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Abstract: The MnO–SiO2 slag in equilibrium with Mn–Si
melts with a Si molar ratio between 0.1 and 0.3 at 1,700K
was a single liquid phase. However, it was liquid phase
saturated with solid MnO or solid SiO2 in the case of XSi
less than 0.1 or greater than 0.3, respectively. Based on a
subregular solution model, the calculated saturated solu-
bility of oxygen in Mn–Si melts was 0.0236 mass% in pure
manganese at 1,700K and increased with the increasing
silicon in the range of XSi from 0.1 to 0.3. However, the
saturated solubility of oxygen decreases as the silicon
exceeded 0.3, and the minimum solubility was 0.0041
mass% in pure silicon at 1,700K. The results could be
used to predict the compositions of endogenous oxide
inclusions and evaluate the cleanliness of manganese
ferroalloy.
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of oxygen, oxide inclusions, cleanliness

Introduction

Attention has been attracted to the study of ferroalloy
cleanliness as a consequence of the development of
clean steels [1–3]. However, the impurity elements and
nonmetallic inclusions and their associated effects on the
quality of steel are rarely studied in detail [4–10].

Manganese ferroalloys are widely used as alloying or
deoxidizing materials in steelmaking processes, and una-
voidable incorporate inclusions into the steel. The amount,
size and composition of inclusions in steel were affected
by that in manganese ferroalloy to some extent. In labora-
tory trials, more inclusions were expected in steel if the

ferromanganese contained more impurities [9]. But in
plant trials, ferromanganese grades only had a temporary
influence on the content and compositions of micro-
inclusions in steel [10]. The steel quality was affected by
the inclusions in ferromanganese, especially when it is
added as a final adjustment immediately before casting.

The total oxygen content and inclusions in silicoman-
ganese ferroalloy (SiMn) as well as in low carbon ferroman-
ganese (LCFeMn) and medium carbon ferromanganese
(MCFeMn) produced from different processes have been
studied in Refs [2, 11–13]. The results showed that the
silicon content and production process have significant
influences on the compositions and types of inclusions in
ferromanganese alloys. MnO is the predominant nonmetal-
lic inclusion in LCFeMn and MCFeMn produced through the
oxygen refining method, while the MnO–SiO2-type complex
inclusions and MnS inclusions are the secondly dominated
inclusions [11]. However, the MnO–SiO2-type complex
inclusions predominate in MCFeMn and LCFeMn produced
by the shaking ladle-electro-silicothermic process [13]. The
complex inclusion is attributed to tephroite (2MnO·SiO2),
and minor insoluble SiO2 inclusions are also left in the
electrochemical etching [2]. In SiMn, the dominated inclu-
sions include silica, silicate-containing manganese oxide
and iron oxides, which are determined by electrochemical
etching of bulk samples in an aqueous solution [13].
However, the main inclusions were rare earth metal
(REM) oxides with some amounts of Si and Mn in SiMn
by electrolytic extraction using nonaqueous solution as an
electrolyte [14]. Although previous study provided useful
information about the chemical composition and morphol-
ogy of inclusions in manganese ferroalloys, the relationship
between the saturated solubility of oxygen and the silicon
content in Mn–Si melt is not clear, although this relation-
ship is significantly important for steel quality. However, it
is possible to calculate the saturated solubility of oxygen in
Mn–Si melts based on the work about the thermodynamics
of oxygen solutions in liquid manganese [15–17], silicon
[18, 19] and Fe–Mn melts [16, 20].

The types of oxide inclusions were related to silicon
content in MCFeMn and LCFeMn, which can be taken as
Mn–Si–Fe system with a Si content less than 1 mass%
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and it is studied using a simplified Mn–Si system. The
purpose of this work is to calculate the thermodynamic
data and study the relationship of the oxide inclusions
with the saturated solubility of oxygen, which is a func-
tion of the silicon content in the Mn–Si melt. Then the
research could be expanded to MCFeMn and LCFeMn and
SiMn to provide theoretical support for the development
of secondary refining process of manganese ferroalloys
and material selections for the steel quality control.

Thermodynamic models and
parameters

Thermodynamic model

A subregular solution model proposed by Hajra et al. [21]
can be applied to interpret the thermodynamic behaviors
of solutes in binary metallic solutions. Assuming that the
component 2 is taken as an interstitial solute in the metal
components 1 and 3 in the ternary system 1–2–3, the

activity coefficient of infinite dilution ln γ
�
2ð1− 3Þ and self-

interaction parameter of component 2 ε22ð1− 3Þ can be

expressed as

ln γ
�
2ð1− 3Þ =X1 ln γ

�
2ð1Þ +X3 ln γ

�
2ð3Þ +X1X3½X3ðln γ�

2ð1Þ

− ln γ
�
2ð3Þ + ε

3
2ð1ÞÞ+X1ðln γ�

2ð3Þ − ln γ
�
2ð1Þ + ε

1
2ð3ÞÞ�

(1)

ε22ð1− 3Þ =X1ε22ð1Þ +X3ε22ð3Þ +X1X3
1
2
X3ϕ1 −

ϕ2

1−X1X3

� �
(2)

where γ
�
2ð1Þ and γ

�
2ð3Þ are the activity coefficients of com-

ponent 2 in infinite dilution in solvents 1 and 3, respec-
tively; ε32ð1Þ is the first-order interaction parameter of
component 3 on component 2 in solvent 1; ε12ð3Þ is the
first-order interaction parameter of component 1 on com-
ponent 2 in solvent 3; ε22ð1Þ and ε22ð3Þ are the self-interaction
parameters of component 2 in solvents 1 and 3, respec-
tively; ϕ1 and ϕ2 are the higher order interaction terms
that are treated as zero in most cases [20].

The values of ln γ
�
O and εOO calculated from the above

model are in agreement with the experimental values
well for the systems of Pb–O–Sb, Pb–O–Bi and Pb–O–
Cu [21]. Similarly, it can also be used to interpret ln γ

�
S and

ln γ
�
O in Cu–S–Sb system [22] and Fe–O–Si system [23]

and predict the saturated solubility of oxygen in Fe–Mn
melts [20] and the deoxidation equilibrium of silicon and
manganese in Fe–Ni melts [24].

Since the Mn–Si melts can be treated as a subregular
solution [25], the model is adopted to calculate the satu-
rated solubility of oxygen in Mn–Si melts in the present
study. Assuming that manganese and silicon are the
solvents and oxygen is the solute for the Mn–O–Si sys-
tem, the activity coefficient of oxygen, γ

�
OðMn− SiÞ, in infi-

nite dilution range and the self-interaction parameter of
oxygen εOOðMn− SiÞ are expressed as

ln γ
�
OðMn− SiÞ =XMn ln γ

�
OðMnÞ +XSi ln γ

�
OðSiÞ +XMnXSi

½XMnðγ�
OðMnÞ − ln γ

�
OðSiÞ + ε

Si
OðMnÞÞ+XSiðln γ�

OðSiÞ
− ln γ

�
OðMnÞ + ε

Mn
OðSiÞÞ�

(3)

εOOðMn− SiÞ =XMnεOOðMnÞ +XSiεOOðSiÞ (4)

Saturated solubility of oxygen in Mn–Si melts can be
calculated by one of the reactions listed later, respec-
tively. Equation (5) is suited for that the oxide phase is
liquid phase saturated with solid SiO2, while eq. (6) is
applied in the situation where the oxide phase is liquid
phase saturated with solid MnO:

ðSiO2Þ= ½Si�ðMn− SiÞ + 2½O�ðMn− SiÞ, 1% (5)

ðMnOÞ= ½Mn�ðMn− SiÞ + ½O�ðMn− SiÞ, 1% (6)

Activities of manganese and silicon
in Mn–Si melts

Activities of manganese in Mn–Si melts are measured by
transportation technique [25, 26], torsion-effusion method
[27, 28] and electromagnetic force (EMF) method [29]. The
activities of silicon are derived from the measured man-
ganese activity and the Gibbs–Duhem equation or
obtained from the equilibrium between Mn–Si melts
and MnO-containing slags [30–32]. The results reported
by different authors are consistent. Activities of manga-
nese and silicon in Mn–Si melts at 1,700K reported by
Ahmad and Pratt [27] are selected for the present calcula-
tions and are listed in Table 1.

Thermodynamics of oxygen in
manganese melt

The saturated solubility of oxygen in manganese differs
greatly with each other in different works [14, 16, 17].
Thermodynamics of oxygen in manganese melt are stu-
died following the method used by Pivovarov et al. [20].
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The saturated solubility of oxygen in manganese could be
calculated through the following equations:

MnOðsÞ=MnðlÞ+ ½O�ðMnÞ, 1% (7)

ΔG
�
7 = 104, 586− 30.27T J=mol½20� (8)

K7 = fO½%O� (9)

The activity of Mn could be regarded as unity, and thus
K7 almost is equal to fO½%O�. As [%O] approaches to zero,

the value of fO approaches to unity due to lg fO = eOO½%O�,
and K7 is approximately equal to [%O]. Hence, the value

0.0095 of ½%O�satðMnÞ [16] at 1,515 K is reliable. Thus, it is

possible to calculate the interaction coefficient of activity

eOOðMnÞ at 1,515 K as shown in eq. (10):

eOOðMnÞð1, 515 KÞ= − ðlgK7 − lg½%O�ðMnÞÞ
.
½%O�

ðMnÞ
= −0.274

(10)

Since the temperature of interest is higher than 1,515 K, it
is desirable to assume a temperature-dependent interac-
tion coefficient based on the regular solution [33]. The
relationship can be written as [34]

T1eijðT1Þ= T2eijðT2Þ (11)

For regular solution, there is

RT ln γi = bð1−NiÞ2 (12)

where b is a constant which is independent of
temperature.

γi could be also represented as

γi = γ
0
i fi (13)

Substituting γi in eq. (12) using eq. (13), the following
equation was obtained:

ðRT ln γ0i +RT ln fiÞT1 = ðRT ln γ0i +RT ln fiÞT2 (14)

With partial differentiation, the following is obtained:

∂ðRT ln γ0i +RT ln fiÞ
∂ð% jÞ

� �
T1

=
∂ðRT ln γ0i +RT ln fiÞ

∂ð% jÞ
� �

T2

(15)

2.303RT ∂lg fi
∂ð% jÞ

h i
T1
= 2.303RT ∂lg fi

∂ð% jÞ
h i

T2
(16)

Equation (11) was obtained from eq. (16).
Thus, the value of eOOðMnÞ at 1,700K is –0.244, and

½%O�satðMnÞð1700KÞ =0.0236.
The reaction of oxygen dissolving in liquid manga-

nese can be expressed as

1=2O2ðgÞ= ½O�ðMnÞ, 1% (17)

ΔG
�
17 = − 302, 287 + 57.78T J=mol ½20� (18)

At 1,700K, the value of γ
�
OðMnÞ is 1.56 × 10–5 due to

ΔG�
17 =RT ln γ

�
OðMnÞ

MMn
100MO

h i
.

Thermodynamics of oxygen in silicon melt

Oxygen solubility in liquid silicon can be described by
the following equation with the equilibrium of SiO2:

lg½%O�satðSiÞ =0.332− 4, 620=− T 1, 693− 1, 823 Kð Þ ½18�
(19)

The standard free energy change for oxygen dissolving in
liquid silicon can be expressed as follows:

1=2O2ðgÞ = ½O�ðSiÞ, 1% (20)

ΔG
�
20 = − 388, 000 + 95.6T J=mol ½18� (21)

Table 1: Compositions of MnO–SiO2 slags in equilibrium with Mn–Si melts at 1,700K.

Mn–Si melts MnO–SiO slags

xSi [%Si] aMn[27] aSi[27] aMnO aSiO2 (MnO) (mass%) (SiO) (mass%) Phase

        Solid MnO
. . . . ×− . . . . Liquid phase
. . . . . . . .
. . . . . . . .
. . . . .  − − Liquid phase

saturated
with solid

SiO

. . . . − −

. . . . − −

. . . . − −

. . . . − −

. . . . − −

        Solid SiO
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Thus, ½%O�satðSiÞ =0.0041 at 1,700K and the value of γ
�
OðSiÞ is

6.72 × 10–6.
For silicon, the reaction between metal and oxide can

be written as

SiO2ðsÞ=SiðlÞ+ 2½O�ðSiÞ, 1% (22)

ΔG
�
22 = − 177, 000+ 12.7T J=mol½18� (23)

The value of eOOðSiÞð1, 700 KÞ is –0.492, which is obtained

through the similar method to that calculating eOOðMnÞ in

the present paper.

Determination of εSiOðMnÞ and εMn
OðSiÞ

The value of eSiOðMnÞ is –0.0199 at 1,823K [17]. The value of

eSiOðMnÞ at 1,700K is determined to be –0.0213 via eq. (11).

Thus, εSiOðMnÞð1, 700 KÞ= − 2.021, according to the relation-

ship shown in eq. (24) [35]:

eji =
1

230
ðεji − 1Þ

M1

Mj
+ 1

� �
(24)

εMn
OðSiÞ and eMn

OðSiÞ have not been reported in literatures, and
they are determined based on the following principles for
parameter selection. At 1,873 K, the value of εFeOðSiÞ is –
6.5 ± 2.0 according to Ref. [23], and the associated eFeOðSiÞ is
–0.0123 ± 0.0045. In addition, the value of eFeOðSiÞ is –0.015
presented in Ref. [19], which is in the range obtained from
Ref. [23]. Mn–Fe melts were treated as ideal solution, and
it is reasonable to assume that thermodynamic behavior
of Mn is similar to Fe in silicon-based melts to some
extent. Thus, the value of εMn

OðSiÞ could be evaluated from
εFeOðSiÞ. Considering the stronger affinity between oxygen
and manganese than iron, it is reasonable to assume that
eFeOðSiÞ is slightly larger than eMn

OðSiÞ. Thus, the minimum
value of eFeOðSiÞ–0.0123 ± 0.0045, which is –0.0168 at
1,873 K is chosen for eMn

OðSiÞ in the current evaluation.
According to eqs (11) and (24), the values of eMn

OðSiÞ and
εMn
OðSiÞ at 1,700K are –0.0185 and –9.2677, respectively.

Activities of MnO and SiO2 in MnO–SiO2

binary system

The methods for measuring the activity of MnO and SiO2 in
the MnO–SiO2 melt have been discussed in Refs [36–38].
The equilibrium reactions shown in eq. (25) are established
in a three-phase system, including the MnO–SiO2 melt,
atmospherical gas with a fixed ratio of oxygen and a
Pt–Mn foil immersed in the melt. The activity of MnO in

the melt is obtained based on the activity of Mn and the
oxygen partial pressure above the Pt–Mn alloy, while the
activities of SiO2 are derived from the Gibbs–Duhem
equation:

½Mn�Platinum + 1=2O2ðgÞ= ðMnOÞ (25)

Gaskell [39] recalculated the activities of MnO and SiO2 in
the MnO–SiO2 melt by applying the re-determined Mn
activities in Pt–Mn alloy. It was found that the activities
of MnO were 25% smaller than the original values, but
the activities of SiO2 were similar to the previous ones.
The data of MnO activities obtained by Rao and Gaskell
[38] were also significantly lower than those obtained
from the previous investigations [36, 37]. However, activ-
ities of SiO2 are consistent.

In the present paper, the data reported by Rao and
Gaskell [38] are adopted as the activities of MnO and SiO2

at 1,700K.

Results

Compositions of the oxide phases in
equilibrium with Mn–Si melts at 1,700 K

The oxide phases in equilibrium with Mn–Si melts consist
of MnO and SiO2. The compositions of oxide phase vary
as the silicon content increases in the Mn–Si melts. The
equilibrium between Mn–Si melts and oxide phases
could be expressed as

2ðMnOÞ+ ½Si�Mn− Si = ðSiO2Þ+ 2½Mn�Mn− Si (26)

K26 =
a2MnaSiO2

aSia2MnO
(27)

The values of standard formation Gibbs free energy of MnO
and SiO2 are –257,188 J/mol [20] and –606,240 J/mol [18],
respectively, at 1,700K. Thus, the value of ΔG�

26 and K26 at
1,700K are determined to be –91,684 and 664.87 J/mol,
respectively. The compositions of oxide phases in equili-
brium with Mn–Si melts at 1,700K were obtained accord-
ing to eq. (27), and the results are shown in Table 1.

According to the MnO–SiO2 binary phase diagram,
the mass percent of MnO and SiO2 in liquid phase satu-
rated with solid MnO are 76.11 and 23.89, respectively, at
1,700K, while they are 51.92 and 48.08 in liquid phase
saturated with solid SiO2, respectively.

Comparison between the calculated results and the
phase diagram of MnO–SiO2 binary system demonstrates
that the oxide phase is liquid phase saturated with solid
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MnO when the molar ratio XSi is less than 0.1. However,
the oxide phase becomes saturated with solid SiO2 when
XSi is greater than 0.3. The single equilibrium liquid slags
with Mn–Si melts only exist over the silicon content
ranging from 0.1 to 0.3.

Saturated solubility of oxygen in Mn–Si
melts at 1,700K

The chemical reactions and the associated standard free
energy change for dissolved oxygen in Mn–Si melts can
be expressed by the following equation:

1=2O2 = ½O�ðMn− SiÞ, 1% (28)

ΔsolG
�
O =RT ln γ

�
OðMn− SiÞ

MMn− Si

100MO

� �
(29)

where the value of γ
�
OðMn − SiÞ is obtained by eq. (3), MMn − Si

is calculated via eq. (30). The values of γ
�
OðMn − SiÞ, ΔsolG

�
O

and MMn − Si are shown in Table 2:

MMn− Si =XMnMMn +XSiMSi (30)

Equation (5) is applied when SiO2 is the main component
in the oxide phase. The standard free energy change and
reaction equilibrium constant of eq. (5) are described as
follows:

ΔG
�
5 = 2ΔsolG

�
O −Δf G

�
SiO2

(31)

K5 =
aSif 2O½%O�2

aSiO2

(32)

The saturated solubility of oxygen can be obtained by
applying eq. (33):

lg½%O�+ eOOðMn− SiÞ½%O�+ ðlg aSi − lg aSiO2 − lg K5Þ=− 2 = 0
(33)

where the value of eOOðMn− SiÞ is obtained from eq. (34):

eOOðMn− SiÞ =XMneOOðMnÞ +XSieOOðSiÞ (34)

For the oxide slags with MnO as the predominant species,
eq. (6) is adopted to calculate the saturated solubility of
oxygen. The change of standard free energy and reaction
equilibrium constant of eq. (6) are given in eqs (35) and
(36), respectively:

ΔG
�
6 =ΔsolG

�
O −Δf G

�
MnO (35)

K6 =
aMnfO½%O�

aMnO
(36)

The saturated solubility of oxygen can be obtained via
eq. (37):

lg½%O�+ eOOðMn− SiÞ½%O�+ ðlg aMn − lg aMnO − lg K6Þ=0
(37)

Newton iteration method is applied to solve eq. (33) or eq.
(37), which are both nonlinear equations, and the obtained
saturated solubility of oxygen is shown in Table 2.
Equation (5) is used to calculate the saturated solubility
of oxygen when the molar ratio XSi is larger than 0.3, while
in eq. (6) the case of XSi is less than 0.1. For the oxide slags
with XSi ranging from 0.1 to 0.3, both eqs (5) and (6) can be
used for the calculation.

Based on the above calculations, the saturated solu-
bility of oxygen in Mn–Si melts is determined to be
0.0236 mass% in pure manganese at 1,700K, which
increases with increasing silicon content over a range
from 0.1 to 0.3. The maximum value of oxygen solubility

Table 2: Saturated solubility of oxygen as a function of silicon content in Mn–Si melts at 1,700K.

xSi [%Si] MMn−Si γ
�
OðMn−SiÞ ΔsolG

�
O (J/mol) eOOðMn−SiÞ ½%O�satðMn−SiÞ

From eq. () From eq. ()

 . . . × 
− − −. − .

. . . . × 
− − −. . .

. . . . × 
− − −. . .

. . . . × 
− − −. . .

. . . . × 
− − −. . −

. . . . × 
− − −. . −

. . . . × 
− − −. . −

. . . . × 
− − −. . −

. . . . × 
− − −. . −

. . . . × 
− − −. . −

 . . . × 
− − −. . −
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is 0.0427 mass% at XSi 0.3 (17.97 mass%). The saturated
solubility of oxygen decreases as the silicon content
increases when the XSi exceeds 0.3. It is determined that
the saturated solubility of oxygen monotonously
increases with XSi over the range from 0 to 0.1. This will
be discussed in detail in Section 4.2. The saturated solu-
bility curve of oxygen in Mn–Si melts at 1,700K is shown
in Figure 1.

Discussion

The effect of silicon content on oxide
inclusions in manganese ferroalloys

Figure 2 shows the effect of Si content on the activities of
MnO and SiO2 in oxide phases in equilibrium with Mn–Si
melts at 1,700K. In Figure 2, the solid and the open
denote the activities of MnO and SiO2, respectively. It
could be seen that the activities of MnO and SiO2 calcu-
lated in the present study are similar to the works of
Fischer et al. [30], Kor [31], Paek et al. [32] and Tuset
et al. [40].

When the molar ratio XSi is 0.3 (corresponding to 18
mass%) in the Mn–Si melts, the equilibrium oxide phase
with Mn–Si melts is a single liquid phase, which is com-
posed of about 52.65 mass% MnO and 47.35 mass% SiO2.
The composition of its liquid oxide is just located near
the liquid lines between liquid and solid SiO2 on the

phase diagram. In the Fe–Mn–Si ternary system, when
the content of silicon is constant, the activity of Si
increases with the increasing content of Fe [41]. The
activities of silicon and manganese are greater than
0.0052 and less than 0.2852, respectively, in SiMn with
the composition of 68 mass% Mn and 18 mass% Si
(Mn68Si18Fe) at 1,700K. The content of FeO in the FeO–
MnO–SiO2 ternary system in equilibrium with Fe–Mn–Si
melts is negligible, when the contents of Mn and Si are
high [41]. It is reasonable to assume that the oxide phase
in equilibrium with SiMn at 1,700K consists of MnO and
SiO2 according to Ref. [41] and the work of Fischer and
Bardenheuer [30]. The oxide phase in equilibrium with
Mn68Si18Fe melt is liquid phase saturated with solid
SiO2. Therefore, endogenous oxide inclusions mainly con-
sist of SiO2 and manganese silicate in SiMn containing 18
mass% Si. This is in good agreement with the Guo’s work
[13]. However, Bi et al. [14] reported that the main inclu-
sions were REM oxides with some amounts of Si and Mn.
The presence of REM oxides in the slags is attributed to
REM in SiMn as REMs have a stronger affinity with oxy-
gen than Si (or Mn).

In MCFeMn and LCFeMn containing 80 mass% Mn
and less than 1.0 mass% Si, the equilibrium liquid oxide
phase is saturated with solid MnO and have SiO2 accord-
ing to Ref. [41]. Therefore, the endogenous oxide inclu-
sions are mainly MnO and also contain a small amount of
tephroite in MCFeMn and LCFeMn, which is in good
agreement with the work of Sjökvist et al. [11]. However,
the works by Pande et al. [2] and Guo [13] reveal a differ-
ent result, which may be related to the metallurgical
process of the ferroalloys. The MCFeMn and LCFeMn
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Figure 1: Saturated solubility of oxygen as a function of Si content in
Mn–Si melts at 1,700K.
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Figure 2: Effect of Si content on the activities of MnO and SiO2 in
oxide slags in equilibrium with Mn–Si melts at 1,700 K (reference
state: MnO(s), SiO2(s, tridymite)).
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used in the works of Pande et al. [2] and Guo [13] were
produced by the shaking ladle – electro-silicothermic
process, in which the main reaction was the reduction
of MnO by silicon. This chemical reduction may lead to a
different composition of the slags.

The variation of saturated solubility of
oxygen with the silicon content in the Mn–Si
melts at 1,700K

The equilibrium was established between the manganese
melt containing silicon and the slag of CaO–SiO2–MnO
saturated with CaO at 1,823 K [17]. The saturated solubility
of oxygen was 0.151–0.158 mass% in pure manganese,
which was an order of magnitude higher than the experi-
mental results in Refs [14, 16] and calculated results in
Ref. [20] and current work. However, it was found that
the oxygen solubility increased when the silicon content
increased from 0.43 to 0.96 mass% (corresponding to XSi

ranging from 0.0084 to 0.0186).
Based on the work by Cheng [17] and present calcula-

tion, it is determined that oxygen solubility increases
monotonically with the silicon content in the melt over a
range of 0–0.1. The activities of manganese and silicon
show strong negative deviations from ideality. When the
XSi is less than 0.1, the activity of manganese drops sharply
and the activity of silicon is far low with the addition of
silicon into the liquidmanganese. It results in an increased
oxygen solubility monotonically with the amount of sili-
con additions.

The limitation of the criteria for the minimum
in terms of first-order activity interaction
parameters

Oxygen solubility in Fe–Si melts equilibrium with silica at
1,873K is much smaller than that in Mn–Si melts at 1,700K
with the same silicon content in the XSi range from 0 to 0.8
as shown in Figure 3 [23]. One possible reason is that the
silicon has a stronger affinity with manganese than iron.
The activity of silicon in Fe–Si melts is much larger than
that in Mn–Si melts at the same silicon content, while the
activity of silicon in Fe–Mn–Si melts is between that of Fe–
Si andMn–Simelts. Thus, the saturated solubility of oxygen
in Mn68Si18Fe is in the range from 1.5 [23] to 427 ppm at
1,700K. However, the total oxygen content is about
800ppm in SiMn products containing 18 mass% Si [13],

which is much larger than the oxygen solubility, leading to
the formation of oxide inclusions in SiMn.

Conclusions

Calculations were carried out to predict the composition
of oxide phases in equilibrium with Mn–Si melts at
1,700K and the saturated solubility of oxygen in Mn–Si
melts over a wide composition range. The following con-
clusions were obtained:
(1) The oxide phase was liquid phase saturated with

solid MnO when the molar ratio XSi is less than 0.1,
while the oxide phase is liquid phase saturated with
solid SiO2 in the case of XSi is greater than 0.3. But
only a single liquid phase is equilibrated with Mn–Si
melts in the XSi range of 0.1–0.3. It is concluded that
oxide inclusions mainly consisted of SiO2 and man-
ganese silicate in SiMn containing 18 mass% Si, and
they were MnO and little tephroite for MCFeMn and
LCFeMn with silicon content less than 1 mass%.

(2) Based on a subregular solution model, the saturated
solubility of oxygen in Mn–Si melts was determined
by the present work. The oxygen solubility is 0.0236
mass% in pure manganese at 1,700K and increases
as the silicon content increases over the XSi range
from 0.1 to 0.3. The maximum value of oxygen solu-
bility of 0.0427 mass% occurred at the XSi of 0.3
(17.97 mass%). Further increases in the silicon con-
tent will lead to a decreased saturated solubility of
oxygen, and the minimum value， 0.0041 mass%,
occurred in pure silicon.
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Figure 3: Oxygen solubility as a function of silicon content in Fe–Si
melts equilibrium with silica at 1,873K.
Reproduced from Ref. [23].
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