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The thermodynamics of carbon in manganese and ferromanganese melts were studied to predict the
refining limit of carbon during the decarburization of molten ferromanganese. The equilibrium carbon
content in a Mn-C melt was determined by the C-CO equilibrium in the presence of pure solid MnO
at 1673 to 1773 K. The activities of manganese and carbon in the Mn-C melt were then calculated
from the experimental results, the equilibrium constant for the reaction, and the Gibbs–Duhem equation
integrated by the Belton–Fruehan treatment. The standard free-energy change of carbon dissolution
in the manganese melt was determined to be 41,700 2 59.6 T J/g ? atom, with the standard state
taken as 1 wt pct carbon in solution. The effect of iron on the activity coefficient of carbon in
ferromanganese was determined by measuring the carbon solubility in Mn-Fe melts. The first- and
second-order interaction parameters between carbon and iron in ferromanganese melts were deter-
mined. The activity coefficient of carbon in the ferromanganese alloy melt can be expressed as

log fC 5 0.0308 (pct C) 1 0.0136 (pct C)2 1 0.00867 (pct Fe)

where the interaction parameters are independent of temperature in the temperature range of 1673 to
1773 K. The thermodynamic parameters determined in the present study could predict the equilibrium
carbon content in the ferromanganese melt accurately for various melt compositions and CO par-
tial pressures.

I. INTRODUCTION In the present study, the equilibrium carbon content of an
Mn-C melt was determined by the C-CO equilibration inMANGANESE is an important element for iron and
the presence of pure solid MnO in the temperature range ofsteel products. Ferromanganese alloys are generally used for
1673 to 1773 K.alloying and as a deoxidizer in steelmaking. Recently, there

has been a trend toward increased production of ultralow- MnO (s) 1 C (gr) 5 Mn (l) 1 CO (g) [1]
carbon steel grades, and this situation increases the demand

From the equilibrium constant of reaction [1] and the Gibbs–for low-carbon ferromanganese alloys. For the production
Duhem relationship between manganese and carbon, theof low-carbon ferromanganese alloys, the oxygen-inert gas
activity coefficients of these elements have been determined.blowing of molten high-carbon ferromanganese is an effec-
The effect of iron on carbon in a ferromanganese melt wastive and economical process.[1–4] During the decarburization
also determined by carbon-solubility measurements in Mn-Feof ferromanganese, manganese oxidation also occurs. In
liquid alloys. The validity of the thermodynamic parametersorder to establish an optimum decarburization process with-
determined in the present study was examined by measuringout excessive oxidation of manganese, it is important to
the equilibrium carbon content in ferromanganese melts ofknow the thermodynamic behavior of carbon in manganese
different Fe/Mn ratios under various CO partial pressures.or ferromanganese liquid alloys.

There have been some experimental and theoretical stud-
ies on manganese activities in Mn-C[5–11] and Mn-Fe-C[10–16]

II. EXPERIMENTAL
liquid alloys. However, studies on carbon activities in these

The experiment was carried out in an electric resistancemelts are very limited. Moreover, they treated iron as a
furnace heated by SiC with a mullite reaction tube in thesolvent[13,15] and used interaction parameters for iron-based
temperature range of 1673 to 1773 K, as shown in Figure 1.alloys in estimating the carbon activity in manganese-rich
A detailed description is available elsewhere.[17] The alloysferromanganese melts. Until now, the standard Gibbs free-
were made from electrolytic manganese (maximum of 0.018energy change of carbon dissolution in liquid manganese
wt pct N and 0.3 wt pct O), electrolytic iron (99.999 pctand the activity coefficient of carbon in a manganese-rich
purity), and graphite powder (99.99 pct purity) by meltingferromanganese melt have not been measured.
them in alumina crucible under an Ar atmosphere using a
high-frequency induction furnace. Four grams of metallic
charge and 0.4 g of MnO (99.5 pct purity) were placed in a
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various CO pressures (PCO) at 1673 to 1773 K. The melts
were saturated with pure solid MnO, and it was confirmed
by the X-ray diffraction analysis for manganese oxide
adhered on the metal surface. The equilibrium carbon con-
tent decreases as PCO decreases, and the reduction of carbon
content with decreasing PCO is significant at a low CO
pressure range (PCO , ,20 kPa). The increase of melt
temperature significantly reduces the equilibrium carbon
content. The present experimental data will be used to
calculate carbon and manganese activities in Mn-C binary
melts in Sections IV–A and IV–B.

B. Equilibrium Carbon Content in Ferromanganese Melt
under Various CO Pressures

The experimental results of equilibrium carbon contents
in Mn-Fe melts under various PCO levels at 1723 K are
summarized in Table II. The melts were also saturated with
pure solid MnO. The equilibrium carbon content decreases
with increasing iron content at a given PCO. The present
data will be used to check the validity of thermodynamic
parameters of carbon in a ferromanganese melt in Sections
IV–C and IV–D.

Fig. 1—A schematic diagram of the experimental apparatus.
C. Carbon Solubility in Ferromanganese Melts

In order to measure the effect of iron on carbon activity
in Mn-Fe melts, the carbon solubility was measured as aturnings, Drierite, and magnesium perchlorate. The individual
function of iron content. Carbon saturation of the melt in agas flow rate was controlled by a mass-flow controller (Cur-
graphite crucible was achieved within 2 hours at 1673 K.tis–Matheson, Model 8284). The mass-flow controller was
The carbon solubility data are given in Table III and plottedcalibrated at the exit of the gas inlet to within 1 pct, using a
in Figure 3 together with Ma et al.’s results.[16] The carbon-precision wet-test meter. The flow rate of mixed gas was in the
solubility data measured over a wide range of iron contentsrange of 300 to 1000 mL/min, depending on gas composition.
in the present study shows a good linear relationship withIn preliminary experiments, it was found that the time
iron content in the temperature range of 1673 to 1773 K.required for the C-CO equilibrium of the manganese melt in
The present data will be used to determine the effect of ironthe presence of solid MnO was very long. Therefore, manga-
on the activity coefficient of carbon in ferromanganese meltsnese alloys of different carbon contents were prepared, and,
in Section IV–C.hence, the equilibrium could be approached from high and

low carbon contents with respect to the equilibrium value.
For carbon solubility measurements, Mn-Fe alloys of different

IV. DISCUSSIONcompositions were melted in graphite crucibles under an
Ar atmosphere. A. Activities in the Mn-C System

After each experiment, the crucibles were pulled out and
Under the present experimental condition, carbon in man-quenched rapidly in a He gas stream, followed by water

ganese melt is equilibrated by the following reaction:quenching. Manganese oxide adhering to the top of the metal
was removed and analyzed by the X-ray diffraction analysis MnO (s) 1 C (gr) 5 Mn (l) 1 CO (g) [1]
for phase identification. The metallic sample was then crushed

DGo
T 5 286,800 2 170.2 T J/mol[18]for the subsequent chemical analysis. Carbon was analyzed

by the carbon/sulfur analyzer (LECO*, Model CS-

K(1) 5
aMn ? PCO

aC
5

XMn ? gMn ? PCO

XC ? gC
[2]*LECO is a trademark of the LECO Corporation, St. Joseph, MI.

300). The manganese and iron contents were measured by where XMn and XC are the mole fractions, and gMn and gCinductively coupled plasma-emission spectrometry (SPEC- are the activity coefficients, of manganese and carbon in the
TRO, Spectro Flame). Mn-C melt, respectively.

Manganese and carbon in the Mn-C melt will follow the
Gibbs–Duhem relationshipIII. RESULTS

XCd ln gC 1 XMnd ln gMn 5 0 [3]A. Equilibrium Carbon Content in Manganese Melt
under Various CO Pressures From the Belton–Fruehan treatment[19,20] of the Gibbs–

Duhem equation, the activity coefficient of manganese inTable I and Figure 2 summarize the experimental results
of equilibrium CO contents in a manganese melt under the Mn-C melt can be obtained from following equation:
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Table I. Experimental Results of C-CO Equilibration for Mn-C Melts

[Pct C]

Number Temperature PCO(kPa) Time (h) Initial Final [Pct C]Average

A1 1673 K 2.03 27.5 1.61 1.38 . 1.25
0.65 1.11 m

A2 3.04 24 2.14 1.82 . 1.65
1.18 1.47 m

A3 5.07 24 2.94 2.24 . 2.35
1.61 2.47 m

A4 7.09 26 3.60 3.33 . 3.10
2.14 2.86 m

A5 10.13 24 4.09 3.97 . 3.88
3.60 3.78 m

A6 20.27 23 5.26 4.82 . 4.69
4.09 4.55 m

A7 40.53 24 6.07 5.58 . 5.50
5.26 5.43 m

A8 60.80 24.5 6.29 5.97 . 6.04
5.66 6.11 m

A9 101.33 25.5 7.24 6.59 . 6.57
6.29 6.55 m

B1 1723 K 2.03 23 1.18 0.84 . 0.84
0.65 0.84 m

B2 3.04 25 1.61 1.19 . 1.13
0.65 1.08 m

B3 5.07 17 2.14 1.71 . 1.70
1.61 1.69 m

B4 7.09 25 2.94 2.33 . 2.29
1.60 2.24 m

B5 10.13 17 2.94 2.68 . 2.70
2.14 2.71 m

B6 15.20 24 4.09 3.48 . 3.38
2.94 3.27 m

B7 20.27 15.5 4.09 3.60 . 3.70
3.60 3.80 m

B8 40.53 14 5.26 4.81 . 4.64
4.09 4.46 m

B9 60.80 9 5.66 5.38 . 5.31
5.26 5.24 m

B10 101.33 22 6.29 5.72 . 5.75
5.66 5.77 m

C1 1773 K 2.03 22 0.65 0.54 . 0.50
0 0.45 m

C2 3.04 24.5 1.18 0.75 . 0.73
0.65 0.72 m

C3 5.07 24 1.61 1.09 . 1.05
1.18 1.00 m

C4 10.13 21 2.14 1.82 . 1.84
1.61 1.86 m

C5 15.20 27 2.94 2.59 . 2.54
2.14 2.49 m

C6 20.27 15 2.94 2.88 . 2.85
2.14 2.82 m

C7 30.40 24 4.09 3.49 . 3.74
2.94 3.98 m

C8 40.53 25 5.26 4.36 . 4.35
4.09 4.34 m

C9 60.80 25 5.26 4.76 . 4.82
4.09 4.87 m

C10 101.33 19 5.66 5.36 . 5.32
5.26 5.29 m

.: High initial carbon content.
m: Low initial carbon content.
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Table III. Carbon Solubility in Mn-Fe Melts

Temperature [Pct Fe] in Mn-Fe Alloys [Pct C]

1673 K — 7.71
4.75 7.51
9.70 7.37

19.33 7.09
23.31 6.93
27.62 6.75

1723 K — 7.83
4.81 7.62
9.41 7.50

18.40 7.20
23.05 7.01
27.58 6.95

1773 K — 7.91
4.55 7.77

Fig. 2—The equilibrium carbon content in manganese melt at different 9.52 7.60
PCO and melt temperatures. 18.21 7.37

23.19 7.24
26.77 7.07

Table II. Experimental Result of C-CO Equilibrium for
Mn-Fe-C Melts

Composition

[Pct Fe] in
Temperature PCO (kPa) Mn-Fe-C Alloys [Pct C]

1723 K 2.03 — 0.842 .
— 0.841 m
6.64 0.633 .

10.86 0.541 m
12.67 0.568 .
16.20 0.501 m
20.13 0.494 .
21.32 0.463 m
24.48 0.413 m
26.47 0.446 .
33.71 0.344 m

3.04 — 1.185 .
— 1.075 m

Fig. 3—The effect of iron on carbon solubility in Mn-Fe melts at differ-16.37 0.769 .
ent temperatures.22.54 0.697 .

5.07 — 1.714 .
— 1.685 m

23.48 0.862 m
Therefore, the values of log gMn can be determined graph-23.98 0.978 .

ically as a function of melt composition, as illustrated in27.99 0.826 m
Figure 4. The activity coefficient of carbon, gC, can then29.38 0.927 .
be obtained from Eq. [2]. The activity coefficients of man-10.13 — 2.682 .

— 2.710 m ganese and carbon in the Mn-C melt, determined as a
21.06 1.822 . function of melt composition in the temperature range of
22.85 1.580 m 1673 to 1773 K, are summarized in Table IV.
25.93 1.687 . Figure 5 compares the gMn and gC values in the Mn-
26.63 1.540 m C melt, determined in the present study at 1673 K, with

.:High initial carbon content. previously reported data.[5,7,11] The manganese in the Mn-
m:Low initial carbon content. C melt shows nearly ideal solution behavior at low carbon

contents up to XC , 0.1 and shows a negative deviation at
higher carbon contents. Carbon shows a negative deviation
from ideal behavior up to XC , 0.19 and a highly positive
deviation at higher XC values up to its saturation. The

log gMn 5 2eXMn5XMn

XMn
XCd 1log 1 aC

aMn2 2 log 1 XC

XMn22 activity coefficient of carbon at its saturation can be calcu-
lated from the following relationship:

[4]
g sat

C 5
1

XCsat

[5]where the aC/aMn values can be determined from Eq. [2],
and the XC/XMn values are measured equilibrium values at
given CO partial pressures. Tanaka[5] determined the manganese activity in Mn-C
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alloys at 1673 K by the transportation method, which was Raoult’s law at carbon contents of XC , 0.17 and showed
equivalent to the vapor-pressure measurement. He meas- a negative deviation at higher carbon contents. Katsnelson
ured the saturated vapor pressure of pure manganese and et al.[7] measured the equilibrium carbon content in molten
Mn-C melts using Ar gas as a carrier gas. In his work, Mn-C at 1628 K using a similar experimental technique to
the manganese activity showed a positive deviation from that of the present study. They obtained the expressions

for activity coefficients of manganese and carbon as a func-
tion of carbon content in an Mn-C melt by the linear multi-
ple regression analysis of their experimental data, using
the interaction-parameter formalism developed by Lupis
and Elliott.[21] These are shown as dashed-dotted lines in
Figure 5. At their experimental temperature of 1628 K,
however, the lowest equilibrium carbon content was 2.39
wt pct (XC 5 0.101) under a reduced PCO of 2.53 kPa.[7]

Therefore, their data in the low-carbon range may not be
accurate.

Recently, Li and Morrise[11] evaluated the thermodynam-
ics of a Mn-C melt using the unified interaction-parameter
model developed by Bale and Pelton.[22,23] They expressed
the activity coefficient of manganese as a function of carbon
content by the linear multiple regression analysis of some
selected experimental data of the Mn-C system.[5,7] They
also derived the expression for the activity coefficient of
carbon. The dotted lines in Figure 5 are their estimated
expressions for the activity coefficients of manganese andFig. 4—The Belton–Fruehan plot for determining the Mn activity in the

Mn-C melt at 1673 K. carbon at 1673 K.

Table IV. Activities of Manganese and Carbon in Mn-C Melts

Temperature XC XMn aC gC aMn gMn

1673 K ,0 1 — 0.340 1 1
0.055 0.945 0.022 0.401 0.941 0.995
0.071 0.929 0.032 0.451 0.917 0.987
0.099 0.901 0.051 0.515 0.877 0.974
0.128 0.872 0.069 0.540 0.844 0.967
0.156 0.844 0.094 0.601 0.803 0.951
0.184 0.816 0.167 0.907 0.715 0.876
0.211 0.789 0.291 1.383 0.624 0.791
0.227 0.773 0.400 1.760 0.572 0.741
0.244 0.756 0.592 2.425 0.508 0.672
0.277 0.723 1 3.610 0.375 0.519

1723 K ,0 1 — 0.304 1 1
0.037 0.963 0.012 0.329 0.960 0.998
0.050 0.950 0.018 0.366 0.946 0.996
0.073 0.927 0.029 0.401 0.917 0.990
0.097 0.903 0.040 0.412 0.888 0.983
0.123 0.877 0.055 0.446 0.853 0.972
0.138 0.862 0.078 0.564 0.810 0.939
0.150 0.850 0.099 0.664 0.776 0.912
0.182 0.818 0.176 0.964 0.685 0.837
0.204 0.796 0.244 1.196 0.635 0.798
0.218 0.782 0.366 1.679 0.572 0.731
0.280 0.720 1 3.571 0.372 0.517

1773 K ,0 1 — 0.287 1 1
0.022 0.978 0.007 0.320 0.977 0.999
0.033 0.967 0.011 0.323 0.965 0.998
0.046 0.954 0.017 0.374 0.946 0.992
0.079 0.921 0.033 0.418 0.906 0.984
0.107 0.893 0.048 0.448 0.873 0.977
0.118 0.882 0.062 0.521 0.845 0.959
0.151 0.849 0.088 0.581 0.800 0.942
0.172 0.828 0.112 0.648 0.765 0.925
0.188 0.812 0.156 0.826 0.710 0.875
0.205 0.795 0.235 1.146 0.643 0.808
0.282 0.718 1 3.546 0.371 0.518
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Fig. 5—Activity coefficients of manganese and carbon in the Mn-C melt.

B. Standard Gibbs Free-Energy Change of Carbon
Dissolution in a Mn melt

For the estimation of the standard Gibbs free-energy
change of carbon dissolution in a manganese melt, the activ-
ity coefficient of carbon at infinite dilution (g o

C) should be Fig. 6—The gC values at the low carbon range in Mn-C melt at various
known. The activity-coefficient data at the low-carbon range temperatures.
are plotted as a function of (1 2 XC)2 in Figure 6. It shows
a good linear relationship for the quadratic approximation
of a regular solution.[24]

DGo
1 wtpctlnMn 5 RT ln 1g o

C
MMn

100 MC2 [9]ln gC 5 a (1 2 XC)2 [6]

where a is a constant. 5 41,700 2 59.6 T J/g ? atom
Therefore, the g o

C values at XC , 0 can be obtained by
where R is the universal gas constant (8.314 J/mole K),the extrapolation method, and they are tabulated in Table
and MMn and MC are the molar weights of manganese andIV. The temperature dependence of g o

C in a manganese melt
carbon, respectively.can be expressed as

C. Henrian Activity Coefficient of Carbon inln g o
C 5 24.1 1

5,040
T

[7]
Ferromanganese Melts

where T is the temperature in Kelvin. The standard state of 1 wt pct carbon in solution or the
The standard Gibbs free-energy change of carbon dissolu- Henrian activity coefficient ( fC) is often more convenient

tion in a manganese melt with the standard state of 1 wt pct to use. Therefore, the fC values in Mn-C melts can be deter-
solution (DGo

1 wtpctlnMn) can be obtained by following mined by following relationship:
formula:

fC 5
gC

g o
C

[10]C(gr) 5 C1 wtpctlnMn [8]
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Fig. 7—Variation of fC values as a function of [pct C] in Mn-C melt.

Figure 7 shows the fC values plotted vs carbon content
in weight percent at different temperatures. The activity
coefficient of carbon increases sharply with increasing car-
bon content. For a carbon-saturated melt, the fC value is
nearly 10. However, the temperature dependence of the
activity coefficient is not significant. The relationship can
be analytically expressed using the generalized interaction- Fig. 8—Relation between log f sat

C 2 eC
C [pct C]sat 2 g C

C [pct C]2
sat and [pct

coefficient model developed by Lupis and Elliott.[21]
Fe] in Mn-Fe-Csal melts.

log fC 5 eC
C (pct C) 1 gC

C (pct C)2 [11]
Figure 8 shows the relationship between the left-hand side

where the values of eC
C and gC

C are determined as 0.0308 and of Eq. [14] and iron content in carbon-saturated Mn-Fe melts.
0.0136, respectively. It can be seen that a linear relationship is obtained over a

In order to establish the carbon activity in a ferromanga- wide range of iron contents. The temperature dependence
nese melt, the effect of iron on carbon in the manganese of the relationship is not significant. Therefore, only the
melt should be known. The activity coefficient of carbon in first-order interaction parameter of iron (eFe

C ) can be consid-
a ferromanganese melt can be expressed as ered, and the second-order terms can be neglected. The

eFe
C value is determined to be 0.00867 by the linear regres-log fC 5 eC

C (pct C) 1 gC
C (pct C)2

sion analysis.
Therefore, the Henrian activity coefficient of carbon in a1 eFe

C (pct Fe) 1 gFe
C (pct Fe)2 [12]

ferromanganese melt can be expressed by Eq. [15] in the
1 gFe,C

C (pct Fe)(pct C) temperature range of 1673 to 1773 K.

log fC 5 0.0308 (pct C) 1 0.0136 (pct C)2

[15]
In order to determine the values of eFe

C , gFe
C , and gFe,C

C in
Eq. [12], the carbon-solubility data for Mn-Fe melts, shown

1 0.00867 (pct Fe)in Table III, can be used. The Henrian activity coefficient
at carbon saturation ( f sat

C ) can be also expressed as
D. Equilibrium Carbon Content in the
Ferromanganese Meltlog f sat

C 5 log
g sat

C

g o
C In order to check the validity of Eq. [15] where the eFe

C

value was determined from the carbon-solubility data for5 eC
C (pct C)sat 1 gC

C (pct C)2
sat 1 eFe

C (pct Fe) [13]
Mn-Fe melts, the equilibrium carbon content in the ferro-

1 gFe
C (pct Fe)2 1 gFe,C

C (pct Fe)(pct C)sat manganese melt was measured as a function of iron content
under various CO partial pressures at 1723 K. The experi-

where the g sat
C values at carbon saturation can be obtained mental data are summarized in Table II and shown in Figure

using Eq. [5], (pct C)sat is the carbon content at saturation, 9. In these experiments, the equilibrium was approached
and the values of eC

C and gC
C were determined previously. from both sides with respect to the equilibrium carbon con-

Equation [13] can then be rearranged as tents, as discussed earlier.
The equilibrium carbon content can be also calculatedlog f sat

C 2 eC
C (pct C)sat 2 gC

C (pct C)2
sat using the thermodynamic data for the following reaction

equilibrium:5 eFe
C (pct Fe) 1 gFe

C (pct Fe)2 [14]

MnO (s) 1 C(1 wtpctlnMn) 5 Mn (l) 1 CO (g) [16]1 gFe,C
C (pct Fe)(pct C)sat
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Fig. 9—Correlation between the measured and calculated values of equilib- Fig. 10—The refining limit of carbon in the ferromanganese melt as a
rium carbon content in the Mn-Fe-C melt. function of melt temperature and PCO.

below 0.5 wt pct can be obtained at a PCO level of ,10 kPaDGo
T 5 245,100 2 110.6 T J/g ? atom[18,present work]

at a melt temperature of 1873 K.

K[16] 5
aMn ? PCO

aMnO ? fC (pct C)
[17]

V. CONCLUSIONS

where fC can be calculated using Eq. [15] as a function of The equilibrium carbon content in a Mn-C melt has been
melt composition. determined by the C-CO equilibrium in the presence of pure

In the present experimental condition, the slag was virtu- solid MnO at 1673 to 1773 K. The manganese and carbon
ally saturated with pure solid MnO, and, hence, aMnO can activities were calculated from the equilibrium constant of
be considered as unity. The activity of manganese in a man- the reaction and the Gibbs–Duhem relationship. The stand-
ganese-rich ferromanganese melt can be considered as XMn ard free-energy change for the carbon dissolution in a manga-
at relatively low carbon contents. Enokido et al.[13] deter- nese melt, DGo

1 wt pct in Mn, has been determined to be 41,700
mined the manganese activity in Fe-Mn-C melts containing 2 59.6 T J/g?atom. The effect of iron content on carbon
15 to 40 at. pct Mn by equilibrating with Ag-Mn melts of activity in a ferromanganese melt was also determined from
known manganese activity. They found that the gMn value the carbon-solubility data in Mn-Fe melts. Using Lupis and
in a Fe-Mn-C melt was nearly 1 at carbon contents up to Elliott’s generalized interaction-coefficient formalism, the
XC , 0.1. Henrian activity coefficient of carbon in ferromanganese

The solid lines shown in Figure 9 are the calculated equi- melts could be well described as a function of melt composi-
librium carbon contents as a function of iron content at tion as
different PCO values at 1723 K. The correlation between the

log fC 5 0.0308 (pct C) 1 0.0136 (pct C)2
measured and the calculated values shows an almost perfect
agreement, indicating that the thermodynamic parameters of 1 0.00867 (pct Fe)
carbon determined in the present study are well established.

where the interaction parameters are independent of tempera-Using the thermodynamic parameters of carbon, the refin-
ture in the temperature range of 1673 to 1773 K. The presenting limit of carbon in a ferromanganese melt can be predicted
model accurately predicted the equilibrium carbon content inas a function of the melt temperature and PCO. The PCO
a ferromanganese melt under various operational conditions.value in the decarburization process can be estimated from
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