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The thermodynamic relation between silicon and aluminum in liquid iron was studied by
measuring the effect of silicon on the solubility product of AlN in liquid Fe-Si-Al-N alloys
containing silicon up to 1.5 mass pct in the temperature range from 1823 K to 1923 K (1550 �C
to 1650 �C). The effects of aluminum and silicon on nitrogen solubility in liquid iron were
separately determined in the same temperature range. The experimental results were thermo-
dynamically analyzed using Wagner’s interaction parameter formalism to determine the first-
order interaction parameters of silicon on nitrogen and aluminum in liquid iron as follows:
eSiN ¼ 0:0673; eSiAl ¼ 0:009 (1823 K to 1923 K (1550 �C to 1650 �C), Si £ 1.5 mass pct)
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I. INTRODUCTION

AN accurate control of complex deoxidation by
Si-Al in liquid steel is very important in view of high
deoxidation efficiency and inclusion controls in many
grades of steels. Despite its importance, the reported
data on the interaction parameter between silicon and
aluminum in liquid iron are very limited. Chipman and
Floridis[1] determined the first-order interaction param-
eter between aluminum and silicon in the Fe-Al-Si-C
system as eSiAl ¼ 6:9 at 1873 K (1600 �C) using a silver
bath isoactivity method for the four alloys containing
silicon in the range of XSi = 0.13 to 0.38. They
estimated the activity coefficient of Al, cAl in Fe-Al
melts at 1873 K (1600 �C) using the extrapolated
activity data of the solid binary Ag-Al system[2] based
on the phase diagram[3] and the assumption that logcAl

is inversely proportional to absolute temperature. Later,
Wilder and Elliott[4] determined the activity of alumi-
num in liquid binary Ag-Al alloys at higher tempera-
tures up to 1223 K (950 �C). They reexamined Chipman
and Floridis’ data and recalculated the eSiAl value as 7.0 at
1873 K (1600 �C). The value of eSiAl can be converted to
the eSiAl value as 0.056 at 1873 K (1600 �C) using the
Lupis’ conversion relationship.[5] This eSiAl value is
the only data compiled as the recommended value by
the Japan Society for the Promotion of Science.[6] There
is no information on the temperature effect for this
important parameter value.

The interaction parameter, by its definition, is the
effect of one solute on the activity coefficient of another
solute in the dilute solution. Aluminum and silicon
contents in liquid steel during the Al-Si codeoxidation
process are normally less than 1 mass pct. In some
special grades such as transformation-induced plasticity
steels, their contents are as high as 2 mass pct.[7–9] In
the authors’ recent study,[10] the effect of aluminum
content on nitrogen solubility in liquid iron and the
solubility product of aluminum and nitrogen in liquid
iron saturated with pure solid AlN were measured as a
function of temperature.
In the current study, the thermodynamic interaction

between silicon and aluminum in liquid iron was
determined by measuring the effect of silicon on the
solubility product of AlN in Fe-Si melts in the temper-
ature range from 1823 K to 1923 K (1550 �C to
1650 �C). The effect of silicon on nitrogen solubility
was separately determined. The current results were
thermodynamically analyzed to determine the interac-
tion parameters of silicon on nitrogen and aluminum in
Fe-Si-N and Fe-Al-Si melts, respectively.

II. EXPERIMENTAL

A. Experimental Procedures

The metal–gas and the metal–nitride–gas equilibra-
tion experiments were carried out to determine the effect
of silicon on the nitrogen solubility and the AlN
solubility product in liquid iron, respectively. Detailed
descriptions of the experimental apparatus and proce-
dure are available in the authors’ recent studies on
Fe-Al-N, Fe-Cr-N, and Fe-Cr-Al-N systems.[10–12]

Five hundred grams of high-purity electrolytic iron
contained in an Al2O3 crucible (outer diameter [OD]:
56 mm, inner diameter [ID]: 50 mm, height [H]: 96 mm)
was melted in the temperature range of 1823 K to
1923 K (1550 �C to 1650 �C) by a 15 kW/30 kHz
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high-frequency induction furnace. After melting the
iron, the melt temperature was directly measured by a
Pt/Pt-13 mass pct Rh thermocouple sheathed with an
8-mm OD alumina tube immersed in the melt, and
the temperature was accurately controlled within 2 K
during each experiment by a proportional–integral–
derivative controller of the induction furnace. After the
melt temperature was reached at a desired value, Ar-
10 pct H2 gas was blown onto the melt surface at a high
flow rate of ~5000 mL/min for 2 hours to deoxidize the
iron melt. The oxygen content in the melt decreased to a
value less than 20 mass ppm. Then, the gas was switched
to a mixture of Ar-10 pct H2 and N2 gases to have
nitrogen partial pressures of 0.3 and 1 atm. The flow rate
of the gas mixture was controlled by a mass flow
controller in the range of 1000 to 2000 mL/min depending
on the nitrogen partial pressures in the gas. Strong
agitation of the melt by an induction furnace resulted in a
fast attainment of equilibrium nitrogen solubility in liquid
iron under a nitrogen partial pressure within 1 hour.

B. Fe-Si-N System

In the case of silicon addition experiments to measure
the nitrogen solubility in Fe-Si melts, pellets of silicon
(99.99 pct purity) were added to liquid iron through an
18 mm OD quartz tube after confirming the equilibrium
nitrogen solubility in pure liquid iron under a nitrogen
partial pressure by the sampling and analysis. After each
silicon addition, a new nitrogen solubility equilibrium
was attained within 30 minutes. This was confirmed by
sampling and in situ analysis after the silicon addition.
Silicon additions were repeated up to 2 mass pct Si in
liquid iron.

C. Fe-Al-Si-N System

In the case of the metal–nitride–gas equilibration
experiments, an aluminum (99.9 pct purity) addition
and sampling were repeated until a stable AlN layer was
formed on the surface of the iron melt. The formation of
AlN in the iron melt could be confirmed by a sharp
decrease in the nitrogen content checked by an analysis of
the metal samples during the experiment. After the
saturation of AlN in liquid iron, silicon (99.99 pct purity)
was added up to 1.5 mass pct Si in liquid iron. After each
silicon addition, the new AlN solubility equilibrium was
attained within 30 minutes. This result was confirmed by
sampling and in situ analysis for nitrogen at 15-minute
intervals after each silicon addition.

D. Chemical Analysis

The metal samples were carefully cut for the chemical
analysis. In the authors’ previous studies,[10–12] the
detailed procedure for chemical analysis is available.
Four specimens of each metal sample were prepared for
the analysis of nitrogen and oxygen. The nitrogen and
oxygen contents in the metal sample were measured by
the inert gas fusion-infrared absorptiometry technique
(LECO TC-600 apparatus; LECO Corporation, St.
Joseph, MI) with an accuracy of ±2 mass ppm. For

the analysis of Al and Si, the metal sample (0.2 g) was
dissolved in 20 mL HCl(1+1) in a glass beaker of
50 mL capacity heated in a water bath for 2 hours and
analyzed by the inductively coupled plasma-AES
(SPECTRO ARCOS apparatus, manufactured by Spec-
tro Analytical Instruments, Kleve, Germany) using
appropriate standard solutions containing the same
amount of Fe (2000 mass ppm) as the sample solutions.
The analytical limit for silicon and aluminum in the
metal sample was 5 ± 1 mass ppm.
After each experiment, the melt remaining in the

alumina crucible was quenched rapidly by blowing
helium gas onto the melt surface. The quenched metal
samples were cross sectioned and examined by an optical
microscope and the scanning electron microscopy
(SEM)-energy-dispersive X-ray spectroscopy (EDS) for
the presence of AlN inclusions. The center part of metal
sample was virtually clean without any noticeable
inclusions. However, a few AlN inclusions was observed
near the melt surface as shown in Figure 1.

III. RESULTS AND DISCUSSION

A. Effect of Silicon on Nitrogen Solubility in Liquid Iron

The experimental results of nitrogen solubility mea-
surements with silicon additions in liquid iron under
different nitrogen partial pressures and temperatures are
summarized in Table I. Figure 2 shows the nitrogen
solubility of liquid iron containing silicon up to 2 mass
pct under nitrogen partial pressures of 0.3 and 1 atm at
1823 K, 1873 K, and 1923 K (1550 �C, 1600 �C, and
1650 �C). Silicon decreases the nitrogen solubility in
Fe-Si melt linearly.
The dissolution of nitrogen in liquid iron alloys can be

written as[13]

1

2
N2ðg) = N ½1�

DGo
1 ¼ 3; 598þ 23:89T J=mole

K1 ¼
fN½pct N�

P
1=2
N2

½2�

where K1 is the equilibrium constant for Reaction [1]
and fN is the activity coefficient of nitrogen in the 1 mass
pct standard state in liquid iron.
Using Wagner’s formalism,[14] the equilibrium con-

stant of the preceding reaction can be rewritten as the
following relation using interaction parameters:

logK1 ¼ log fN þ log½pct N� � 1

2
logPN2

¼ eNN½pct N� þ rNN½pct N�
2 þ eSiN½pct Si�

þ rSiN½pct Si�
2 þ log½pct N� � 1

2
logPN2

½3�

where eiN and riN are the first- and the second-order
interaction parameters of elements on nitrogen in liquid
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Fe-Si-N alloys, respectively. As mentioned, the oxygen
content was very low in the melt and the effect of oxygen
on nitrogen was assumed to be negligible. The first- and
the second-order self-interaction parameters of N, eNN
and rNN, respectively, are known to be zero at nitrogen
contents up to 0.045 mass pct in liquid iron at 1879 K
(1606 �C).[15]

The activity coefficient of silicon on nitrogen fSiN can be
then defined as

log fSiN ¼ eSiN½pct Si� þ rSiN½pct Si�
2

¼ logK1 � log½pct N� þ 1

2
logPN2

½4�

Figure 3 shows the values of log fSiN plotted vs silicon
concentration in mass pct in liquid iron using the
relation expressed by Eq. [4]. The data determined at
different nitrogen partial pressures show an excellent
linear relationship. No temperature dependence was
determined in the temperature range from 1823 K to
1923 K (1550 �C to 1650 �C). The first-order interaction
parameter eSiN can be determined as 0.0673 by a linear
regression analysis of the data. Several groups including
Pehlke and Elliott,[15] Maekawa and Nakagawa,[16] and
Schenck et al.[17] measured the nitrogen solubility in Fe-
Si melts at 1 atm nitrogen pressure using the Sieverts
method[15] and the sampling method.[16,17] Table II
summarizes the results, and the eSiN value determined in
the current study is in good agreement with the value
determined by Schenck et al.[17]

B. Effect of Silicon on Solubility Product
of AlN in Liquid Iron

The experimental results of nitrogen solubility mea-
surement with aluminum and silicon additions in liquid
iron are also summarized in Table I. Figure 4 shows the
variation of equilibrium nitrogen solubility in Fe-Al-N
melts with aluminum additions under a nitrogen partial
pressure of 1 atm at 1923 K (1650 �C). The nitrogen
solubility decreases slightly as the aluminum content
increases in liquid iron when the melt is not saturated

with AlN as shown using open symbols in the figure.
When the aluminum content exceeds the critical value,
the nitrogen solubility decreases significantly because of
the formation of AlN in the melt as shown as solid
symbols in the figure. The solid line in Figure 4 is the
equilibrium solubility product of aluminum and nitro-
gen for AlN formation in liquid iron at 1923 K
(1650 �C) determined in the authors’ previous study
on AlN formation in Fe-Al-N melts.[10]

Figure 5 shows the effect of silicon additions on the
solubility of aluminum and nitrogen for AlN saturation
in liquid iron under a nitrogen partial pressure of 1 atm
at 1923 K (1650 �C). As the silicon content increases,
the nitrogen solubility decreases slightly while the
aluminum solubility is nearly constant. Figure 6 shows
the effect of silicon additions on the solubility product of
aluminum and nitrogen, log½pct Al][pct N�, for AlN
saturation at different temperatures. Silicon decreases
the solubility product of AlN in liquid iron primarily
because of the effect of silicon on nitrogen solubility.
As shown in Figure 1, the inclusions formed in the

melt during the metal–nitride–gas equilibration experi-
ments were identified as pure aluminum nitride. In the
authors’ recent study,[12] the X-ray diffraction (XRD)
analysis on the filtrated residue after the acid dissolution
of the metallic portion of quenched samples confirmed
that the aluminum nitride formed in Fe-Al-N melts was
a pure stoichiometric AlN.
The reaction equilibrium for the dissolution of pure

solid AlN in liquid Fe-Al-Si-N alloys can be written
as[10]

AlN(s) = AlþN ½5�

DGo
5 ¼ 317; 100� 141:7T J=mole ½6�

K5 ¼
hAlhN
aAlN

¼ fAlfN½pct Al][pct N] ½7�

where K5 is the equilibrium constant for Reaction [5],
and hAl and hN are the Henrian activities of aluminum
and nitrogen relative to the 1 mass pct standard state in
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Fig. 1—SEM-EDS analysis results of AlN precipitates formed in an Fe-Si-Al-N melt.
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liquid iron, and fAl and fN are the activity coefficients of
aluminum and nitrogen, respectively. Under the current
experimental conditions, the activity of AlN is unity.
To determine the thermodynamic relation between

silicon and aluminum from the AlN solubility product
data in Fe-Si-Al-N melts, the equilibrium constant
K5 can be rewritten as the following relation using
Wagner’s formalism[14]:
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[%
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]
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Fig. 2—Effect of silicon additions on nitrogen solubility in liquid
iron.
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Fig. 3—Relation of log fSiN vs [pct Si] in liquid Fe-Si-N alloys.

Table I. Experimental Results of Metal–Gas and Metal–

Gas–Nitride Equilibrations in Liquid Iron

Temperature
[K (�C)]

PN2

(atm) [pct Si] [pct Al] [pct N] Saturation

1823 (1550) 0.3 0 0 0.0242
0.22 0 0.0235
0.47 0 0.0227
0.77 0 0.0215
0.99 0 0.0209
1.31 0 0.0198
1.61 0 0.0189
1.91 0 0.0183

0.3 0 0 0.0244
0 0.14 0.0243
0 0.29 0.0242
0 0.46 0.0241
0 0.60 0.0240
0 0.88 0.0206 AlN
0 1.29 0.0137 AlN
0 1.71 0.0101 AlN
0.29 1.72 0.0097 AlN
0.56 1.71 0.0090 AlN
0.82 1.70 0.0086 AlN
0.99 1.67 0.0080 AlN
1.29 1.68 0.0077 AlN

1873 (1600) 0.3 0 0 0.0245
0.23 0 0.0240
0.5 0 0.0223
0.74 0 0.0220
1.04 0 0.0213
1.28 0 0.0202
1.57 0 0.0191
1.8 0 0.0182

1 0 0 0.0447
0.24 0 0.0431
0.54 0 0.0407
0.87 0 0.0393
1.11 0 0.0383
1.4 0 0.0366
1.76 0 0.0348
1.89 0 0.0339

1873 (1600) 1 0 0 0.0448
0 0.27 0.0443
0 0.41 0.0441
0 0.53 0.0439
0 0.83 0.0393 AlN
0 1.07 0.0292 AlN
0.23 1.06 0.0303 AlN
0.51 1.06 0.0288 AlN
0.70 1.03 0.0274 AlN
0.97 1.02 0.0259 AlN
1.33 1.0 0.0255 AlN

1923 (1650) 0.3 0 0 0.0247
0.22 0 0.0232
0.53 0 0.0222
0.83 0 0.0221
1.06 0 0.0204
1.4 0 0.0200
1.62 0 0.0191
1.96 0 0.0133

1 0 0 0.0451
0 0.22 0.0446
0 0.43 0.0441
0 0.53 0.0439
0 1.28 0.0403 AlN

Table I. continued

Temperature
[K (�C)]

PN2

(atm) [pct Si] [pct Al] [pct N] Saturation

0 1.57 0.0316 AlN
0.24 1.54 0.0293 AlN
0.53 1.54 0.0290 AlN
0.80 1.53 0.0276 AlN
1.04 1.55 0.0257 AlN
1.39 1.52 0.0251 AlN
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logK5 ¼ log fAl þ log fN þ log½pct Al�½pct N�
¼ eAl

Al½pct Al� þ rAl
Al½pct Al�2 þ eSiAl½pct Si�

þ rSiAl½pct Si�
2 þ eNAl½pct N� þ rNAl½pct N�

2

þ eAl
N ½pct Al� þ rAl

N ½pct Al�2 þ eSiN½pct Si]
þ log½pct Al�½pct N� ½8�

where eiAl; e
i
N; r

i
Al; and riN are the first- and second-

order interaction parameters of elements on aluminum
and nitrogen in liquid Fe-Si-Al-N alloys, respectively.

The value of eSiN was determined as 0.0673 in the
current study for Fe-Si-N melts containing silicon up to
2 mass pct in the temperature range from 1823 K to
1923 K (1550 �C to 1650 �C). In the authors’ recent
work,[10] the thermodynamics of Fe-Al-N was studied as
a function of temperature. The values of logK5 and the

interaction parameters used in Eq. [8] are summarized in
Table III. The value of rAl

Al was assumed to be zero in the
current study.
Then, Eq. [8] can then be rearranged as

log fSiAl ¼ eSiAl½pct Si� þ rSiAl½pct Si�
2

¼ logK5 � eAl
Al½pct Al]� eNAl½pct N]� eAl

N ½pct Al]

� eSiN½pct Si]� log½pct Al][pct N] ½9�

where fSiAl is the interaction coefficient of silicon on
aluminum in liquid iron. As mentioned, the oxygen
content in the melt was very low and the effect of oxygen
on aluminum and nitrogen was assumed to be negligible.
Therefore, the values of eSiAl and rSiAl in Eq. [9] can be

determined from the solubility product of AlN as a

Table II. Interaction Parameters of Si on N in Liquid Iron at 1873 K (1600 �C)

eSiN rSiN Temperature [K (�C)] [pct Si] Range PN2
(atm) Method References

0.0673 0 1823 to 1923 (1550 to 1650) <2 0.3, 1 Sampling Present study
0.065 0 1873 (1600) <10 1 Sampling 16
0.048 0 1773 to 1973 (1500 to 1700) <4 1 Sampling 15
0.047 0.0012 1873 (1600) <10 1 Sieverts 14
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0.10
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 Kim et al.9
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N2

 = 1 atm

1923K, Fe-Al-N

[%
N

]

[%Al]
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Fig. 4—Equilibrium relations between [pct Al] and [pct N] in Fe-Al-
N melts at 1923 K (1600 �C).
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Fig. 5—Effect of silicon additions on [pct Al] and [pct N] for AlN
saturation in Fe-Si-Al-N melts at 1923 K (1600 �C).

Table III. Thermodynamic Parameters Used in the Current Study

System Parameters 1873 K (1600 �C)
1823 K to 1923 K

(1550 �C to 1650 �C) References

Fe-Si-N (Si< 2 mass pct) eSiN 0.0673 0.0673 Current study

rSiN 0 0

Fe-Al-N eAl
N 0.017 –332.2/T+0.194 9

rAl
N 0 0

eNAl 0.033 –627.1/T+0.367

rNAl 0 0

eAl
Al 0.043 111.0/T – 0.016
logK5 –1.434 –16560/T+7.4
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function of the silicon content in the Fe-Al-Si-N melts.
Figure 7 shows the values of log fSiAl plotted vs the
percent silicon in Fe-Si-Al melts using the relation
expressed by Eq. [9]. The log fSiAl value increases linearly
with silicon content up to 1.5 mass pct, but the effect is
not significant. Also, the temperature effect is negligible
as shown in the figure. Therefore, the values of eSiAl and
rSiAl can be determined as 0.009 and 0, respectively, in the
temperature range from 1823 K to 1923 K (1550 �C to
1650 �C) by a linear regression analysis of the data. The
eSiAl value determined in the current study using the
metal–nitride–gas equilibration technique in Fe-Si-Al-N
melts was about six times lower than the value of 0.056
at 1873 K (1600 �C) reported by Wilder and Elliott.[4]

Wilder and Elliott[4] calculated the interaction param-
eter of silicon on aluminum in liquid iron from the
Chipman and Floridis’ aluminum distribution data[1]

between liquid Fe-Al-Si-C alloys and Ag-Al-Si melts at
1873 K (1600 �C) using the extrapolated Al activity data
in liquid binary Ag-Al alloys at 1223 K (950 �C).
However, the relatively high silicon content in Ag-Al-
Si alloys (XSi < 0.0782) equilibrated with Fe-Al-Si-C
alloys at 1873 K (1600 �C) in Chipman and Floridis’

work[1] does not warrant the accuracy of values for log cAl

in more dilute liquid alloy systems at 1873 K (1600 �C).

IV. CONCLUSIONS

Using the metal–gas and the metal–nitride–gas equil-
ibration techniques, thermodynamic relations among
silicon, nitrogen, and aluminum in liquid iron were
determined in the temperature range of 1823 K to
1923 K (1550 �C to 1650 �C). The main findings of this
study can be summarized as follows:

1. Silicon decreases the nitrogen solubility in Fe-Si-N
melts, and the first- and the second-order interaction
parameters of silicon on nitrogen were determined as

eSiN ¼ 0:0673; rSiN ¼ 0 ð1823 K to 1923 K

½1550 �C to 1650 �C�; Si � 2 mass pctÞ

2. The first- and the second-order interaction parameters
between silicon and aluminum in liquidFe-Si-Al alloys
containing up to 1.5mass pct Si were determined as

eSiAl ¼ 0:009; rSiAl ¼ 0 ð1823K to 1923K

½1550 �C to 1650 �C�; Si � 1:5mass pctÞ
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