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Theorigin of the solubilityminimumof oxide (MxOy) in liquidFe-M-Oalloywas investigated, and
the minimum was predicted based on thermodynamic calculations. Due to the characteristic
property of activities ofM and O in the liquid, a maximum exists in the product between the two
activities if the affinity ofM to O is significantly high, as most deoxidizing elements are. A critical
activity product is defined,which is an indicator of the solubilityminimumof theMxOy in the liquid
Fe-M-O alloy according to the following relationship:maxðaxM � a

y
OÞ ¼ KMxOy

� aMxOy
, where the

aMxOy
is unity if the alloy is in equilibrium with the pure MxOy. The origin of the solubility

minimum was explained using the change of the activity product by composition. Available
CALPHADassessments for several binary Fe-M liquid alloys andWagner’s solvation shell model
were combined to calculate the activity product in the Fe-M-O alloy, which can be used to predict
the solubility minimum ofMxOy. A favorable agreement was obtained whenM ¼ Al, B, Cr, Mn,
Nb, Si, Ta, Ti, V, and Zr. The Gibbs energy of dissolution of O in pure liquidM (Dg�OðMÞ) and the
Gibbs energy of the formation ofMxOy per mole of atoms (Dg�MxOy

=ðxþ yÞ) play important roles
in determining the solubility minimum, as long as an interaction between Fe and M is less
significant than the interaction between metal (Fe and M) and O. Predictions of the solubility
minima of CaO and MgO were not satisfactory, requiring further improvement of the present
analysis.
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I. INTRODUCTION

PRODUCTION of liquid metal including clean steel
requires removal of impurities during the liquid metal
processing. In particular, various kinds of gaseous
impurities such as O, S, N, and H should be controlled
as low as possible before casting of the metal. In a
steelmaking process, N and H are removed as gas
molecules under low pressure (RH process or vacuum
degasser). On the other hand, O and S are removed by
chemical reaction using metallic elements that form
stable oxide and sulfide. As one of the typical reactions,
a deoxidation reaction using Al in liquid Fe is written as:

Al2O3(s) ¼ 2Alþ 3O; Dgð1Þ ¼ Dg�ð1Þ þRT lnQð1Þ ½1�

where Al and O are Al and O dissolved in the liquid
Fe. Dgð1Þ, Dg�ð1Þ, and Qð1Þ are the Gibbs energy change,

the standard Gibbs energy change, and the equilibrium
quotient of Reaction [1], respectively. The Gibbs

energy change Dgð1Þ is:

Dgð1Þ ¼2gAl þ 3gO � gAl2O3ðsÞ

¼2ðg�Al þRT ln aAlÞ þ 3ðg�O þRT ln aOÞ
½2�

� ðg�Al2O3ðsÞ þRT ln aAl2O3ðsÞÞ ½3�

¼ð2g�Al þ 3g�O � g�Al2O3ðsÞÞ þRT ln
a2Ala

3
O

aAl2O3ðsÞ
½4�

¼Dg�ð1Þ þRT lnQð1Þ ½5�

where gAl, gO, aAl, and aO are the partial Gibbs ener-
gies and the activities of Al and O dissolved in the liq-
uid Fe, g�Al and g�O are the standard Gibbs energies of

the Al and the O, gAl2O3ðsÞ and g�Al2O3ðsÞ are the partial

Gibbs energy of Al2O3 in the deoxidation product and
the standard Gibbs energy of Al2O3, respectively. If
the deoxidation product is a pure solid Al2O3,
gAl2O3ðsÞ ¼ g�Al2O3ðsÞ and aAl2O3ðsÞ ¼ 1.

At equilibrium, Dgð1Þ ¼ 0, then Qð1Þ becomes Kð1Þ, the
equilibrium constant of Reaction [1]:
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Kð1Þ ¼
a2Ala

3
O

aAl2O3ðsÞ
¼ exp

�
�
ð2g�Al þ 3g�O � g�Al2O3ðsÞÞ

RT

�
½6�

The numerical value of each activity depends on the
choice of the reference state (the standard Gibbs
energy) of each component. Raoultian, Henrian, or 1
wt pct standard state has been widely used.

The activities in Eq. [6] are further expressed:

Kð1Þ ¼
a2Ala

3
O

aAl2O3ðsÞ
¼

ðcAlXAlÞ2ðcOXOÞ3

aAl2O3ðsÞ
½7�

Activity coefficients of Al (cAl) and O (cO) are often
described by Wagner’s interaction parameter formal-
ism[1]:

ln cAl ¼�Al
AlXAl þ �OAlXO þ qAl

AlX
2
Al þ qOAlX

2
O þ � � � ½8�

ln cO ¼�OOXO þ �Al
O XAl þ qOOX

2
O þ qAl

O X2
Al þ � � � ½9�

where �ji and qji are the first- and second-order interac-
tion parameters, respectively. Under a condition of
Al2O3 saturation (equilibrium with the solid Al2O3),
Al and O contents in the liquid Fe can be obtained by
solving a series of equations (Eqs. [6] through [9])
along with the known equilibrium constant and the
interaction parameters.

How much those gas impurities can be removed
during liquid metal processing is practically important.
In particular, for deoxidation, it can be used to
approximate the amount of deoxidizer required to
achieve the minimum O content. Determination of the
deoxidation equilibria in liquid Fe by various deoxidiz-
ing elements Mð¼ Al, Cr, Mn, Si, etc:Þ has been a sub-
ject of long-time research. The deoxidation equilibria (in
other words, the solubility limit of the metal oxide
MxOy) have been determined through an enormous
number of experimental investigations and have been
analyzed by theoretical approaches. Well-known com-
pilations of the interaction parameters can be found in
the literature.[2–4]

Much experimental evidence has shown that the O
content in deoxidation equilibria decreases first, but it
increases again while the M content increases. There-
fore, a minimum exists in the O content, or, in other
words, there is a solubility minimum. Some researchers
reported that even a maximum may exist in the O
content.[5,6] Due to experimental uncertainty (experi-
ments at high temperature dealing with reactive metals,
the analytical limit for low O content, overestimation of
M and O contents due to entrapment of small oxide
particles during sampling for chemical analysis, etc.), the
location of the minimum and existence of the maximum
have been controversial. Nevertheless, improved exper-
imental and analytical techniques allow one to estimate
the location of the minimum with a certain uncertainty,
although the existence of the maximum is not
supported.

There have been theoretical approaches that explain
deoxidation equilibria in liquid Fe by various M. The
Wagner’s interaction parameter formalism has been the
most widely used,[1] and the interaction parameters up

to second-order terms (�ji, q
j
i, q

j;k
i on a mole fraction basis

or eji, r
j
i, r

j;k
i on a weight percent basis) were determined

using measured experimental data for the deoxidation
equilibria. With the formalism and the interaction
parameters, the minimum of the deoxidation equilibria
was predicted.[7–11]

St. Pierre and Blackburn[7] proposed a simple rela-
tionship between the first-order interaction parameter
and composition of an oxide solubility minimum in the
framework of Wagner’s interaction parameter formal-
ism.[1] By taking a differential of Eq. [7] with respect to
XAl, setting the differential of Kð1Þ and aAl2O3ðsÞ zero, and
substituting cAl and cO up to first order, the following

relationship was obtained:

@XO

@XAl

�
T;P

¼ � 2=XAl þ 2�Al
Al þ 3�Al

O

3=XO þ 3�OO þ 2�OAl

½10�

By setting @XO

@XAl
¼ 0, the composition of the minimum

could be obtained. Including the second-order parame-
ters in Eqs. [8] and [9] would yield not only a mini-
mum but also a maximum in the deoxidation
equilibria.[8,12]

The above approach is based on the interaction
parameter formalism, which is generally valid in the
dilute region of M and O. At high M content, the
formalism often fails. Therefore, Eq. [10] would not be
valid at high Al content. The approach is also a
mathematical treatment to find an extremum point on
the calculated deoxidation equilibria. Indeed, with this
approach, St. Pierre and Blackburn could not find a
minimum in the case of Si deoxidation.[7] They noted
that solubility minima of various MxOy were predicted

if ð�MM þ y
x �

M
O Þ<1, which is not obeyed by interaction

parameters concerning Si (M ¼ Si). However, accord-
ing to the recent experimental study by Shibaev
et al.,[13] a solubility minimum was found in the
non-dilute region of Si. To investigate the solubility
minimum at high M content, using the conventional
Wagner interaction parameter formalism may not be
adequate. As will be shown later, solubility minima of
oxides in a number of liquid Fe-M-O exist in relatively
high M content (>1 wt pct, M = Cr, Mn, Nb, Si, Ta,
V) where the Wagner interaction parameter formalism
may not be valid.
In some alloys with M showing extremely strong

affinity to O (such as Al, Ca, Mg, or Zr), the interaction
parameter formalism often fails to explain the deoxida-

tion equilibria. Too negative �ji (or eji) results in a
minimum at lower M content than available experimen-
tal data. It was attempted to correct this failure by

setting qji (or r
j
i) to be positive.[14] This resulted in partial

success by shifting the minimum toward higher M
content. However, this caused an unexpected maximum
on the deoxidation equilibria, which was not supported
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by the experiments. This failure is due to assuming an
ideal mixing between solutes, although there is a strong
attraction between O and M. To account for the strong
affinity ofM to O, the presence of several associates[15,16]

was used in the unified interaction parameter formal-
ism.[17,18] This model could be applicable to less dilute
regions, contrary to Wagner’s interaction parameter
formalism. An explanation of the origin of the solubility
minimum was provided using the formation of associate
in a context of equilibria among oxide, associate, and
solute.[16]

Recently, a quasichemical approach was used to
model the Gibbs energy of a liquid Fe-Al-O alloy.[19]

It takes into account the strong interaction between O
and Al by using the modified quasichemical model
(MQM).[20] In this model, the formation of an (Al-O)
pair is considered, which is similar to the formation of
Al*O associate in the associate model[16,17] at relatively
low Al content. However, the MQM is valid over the
whole composition range of Al. A successful explana-
tion of Al2O3 solubility in liquid Fe-Al-O alloy was
realized. A calculated solubility of Al2O3 in the alloy at
1873 K (1600 �C) using the MQM is shown in Figure 1.
Agreement with the available experimental data can be
found in References 19 and 21 In this model, the
following three First-Nearest-Neighbor (FNN) pair
exchange reactions are considered:

(Fe-Fe) þ (O-O) ¼2(Fe-O); DgFeO ½11�

(Al-Al)þ (O-O) ¼2(Al-O); DgAlO ½12�

(Fe-Fe) þ (Al-Al) ¼2(Fe-Al); DgFeAl ½13�

where ði� jÞ and Dgij are the ði� jÞ FNN pair and the
non-configurational Gibbs energy change for the for-
mation of two moles of ði� jÞ pairs. The Gibbs energy
of mixing of the Fe-Al-O ternary liquid alloy is given
by:

G ¼ðnFeg�Fe þ nAlg
�
Al þ nOg

�
OÞ � TDSconfig þ nFeAl

2
DgFeAl

þ nFeO
2

DgFeO þ nAlO

2
DgAlO

½14�

where g�i , ni, nij, and DSconfig are the molar Gibbs
energy of pure liquid i, the number of moles of the i,
the number of moles of the ði� jÞ pair, and an approx-
imate expression for the configurational entropy of
mixing given by randomly distributing the six FNN
pairs in the one-dimensional Ising approximation.[20]

The DgFeO, DgAlO, and DgFeAl may be expanded in
terms of pair fractions.[22] Detailed expression of the
DSconfig, DgFeO, DgAlO, and DgFeAl can be found else-
where.[19] Along with the Gibbs energy of a solid
Al2O3 given by Eriksson and Pelton,[23] a solubility
curve of the Al2O3 in the liquid Fe-Al-O alloy can be
obtained by minimizing the Gibbs energy of the whole
system. A solubility minimum was found at
½wt pctAl� ¼ 0:62; ½wt pct O� ¼ 0:00015. This falls in
the range of a reported minimum of the Al2O3 solubil-
ity.[21,24] Since this approach is valid at the whole com-
position range and is well suited to treat the strong
affinity of metallic elements to O, finding the solubility
minimum of oxide is possible in a reasonable manner.
However, this approach has only been applied in lim-
ited cases (Fe-M-O system when M ¼ Al[19] and
Mn[25]) so far. Therefore, it is not possible to predict
the solubility minima of various kinds of MxOy until a
CALPHAD-type thermodynamic modeling using the
quasichemical approach is done. This requires a criti-
cal assessment of all available experimental data for all
stable phases.
In the present study, a simple approach, but one that

is applicable to various systems, is introduced to provide
the solubility minima of various oxides in liquid Fe-M-O
alloys. First, finding the condition of the solubility
minimum from the thermodynamic point of view is
attempted. Then, a new method is proposed to predict
the solubility minimum using the available CALPHAD
modeling for Fe-M binary alloy and Wagner’s solvation
shell model[26] for an infinite dissolution of O in the
Fe-M binary alloy along with a correlation proposed by
Chiang and Chang for the exchange energy of solvation
shells.[27] By comparing the available experimental data
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Fe–Al–O alloy, using MQM

T = 1873 K
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“minimum”

′

′
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b b

cc ′

([wt% Al] = 0.62, [wt% O] = 0.00015)
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g
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O
]

Fig. 1—Solubility of Al2O3 in liquid Fe-Al-O alloy at 1873 K
(1600 �C) calculated using the modified quasichemical model.[19]

Horizontal dashed lines represent 0.00015 (a� a0), 0.001 (b� b0),
and 0.01(c� c0) wt pct O, respectively.
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for the solubility minima, the reliability of the present
method is confirmed. Moreover, important properties
that determine the solubility minimum are discussed.

II. THERMODYNAMIC CONDITION
OF THE SOLUBILITY MINIMUM

By taking pure solid Al2O3, pure liquid Al, and pure
O2 gas at 1 bar as reference states of Al2O3(s), Al, and
O, respectively, the equilibrium constant of Reaction [1]
is obtained by the Gibbs energy difference among those
pure components (g�Al2O3ðsÞ, g�AlðlÞ, and 1

2 g
�
O2ðgÞ,

respectively).

Kð1Þ ¼
a2Ala

3
O

aAl2O3ðsÞ
¼ exp

�
�
ð2g�AlðlÞ þ 3

2 g
�
O2ðgÞ � g�Al2O3ðsÞÞ
RT

�

½15�

The above equilibrium constant is the same as the
equilibrium constant of the following reaction involv-
ing pure components:

Al2O3ðsÞ ¼2Al(l) þ 3

2
O2(g); KAl2O3

½16�

KAl2O3
¼
a2Al

PO2

P�
O2

� �3
2

aAl2O3ðsÞ

¼ exp
�
�
ð2g�AlðlÞ þ 3

2 g
�
O2ðgÞ � g�Al2O3ðsÞÞ
RT

�
½17�

where PO2
and P�

O2
are the partial pressure of O2 over

the liquid Fe(-Al-O alloy) and the pressure of O2 at its
reference state, respectively. Therefore, the deoxidation
equilibrium of Reaction [1] can be represented by
KAl2O3

(the equilibrium constant of Reaction [16]
involving the pure components) by taking pure solid
Al2O3, pure liquid Al, and pure O2 gas at 1 bar as the
reference states of Al2O3, Al, and O, respectively. The
activity of O in the liquid Fe alloy is defined as:

aO ¼
ffiffiffiffiffiffiffiffi
PO2

P�
O2

s
½18�

From Eq. [15], an activity product between aAl and
aO is written as:

a2Ala
3
O ¼ Kð1Þ � aAl2O3ðsÞ ¼ KAl2O3

� aAl2O3ðsÞ ½19�

where aAl is written as aAl, as the Al content (XAl) var-
ies from 0 to 1. For the activity product, the following
can be considered:

� When the liquid Fe-Al-O alloy is in equilibrium with
the solid Al2O3, aAl2O3ðsÞ ¼ 1 and a2Ala

3
O become

KAl2O3
. Otherwise, the activity product a2Ala

3
O varies

with aAl2O3ðsÞ depending on the Al and O contents in
the alloy. The solubility curve shown in Figure 1 was

calculated at the condition of aAl2O3ðsÞ ¼ 1. The min-
imum point also satisfies aAl2O3ðsÞ ¼ 1.

� The activity product is less than KAl2O3
when

½wt pct O�<0:00015 at 1873 K (1600 �C) at all Al
contents.

� In an infinite dilute region of O, aAl is almost inde-
pendent of the O content because there is virtually no
O to interact with the Al. Or mathematically, using
Eq. [8], XO ! 0 results in cAl (and aAl) to be inde-
pendent of XO. Increasing the O content would
influence the aAl. However, the low O content at the
solubility minimum would not change aAl signifi-
cantly from the aAl at XO ! 0. Therefore, this con-
dition may be extended to the O content of the
solubility minimum.

� At a given O content, aAl must increase as [wt pct Al]
increases. On the other hand, aO would decrease as
[wt pct Al] increases because of the higher affinity of
Al to O than that of Fe. Therefore, the activity pro-
duct (a2Ala

3
O) may exhibit a maximum depending on

the composition dependence of both aAl and aO.

Figure 2 shows the activities of O and Al and their
activity product (a2Ala

3
O) as functions of [wt pct Al] at

1873 K (1600 �C) at three different O contents. These
were calculated from the same Gibbs energy equation
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Fig. 2—(a) Activity of O (with respect to pure O2(g) at 1 bar), (b)
activity of Al (with respect to pure liquid Al), and (c) activity
product of Fe-Al-O alloy at various oxygen contents
([wt pctO] ¼ 0:00015, 0.001, and 0.01) at 1873 K (1600 �C),
calculated using the modified quasichemical model.[19] [wt pct Al] at
the points b, b0, c, c0, and ‘‘minimum’’ are the same as those in
Fig. 1. KAl2O3

is the equilibrium constant of Reaction [16].
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used in Figure 1. Changes of the aO and the aAl with
respect to the Al content are obvious, and the activity
product shows a maximum at each oxygen content.
Figure 2(c) shows that the higher O content results in a
higher activity product over the entire Al content.
Therefore, the maximum of the activity product of a
higher O content is higher than that of a lower O
content. A horizontal dotted line in Figure 2(c) repre-
sents KAl2O3

, which intersects with the activity product
curve at a point (½wt pct O� ¼ 0:00015) or two points
(½wt pct O� ¼ 0:001; 0:01), respectively. Al contents at
the ‘‘minimum,’’ b, b0, c, and c0 are identical to those in
Figure 1. The solid curve in Figure 2(c) is the activity
product a2Ala

3
O along the a� a0 in Figure 1

(½wt pct O� ¼ 0:00015). Since the maximum value of
the activity product at ½wt pct O� ¼ 0:00015 is exactly
the same as KAl2O3

(marked by an upward arrow
‘‘minimum’’), according to Eq. [19], aAl2O3ðsÞ ¼ 1 only

at the specific Al content (½wt pctAl� ¼ 0:62). The a2Al �
a3O at this specific composition may be called a critical

activity product. Except for this point, aAl2O3ðsÞ<1 at
this O content (½wt pct O� ¼ 0:00015): the liquid alloy is
not in equilibrium with the Al2O3(s).

At higher O content, the activity product is higher
than KAl2O3

in a range (within b� b0 (½wt pct O� ¼
0:001) or c� c0 (½wt pctO� ¼ 0:01)): Al2O3(s) is
stable within the range. It is clear that the maximum
of the activity product at ½wt pct O� ¼ 0:00015 (the
critical activity product) corresponds to the condition of
the minimum of the solubility of Al2O3 in Figure 1.

Consequently, it may be understood that the solubil-
ity minimum occurs because of the higher O affinity of
Al that lowers the stability of Al2O3, which is propor-
tional to a2Al � a3O, at high Al content. Such high affinity

to O by Al forces keeping O in the liquid alloy by
dissociating the solid Al2O3. It should be noted that the
strong affinity of Al to O occurs in the liquid. When Al is
added to a liquid Fe containing O (e.g., 10 ppm in
Figure 1), the first choice of the system is to keep O in
the liquid to allow strongly short-range ordered O with
Al in the liquid. Therefore, the O content in the liquid
does not decrease by increasing Al content up to a
certain level (at b in Figure 1). Further increasing the Al
content makes the short-range ordered liquid structure
form a long-range ordered alumina (from a cluster to a
crystal). In this case, as O leaves the liquid, the O
content in the liquid decreases (following the solid curve
from point b in Figure 1). This is what the deoxidation
reaction does. However, additionally increasing the Al
content to a higher level (passing the solubility mini-
mum) requires forming the short-range ordered liquid
structure again because of abundant Al to interact with
O. This results in stabilizing O dissolved in the liquid,
thereby increasing the O content again.

As long as the O content is low enough not to influence
aAl and cOð¼ aO=XOÞ, the shape of the activity product is
almost irrespective of the O content. Therefore, the Al
content at the maximum of the activity product is not
sensitive to the O content, as can be seen in Figure 2.

For a general case in a Fe-M-O alloy,

MxOy ¼ xMðlÞ þ y

2
O2(g); KMxOy ½20�

the thermodynamic condition of a solubility minimum
is

maxðaxMa
y
OÞ ¼ KMxOy

� aMxOy ½21�

where aMxOy
¼ 1 for pure MxOy. If formulae for the

activities of M and O are available as functions of
composition, then the solubility minimum can be
obtained by the above condition (Eq. [21]) along with
the KMxOy

.

A. Maximum of the Activity Product

The critical activity product depends on the compo-
sition dependence of aM and aO in liquid Fe-M-O alloy.
Since aM and aO are determined by the Gibbs energy of
mixing of the alloy, occurrence of the solubility mini-
mum (by maximizing the activity product) should be
dependent on the interaction energies among the
components.
For example, in an A� B�O alloy where B has

strong affinity to O, thereby forming ‘‘BO(s)’’:

BOðsÞ ¼ BþO; KBO ½22�

an activity product is written as:

aBaO ¼ ðcBXBÞðcOXOÞ ½23�

For the sake of simplicity, if the liquid alloy behaves
as a regular solution characterized by three interaction
energies in each sub-binary system (xAB for A� B,
xAO for A�O, and xBO for B�O, respectively), the
activity coefficients of B and O can be formulated as
follows:

RT ln cB ¼xABð1� XBÞ2 ½24�

RT ln cO ¼ð1� XBÞxAO þ XBxBO � xABð1� XBÞXB

½25�

in the limit of infinite dilution of O (XO ! 0). By sub-
stituting Eqs. [24] and [25] into Eq. [23], the activity
product is calculated. Figure 3 shows the activity pro-
duct (calculated at XO ¼ 10�4 as an example) normal-
ized to its maximum values in each case. xAO was set
to a constant (�10RT), while xBO was varied to deter-
mine its impact on the maximum of the activity prod-
uct. Besides, the interaction in the metal phase (xAB)
was set as either negative (Figure 3(a)) or positive
(Figure 3(b)).
In Figure 3(a), xBO was set to �5RT, �10RT,

�12RT, and �15RT. When xBO ¼ �12RT or �15RT,
there is a maximum in each case. More negative xBO

puts the maximum at lower XB. Similar results are seen
in Figure 3(b) where xAB is positive.
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B. A Case Where the Solubility Minimum is Not Found

Figure 3 shows that the maximum of the activity
product is not always obtained. When xBO is less
negative (xBO ¼ �5RT and � 10RT), there is no max-
imum on the activity product. This results in no
solubility minimum. When xBO is negative enough
(xBO ¼ �12RT and � 15RT), the maximum on the
activity product is found, and this will result in the
solubility minimum if the condition is satisfied
(Eq. [21]). This is schematically shown in Figure 4. A
solid line and a dotted line represent probable cases of
the solubility limit of the oxide BO (or liquidi of the BO
on the isothermal section). The solid line shows a
minimum of the solubility of BO, while the dotted line

does not show a minimum. It is seen that the solubility
minimum does not always occur although the oxide BO
forms in the liquid. In many cases, a solubility minimum
was reported in Fe-M-O alloy, because the interaction
between M and O is strong. However, depending on the
interaction, such a solubility minimum may not exist or
is shifted toward higher B content. Further discussion
will be given in Section V–A.

III. CALCULATION OF THE ACTIVITY PRO-
DUCT IN FE-M-O ALLOYS

To estimate the solubility minimum of oxide MxOy in
liquid Fe-M-O alloys, the condition in Eq. [21] can be
used. If the Gibbs energy model of the liquid Fe-M-O
alloy is available in a wider composition range (from
pure Fe to pure M and zero O content up to the oxide
saturation limit) to acceptable accuracy, aM and aO can
be calculated with high accuracy. Using Eq. [21] along
with the KMxOy

, the solubility minimum can be calcu-
lated. Application of the CALPHAD calculation is also
a way to obtain not only the solubility minimum but
also the whole solubility limit of the MxOy in the liquid
Fe-M-O alloy (deoxidation curve). However, the deox-
idation equilibria are not easy to model thermodynam-
ically because of the strong interaction between metal
and oxygen. Although there are some Gibbs energy
models available, thermodynamic optimization using
the models to describe the deoxidation equilibria over a
wide composition range is still scarce. Even for the
Fe-Al-O system, which is one of the most representative
liquid steel systems, only one study is available to the
best knowledge of the present author,[19] which describes
the deoxidation equilibria of Al2O3 in the whole
composition range (Figure 1). While research on ther-
modynamic modeling for deoxidation is being carried
out, it is worthwhile to find a simple way to estimate the
solubility minimum in various steel systems (Fe-M-O).
In the present study, to determine the solubility

minima of various Fe-M-O alloys, Eq. [21] was used. aM
and aO were calculated using reasonable thermodynamic
models, respectively. aM in the Fe-M-O alloy was
approximated to the aM in the binary Fe-M alloy.
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Fig. 3—Activity product normalized by its maximum value in A�
B�O (XO ¼ 10�4): (a) xAB=RT ¼ �0:5, xAO=RT ¼ �10, (b)
xAB=RT ¼ 0:2, xAO=RT ¼ �10. Varying xBO=RT from �5 to �15
influences the occurrence of the maximum of the activity product.
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O
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Fig. 4—Schematic figure of an isothermal section of the A-B-O
system, showing saturation of a liquid solution by BO. A solid curve
shows a ‘‘minimum,’’ while a dotted curve does not show a
‘‘minimum’’.
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Although this is strictly valid at the infinite dilution of
O, the present calculation may be a reasonable approx-
imation, since the O content in the Fe-M-O alloy at the
solubility minimum is low (maximum a few hundred
ppm levels) as will be shown later.

A. Activity of M in Fe-M: CALPHAD

aM in the Fe-M-O system was approximated to that in
the Fe-M binary system. The aM can be obtained by
using the thermodynamically assessed Gibbs energy
function for the liquid phase. When the Gibbs energy
function of the binary Fe-M alloy is modeled using a
random mixing model, the excess Gibbs energy is
described as:

gex ¼ XFeXM

X
i¼0

iLFeMðXFe � XMÞi ½26�

where iLFeM is the model parameter. This is usually
obtained by critical evaluation and thermodynamic
optimization for available thermodynamic/phase dia-
gram data. From the following relationship:

RT ln cM ¼ gex þ ð1� XMÞ @g
ex

@XM

½27�

aMð¼ cMXMÞ can be calculated as a function of XM.

B. Activity of O in Fe-M: Solvation Shell Model

The Henrian activity coefficient of O (c�O) was
calculated using Wagner’s solvation shell model.[26] O
is assumed to dissolve in various vacant shells composed
of Fe and M, as schematically shown in Figure 5. A
vacant shell formation is described as:

ðZ� iÞFeþ iM ¼ VðFeZ�iMiÞ;Dgiv ½28�

where Z, i, and VðFeZ�iMiÞ stand for the coordination
number of O, the number of M atoms in the vacant
shell, and the vacant shell composed of (Z� i) Fe and

i M. Dgiv is the Gibbs energy change of Reaction [28]
and is formulated according to Schmid et al.[28]:

Dgiv ¼
1

2
ðZ� iÞihFeM ½29�

O dissolves into the vacant shell by the following reac-
tion:

1

2
O2ðgÞ þ VðFeZ�iMiÞ ¼ OðFeZ�iMiÞ;DgiO � Dgiv

½30�

where the OðFeZ�iMiÞ stands for the solvation shell of
O (an O atom surrounded by ðZ� iÞ Fe atoms and
i M atoms). ðDgiO � DgivÞ is the Gibbs energy change
of Reaction [30] and is formulated according to Wag-
ner[26] and modified by Schmid et al.[28]:

DgiO � Dgiv ¼
Z� i

Z
DgOðFeÞ þ

i

Z
DgOðMÞ �

1

2
ðZ� iÞih

½31�

where DgOðFeÞ are DgOðMÞ are the limiting values of the

DgiO at i ¼ 0 and i ¼ Z, respectively. These are func-
tions of c�OðFeÞ and c�OðMÞ, respectively. h is the energy

difference between the following two vacancy–O
exchange reactions (h ¼ Dhðiþ1Þ � DhðiÞ):

OðFeZ�iMiÞ þ VðFeZ�ðiþ1ÞMðiþ1ÞÞ
¼ VðFeZ�iMiÞ þOðFeZ�ðiþ1ÞMðiþ1ÞÞ; DhðiÞ

½32�

OðFeZ�ðiþ1ÞMðiþ1ÞÞ þ VðFeZ�ðiþ2ÞMðiþ2ÞÞ
¼ VðFeZ�ðiþ1ÞMðiþ1ÞÞ þOðFeZ�ðiþ2ÞMðiþ2ÞÞ; Dhðiþ1Þ

½33�

Wagner assumed the h to be a constant, as a limiting
case of linear dependence of DhðiÞ on increasing i in
the solvation shell.[26] The physical meaning of this

Fe

Fe

Fe

M

M

M Fe

Fe

Fe

M

M

MO+ 0.5O2(g) =

Fig. 5—A schematic representation of the solvation shell model for dissolving O in a liquid Fe-M alloy. A gray circle before the reaction
represents a vacant shell of i ¼ 3 out of Z ¼ 6, which is then occupied by O. The Gibbs energy change for this reaction is DgiO � Dgiv, for which
Dgiv ¼ 0 was assumed in the present study.
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term is that the extent of electron transfer per M atom
keeps decreasing gradually and constantly when the
number of M atoms in the solvation shell increases.
By a mass action law for Reaction [30], Sievert’s law,
and binomial distribution formula, the Henrian activ-
ity coefficient of O (c�O) is obtained as[28]:

c�O ¼
�XZ

i¼0

Z!

ðZ� iÞ!i!
h YFecFe
½c�OðFeÞ�

1=Z

iZ�ih YMcM
½c�OðMÞ�

1=Z

ii

exp
h ðZ� iÞi

2RT
ðh� hFeMÞ

i��1

½34�

where YFe and YM are the atomic ratio of metallic
components XFe=ðXFe þ XMÞ and XM=ðXFe þ XMÞ,
respectively. By setting hFeM ¼ 0 according to Wagner
as a first approximation,[26] Eq. [34] reduces to:

c�O ¼
�XZ

i¼0

Z!

ðZ� iÞ!i!

h YFe

½c�OðFeÞ�
1=Z

iZ�ih YM

½c�OðMÞ�
1=Z

ii

exp
h ðZ� iÞi

2RT
h
i��1

½35�

The parameter h was empirically formulated by
Chiang and Chang[27]:

h ¼
� 2

Z2

�� gex

YFeYM

�
þ 0:09

� gex

YFeYM

��VM

VFe

�2

þ 0:04� ðDg�OðFeÞ � Dg�OðMÞÞ
½36�

where VM and VFe are the metallic valences for M and
Fe, respectively, as given by Pauling.[29] Dg�OðFeÞð¼
RT ln c�OðFeÞÞ and Dg�OðMÞð¼ RT ln c�OðMÞÞ are the Gibbs

energies of dissolution of O in liquid Fe and liquid M
at 1 at. pct, respectively:

1

2
O2ðgÞ ¼ O (1 at. pct in liquid Fe (or M)) ½37�

The order of Fe and M in Eq. [36] was set in such a
way that VFe=VM>1 and ðln c�OðFeÞ � ln c�OðMÞÞ>0.[30,31]

In the work of Chiang and Chang,[27] the h was formu-
lated as a function of enthalpy of mixing in the Fe-M
alloy. Since the correlation obtained by Chiang and
Chang[27] was based on the regular solution assump-
tion for which relevant data were obtained from the
compilations of Hultgren et al.,[32] it is thought that
the excess Gibbs energy may be suitable to replace the
enthalpy of mixing. The excess Gibbs energy formula-
tions are available after a series of CALPHAD assess-
ments.[33–44] Chiang and Chang proposed to use a
composition dependence of hð¼ h1 þ h2 � iÞ,[27] but
such extension was not used in the present study
because of a limit of availability of the parameters
(h1; h2). However, due to the composition dependence
of gexFeM in Eq. [36], h is dependent on the composition
in the present study.

Assuming the c�O � cO in the region of dilute O, aOð¼
cOXOÞ can be calculated as a function of XM.

IV. APPLICATION OF THE ACTIVITY PRO-
DUCT CALCULATION IN THE FE-M-O SYSTEM
(M ¼ Al, B, CA, CR, MG, MN, NB, SI, TA, TI, V, ZR)

Solubility minima of MxOy in liquid Fe-M-O alloys
were predicted as described in Section III (Eqs. [21],
[27], and [35]) and compared with available experimental
data.

A. Parameters Used in the Calculation

The cM in Fe-M alloy was calculated using Eq. [27] to
obtain aM. Required iLFeM parameters for each Fe-M
system were taken from CALPHAD assessments as
shown in Table I.[33–44]*.

The cO was calculated using Eq. [35] along with the

empirical correlation (Eq. [36]). The coordination num-
ber Z, metallic valences VM and VFe of Pauling

[29] were
obtained from Chang et al.[31] and are listed in Table II.
Dg�OðFeÞð¼ RTðln c�OðFeÞÞ and Dg�OðMÞð¼ RT ln c�OðMÞÞ
were obtained from various sources as listed in
Table III. As will be shown in Section V–A, a maximum
of the activity product depends more on composition
dependence of cO (aO at a given O content) than aM. The

composition dependence of cO depends significantly on

Dg�OðMÞ. Therefore, in the present study, all available

Dg�OðMÞ values in the literature were taken into account

in the calculation of the solubility minimum.
The equilibrium constant (KMxOy

) for Reaction [20]
was obtained from the FactSage FactPS (pure sub-
stance) database[45], which is primarily based on the
JANAF thermochemical table.[46] KMxOy

values for
various M at 1873 K (1600 �C) are listed in Table IV.
It should be noted that the equilibrium oxide phase
(MxOy) was determined from experimental
reports.[13,21,24,47–55] However, the same procedure can
be used for other oxide phases such as FewMxOy by
taking aMxOy

6¼ 1 in Eq. [21].

B. Character of the Solubility Minimum

In the present study, the solubility minima in various
Fe-M-O alloys were thermodynamically predicted and
compared with available experimental data, as will be
shown in the following sections. Numerous experimen-
tal results are available on the solubility of oxides in the
liquid Fe alloys. By inspecting the solubility data, the
minimum for the solubility was estimated. However, due
to the inherent difficulty of the high temperature
experiment and uncertainty of the analytical method,
experimental uncertainty is inevitable. Also, due to the
shape of the solubility limit (concave down around the

*cM also may be directly obtained by using commercial CALPHAD
software and databases in which more sophisticated thermodynamic
models may be employed to obtain a better description of gex.
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minimum as seen in Figure 4), the minimum of the
solubility limit determined in the experiment has uncer-
tainty in its composition.[56] Wider change in the M
content is reflected by relatively little variation in the O
content around the solubility minimum. Therefore, the
estimated experimental uncertainty in the M content is
included in the present analysis.

C. Fe-Al-O

Shown in Figure 6 is the calculated fraction of
various solvation shells in the Fe-Al-O alloy at
1873 K (1600 �C)**. Different types of shells are

schematically shown above the graph. Note that there
are also seven other solvation shells that do not contain O
inside (vacant shells). Those vacant shells were not
considered in the calculation of the fraction in Figure 6.
Increasing Al content rapidly increases the fraction of
Al-containing shells because of the higherO affinity of Al.

Figure 7 shows the calculated activity product of the
Fe-Al-O alloy at 1873 K (1600 �C) in the present study.
Among the various Dg�OðAlÞ, that of Liang

[57] was used,

which is the recommended value for the present calcu-
lation as will be shown later. Three different XO were
used. It can be seen that the activity product at each XO

shows the maximum, and the Al content of each
maximum looks virtually irrespective of the XO. This
supports the assumption used in the present study (aM in
Fe-M � aM in Fe-M-O, cO � c�O, both in dilute O

content). A horizontal dotted line represents KAl2O3
, and

XO ¼ 10�5:35 satisfied Eq. [21] with aAl2O3
¼ 1. There-

fore, the maximum on the activity product at this
condition corresponds to the minimum of the Al2O3

solubility in the liquid Fe-Al-O alloy at 1873 K (1600 �C)
(critical activity product). If XO>10�5:35, the aAl2O3

(the
activity product divided by KAl2O3

) is higher than unity
in some Al content range. This is a condition where the
liquid alloy is saturated by Al2O3. Therefore, in actual
thermodynamic equilibrium, the activity product does
not increase over the horizontal dotted line.
The calculated solubility minimum of Al2O3 at 1873

K (1600 �C) is shown in Figure 8(a) along with the
reported solubility minimum (closed circle with an error
bar).[21,24] The closed square is a calculated solubility
minimum with an estimated Dg�OðAlÞ, as will be shown

later in Section IV–N (Figure 9). Other symbols are the
calculated solubility minima with the reported Dg�OðAlÞ
values in the literature.[30,31,57,58] Among the calculated
minima, that with Dg�OðAlÞ of Liang[57] is the closest to

the experimental data.[21,24] The calculation with the
estimated Dg�OðAlÞ in the present study also predicted a

close O content, but slightly lower Al content compared
with the experimental data.[21,24]

Table I. Excess Gibbs Energy Parameters in Fe-M Binary Liquid Alloys

M in Fe-M

Excess Gibbs Energy Parameter (J mol�1)

Reference0LFeM
1LFeM

2LFeM
3LFeM

Al �88090þ 19:8T 3800� 3T �2000 0 33
B �133438þ 33:95T �7771 29739 0 34
Ca 120705 0 0 0 35
Cr �14550þ 6:65T 0 0 0 36
Mg 61343þ 1:5T 0 0 0 37
Mn �3950þ 0:489T 1145 0 0 38
Nb �73554:99þ 104:28T� 9:984T lnT 20336� 13:525T 0 0 39
Si �164434:6þ 41:9773T �21:523T �18821:542þ 22:07T 9695.8 40
Ta �54797:3� 0:9862T 1118:4� 12:3462T 0 0 41
Ti �76247þ 17:845T 7990� 6:059T 4345� 2:844T 0 42
V �35963þ 10:489T �4935þ 6:290T 0 0 43
Zr �87715:09þ 18:69T �20078:73þ 16:27T �13743:14 0 44

Table II. Pauling’s Metallic Valency and Coordination Number[29,31]

M Al B* Ca Cr Fe Mg Mn Nb Si Ta Ti V Zr

VM 3 3 2 6 6 2 6 5 2.56 5 4 5 4
Z 6 6 6 6 6 6 6 6 6 6 6 6 6

*Assumed to be the same as Al.

**By applying Eq. [35] in the Fe-Al-O system, c�O can be calculated
as a function of Al content. Since aO ¼ c�OXO, XO ¼ aO

c�
O
¼

aOð
PZ

i¼0ð� � �ÞÞ where � � � is the term inside the summation in Eq. [35].
This term is contributed from each solvation shell of i (i= 0 to 6 in the
present study). Therefore, XO has seven contributions from the seven
different solvation shells, respectively. XO from each contribution is
normalized to the overall XO (= aOð

PZ
i¼0ð� � �Þ), and it represents the

fraction of each solvation shell.
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D. Fe-Ca-O

Comparison between the calculations and the exper-
imental data in the Fe-Ca-O system is shown in
Figure 8(b). The equilibrium oxide phase is CaO(s).
Experimental data were taken from Kimura and
Suito.[47] All the calculations predicted higher Ca
content and lower O content than the experimental

data.[47] Calculated solubility minima using the Dg�OðCaÞ
of Chang et al.[31] and the present estimation (Sec-
tion IV–N) locate outside of the composition limit of the
liquid alloy because of evaporation of Ca. Unfortu-
nately, the present calculation does not explain the
experimental data. This discrepancy will be discussed
more in Section V–B.

Table III. Gibbs Energy of Dissolution of O in Liquid M at 1 At Pct (Dg�OðMÞ) at 1873 K (1600 �C)

M

References

Estimation31 58 27 57 59 30 62 66 61

Al �414,246 �419,925 2342,510 �288,007 �395,292
B �309,012
Ca �464,844 �513,311 �398,927
Cr 2200,970 �205,927 �231,491
Fe 2142,571 �142,582 �142,659 �70,888 N.A.
Mg �491,459 �358540
Mn �222,518 �249,245 �212,015 �222518 2210,853

Nb �273,900 �273,850 �227,104 2288,309

Si �317,800 �317,765 �221,399 2217,704* �350,340
Ta �229,617 2332,284

Ti �389,608 �384,730 �369,210 2373,920

V �302,613 �319,945 �247,652 �273,983
Zr 2545156 �413,772 �466,404

*Converted from 1 wt pct standard state by DgOð1wt pct!1 at pctÞ ¼ RT lnMO

MSi
where MO and MSi are the atomic weight of O and Si, respectively
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Fig. 6—Distribution of various solvation shells containing O as a function of Al content in the Fe-Al-O alloy at 1873 K (1600 �C) calculated in
the present study (Eqs. [27] and [35] ) at XO ¼ 10�5:35.
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E. Fe-Cr-O

Comparison between the calculations and the exper-
imental data in the Fe-Cr-O system is shown in
Figure 8(c). The equilibrium oxide phase is Cr2O3(s).
Experimental data were taken from Dimitrov et al.[48]

The present calculations with various Dg�OðCrÞ
[58,59]

including the estimated one in the present study are in
favorable agreement with the experimental data.[48]

F. Fe-Mg-O

Comparison between the calculations and the exper-
imental data in the Fe-Mg-O system is shown in
Figure 8(d). The equilibrium oxide phase is MgO(s).
Experimental data were taken from Seo and Kim.[49] All
the calculations predicted higher Mg content and lower
O content than the experimental data.[49] The calculated
solubility minimum using the Dg�OðMgÞ of the present

estimation (Section IV–N) locates outside of the com-
position limit of the liquid alloy because of evaporation
of Mg. As was the case for Fe-Ca-O, the present
calculation does not explain the experimental data. This
discrepancy will be discussed more in Section V–B.

G. Fe-Mn-O

Comparison between the calculations and the exper-
imental data in the Fe-Mn-O system is shown in
Figure 8(e). Equilibrium oxide phase is MnO(s)�. Exper-

imental data were taken from Takahashi and Hino.[50]

The present calculations with various Dg�OðMnÞ
[31,59,61]

including the estimated one in the present study are in
favorable agreement with the experimental data.[50]

H. Fe-Nb-O

Comparison between the calculations and the exper-
imental data in the Fe-Nb-O system is shown in
Figure 8(f). The equilibrium oxide phase is NbO2(s).
Experimental data were taken from Gu and Tang.[51]

The present calculations with various Dg�OðNbÞ
[31,58]

including the estimated one in the present study are in
favorable agreement with the experimental data.[51]

I. Fe-Si-O

Comparison between the calculations and the exper-
imental data in the Fe-Si-O system is shown in Fig-
ure 8(g). Equilibrium oxide phase is SiO2(s).
Experimental data were taken from Shibaev et al.[13]

The present calculations with various Dg�OðSiÞ
[30,62] are in

favorable agreement with the experimental data.[13] Si
content of the calculated minima locates at the upper
limit of the experimental uncertainty of Shibaev et al.,[13]

while the O content of the calculated minima is a few
ppm higher than that of Shibaev et al.[13]

J. Fe-Ta-O

Comparison between the calculations and the exper-
imental data in the Fe-Ta-O system is shown in
Figure 8(h). Equilibrium oxide phase is Ta2O5ðsÞ. Exper-
imental data were taken from Fischer and Janke.[52] The
calculation with the estimated Dg�OðTaÞ in the present

study is in favorable agreement with the experimental

Table IV. Equilibrium Constant of a Reaction

MxOy ¼ xMðlÞ þ y
2 O2ðgÞ at 1873 K (1600 �C)

Reaction KMxOy

[45]

Al2O3(s) ¼ 2Al(l)þ 3
2 O2(g) 1:0796� 10�30

B2O3(l) ¼ 2B(l)þ 3
2O2(g) 1:4089� 10�24

CaO(s) ¼ Ca(l)þ 1
2 O2(g) 8:1330� 10�13

Cr2O3(s) ¼ 2Cr(l)þ 3
2 O2(g) 4:4016� 10�19

MgO(s) ¼ Mg(l)þ 1
2O2(g) 1:1358� 10�11

MnO(s) ¼ Mn(l)þ 1
2 O2(g) 1:7482� 10�07

NbO2(s) ¼ Nb(l)þO2(g) 3:7135� 10�14

SiO2(s) ¼ Si(l)þO2(g) 8:5451� 10�17

Ta2O5(s) ¼ 2Ta(l)þ 5
2 O2(g) 1:9911� 10�36

Ti2O3(s) ¼ 2Ti(l)þ 3
2 O2(g) 3:5332� 10�29

V2O3(s) ¼ 2V(l)þ 3
2 O2(g) 4:2827� 10�22

ZrO2(s) ¼ Zr(l)þO2(g) 9:9006� 10�22
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Fig. 7—Activity product of Fe-Al-O alloy at 1873 K (1600 �C)
calculated in the present study (Eqs. [27] and [35]) at XO ¼ 10�6,
10�5:35, and 10�5.

�MnO forms a solid solution (Mn,Fe)O; therefore, the activity of the
MnO(s) is not strictly at unity at equilibrium with a liquid Fe-Mn-O
alloy. Therefore, the thermodynamic condition shown in Eq. [21] may
need to be applied as:

maxðaMnaOÞ ¼ KMnO � aMnO

However, aMnO is not significantly lower than unity
(>0:99[60]), and finding the Mn content at the solubil-
ity minimum is not sensitive to the right-hand side of
the above equation.
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data on Ta content, but gives a higher O content. The
other calculation with Dg�OðTaÞ available in the litera-

ture[59] predicts higher Ta and lower O contents,
respectively.

K. Fe-Ti-O

Comparison between the calculations and the exper-
imental data in the Fe-Ti-O system is shown in
Figure 8(i). Equilibrium oxide phase is Ti2O3ðsÞ. Exper-
imental data were taken from Cha et al.[53] The present
calculations with various Dg�OðTiÞ

[31,58,59] including the

estimated one in the present study are in favorable
agreement with the experimental data.[53]

L. Fe-V-O

Comparison between the calculations and the exper-
imental data in the Fe-V-O system is shown in Fig-
ure 8(j). Equilibrium oxide phase is V2O3(s).
Experimental data were taken from Kay et al.[54] The
present calculations with various Dg�OðVÞ,

[31,58] including

the estimated one in the present study, are in favorable
agreement with the experimental data.[54]

M. Fe-Zr-O

Comparison between the calculations and the exper-
imental data in the Fe-Zr-O system is shown in
Figure 8(k). Equilibrium oxide phase is ZrO2(s). Exper-
imental data were taken from Inoue et al.[55] The present
calculation with the Dg�OðZrÞ available in the literature[31]

is in favorable agreement with the experimental data on
Zr content, but gives a lower O content.[55] Several cases

have reported a discrepancy between significantly ther-
modynamic calculation and experimental data on the O
content.[16,63] Experimentally determined O content is
always higher than that predicted from thermodynamic
calculations. This requires further investigation.

N. Estimation of the Gibbs Energy of Dissolution of O
in Liquid M (Dg�OðMÞ)

From the previous comparisons, it can be seen that
the prediction of solubility minima depends on the
Dg�OðMÞ. It can also be inferred from Figure 3 that

occurrence of a maximum in the activity product
depends on the Dg�OðMÞ via interaction between M and

O. Therefore, one should be careful when choosing the
Dg�OðMÞ value. According to Jacob and others,[61,64,65]

Dg�OðMÞ is known to be proportional to the standard

enthalpy of formation of MxOy per mole of atoms. In
the present study, all the Dg�OðMÞ found in the literature

were plotted as a function of the standard Gibbs energy
of formation of MxOy (Dg�MxOy

¼ �RT lnKMxOy
) per

mole of atoms, as shown in Figure 9. Each symbol
represents Dg�OðMÞ available in the literature for each

metallic element M. There is a noticeable correlation
between the two terms, although scatters in the Dg�OðMÞ
values available are not negligible. Nevertheless, the best
correlation was attempted by regression and is shown by

the dashed line: Dg�OðMÞ (J mol�1) = 1:9673�
Dg�

MxOy

ðxþyÞ +

27,484 (J mol�1). For each M, Dg�OðMÞ was also esti-

mated by the ‘‘trend line;’’ the solubility minima were
calculated and are shown in Figure 8 by the solid
squares. This correlation may be used when Dg�OðMÞ at

1873 K (1600 �C) is not available in the literature.

O. Fe-B-O

To the best knowledge of the present author, no data
were reported for Dg�OðBÞ. From Figure 9, it could be

estimated to be �309; 011 J mol�1 at 1873 K (1600 �C).
This value was used to predict the solubility minimum of
B2O3 (this is liquid at 1873 K (1600 �C)), as shown in
Figure 8(l) with available experimental data.[52] The
present calculations with the estimated Dg�OðBÞ are in

favorable agreement with the experimental data.[52]

However, due to a considerable scatter in Figure 9, this
correlation may only be used for a qualitative estimation
purpose.

V. DISCUSSION

All the best-predicted solubility minima at 1873 K
(1600 �C) are shown in Figure 10 with the references of
Dg�OðMÞ used in each calculation. Those used in the

calculation out of all the available Dg�OðMÞ values are

marked in bold in Table III, except for those of Ca and
Mg.
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A. Properties Determining the Solubility Minima

Half of the minima shown in Figure 10 (M ¼ Mn, Cr,
Ta, Nb, V, and B) show that their minimum O contents
at 1873 K (1600 �C) are roughly located near 0.01 wt pct,
while those of Si, Ti, and Al are in the range of 0.001 to
0.0001 wt pct. Those of Zr, Mg, and Ca are even
< 0.0001 wt pct, which is thought to be lower than the
detection limit of the conventional O analysis method
(inert gas/vacuum fusion infrared absorption method).
On the other hand, M contents at the minima are widely
spread.

Interestingly, Al and Ti have similar Dg�OðMÞ and

Dg�MxOy
=ðxþ yÞ, and their solubility minima are close to

each other. Cr and Mn, Nb, and V also have similar
Dg�OðMÞ and Dg�MxOy

=ðxþ yÞ, and their solubility minima

are close to each other, respectively. It is inferred from
these observations that Dg�OðMÞ and Dg�MxOy

=ðxþ yÞ are
likely the determining factors of the solubility minima,
apart from the interaction between Fe and M, which is
weaker than the interaction between M (and Fe) and O.

As shown in Figure 9 as well as the previous reports
by Jacob and others,[61,64,65] the Gibbs energy of
formation (or enthalpy of formation) of MxOy

(Dg�MxOy
) is roughly proportional to the Gibbs energy

of dissolution of O in liquid metal M (Dg�OðMÞ).

However, in the present study, it was found that
Dg�OðMÞ is more correlated to the M content at the

minima (½wt pctM�min), while Dg
�
MxOy

is more correlated

to the O content at the minima (½wt pct O�min). This is
shown in Figure 11. All the data were those from
Figures 9 and 10.

Since the solubility minimum is determined by the
maximum of the activity product, the composition
dependence of cO is important in determining the

solubility minimum. Shown in Figure 12 is the calcu-
lated log cO in the Fe-M alloys at 1873 K (1600 �C) using

Eq. [35] and Dg�OðMÞ marked bold in Table III. ‘‘m’’ in

each figure indicates the [wt pct M�min in each case.
Upon increasing [wt pct M], the cO first keeps its value

close to cOðFeÞ, then decreases toward cOðMÞ. It can be

seen approximately that the cO starts to decrease near

the ‘‘m.’’ Moreover, those ‘‘m’’s shift to higher [wt pct
M] if Dg�OðMÞ is less negative.

An interesting case is the solubility of SiO2 in liquid
Fe-Si-O alloy. The solubility minimum of SiO2 is located
at the highest [wt pctM�min among the other elements,
but ½wt pctO�min is not as high as that of MnO or Cr2O3

whose [wt pctM�min are also high (see Figure 10).
Figure 11 shows that Dg�OðSiÞ is almost comparable to

those of Cr and Mn, but Dg�SiO2
=3 is significantly more

negative than Dg�MnO=2 or Dg�Cr2O3
=5. This results in

similar [wt pctM�min but lower ½wt pct O�min in case of
SiO2 solubility.
It is now understood that, upon increasing the M

content, a rapid decrease of the cO due to negative

Dg�OðMÞ results in shifting the maximum of the activity

product toward lower M content (and vice versa). The
lower KMxOy

yields lower aO and XO at the critical
activity product (and vice versa). The role of the
interaction between the metallic components (gex) seems
not as significant as those of Dg�OðMÞ and KMxOy

, in

particular for the calculation of cO. This seems generally

valid as the extent of interaction between the metallic
components is weaker than that between the metal (Fe
and M) and O. However, this does not mean that the gex

can be neglected in the present calculation, because the
aM should be calculated as accurately as possible.

B. Solubility Minima of CaO and MgO

The solubility minima of CaO and MgO were not
predicted satisfactorily (Figures 8(b) and (d), respec-
tively). The predicted minima were located at higher Ca/
Mg content and lower O content. Because the experi-
ments for the solubility measurement of CaO and MgO
in liquid Fe are extremely difficult (because of high
temperature, evaporation of the Ca and Mg, the
extremely strong affinity of Ca and Mg to O that lowers
the O content below detection limit), careful evaluation
of the experimental data is required. Nevertheless, if the
selected experimental data (closed circles in Figure 8)
are accepted, then the present calculation seems to show
a limit in the prediction of the solubility minima.
According to Figure 12(c) and the conclusion derived

in Section V–A, it is seen that cO decreases as the Ca

content increases, but not as quickly as it is supposed to.
That is, cO needs to start to decrease at a lower Ca

content in order to have a maximum of the activity
product at the lower Ca content and needs to have a
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alloys at 1873 K (1600 �C). Dg�OðMÞ used in those predictions were
taken from Refs. 31, 57, 58, 62, 66 or estimation in the present study.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 50B, DECEMBER 2019—2955



lower cO that yields a higher O content at the solubility

minimum. To decrease the cO more quickly upon

increasing the Ca content, it is necessary to analyze
Eq. [35] to determine whether it is suitable to describe
the solvation shell of O composed of Fe-Ca. Since the
solvation reaction (Eq. [32] or Eq. [33]) represents the
transfer of O in the solvation shells from lower to higher
Ca content, DhðiÞ in this case is negative. According to
Wagner’s interpretation of hð¼ Dhðiþ1Þ � DhðiÞÞ,[26]
increasing Ca content (by increasing i) in the solvation
shell gradually decreases the extent of O dissolution in
the solvation shell (the transfer of electrons from Ca to
O over the transfer of electrons from Fe to O). That is,
Reaction [33] is less exothermic than Reaction [32],
thereby h>0. In Wagner’s original model, the h was
assumed to be a constant in each binary liquid. This was
later modified by Chiang and Chang in such a way that
h ¼ h1 þ h2 � i.[27] In the present study, this expression
was not adopted because it requires parameter assess-
ment, which was out of the scope of the present study.
Schmid et al. proposed considering the non-random
mixing of the metallic atoms in the solvation shell
model: Eq. [34] instead of Eq. [35] by setting hFeM 6¼ 0.
A preliminary test of the non-random solvation shell
model (Eq. [34])[28] yielded a better result than the
random solvation shell model (Eq. [35])[26] for the case
of CaO solubility. A similar improvement was observed
in the case of MgO solubility. However, the same
approach did not yield such improvement in cases of
Al2O3 solubility and ZrO2 solubility, where Al and Zr
also showed a strong affinity to the O, comparable to
those of Ca and Mg. Interestingly, binary liquid alloys
of Fe-Ca and Fe-Mg exhibited very strong positive
deviation from the ideality (forming immiscibility),
while those of Fe-Al and Fe-Zr exhibited negative
deviation (see Table I). This may be responsible for the
different behaviors when the non-random solvation shell
model was applied. Further investigation is required.

VI. CONCLUSION

Minima of oxide solubility in various liquid Fe-M-O
alloys were analyzed. The origin of the solubility
minimum was interpreted not by tracking a minimum
of the solubility curve as was done previously, but by
looking at the driving force to form the oxide (MxOy) in
terms of activity product (axM � a

y
O ). It was shown that,

at a given O content in a liquid Fe-M-O alloy, aM
increases and aO decreases upon increasing the M
content. This results in a maximum in the activity
product. When the activity product at its maximum
equals KMxOy

, the composition (M and O contents)
corresponds to the solubility minimum of the pure
MxOy. At higher M content than that of the solubility
minimum, the activity product decreases because of the
decrease of aO. This results from the strong affinity of M
to O, which causes more O to dissolve in the liquid alloy.
Therefore, the solubility limit of the MxOy increases
back after the solubility minimum.
The idea of the solubility minimum was applied to

predict the actual solubility minima of MxOy in various
Fe-M-O alloys at 1873 K (1600 �C) where M ¼ Al, B,
Ca, Cr, Mg, Mn, Nb, Si, Ta, Ti, V, and Zr. A number of
assessed CALPHAD Gibbs energy equations were used
to obtain aM over the whole composition (from pure Fe
to pure M). Wagner’s solvation shell model[26] with
Chiang and Chang’s parameterization for h[58] was used
to obtain aO over the whole composition but in the
dilute region of O. The predicted (not fitted) solubility
minima were in favorable agreement with
reported experimental data, except for those of CaO
and MgO. There were correlations between
[wt pctM]min and Dg�OðMÞ, also between [wt pctO]min

and Dg�MxOy
=ðxþ yÞ, respectively. Therefore, similar

Dg�OðMÞ and Dg�MxOy
=ðxþ yÞ result in a similar compo-

sition of solubility minima. For systems where Dg�OðMÞ is
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not known, a correlation obtained between Dg�OðMÞ and

Dg�MxOy
=ðxþ yÞ may be used. However, due to a

considerable scatter, this correlation can only be used
for qualitative estimation purposes.
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