differences in molar volume for
CaO.

b. Air and other conditions. This system was examined
by several research groups in air; Mo et al.[29] (DBA),
Licko et al.[40] (SBA), Dingwell and Brearley[41] (DBA),
Hara et al.[23] (DBA), and Vadasz et al.[36] (MBP). In
addition, Hara et al.[23] (DBA) also examined several
compositions under CO2 and CO2/H2=50 atmospheres.
All the compositions studied in air are shown in
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Fig. 18—The quaternary MnO-FeO-Fe2O3-SiO2 system in iron saturation: (a) compositions (mol pct) examined and (b) model accuracy.[18,20,27]

(a) (b)

0 20 40 60 80 100
17.0

17.5

18.0

18.5

19.0

19.5

20.0

 1969: Gaskell et al.
 1974: Ogino et al. (1673K)
 Present Model

Temperature: 1683K
Constant SiO2: 28 Mol %

M
ol

ar
 V

ol
um

e 
(c

m
3 /m

ol
)

MnO/(MnO+FeO)
0 20 40 60 80 100

17.5

18.0

18.5

19.0

19.5

20.0

20.5
 1970: Sokolov et al.
 Present Model

Temperature: 1673K
Constant SiO2: 38 Mol %

M
ol

ar
 V

ol
um

e 
(c

m
3 /m

ol
)

MnO/(FeO+MnO)
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Figure 17(a) in addition to the accuracy of the model for
predicting the experimental data in Figure 17(b) (in-
cluding measurements not in air). The results of Mo
et al. (DBA), Licko et al. (SBA), and Hara et al. (DBA)
are all well predicted. Like other systems (CaO-FeO-
Fe2O3-Al2O3 and CaO-FeO-Fe2O3-MgO), the results of
Vadasz et al. (MBP) are poorly reproduced. The results
of Dingwell and Brearley are quite scattered, and some
of their results are well reproduced while other are not.
The composition measured by Dingwell and Brearly is
located in the middle of the composition range studied
by Vadasz et al. and their data are well predicted within
0.5 to 1 pct error.

7. MnO-FeO-Fe2O3-SiO2 System
The manganese-containing iron silicate system has

only been studied in iron saturation. The compositions
measured are shown in Figure 18 along with the
accuracy of the model. Sokolov et al.[18] and Gaskell
et al.[27] performed their experiments using the MBP
method, while Ogino et al.[20] used the DBA method. To
better illustrate some of the experimental data, the 28
and 38 mol pct SiO2 sections are shown in Figure 19.

The results of Gaskell et al. and Ogino et al. are
reasonably well predicted. However, the results of
Sokolov et al. are very scattered.

8. FeO-Fe2O3-Al2O3-SiO2 system
A single composition of the FeO-Fe2O3-Al2O3-SiO2

system with Fe saturation was examined by Abrosimov
et al.[24] using the MBP method. The molar volumes of a
47 SiO2-8 Al2O3-45 FeO melt (in mol pct) at multiple
temperatures are shown in Figure 20. Tomasek et al.[45]

and Fadeev et al.[46] also examined the system using the
MBP method, but it was not possible to obtain either of
these results. They were referred in the review performed
by Mills and Keene.[47]

D. Quinary and Higher Order Systems

Several higher order systems have been examined.
However, it is difficult to illustrate the compositions
studied graphically. The prediction accuracy of the
model for the experimental data in higher order systems
is shown in Figure 21. The most accurate data available
are from of Courtial et al.[30] (DBA in the MgO-CaO-
Al2O3-FeOx-SiO2 system in air) and Guo et al.[34] (DBA
in various systems under a 99 pct Ar—1 pct CO
atmosphere) and they were well predicted by the present
model. The data of Bryanstev[37] (MBP in the MgO-
FeOx-SiO2 system with Na2O, CaO, or Al2O3 additions
in iron saturation) and Sokolov et al.[18] (MBP in the
CaO-MnO-FeOx-SiO2 system in iron saturation) are less
accurate. The data of Nelson and Carmichael[42] (DBA
with a single composition in the CaO-Al2O3-FeOx-SiO2

system in iron saturation) is uncertain as some of their
results have been questioned in other systems.

IV. DISCUSSIONS

A. Model and Experimental Data for Fe
Oxide-Containing System

The present model for iron-containing systems pro-
vides a reasonable reproduction (typically within 2 pct
error) of available reliable experimental data. Iron
oxide-containing systems are less reproducible by linear
models. Although the accurate data of Hara et al.[23] in
the CaO-FeO-Fe2O3 system are reproducible with a
linear model, these parameters are not compatible with
the parameters required to reproduce the molar volumes
of silica-bearing melts. This suggests that a linear model
cannot reproduce all the experimental data across the
entire composition ranges and that non-linear terms are
required. The non-linear behavior of molar volume with
SiO2 can be seen in the FeOx-SiO2 system in iron
saturation. The linear model of Lange and Carmichael[5]

can reproduce the experimental data of geological melts
containing a small amount of iron oxide, but its
extrapolation to low silica region is poor.
There are various systems which require more infor-

mation in order to better constrain molar volumes and
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thermal expansions. In particular, even simple systems
under oxidizing conditions have rarely been studied. In
particular, the FeOx-SiO2 system under oxidizing con-
ditions (Fe2O3-SiO2) would aid greatly in optimizing the
molar volume of Fe2O3 and Fe2O3-SiO2 system. In
addition, the temperature dependence (thermal expan-
sion) of most iron-bearing melts is relatively poorly
studied.

B. Molar Volume of Alkali Oxide-FeO-SiO2 Melts

As can be seen in Figure 11, the molar volume of
Na2O-FeO-SiO2 melt in iron saturation (reducing atmo-
sphere) clearly shows a non-linear behavior with the
variation of Na2O/(Na2O+SiO2). In particular, a
minimum in the molar volume is observed experimen-
tally, which is well predicted by the present model. This
behavior seems to result from the competitive contribu-
tion of Na and Fe to the molar volume of Q species.

Figure 22(a) shows the predicted molar volume of
alkali oxide-SiO2 with 28.5 mol pct FeO in iron satura-
tion at 1573 K (1300 �C). The predicted molar volume
for K2O- and Li2O-containing melts shows increasing
and decreasing trend with A2O/(A2O+SiO2), respec-
tively, where A =K or Li. On the other hand, the molar
volume of Na2O-containing melt shows the minimum as
discussed above. In order to examine the different trends
in molar volume more clearly, the change in bond
fraction in the alkali oxide-FeO-SiO2 is calculated in
Figure 22(b). Because the trend of the bond fraction was
similar for all alkali oxide cases, only the results of
Na2O-FeO-SiO2 melt are plotted. At constant FeO
concentrations, in general, the amount of broken oxygen
bond increases with increasing amount of Na2O. In the
low-Na2O region, the broken oxygen bonds are mostly
caused by Fe, O-(Fe). Increasing Na2O in melt gradually
increases the broken oxygen bonds, O-(Na). When the
molar ratio of Na2O/(Na2O+SiO2) in the melt is higher
than 0.27, the contribution of Na to the broken oxygen
bond becomes larger than Fe. Similar trends in bond

fractions are also calculated for the melts containing
K2O and Li2O.
In the presented molar volume model, molar volume

is calculated based on the volume of individual Qn

species. For ternary and multicomponent melt, the
molar volume of Qn species is calculated considering the
linear volume change between binary Qn species:

molar volume of Qn species ¼ nQn

P
i xSi�iðani þ bniTÞP

i xSi�i
;

½4�

where ani þ bniT is binary molar volume parameter of
Qn and xSi�i is bond fraction of broken oxygen by i
cation (for example, O�(Na) and O�(Fe) calculated in
Figure 22). Therefore, the molar volume of binary Qn

species and the amount of broken oxygen by each
cation determine the molar volume in ternary and mul-
ticomponent systems.
In the case of Na2O-FeO-SiO2 melt, the molar volume

of ternary melt in Figure 22 is mainly calculated from the
binary Na2O-SiO2 and FeO-SiO2. At low Na2O concen-
tration, the molar volume is primarily a function of the
FeO-SiO2 melt. As can be seen in Figures 5 and 6, the
molar volumeofFeO-SiO2melt decreaseswith decreasing
SiO2 content. The molar volume of Na2O-SiO2 melt is
almost constant between 0.0 and 0.2 XNa2O and increases
with increasing Na2O content. These two competitive
contributions of Na2O and FeO result in the minimum in
the molar volume of Na2O-FeO-SiO2 melt as shown in
Figure 22. However, in the case of K2O-FeO-SiO2 melt,
the molar volume increases continuously with increasing
K2O because binary molar volume of K2O-SiO2 increases
sharply with increasing SiO2 and the increasing rate of
molar volume by the addition of K2O is higher than
decreasing rate by FeO. The molar volume of Li2O-SiO2

decreases with increasing Li2O content which results in a
decreasing molar volume in the Li2O-FeO-SiO2 melt.
A linear molar volume model cannot reproduce such

non-linearmolar volume behavior in theNa2O-FeO-SiO2

(a) (b)

K2O

Na2O

Li2O

FeO = 28.5 mol %

molar ratio A2O/(A2O+SiO2)

m
ol

ar
 v

ol
um

e,
 C

m
3 /m

ol

0.0 0.1 0.2 0.3 0.4 0.5 0.6
18

20

22

24

26

28

30

32

FeO = 28.5 mol %

O0 O–(total)

O–(Na)

O–(Fe)

O–2(Fe)

molar ratio Na2O/(Na2O+SiO2)

bo
nd

 fr
ac

tio
n

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Fig. 22—(a) Predicted molar volume of A2O-FeO-SiO2 melt (A = Li, Na, and K) at 1573 K (1300 �C) and Fe saturation and (b) calculated
bond fraction in the Na2O-FeO-SiO2 melt at the same condition.
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melt. Similar non-linear molar volume behavior can be
expected in many ternary and multicomponent melts.

C. General Discussion on Molar Volume Model and
Future experimental Studies

The goal of this work was to fully examine the
available literature on the molar volume of metallurgical
slags and to obtain a non-linear melt structure-based
model which can accurately reproduce molar volume in
experimentally explored compositions and temperatures
regimes, and to provide predictions in the unexplored
regions. The molar volume of molten oxides should be
related to their structure at a given composition and
temperature. In the present work, the structural infor-
mation was calculated from the Modified Quasichemical
Model with optimized thermodynamic parameters. The
model may be improved as more information on melt
structure is made available to verify the Q-species
amounts.

Based on the examination of the literature, there are
wide composition ranges which have only been studied
using relatively inadequate experimental techniques
(e.g., systematic errors in SBA measurements, large
errors in MBP measurements, and questionable imaging
technique results) which promote the importance of
modeling work based on the most accurate experimental
data and systematic analysis. Previous modeling
attempts of molar volume with linear models have
focused primarily on silicate-rich melts. In the silica-rich
region (>50 mol pct SiO2), a linear model is shown to
provide accurate reproduction of the available experi-
mental data and give reasonable predictions. A linear
model is also mathematically simple to optimize and
perform calculations. However, a growing quantity of
experimental data in the low-SiO2 region where most
metallurgical slags are located suggests non-linear
behavior of molar volume. This has been shown in
various silicate systems such as the alkali binary
silicates,[48,49] PbO-SiO2,

[50,51] FeOx-SiO2, CaO-Al2O3-
SiO2,

[52] and TiO2-bearing melts[53] (not examined in
this work). The thorough examinations by Bottinga
et al.[54–56] also suggests that linear models should only
be applied between 0.35 and 0.85 mol fraction silica and
non-linear terms should be introduced into the alu-
mina-bearing systems. The present structure-based
model can provide more accurate calculation of molar
volume in the entire range of compositions.

V. SUMMARY

A structural molar volume model was developed to
accurately reproduce the molar volume of molten slags
containing iron oxides under the oxygen partial pres-
sures from metallic saturation to air. The experimen-
tal data for FeO-Fe2O3-Na2O-K2O-MgO-CaO-MnO-
Al2O3-SiO2 systems were critically reviewed and the
unary and binary model parameters were optimized to
reproduce the experimental data. The variation of ferric
and ferrous iron oxides was taken carefully into account

during the review of the experimental data and molar
volume modeling.
The present structuralmolar volumemodel can be used

to calculate the molar volume of molten oxide in the
Li2O-Na2O-K2O-MgO-CaO-MnO-PbO-FeO-Fe2O3-Al2
O3-SiO2 system across all ranges of compositions, tem-
perature, and oxygen partial pressures under 1 atm total
pressure. In future, themodel and database can be further
expanded to the systems containing Ti oxides, B2O3, and
fluoride for a wider range of applications.
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