Oxide Solubility Minimum in Liquid Fe-M-O Alloy

YOUN-BAE KANG

The origin of the solubility minimum of oxide (MO, ) in liquid Fe-M-O alloy was investigated, and
the minimum was predicted based on thermodynamic calculations. Due to the characteristic
property of activities of M and O in the liquid, a maximum exists in the product between the two
activities if the affinity of M to O is significantly high, as most deoxidizing elements are. A critical
activity product is defined, which is an indicator of the solubility minimum of the MO, in the liquid
Fe-M- Oalloy according to the followmg relationship: max(ajy, x ao) Kwm,0, X am,o0,, where the
am,o, is unity if the alloy is in equilibrium with the pure M,O,. The origin of the solubility
minimum was explained using the change of the activity product by composition. Available
CALPHAD assessments for several binary Fe-M liquid alloys and Wagner’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 of M,O,. A favorable agreement was obtained when M = Al, B, Cr, Mn,

Nb, Si, Ta, Ti, V, and Zr. The Glbbs energy of dissolution of O in pure liquid M (Ago( M) ) and the
Gibbs energy of the formation of M, 0, per mole of atoms (Agj, 0, /(x+y)) play 1mportdnt 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
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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:

A1203(S) = 2& + 3Q, Ag(l) = Ag((’l) + RTIn Q(]) [1]

where Al and O are Al and O dissolved in the liquid
Fe. Ag Ag  and Q1) are the Gibbs energy change,

the standard Glbbs energy change, and the equilibrium
quotient of Reaction [1], respectively. The Gibbs
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energy change Ag(y) is:

Ag(1) =28A1 + 380 — &AL0s(s)
=2(gj; + RTInaa) +3(g5 + RTInag)

- (g?\lzog(s) + RTlIn aA1203(5)> [3]
e
=(2ga1 + 385 — &AL0,(5) T RTIn (4]
- = aAlez(s)
:Ag?l) + RTll'l Q(l) [5]

where gal, go, aal, and ap are the partial Gibbs ener-
gies and the activities of Al and O dissolved in the lig-
uid Fe, g3, and gg are the standard Gibbs energies of
the Al and the O,_gAlzog(s) and g;lzog(s> are the partial
Gibbs energy of Al,O5 in the deoxidation product and
the standard Gibbs energy of Al,O;, respectively. If
the deoxidation product is a pure solid Al,Os,
ZALOs(s) = &ALL0y(s) ANd dALOs(s) = 1.

At equilibrium, Ag(;) = 0, then Q(;) becomes K(y), the
equilibrium constant of Reaction [1]:
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(2871 + 380 —
RT

2 3
4a1%0

Koy = = exp ( - ngZO}(S))) [6]

aA1203(S)
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:

2 3
K 3&439 (7a1Xa1) (VQXO) 7]
1 = =
( AAL,05(s) AAL,05(s)

Activity coeflicients of Al (y,;) and O (yo) are often
described by Wagner’s interaction parameter formal-
ism

Inya ZEQ}XAl + engo + pﬁ}Xil + p(A)lXé 4+ [8]

Inyg =g Xo + €5 Xa1 + pOXG + po Xa + - 9]

where € and p/ are the first- and second-order interac-
tion parameters, respectively. Under a condition of
Al O3 saturation (equilibrium with the solid Al,O;),
Al and O contents in the liquid Fe can be obtained by
solving a series of equations (Egs. [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 M(= Al, Cr, Mn, Si, etc.) has been a sub-
ject of long-time research. The deoxidation equilibria (in
other words, the solubility limit of the metal oxide
M,0O,) 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.*

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.”® 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.
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There have been theoretical approaches that explain
deoxidation equilibria in liquid Fe by various M. The
Wagner’s 1nteract10n parameter formalism has been the
most widely used,'!! and the interaction parameters up

to second-order terms (¢!, p}, p}* on a mole fraction basis

or ¢}, 1, #* 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.l’””

St. Pierre and Blackburn!”! 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.!"! By taking a differential of Eq. [7] with respect to
Xai, setting the differential of K(;) and aay,0,(s) zero, and
substituting y,; and yg up to ﬁrst order, the following

relationship was obtained:

2/XA1 —|—2€ +36
3/Xo +3eo +2€9,

BXO ) _ [10]
By setting 3 aXo =0, the composition of the minimum
could be obtamed Including the second-order parame-
ters in Eqgs. [8] and [9] would yield not only a mini-
mum but also a maximum in the deoxidation
equilibria.®?!

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.!”! They noted
that solubility minima of various MO, were predicted
if (e} +2€y) <1, which is not obeyed by interaction
parameters concerning Si (M = Si). However, accord-
ing to the recent exper1menta1 study by Shibaev
et al.,'¥ a solubility minimum was found in the
non- dllute 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 €, (or ¢}) results in a
minimum at lower M content than available experimen-
tal data. It was attempted to correct this failure by
setting pﬁ (or rJl:) to be positive.'¥ 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

VOLUME 50B, DECEMBER 2019—2943



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 stron
affinity of M to O, the presence of several associates!!™!
was used in the unified interaction parameter formal-
ism.""7'8] 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.!'®

Recently, a quasichemical approach was used to
model the Gibbs energy of a liquid Fe-Al-O alloy.!"”!
It takes into account the strong interaction between O
and Al b(?/ using the modified quasichemical model
(MQM) ! 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!'®!"! at relatively
low Al content. However, the MQM is valid over the
whole composition range of Al. A successful explana-
tion of Al,O3 solubility in liquid Fe-Al-O alloy was
realized. A calculated solubility of Al,O5 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—Al-O alloy, using MQM

-1 I [ [ |
T = 1873 K

L + Al,O3(s)

o “minimum”
SN
%
T e e
g L
[ a’
e ([wt% Al] = 0.62, [wt% O] = 0.00015)
_5 | | | | |
—4 -3 —2 —1 0 1 2

log [wt% Al]

Fig. 1—Solubility of Al,O; in liquid Fe-Al-O alloy at 1873 K
(1600°C) calculated using the modified quasichemical model.['”!
Horizontal dashed lines represent 0.00015 (¢ —d'), 0.001 (b —b'),
and 0.01(c — ¢’) wt pct O, respectively.

2944—VOLUME 50B, DECEMBER 2019

(Fe-Fe) + (0O-O) =2(Fe-O); Agreo [11]
(Al-Al) + (0-0) =2(Al-0); Agaio [12]
(Fe-Fe) + (Al-Al) =2(Fe-Al); Agpeal [13]

where (i — j) and Agj; are the (i —j) FNN pair and the
non-configurational Gibbs energy change for the for-
mation of two moles of (i —j) pairs. The Gibbs energy
of mixing of the Fe-Al-O ternary liquid alloy is given
by:

G =(npegpe +naiga; + nogoo) -

NFeO
Ag TAIO A
> ZFeO + 2 ZAIO

TASeog 4 % Agreal

[14]

where g7, n;, n;, and AS®©Mig are the molar Gibbs
energy of pure liquid 7, the number of moles of the i,
the number of moles of the (i —j) 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.””
The Agreo, Agaio, and AgFeAl may be expanded in
terms of pair fractions.”? Detailed expression of the

SC"nﬁg Agpeo, Agaio. and Aggea; can be found else-
where.!"”) Along with the Gibbs ener%?/ of a solid
AL O; given by Eriksson and Pelton,”” a solubility
curve of the Al,O5 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
[wt pctAl] = 0.62, [wt pct O] = 0.00015. This falls in
the ran%e of a reported minimum of the Al,O3 solubil-
ity.1>% 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 dpphed 1n lim-
ited cases (Fe-M-O system when M = AIl" and
Mn!*)) so far. Therefore, it is not possible to predict
the solubility minima of various kinds of MO, 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® for an infinite dissolution of O in the
Fe-M binary alloy along with a correlation proposed by
Chiané and Chang for the exchange energy of solvation
shells.””! By comparing the available experimental data
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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 Al,O3, pure liquid Al, and pure
O, gas at 1 bar as reference states of Al,O5(s), Al, and
O, respectively, the equilibrium constant of Reaction [1]
is obtained by the Gibbs energy difference among those
pure components (g/ilzo3 () g/‘i](/), and % gg)z(g),
respectively).

(2g2|(l) + %g((j)z(g) B gOAle3(S)) )

K= oo e (= RT

[15]

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

ALOs(s) =2Al(l) + %Oz(g); Kano, (16
;
ax (I;Z) 2
Kan0, :m -
exp (  (Zgaig + %g% (7{) — 83,0, )

where Po, and Pg are the partial pressure of O, over
the liquid Fe(-Al-O alloy) and the pressure of O, at its
reference state, respectively. Therefore, the deoxidation
equilibrium of Reaction [1] can be represented by
Kano, (the equilibrium constant of Reaction [16]
involving the pure components) by taking pure solid
Al,O3, pure liquid Al, and pure O, gas at | bar as the
reference states of Al,O5, Al, and O, respectively. The
activity of O in the liquid Fe alloy is defined as:

Po,
Py,

[18]

ap =

From Eq. [15], an activity product between aa; and
ag is written as:

6&16139 = K(1) X aa1,04(s) = KaL0; X aALO(s) [19]

where a4 is written as aaj, as the Al content (X,;) var-
ies from 0 to 1. For the activity product, the following
can be considered:

e When the liquid Fe-Al-O alloy is in equilibrium with

the solid ALOs3, aano,5) =1 and a3 a, become

Kal,0,- Otherwise, the activity product a3,a}, varies
with aa,0,(s) depending on the Al and O contents in

the alloy. The solubility curve shown in Figure 1 was
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calculated at the condition of a@ay,0,(;) = 1. The min-
imum point also satisfies aap,0,) = 1.

e The activity product is less than Ka,o, when
[wt pct O] <0.00015 at 1873 K (1600°C) at all Al
contents.

e In an infinite dilute region of O, aa; 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 — O results in y,; (and aa;) to be inde-
pendent of Xg. Increasing the O content would
influence the aa;. However, the low O content at the
solubility minimum would not change aa; signifi-
cantly from the ap; at Xo — 0. Therefore, this con-
dition may be extended to the O content of the
solubility minimum.

e At a given O content, aa; must increase as [wt pct Al]
increases. On the other hand, ag 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 (a3,4f) may exhibit a maximum depending on
the composition dependence of both as; and ap.

Figure 2 shows the activities of O and Al and their
activity product (a3,a3) 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

Fe—Al-O alloy, using MQM

[ I I I I I
T = 1873 K @
*5: _ _ _10ppm _
o ... Wppm_________ C T~
(ST 4 1.5 ppm _—‘\\\\\\ ~
2 0
—9 \\\\\

s _
S ©)

X gl fe @D o S
o= u /,“;5‘;{ Vo @:C

g - o - 20
=, -35 15 W -5 S

o0 “minimum”

o)

_4q0l | | | | | 1
074 -3 -2 -1 0 1 2 0

log [wt% Al]

Fig. 2—(a) Activity of O (with respect to pure Ox(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 pct O] = 0.00015, 0.001, and 0.01) at 1873 K (1600°C),
calculated using the modified quasichemical model."”? [wt pct Al] at
the points b, b, ¢, ¢, and “minimum” are the same as those in
Fig. 1. Ka,0, is the equilibrium constant of Reaction [16].
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used in Figure 1. Changes of the ap and the as 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 Kaj,0,, Which intersects with the activity product
curve at a point ([wt pct O] = 0.00015) or two points
([wt pct O] =0.001,0.01), respectively. Al contents at
the “minimum,” b, &', ¢, and ¢’ are identical to those in
Figure 1. The solid curve in Figure 2(c) is the activity
product a3a} along the a—da in Figure 1
([wt pct O] = 0.00015). Since the maximum value of
the activity product at [wt pct O] = 0.00015 is exactly
the same as Kapo, (marked by an upward arrow
“minimum?”), according to Eq. [19], aaj,0,5) = 1 only
at the specific Al content ([wt pctAl] = 0.62). The a3, x
a% at this specific composition may be called a critical
activity product. Except for this point, aaj,o0,i) <1 at
this O content ([wt pct O] = 0.00015): the liquid alloy is
not in equilibrium with the Al,Os(s).

At higher O content, the activity product is higher
than Kaj,0, in a range (within b— 5" ([wt pct O] =
0.001) or c¢—¢ ([wtpctO] =0.01)): AlLOs(s) is
stable within the range. It is clear that the maximum
of the activity product at [wt pct O] =0.00015 (the
critical activity product) corresponds to the condition of
the minimum of the solubility of Al,O5 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 Al,O3, which is propor-
tional to a3, x @}, at high Al content. Such high affinity

to O by Al forces keeping O in the liquid alloy by
dissociating the solid Al,O5. 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
aar and yo(= ao/Xo), 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.
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For a general case in a Fe-M-O alloy,
M0, =xM()+30:): Kio,  [20]

the thermodynamic condition of a solubility minimum
is

max(ayaq) = K0, X a0, [21]
where ay 0, =1 for pure M,O,. 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 KM\-OV-

A. Maximum of the Activity Product

The critical activity product depends on the compo-
sition dependence of a,s and ap in liquid Fe-M-O alloy.
Since ajr and agp 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 4 — B— O alloy where B has
strong affinity to O, thereby forming “BO(s)”:

BO(s) =B+ 0; Kpo [22]
an activity product is written as:
agao = (y3X5)(70Xo) (23]

For the sake of simplicity, if the liquid alloy behaves
as a regular solution characterized by three interaction
energies in each sub-binary system (w4 for A4 — B,
w40 for A — 0O, and wpo for B — O, respectively), the
activity coefficients of B and O can be formulated as
follows:

RTInys =041 — Xp)° [24]

RT]HVQ :(] - XB)COAO + Xpwpo — O)AB(I — XB)XB
[25]

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 = 10~* as an example) normal-
ized to its maximum values in each case. w40 was set
to a constant (—10R7T), while wpo was varied to deter-
mine its impact on the maximum of the activity prod-
uct. Besides, the interaction in the metal phase (w43p)
was set as either negative (Figure 3(a)) or positive
(Figure 3(b)).

In Figure 3(a), wpo was set to —5SRT7, —10RT,
—12R7T, and —15RT. When wpo = —12RT or —15RT,
there is a maximum in each case. More negative wgo
puts the maximum at lower Xp. Similar results are seen
in Figure 3(b) where w45 is positive.
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Fig. 3—Activity product normalized by its maximum value in 4 —
B—-0 (Xo=10"%): (@) w4p/RT=-0.5 w4/RT=-10, (b)
w4p/RT=0.2, 40/RT = —10. Varying wpo/RT from —5 to —15
influences the occurrence of the maximum of the activity product.

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 wpgo is less
negative (wpo = —5SRT and — 10RT), there is no max-
imum on the activity product. This results in no
solubility minimum. When wpo is negative enough
(wpo = —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
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“minimum”

A B

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”.

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 MO, 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, ays and ap can
be calculated with high accuracy. Using Eq. [21] along
with the Ky 0,, 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 MO, 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,'” which describes
the deoxidation equilibria of Al,O; 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-AM-O).

In the present study, to determine the solubility
minima of various Fe-M-O alloys, Eq. [21] was used. ay,
and ag were calculated using reasonable thermodynamic
models, respectively. ay; in the Fe-M-O alloy was
approximated to the a, in the binary Fe-M alloy.
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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

ays in the Fe-M-O system was approximated to that in
the Fe-M binary system. The ay; 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:

g% = XreXu Z "Lrer(Xre — Xar)' [26]

i=0
where ‘Lg.y 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:

agex

RTIny, =g + (1 - X

27]
ay(= v, Xn) can be calculated as a function of Xy,.

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

The Henrian activity coefficient of O (y3) was
calculated using Wagner’s solvation shell model.”® 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:

(Z — i)Fe +iM = V(Fey ;M,); Agi, 28]

where Z, i, and V(Fez_;M;) 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

ANy

i M. Ag;, is the Gibbs energy change of Reaction [28]
and is formulated according to Schmid er al.*®:

1
Agi, = 5 (Z — i)ihpem [29]

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

1
Eoz(g) + V(Fez_iM;) = O(Fez_;M;); Agio — Agiv
[30]

where the O(Fe,_;M;) stands for the solvation shell of
O (an O atom surrounded by (Z —1i) Fe atoms and
i M atoms). (Agio — Agiy) is the Gibbs energy change
of Reaction [30] and is formulated according to Wag-

ner®® and modified by Schmid et al.?®):
Z—i i 1 .
Agio — Agiy = 7AgQ(Fe) + EAgQ(M) ) (Z —i)ih
(31]

where Ago(re) are Ago(a) are the limiting values of the
Agio at i =0 and i = Z, respectively. These are func-
tions of yE)(Fe) and VE)(M)» respectively. & is the energy

difference between the following two vacancy—O
exchange reactions (h = Ah ) — Ahy)):

O(Fez-iM;) + V(Fez i 1yMit1))

32]
= V(FGZ,,'MI') + O(FGZ,<,~+1)M(,~+1>); Ah(,)
O(Fez_(i11yMiy1)) + V(Fez_(iy2yMi12))
= V(Fez (iy1yM(i11)) + O(Fez_(is0)Mi12));  Ahgpy
(33]

Wagner assumed the /2 to be a constant, as a limiting
case of linear dependence of Ah(; on increasing i in
the solvation shell.®® The physical meaning of this

()
A S

N

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 = 3 out of Z = 6, which is then occupied by O. The Gibbs energy change for this reaction is Ag,o — Agiy, for which

Agi, = 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 (yg) is obtained ast?8l:

ye = (i Z! [ YEe)Fe }Z‘i[ Yumym ][
o= EEYER Y o 1l
—(Z -l [VQ(Fe)] /Z [VQ(M)] 1z

oo Gt )

where Yg. and Y, are the atomic ratio of metallic
components Xge/(Xre + X)) and X/ (Xve + Xur),
respectively. By setting /gy = 0 according to Wagner
as a first approximation,® Eq. [34] reduces to:

O P 21 Yee 120 Y i
Vo:(;(zi)!i![[yog(;)]l/z} [[V"Q(MA:]”Z} [35]

T )

The parameter 4 was empirically formulated by
Chiang and Chang?®”:

=) (55 0 ) G

+0.04 x (Agore) — AgH(r))

exp

where V', and V. are the metallic valences for M and
Fe, respectively, as given by Pauling.!*” Agg)(m(:
RTInyg ) and Agg (= RTInyg,,) are the Gibbs
energies of dissolution of O in liquid Fe and liquid M
at 1 at. pct, respectively:

1
EOz(g) = O (1 at. pct in liquid Fe (or M)) [37]

The order of Fe and M in Eq. [36] was set in such a
way that Vpe/Vy>1 and (In Yo(Fe) ~ 1075 (an)) >.130-31
In the work of Chiang and Chang,”*” the / was formu-
lated as a function of enthalpy of mixing in the Fe-M
alloy. Since the correlation obtained by Chiang and
Chang®®”! was based on the regular solution assump-
tion for which relevant data were obtained from the
compilations of Hultgren er al.,”? 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.*** Chiang and Chang proposed to use a
composition dependence of (= hy + hy x i).27 but
such extension was not used in the present study
because of a limit of availability of the parameters
(hy,hy). However, due to the composition dependence
of gi%,, in Eq. [36], & is dependent on the composition
in the present study.

Assuming the y3 ~ yq in the region of dilute O, ao(=
70X0) can be calculated as a function of X.

METALLURGICAL AND MATERIALS TRANSACTIONS B

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

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

A. Parameters Used in the Calculation

The vy,, in Fe-M alloy was calculated using Eq. [27] to
obtain ay;. Required 'Lyey, parameters for each Fe-M
system were taken from CALPHAD assessments as
shown in Table I.P3 4%,

*yy 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 g**.

The yo was calculated using Eq. [35] along with the
empirical correlation (Eq. [36]). The coordination num-
ber Z, metallic valences V;; and Vg of Pauling[29] were
obtained from Chang ez al.*" and are listed in Table II.
Agé(Fe)(: R7(In yOQ(Fe)) and Ag"Q(M)(: RTIn y"Q(M))
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 74 (ap at a given O content) than ays. The
composition dependence of y5 depends significantly on
Agz)(M). Therefore, in the present study, all available
Agoo( M) values in the literature were taken into account

in the calculation of the solubility minimum.

The equilibrium constant (K 0,) for Reaction [20]
was obtained from the FactSage FactPS (pure sub-
stance) database!®), which is primarily based on the
JANAF thermochemical table.*"! K0, values for
various M at 1873 K (1600°C) are listed in Table IV.
It should be noted that the equilibrium oxide phase
(MO,) was determined from  experimental
reports.['321-244735 However, the same procedure can
be used for other oxide phases such as Fe, M .O, by
taking a0, # 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
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Table I. Excess Gibbs Energy Parameters in Fe-M Binary Liquid Alloys
Excess Gibbs Energy Parameter (J mol™')
M in Fe-M OLkem "Liem 2Lkem 3 Lrenm Reference
Al —88090 + 19.8T 3800 — 3T —2000 0 33
B —133438 4+ 33.95T =7771 29739 0 34
Ca 120705 0 0 0 35
Cr —14550 + 6.65T 0 0 0 36
Mg 61343 +1.5T 0 0 0 37
Mn —3950 +0.489T 1145 0 0 38
Nb —73554.99 + 104.287 —9.984TIn T 20336 — 13.525T 0 0 39
Si —164434.6 +41.9773T —21.523T —18821.542 +22.07T 9695.8 40
Ta —54797.3 — 0.9862T 1118.4 — 12.3462T 0 0 41
Ti —76247 4+ 17.845T 7990 — 6.059T 4345 — 2.844T 0 42
v —35963 +10.489T —4935 4 6.290T 0 0 43
Zr —87715.09 + 18.69T —20078.73 + 16.27T —13743.14 0 44
Table II.  Pauling’s Metallic Valency and Coordination Number!?*-3!!
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

minimum as seen in Figure 4), the minimum of the
solubility limit determined in the experiment has uncer-
tainty in its composition.”® 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

**By applying Eq. [35] in the Fe-Al-O system, yg, can be calculated
a_function of Al content. Since ap = y3Xo, Xo = ]

as
ao(XF(--+)) 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 (= ao(> = ,(---)), and it represents the
fraction of each solvation shell.

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 higher O 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 AgB(Al), that of Liang"” was used,
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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 X
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 (a,, in
Fe-M =~ ay in Fe-M-O, yg =73, both in dilute O
content). A horizontal dotted line represents Kaj,0,, and
Xo = 10733 satisfied Eq. [21] with @ap,0, = 1. There-
fore, the maximum on the activity product at this
condition corresponds to the minimum of the Al,Oj
solubility in the liquid Fe-Al-O alloy at 1873 K (1600 °C)
(critical activity product). If Xo > 10733, the aay,o0, (the
activity product divided by Kay,o0,) is higher than unity
in some Al content range. This is a condition where the
liquid alloy is saturated by Al,Os. Therefore, in actual
thermodynamic equilibrium, the activity product does
not increase over the horizontal dotted line.

The calculated solubility minimum of Al,O5 at 1873
K (1600°C) is shown in Figure 8(a) along with the
reported solubility minimum (closed circle with an error
bar).?'* The closed square is a calculated solubility
minimum with an estimated Agg( Al @S will be shown

later in Section IV-N (Figure 9). Other symbols are the
calculated solubility minima with the reported Ag%( Al

values in the literature.?%3"57-38 Among the calculated

minima, that with AggﬁAl) of LiangP” is the closest to

the experimental data.?'** The calculation with the

estimated Ag"o( Al in the present study also predicted a

close O content, but slightly lower Al content compared
with the experimental data.[!:>4
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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 (Egs. [27] and [35] ) at Xo = 10733,

Table III. Gibbs Energy of Dissolution of O in Liquid M at 1 At Pct (Ag& M>) at 1873 K (1600°C)

References

M 31 58 27 57 59 30 62 66 61 Estimation
Al —414,246  —419,925 —342,510 —288,007 —395,292
B —309,012
Ca —464,844 —513,311 —398,927
Cr —200,970 —205,927 —231,491
Fe —142,571 —142,582 —142,659 —70,888 N.A.
Mg —491,459 —358540
Mn —222,518  —249,245 -212,015 —-222518  —210,853
Nb —273,900 —273,850 —227,104 —288,309
Si -317,800 —317,765 —-221,399 —217,704* —350,340
Ta —229,617 —332,284
Ti —389,608 —384,730 -369,210 —373,920
A% -302,613  —319,945 —247,652 —273,983
Zr —545156 —413,772 —466,404

*Converted from 1

Mo

wt pct standard state by Ago(1 wipet—1atpety = RTIn e

where Mo and Mg; are the atomic weight of O and Si, respectively

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.*”) All the calculations predicted higher Ca
content and lower O content than the experimental

METALLURGICAL AND MATERIALS TRANSACTIONS B

data.*”! Calculated solubility minima using the AgaCa)
of Chang et al®"! 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.
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Table IV. Equilibrium Constant of a Reaction
M,0, = xM(1) +%0,(g) at 1873 K (1600°C)

Reaction

K0,

ALO;(s) = 2A1(1) +30x(g)
B,0s(1) = 2B(I) + 3 Oz(g)

1.0796 x 10-%°
1.4089 x 1024

CaO(s) = Ca(l) + L 0x(g) 8.1330 x 1012
Cr205(s) = 2Cx(l) + 3 Os(g) 44016 x 1019
MgO(s) = Mg(l) + 1 Ox(g) 1.1358 x 1011
MnO(s) = Mn(l) + 1 0,(g) 1.7482 x 1077
NbO»(s) = Nb(l) + Os(g) 37135 x 1014
Si0s(s) = Si(l) + Os(g) 8.5451 x 1017

Ta,0s(s) = 2Ta(l) +3 01(g)
Ti;O3(s) = 2Ti(l) + 202(g)
V1053(s) = 2V(1) +30s(g)
Z10y(s) = Zr() + Og(g)

1.9911 x 1073¢
3.5332 x 1072
42827 x 1072
9.9006 x 10722

Fe-Al-O alloy

o
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Fig. 7—Activity product of Fe-Al-O alloy at 1873 K (1600°C)
calculated in the present study (Egs. [27] and [35]) at Xo = 1079,

10733, and 1075,

E. Fe-Cr-0O

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 Cr203ﬁs)
Experimental data were taken from Dimitrov et al.
The present calculations with various AgO<Cr)

48]
[58.59]

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

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 M§O(s)
Experimental data were taken from Seo and Kim.*! All
the calculations predicted higher Mg content and lower
O content than the experlmentdl data.*” The calculated
solubility minimum using the AgO(Mg of the present
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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-0O

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-

"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:

max(aMnaQ) = KMnO X dMnO

However, anpo 1s 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.

imental data were taken from Takahashi and Hino.’”)

The present calculations with various Ag"Q(Mn)[3l’59’6”
including the estimated one in the present study are in
favorable agreement with the experimental data.l>%

H. Fe-Nb-O

Comparison between the calculations and the exper-
imental data in the Fe-Nb-O system is shown in
Figure §(f). The equilibrium oxide phase is NbOzﬁs)
Experimental data were taken from Gu and Tang1 z;

The present calculations with various Ago Nb)

including the estimated one in the present study are in
favorable agreement with the experimental data.l"!

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 SlOz&S)
Experimental data were taken from Shibaev er al!'’
The present calculations with various Ago(sl) [30.62] are in

favorable agreement with the experimental data.l'¥ Si
content of the calculated minima locates at the upper
limit of the experimental uncertainty of Shibaev ez al.,!'*!
while the O content of the calculated minima is a few
ppm higher than that of Shibaev er al.l'¥)

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 Ta,Os ). Exper-
imental data were taken from Fischer and J anke 1521 The
calculation with the estimated AgO(Ta) in the present

study is in favorable agreement with the experimental
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Fe-M-0O at T = 1873 K, Deoxidation minima
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Fig. 8—Solubility minima of various Fe-M-O alloys at 1873 K (1600°C): (a) Al, (), Ca, (¢), Cr, (d) Mg, (e) Mn, (f) Nb, (g) Si, (h) Ta, (i) Ti, (j)
V, (k) Zr, and (/) B. Closed circles with error bar are the experimentally reported solubility minima. Other symbols are calculated in the present
study (Eqgs. [21], [27], [35] using various Ag"o(/w))‘ Dashed lines in (b) and (d) represent the upper limit of Ca and Mg contents due to
vaporization at 1873 K (1600 °C), respectively.”
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Fig. 9—Correlation between Agg,, and Agy, o /(x+y) at 1873 K
(1600°C). Each symbol represents the data for each M. Ago was
estimated from the trend line.

data on Ta content, but gives a higher O content. The
other calculation with Ago( Ta) available in the litera-

ture®” 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 T1203( ). Exper-
imental data were taken from Cha ez al.>* The present
calculations with various AgO(Ti)[31 =839 including the

estimated one in the present study are in favorable
agreement with the experimental data.>)

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 V;05(s).
Experimental data were taken from KaE/ et al”¥ The
present calculations with various Agoo(v), 3158 including

the estimated one in the present study, are in favorable
agreement with the experimental data.>¥

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 ZrOz(s) Exper-
imental data were taken from Inoue et al.>> The present
calculation with the Agoo 7 available in the literature!®!

is in favorable agreement with the expenmental data on
Zr content, but gives a lower O content.** Several cases
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have reported a discrepancy between significantly ther-
modynamic calculation and experimental data on the O
content.'®%) 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 (AgOO(M))

From the previous comparisons, it can be seen that
the prediction of solubility minima depends on the
Agf)(M). It can also be inferred from Figure 3 that

occurrence of a maximum in the activity product
depends on the Agoo (M) Vid interaction between M and

O. Therefore, one should be careful when choosing the
Ago value. According to Jacob and others,[®1-646]

Agf)( M) is known to be proportional to the standard

enthalpy of formation of MO, per mole of atoms. In
the present study, all the Agf)( M) found in the literature

were plotted as a function of the standard Gibbs energy
of formation of M,O, (Ag?w\o,, = —RTInKy,0,) per

mole of atoms, as shown in Figure 9. Each symbol
represents Ag%<M) available in the literature for each

metallic element M. There is a noticeable correlation
between the two terms, although scatters in the Ago M)

values available are not negligible. Nevertheless, the best

correlation was attempted by regression and is shown by
Agiro

XYy +

Iy _
the dashed line: AgO(M) (Jmol™") = 1.9673 x )

27,484 (J mol™'). For each M, Agd ) 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 Agg( a at

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

O. Fe-B-0O

To the best knowledge of the present author, no data
were reported for Agz)(B). From Figure 9, it could be

estimated to be —309,011 J mol™" at 1873 K (1600°C).
This value was used to predict the solubility minimum of
B,O; (this is liquid at 1873 K (1600°C)), as shown in
Figure 8(1) with available experimental data.’* The
present calculations with the estimated Ago( p) are in
favorable agreement with the experimental data.l>”
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
Agf)( M) used in each calculation. Those used in the

calculation out of all the available Ag‘(’)w) 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 = 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 Agoo( M) and
Ag?w\,o,./(x + »), and their solubility minima are close to
each other. Cr and Mn, Nb, and V also have similar
Agd vy and Agy o /(x + y), and their solubility minima
are close to each other, respectively. It is inferred from
these observations that Agy) ) and Agj, o /(x+ ) are
likely the determining factors of the solublhty 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,®"**% the Gibbs energy of
formation (or enthalpy of formation) of M.O,
(Aghy. O) is roughly proportional to the Gibbs energy
of dissolution of O in liquid metal M (AgO ))
However, in the present study, it was found that
AgE)(M) is more correlated to the M content at the
minima ([wt pctM] ..), while Agyy 0, is more correlated
to the O content at the minima ([wt pct O] ..). This is
shown in Figure 11. All the data were those from
Figures 9 and 10.

Solubility minima

[
T =1873 K

¥ Liang and Schmid-Fetzer (2018)
Narushima et al. (1994)

O Chang et al. (1988)

81—  Liang (1982)

O Chang and Hu (1979)

B Agd ) estimated

10 | | |
-2 -1 0 1 2

log [wt% M]min

Fig. 10—Predicted minimum solubilities of MO, in liquid Fe-M-O
alloys at 1873 K (1600°C). Ag‘(’)(M) used in those predictions were
taken from Refs. 31, 57, 58, 62, 66 or estimation in the present study.
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Since the solubility minimum is determined by the
maximum of the activity product, the composition
dependence of y, is important in determining the
solubility minimum. Shown in Figure 12 is the calcu-
lated log ¢ in the Fe-M alloys at 1873 K (1600 °C) using
Eq. [35] and Ago marked bold in Table III. “m” in
each figure 1nd1cates the [wt pct M] . in each case.
Upon increasing [wt pct M], the yq first keeps its value
close to yo(re), then decreases toward 7o) It can be
seen approximately that the yy starts to decrease near
the “m.” Moreover, those “m’’s shift to higher [wt pct
M] if Agg)( M) is less negative.

An interesting case is the solubility of SiO; in liquid
Fe-Si-O alloy. The solubility minimum of SiO; is located
at the highest [wt pct M|, among the other elements,
but [wt pct O], is not as high as that of MnO or Cr,0s3
whose [wt pctM] .. are also high (see Figure 10).
Figure 11 shows that Agz’)(sm is almost comparable to
those of Cr and Mn, but Agg,,, /3 is significantly more
negative than Agyy /2 or Agg,,o,/S. This results in
similar [wt pct M] .. but lower [wt pct O] . in case of
SiO; solubility.

It is now understood that, upon increasing the M
content, a rapid decrease of the y, due to negative
Ag"o( M) results in shifting the maximum of the activity

min min

product toward lower M content (and vice versa). The
lower Ky o0, yields lower ag and Xo at the critical
activity product (and vice versa). The role of the
interaction between the metallic components (g%*) seems
not as significant as those of Ago and Ky 0,, in
particular for the calculation of yq. ThlS 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 g&
can be neglected in the present calculation, because the
ays 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 yy decreases as the Ca

content increases, but not as quickly as it is supposed to.
That is, yo 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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Agiro,/(x+ ).

lower y¢ that yields a higher O content at the solubility
minimum. To decrease the 7, 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, Ah; in this case is negative. According to
Wagner’s interpretation of A(= Ak — Ah(,»)),[%]
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 #>0. In Wagner’s original model, the & was
assumed to be a constant in each binary liquid. This was
later modified by Chiang and Chang in such a way that
h = hy + hy x i.¥7V 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 hpey # O.
A preliminary test of the non-random solvation shell
model (Eq. [34])!** yielded a better result than the
random solvation shell model (Eq. [35])*% 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
Al,O5 solubility and ZrO, 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.
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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 (M.O,) in
terms of activity product (a}, x a, ). It was shown that,

at a given O content in a liquid Fe-M-O alloy, ay
increases and aop decreases upon increasing the M
content. This results in a maximum in the activity
product. When the activity product at its maximum
equals Kjs0,, the composition (M and O contents)
corresponds to the solubility minimum of the pure
M ,O,. At higher M content than that of the solubility
minimum, the activity product decreases because of the
decrease of ag. 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 MO, increases
back after the solubility minimum.

The idea of the solubility minimum was applied to
predict the actual solubility minima of MO, in various
Fe-M-O alloys at 1873 K (1600°C) where M = 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 ay; over the whole composition (from E)ure Fe
to pure M). Wagner’s solvation shell model® with
Chiang and Chang’s parameterization for /% was used
to obtain ag 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 pct M],,,;, and Agf)(m, also between [wt pct O],

and Agjy o /(x+ ), “respectively. Therefore, similar
Ago ) and Agys.0,/(x +p) result in a similar compo-
sition of solubility minima. For systems where Agf)( M) is
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Fig. 12—logyg in liquid Fe-M-O alloys as a function of [wt pct M]: (a) Al, (b) B, (c¢) Ca, (d) Cr, (e) Mg, (f) Mn, (g) Nb, (h) Si (i) Ta, (j) Ti, (k)
V, and (/) Zr. Tt is virtually the Henrian activity coefficient of O in the liquid Fe-M alloy (33). The logyg in Fe-Ca-O and in Fe-Mg-O alloys

were plotted up to the upper limit of immiscibility.

not known, a correlation obtained between Agg( M) and
Agir0,/(x+y) may be used. However, due to a

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