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Experimental Determination
of Mg Activities in Fe-Mg Solutions

JIMMY GRAN and DU SICHEN

The thermodynamics of magnesium in liquid iron was
determined at 1823 K (1550 °C). For this purpose,
liquid iron was equilibrated with Ag-Mg alloys in a
semienclosed molybdenum vessel. From the partition of
magnesium between iron and silver, the activit}(/lcoefﬁ-
cient of Mg and the self-interaction parameter 8M§ were

determined.
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Magnesium and other alkaline earth metals, especially
their oxides, are used widely in the production of high-
quality steels. Magnesium metal is used mostly as a
desulfurization agent of hot metal, whereas its oxide
serves as the main component in refractory linings for
different kinds of steelmaking reactors. The use of MgO
lining and MgO-containing slag result in a certain
amount of dissolved Mg in the liquid metal. The content
of Mg dissolved in the metal has great impact on the
stability of MgO containing inclusions. In addition, the
carbothermic reduction of MgO in MgO-C linings is
suggested to be one of the mechanisms behind forma-
tion of spinel type nonmetallic inclusions in molten
steel,l' ¥ leading to an increase in the total magnesium
content in ladle processing.

Because of the its crucial role, the deoxidation
equilibrium for the reaction Mguyt pet Fey T Ot pet Fe) =
MgO(s) has been studied by several research groups.!* ®
Unfortunately, the results from different research
groups show a poor consistency. The reported equilib-
rium constant of this reaction varies even three orders of
magnitude. Zhang er al.”) investigated the dissolution
equilibrium of magnesium vapor in liquid iron, trying to
exclude oxygen from the system. Their data treatment
was later discussed by Hillert!'” and Tarby.'"! The
self-interaction parameter of magnesium, derived by
Tarby!"!! from the data of Zhang et al”! was, as
described by the author, of ““‘unusual magnitude.”

To have better process control and optimization
toward clean steelmaking, reliable thermodynamic data
for magnesium in liquid iron is essential. Therefore, the
objective of the current work is to determine the
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activities of magnesium in liquid iron by measuring
experimentally the distribution ratio of magnesium
between silver and iron.

The principle of the experiment is to use a semien-
closed vessel that would allow gas to escape when there
is a pressure difference between the inside and outside of
the vessel, but not allow extensive gas exchange with the
outside at mechanical equilibrium. For this purpose, a
Mo-vessel equipped with a conical lid was used.

To check the reliability of the setup to maintain
1 atmosphere inside the container and at the same time
avoid any gas entering from the surrounding into the
vessel, a series of tests were made at room temperature.
The Mo-vessel was filled with a well-weighed amount of
ethanol. The conical Mo lid was put on the vessel by
hand and a small hammer, using slight force not to seal
the chamber completely. The Mo vessel with ethanol
was placed in the water bath of a thermostat kept at
predetermined temperature. After a certain period of
time, the vessel was withdrawn from the bath and dried
carefully on the outside. The whole vessel was thereafter
weighted. For each temperature, four different holding
times in the water bath were employed. The normalized
weights are plotted as function of time in Figures 1 for
3 temperatures. The normalized weight is defined as

Wy = W, (1]
where W and W, stand for the instant and initial
weights of the sample, respectively.

The two curves at 350.6 K and 352.6 K (77.6 °C and
79.6 °C) in Figure 1 indicate that the weight loss of
ethanol below and around its boiling temperature
(351.6 K [78.6 °C]) is negligible. In contrast, the curve
obtained 5 K above the boiling point shows a consid-
erable ethanol loss. It should be mentioned that
although the curve of 352.6 K (79.6 °C) (1 K above
the boiling temperature) shows negligible weight change,
it still indicates a slow weight decrease. These results
evidently indicate that the vessel setup would allow
overpressures to escape but would not allow extensive
gas exchange with the surrounding gas.

The iron and silver powders (both 99.99 pct supplied
by Alfa Aesar) were heat treated for at least 3 hours at
973 K and 773 K (700 °C and 500 °C), respectively, in a
hydrogen atmosphere to remove traces of oxygen on the
surfaces of the particles. The hydrogen gas had oxygen
content less than 2 ppm (HiQ, Hydrogen 5.0). Because
the same gas had been used successfully for the
reduction of iron oxides and molybdenum oxides, no
special cleaning procedure was used for the hydrogen
gas. The flow rate of hydrogen gas was kept at 0.2
L/min to flush away reaction products (H,O). Silver
powder and magnesium turnings (99.98 pct, Alfa Aesar,
size: 1 cm and smaller) were weighed into appropriate
ratios, not exceeding a total weight of 15 g. Thereafter,
the silver powder and magnesium turnings were mixed
and pressed into pellets. In each experiment, approxi-
mately 15 g iron was used. The Ag-Mg pellet together
with the iron powder was put in an MgO-crucible
(supplied by Aremco Products Inc.).
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Fig. I—Normalized weight loss of ethanol as a function of time for
the pre-test.
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Fig. 2—Experimental setup.

A high-temperature furnace with graphite heating
elements was used in the experiments. A schematic of the
experimental setup is shown in Figure 2. An alumina
tube was used for the reaction chamber. To quench the
sample rapidly, the alumina reaction tube was intercon-
nected to a water-cooled brass tube. This arrangement
allowed the sample to be quenched without withdrawal
from the furnace. A lifting device was placed on top of
the furnace, consisting of a lifting unit holding a stainless
steel tube that was inserted through an O-ring sealed hole
in the top of the brass chamber. A Mo-tube was
connected to the lower part of the stainless steel tube.

After placing the MgO crucible containing the sample
into the Mo-vessel in an argon atmosphere, the Mo
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conical lid was put on by hand or with a small hammer if
necessary. Attention was given to use as little force as
possible, just enough to ensure that the connection could
bare the weight of the vessel when the Mo-vessel was
hung in the furnace. The sample assembly was then
attached to the lifting device using a small Mo-rod. Note
that the sample assembly was hung on the Mo-rod by
the friction force between the conical lid and the Mo
vessel. After lowering the sample assembly to the even
temperature zone of the furnace using the lifting system,
a B-type thermocouple was placed just below the
Mo-vessel for temperature measurement. The reaction
chamber was sealed by the use of O-rings. The system
was then evacuated with a vacuum pump and thereafter
filled with argon. This procedure was repeated at least
three times. Before heating, the system was flushed with
purified Ar-gas for 2 hours. In the gas cleaning system,
first the gas passed through silica gel, ascarite, and
magnesium perchlorate. The argon gas was then led
through a silica tube with Cu turnings kept at 973 K
(700 °C) and finally through an iron tube with magne-
sium chips kept at 773 K (500 °C). The purified Ar gas
was passed through the furnace at 0.02 L/min through-
out the whole heating and equilibration period.

The heating rate was kept low (2 K/min) to ensure
homogenization of the Ag-Mg alloy and prevent mag-
nesium boil-off. After reaching 1823 K or 1848 K
(1550 °C or 1575 °C), the sample was kept in the
furnace for 6 hours. Fujiwara er al'” used approxi-
mately the same setup for the solubility of calcium in
liquid Fe + Ca + O alloys and determined that 3 hours
were enough for reaching equilibrium. After equilibrat-
ing of 6 hours, the sample was lifted to the quench
chamber. The lifting for the sample from the even hot
zone to the quenching chamber took less than 1 second.
The whole experiment took approximately 30 hours.
After withdrawal from the furnace, the Ag-Mg alloy was
separated from the iron part using a precision cutting
machine. In all samples, it was observed that the iron
phase was close to spherical and completely surrounded
by the Ag-Mg alloy and nowhere in contact with either
the crucible or the gas phase. The cutting was made with
special attention to completely separate the two phases.
The surfaces of the sample pieces were also polished to
remove any possible MgO residues. The iron and
Ag-Mg part were sent for ICP-AES analysis (Inductively
coupled plasma atomic emission spectroscopy, relative
error generally less than 10 pct of amount present).

The experimental results are listed in Table I. The
content of magnesium in Fe is plotted as a function of
Mg content in silver in Figure 3. The activities of Mg in
Fe can be evaluated using the thermodynamic data for
the Ag-Mg system.

Activity measurements in the liquid Ag-Mg binary
alloys were made recently.!"”) The excess Gibbs energy
for magnesium in liquid Ag-Mg alloy is given in Eq. [2].

AGES = (1 = Xagg)” (—66583 +23970(1 — 4Xirg))
J/mole!™  [2]

The magnesium activity in silver can then be calcu-
lated using the following relationship:
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Table I. Experimental Results

Sample XMg(Ag) XMg(Fe) T [K (OC)]
MGl 3.45E-01 1.30E-03 1823 (1550)
MG2 3.30E-01 1.14E-03 1823 (1550)
MG3 1.06E-01 1.16E-04 1823 (1550)
MG4 3.33E-01 1.23E-03 1823 (1550)
MG5 1.78E-01 2.96E-04 1823 (1550)
MG7 2.00E-01 3.38E-04 1823 (1550)
MG9 2.81E-01 6.59E-04 1823 (1550)
MGI0 2.68E-01 3.97E-04 1823 (1550)
MGI13 2.55E-01 5.42E-04 1848 (1575)
MGI14 1.50E-01 2.48E-04 1848 (1575)
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Flg 3—A plOt of XMg(Ag) Vs SMg(Fe) at 1823 K (1550 OC) with two
additional points at 1848 K (1575 °C).

AGwg = RTInXyig(Ag) + Afog(Ag) = RTlhay, [3]

The calculated activities of magnesium along with the
calculated activity coefficients of magnesium in iron

yMg<Fe)> are presented in Table II.

A plot of Inyyrey s Xmg for 1823 K (1550 °C) is
presented in Figure 4.

Despite the limited number of experiments at this
temperature, a clear decreasing trend of yyy ) With
Xwmg can be observed. A linear regression yields

lnyMg(Fe) = 4.0457 — 495.42 X1, [4]

Presented as the ¢ or interaction parameter definition

Inyvgre) = ZHVRAg(Fe) + Sﬁing(m [5]

where “/1(3/1 re) 18 the activity coefficient of magnesium
in liquid iron at infinite dilution and SME is the self-
interaction parameter of magnesium in liquid iron, one
can conclude

VOMg(Fe) ~ 57 and smg ~ —495

The magnitude of ey® is unusually high for self-
interaction but is in accordance with the value calculated
by Tarby!'! based on the data from Zhang et al."”’

As the number of experimental points is fewer at
higher temperatures than 1823 K (1550 °C), no attempt
is made to do any regressions for these points. However,
as shown in Figure 3, the data for 1848 K (1575 °C)
follow the same trend as the data for 1823 K (1550 °C).
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Table II. Calculated Activities of Magnesium
and the Activity Coefficients of Magnesium in Iron

Sample T [K (°C)] Xmeag Mg XMgFe)  YMg(Fe)

MGl 1823 (1550)  0.345
MG2 1823 (1550)  0.330
MG3 1823 (1550)  0.106
MG4 1823 (1550)  0.333
MG5 1823 (1550)  0.178
MG7 1823 (1550)  0.200
MGY 1823 (1550)  0.281

0.0404 0.00130 31.1
0.0366 0.00114 32.1
0.0066 0.000116  56.9
0.0373  0.00123 30.3
0.0125 0.000296  42.1
0.0147 0.000338  43.6
0.0262  0.000659  39.7

MGI10 1823 (1550) 0.268  0.0239 0.000397  60.2

MGI13 1848 (1575)  0.255  0.0226 0.000542  41.8

MGI14 1848 (1575) 0.150  0.0102 0.000248  41.3
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Fig. 4—A plot of In yyg(re) V5 Xmg(rey at 1823 K (1550 °C).

From an industrial perspective, the most common
way to express activities of dissolved elements in liquid
iron is to use the “wt pct” standard state. The free
energy change for the change of standard state from
“pure element” to the wt pct standard state is calculated
according to

AG® = RTIn [6]

MFe X y(li/[g
100 x MMg

where Mp. and M)y, are the atomic weights of iron
and magnesium, respectively. At 1823 K (1550 °C),
AG° equals 4125 J/mole, using ", (Fe = 57

The formation of MgO by the reaction between
dissolved Mg and O can be expressed as

Mg(wtpctFe) + O(wtpct Fe) — MgO(S) [7]

The standard Gibbs energy AGY for reaction [7] can
be calculated using data from References 14 to 16 as
follows:

Mg(g) + 1/201(g) = MgO(s) 8]
AGY = —729640.32 +204.063 x T J/mol!!¥
O(thctFe) = 1/202(g) [9]

AGY = 1171524+ 2.887 x T J/mol!"”

Mg(l) = Mg(g) [10]
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Table III.  Equilibrium Constants for the Reaction Mgyt pet Fe) T Ogwe pet Fey = MgO(s)

K at 1823 Estimated Mg in Steel
Experimental Temperature log K by the Authors (ppm)*
Nadif and Gatellier™ 1873 K (1600 °C) 5.7 10698 83
Itoh et al.”! 2023 K (1750 °C), 4.28 + 4700/T 10586 14
1873 K (1600 °C)
Kulikov!® Thermodynamic calc. —8.208 + 31375/T 10° 0.1
Gorobetz!” Thermodynamic calc. —4.24 + 25240/T 10%¢ 0.03
Han et al® 1823 K, 1873 K, 1923 K ~1.27 + 13670/T 10523 59
(1550 °C, 1600 °C, 1650 °C)
Current study 1823 K (1550 °C) 8.07 10307 0.9

*Calculated assuming equilibrium for the reaction Mgy pet Fe) T Oqwi pet Fey = MgO(s) with the conditions; Oxygen activity: 10~* (wt pet in Fe

standard state) and MgO activity unity.

AGY, = 129700 —94.3 x T J/mol!®

Mg ) = Mg [11]

wt pct Fe
AGY, = —4125 J/mol

Hence, AG) =AG] + AG) + AG)+AG, = —281522
J/mol at 1823 K (1550 °C). This value leads to
logKy = 8.07 at 1823 K (1550 °C). This value is com-
pared with the literature data in Table III.

It is reported by Beskow er all'” that the total
magnesium content is less than 2 ppm in the liquid
metal after vacuum treatment of Al-deoxidized tool
steel. In their work, the oxygen activity according to
Celox measurements is approximately 10~* (“wt pct”
standard state). As the analyzed Mg content includes
both dissolved Mg and the Mg in the oxide inclusions,
the dissolved magnesium content is definitely much
lower. A calculation using the current result based on
reaction [7] reveals a dissolved magnesium content of
0.9 ppm (the MgO activity is assumed to be unity). This
value is in accordance with the steel analysis. It is
worthwhile to mention that it is unlikely that the steel-
slag-refractory system has reached a final equilibrium
state. The activity of MgO in the slag is always
somewhat lower than 1. Although lower MgO activity
in the slag would imply lower Mg content in the liquid
metal, the current thermodynamic data is still in line
with the steel analysis from industry. The evaluated Mg
contents using the current thermodynamic data and the
data from the literature are listed in Table 3. In all the
calculations, the oxygen activity is assumed to be 107*
(wt pct in Fe standard state) and the MgO activity
equal to one. It is observed that the Mg content is
calculated to be 59 ppm using the data from Han
et al™ with log K equal to 6.23, and 83 ppm using the
data by Nadif er a/™ Such high Mg contents are
unreasonable.
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The findings are summarized as follows:

(a) The activity coefficient of magnesium in liquid iron

at infinite dilution, Vlovlg(l:e) was evaluated to be 57,

. . . Mg
and the self-interaction parameter of magnesium &y,
was evaluated to be —495.

(b) The current data led to a value of 8.07 for the log K
of the reaction Mguy( pet Fe) T Oqwt pet Fey = MgO(s)
at 1823 K (1550 °C). This value was found to be
reasonable in explaining the industrial observation
in comparison with the literature data.
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