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The solubility of carbon in molten CaO-B2O3 and BaO-B2O3 slags at high temperatures was measured
to understand the dissolution mechanism of carbon into the slags. The B2O3-bearing slags, which
have a wide range of liquids, at the temperature of interest have been applied to investigate the effect
of basicity on the solubility of carbon from the saturation of acidic or basic components. The solubility
of carbon, as a function of the composition of slags, shows a minimum value, and it is suggested
that carbon dissolves by different mechanisms in the acidic and basic slags, respectively. From the
infrared spectra measurements, the wave number indicating the B-C bond was found to be about
1150 cm21 in the acidic region of slags; hence, the incorporation of carbon into the borate network
was confirmed qualitatively. The carbide capacity was compared to the nitride capacity, showing that
the dissolutions of carbon and nitrogen into the slags are similar.

I. INTRODUCTION and CaO calcined from CaCO3. The schematic diagram of
the experimental apparatus is shown in Figure 1.A new breakthrough in steel materials has been achieved The slag samples of 10 g were held in graphite crucibles

for various applications. For example, super fine and high under CO atmosphere for controlling oxygen partial pressure
strength steels have been developed for improving both by C/CO equilibrium, as shown in Eq. [1].
strength and ductility.[1] For these purposes, the severe con-
trol of impurities under the condition of an ultralow level

C (s) 1
1
2

O2 (g) 5 CO (g) DG8 5 2114,000

[1]
has been required. Therefore, the possibility of control of
carbon content in molten steel was suggested, and the solu-

2 85.8 T (J/mol)[22]bility of carbon in the molten slags has been investigated
by many other researchers.[2–13]

For measuring the effect of oxygen partial pressure onIn previous works, the solubility of carbon was strongly
the solubility of carbon, a mixture of CO and Ar was supplieddependent on oxygen partial pressure[8,10–12] and basicity
by using MFC (Matheson, model 8284 (Montgomeryville, PA)).(aO22) of slags.[6–13] The dependence of carbon solubility on
The impurities of CO and Ar were removed by passing throughoxygen partial pressure has been known explicitly, while
CaSO4, Na2O ? CaO, silica gel, and, especially, Mg turnings atthe effect of basicity on carbon dissolution has not been
753 K for Ar.cleared. For example, the solubility of carbon increased by

The time for equilibration was predetermined to be 18the increase of SiO2 content in the CaO-SiO2-Al2O3 slag,[2,9]

hours, as shown in Figure 2. After equilibrating, the sampleswhile the solubility increased with increasing content of
were quenched by Ar gas and crushed for chemical analysis.basic oxides in other basic slags. Therefore, it was not clear
The content of carbon in slags was determined by a LECO*whether carbon dissolution would be enhanced by the basic

or acidic components. In the cases of nitrogen[10,14–17] and *LECO is a trademark of LECO Corporation, St. Joseph, MI.
silver[18,19,20] dissolution in molten slags, two types of disso-

(CS-300) analyzer. The uncertainty of the measured datalution mechanisms, with variation in the basicity of slags,
could be estimated to be about 63.25 pct. Therefore, it couldhave been reported.
be concluded that the experimental data in the present workIn the present study, the solubility of carbon in the B2O3-
is reproducible.bearing slags, which had been known to have a wide range of

The possibility of carbide formation could be evaluatedliquids, was measured to understand the reaction mechanism
using thermodynamic data available in the literature for theof carbon dissolution into the slags.[21] In addition, the carbide
following reactions:[22,23,24]capacity was suggested and compared to the nitride capacity.

CaO (s) 1 2C (s) 5 CaC2 (s) 1
1
2

O2 (g)
II. EXPERIMENTAL

DG8 5 568,000 2 144 T (J/mol)

[2]

A superkanthal electric furnace was used for equilibration
of molten slag and gas phase. The temperature was controlled

BaO (s) 1 2C (s) 5 BaC2 (s) 1
1
2

O2 (g)

[3]
within 62 K using an R-type (Pt-13Rh/Pt) thermocouple
and a proportional-integral-differential (PID) controller. The
slag samples were prepared using reagent-grade BaO, B2O3, DG8 5 442,000 2 99.5 T (J/mol)

[4]
2B2O3 (l) 1 C (s) 5 B4C (s) 1 3O2 (g)

DG8 5 2,420,000 2 414 T (J/mol)JOO HYUN PARK, Graduate Student, and DONG JOON MIN, Associate
Professor, are with the Department of Metallurgical Engineering, Yonsei

The evaluated values of the activity of the carbides for theUniversity, Seoul, 120-749, Korea.
Manuscript submitted February 1, 1999. present experimental conditions, in each case, are less than
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Fig. 1—Schematic diagram of the experimental apparatus.

Fig. 3—Dependence of carbon solubility on oxygen partial pressure in the
CaOsatd-B2O3 and CaO-SiO2-CaF2 slags.

where K[5], ai , and pO2 are the equilibrium constant of Eq.
[5], the activity of i, and the oxygen partial pressure, respec-
tively. Because graphite crucibles were used to fix the activ-
ity of carbon as unity, the following relation could be
deduced:

log (wt pct C22
2 ) 5 2

1
2
log pO2 1 log aO22

[7]
2log fC22

2 1 log K[5]

where fC22
2 is the activity coefficient of C22

2 ion.
From Eq. [7], the solubility of carbon is expected to have

a linear relationship with the oxygen partial pressure in
logarithmic form, and the slope of the line will be 21/2,
under conditions of a fixed composition and temperature.
The solubility of carbon in the CaOsatd-B2O3 system at 1773
K is shown as a function of oxygen partial pressure, with

Fig. 2—Changes of carbon content in the 34.7 mol pct CaO-B2O3 system the results of previous studies, in Figure 3. The slope of the
with equilibration time at 1373 K under CO atmosphere. line is 20.368, which is slightly lower than the expected

value of 20.5. However, because the slope is similar to the
values measured in previous studies, i.e., from 20.40 to

0.05. Therefore, the discussion in the present study will be 20.36,[11,12,13] it can be suggested that Eq. [5] is available
limited to the dissolved carbides in molten slags. in the basic slags.

III. RESULTS AND DISCUSSION B. Dependence of Carbon Solubility on Slag
CompositionA. Dependence of Carbon Solubility on Oxygen Partial

Pressure in CaOsatd-B2O3 Solubility of carbon in the CaO-B2O3 slag at 1773 K and
in the BaO-B2O3 slag at 1698 K, under pCO 5 1 atm, is shownCarbon has been known to dissolve into the basic slags
in Figure 4, with the results of previous studies.[2,3,7,10,13] Theby the following reaction:[10,13]

solubility of carbon in the B2O3-bearing slags decreases by
increasing the content of basic oxides and shows a minimum2C (s) 1 O22 (slag) 5 C22

2 (slag) 1
1
2

O2 (g) [5]
solubility, followed by an increase with increasing contents
of basic oxides. It is noticed that the solubility of carbon
shows a minimum value in the B2O3-bearing slags. There-K[5] 5

aC22
2 ? p1/2

O2

a2
C ? aO22

[6]
fore, it was suggested that there would be a possibility for
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Fig. 4—Solubility of carbon in various slags as a function of the content Fig. 5—Relationship between the solubility of carbon and the activity of
of CaO and BaO in the molar basis (① CaO-Al2O3 (1883 K) by Swisher,[2] basic oxides in the CaO-B2O3 and BaO-B2O3 slags.
② CaO-SiO2 (1873 K) by Song,[10,13] ③ CaO-Al2O3-CaF2 (1873 K) by
Song,[10] ④ CaO-SiO2-Al2O3 (1873 K) by Ponomarenko and Kozlov,[3] ⑤
BaO-MnO (1573 K) by Watanabe et al.,[7] and ⑥ CaO-SiO2-CaF2 (1873
K) by Song[10]).

of molten slags affects the basicity,[18] or that the activity
coefficient of carbide ion would be varied with slag composi-
tion. However, in the BaO-B2O3 slag, the solubility of carbon
and the activity of BaO in logarithmic scale have a linearthe dissolution of carbon by another mechanism on the left-

hand side of the minimum point, i.e., in the acidic region. relationship in the basic region with a slope of 0.804. There-
fore, it was suggested that dissolution of carbon into theIf Eq. [5] is valid over the entire composition range, fC22

2
must increase much faster than aO22 with increasing contents basic region would occur by Eq. [5].

In addition, the solubility of carbon in the BaO-B2O3of basic oxides, which seems unlikely.[14,15]

In the CaO-B2O3 slag, the minimum solubility of carbon system was about 4 times higher than that of the CaO-
B2O3 system, on average, in the basic region. In the previouswas observed at about 60 pct of CaO in molar basis. It was

also observed at about 45 mol pct of BaO in the BaO-B2O3 work by the present authors, BaO showed more basic char-
acteristics than CaO, about 5 times in the basic region ofslag. Comparing the solubility of carbon at the composition

of CaO and BaO saturation in both slags, the latter is about slags from the measurement of the silver solubility as a
new measure of basicity.[19,20] Therefore, the difference of5 times larger than the former, indicating that BaO is more

basic than CaO. the solubility of carbon, in the basic region for both slags,
would imply the difference of the relative basicity of CaOThe dissolution mechanism of carbon into the slags can

be examined more quantitatively by considering the relation- and BaO.
However, in the acidic region of slags, it was difficultship between the solubility of carbon and the activity of

basic oxides. to explain the reaction mechanism of carbon dissolution
based on Eq. [5]. Therefore, it was expected that there
would be another reaction for carbon dissolution into the

C. Relationship between Carbon Solubility and the acidic slags. The solubility of carbon in the acidic region
Activity of Basic Oxides decreases with the increasing activity of basic oxides,

which corresponds to the basicity of slags. The slopes ofIn Eq. [7], the solubility of carbon was expected to have
a linear relationship with the basicity (aO22) in logarithmic the lines for the CaO-B2O3 and the BaO-B2O3 systems

are negative values of 20.411 and 20.474, respectively.form; the slope of the line would be unity, under conditions
of a fixed temperature and oxygen partial pressure, assuming Therefore, the basicity term, O22, should be placed on the

right-hand side in the dissolution reaction, with a stoichio-that the activity coefficient of carbide ion would not be
affected by the slag composition. The solubility of carbon metric coefficient of 1/2.

In addition, the solubility of carbon in the BaO-B2O3is shown as a function of the activity of basic oxides in
Figure 5. The activities of CaO and BaO in B2O3-bearing system was about 29 pct lower than that of the CaO-B2O3

system, on average, in the acidic region. In the previousslags are available in the literature.[15,25]

In the basic region of the CaO-B2O3 slag, a good linearity work by the present authors, BaO showed more basic char-
acteristics than CaO, about 33 pct in the acidic region ofis not shown. The slope of the line is 0.583, which is smaller

than the expected value of unity. The reason for the discrep- slags using the solubility of silver as a new measure of
basicity.[19,20] Therefore, the difference of the solubility ofancy from the theoretical expectation is that the structure
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Fig. 6—Relationship between carbide capacity and theoretical optical
Fig. 7—Dependence of the solubility of carbon on oxygen partial pressurebasicity in the CaO-B2O3 and BaO-B2O3 slags.
in the 55.4 mol pct CaO-B2O3 system at 1773 K.

carbon in the acidic region for both slags would imply the
difference of the relative basicity of CaO and BaO. temperature and composition, to determine the dissolution

The dissolution mechanism of carbon into the slags can mechanism of carbon in the acidic region of slags.
also be discussed by introducing the theoretical optical basic-
ity as an indirect measure of basicity.

E. Dependence of Carbon Solubility on Oxygen Potential
in 55.4 (Mol Pct) CaO-B2O3D. Relationship between Carbon Solubility and

Theoretical Optical Basicity Dependence of the solubility of carbon on oxygen partial
pressure was measured in the 55.4 (mol pct) CaO-B2O3The optical basicity would be defined from a shift of the
system as a relatively acidic slag, at the same temperature,1S0 → 3P1 transition of ions having a d 10 s2 configuration
1773 K. In Figure 7, the solubility of carbon linearlyas Tl+, Pb21, and Bi31, in the ultraviolet region by the orbital
decreases with increasing oxygen partial pressure with aexpansion effect.[26,27,28] CaO was chosen as a standard
slope of 20.641. Therefore, the dependence of the solubilitymatrix for the probe ions. The basicity of a slag is simply
of carbon on oxygen partial pressure in the acidic regiongiven by
would be larger than that in the highly basic region of slags.

L 5 L1X1 1 L2X2 1 ??? [8] As in the case of nitrogen,[10,14–17] Eq. [10] could be pro-
posed to explain the experimental results in Figures 5 andwhere Li (51/gi , gi being the basicity-moderating parame-
6, by introducing the nonbridging oxygen ionter) is the optical basicity of pure oxide i, and Xi (5zi ? ri /

2, zi and ri being the oxidation number of cations and the
ratio of the cations with respect to the total number of oxides, nC (s) 1 2O2 (slag) 5 C2

n (slag) 1
3
4

O2 (g)

[10]respectively) is the equivalent fraction of oxide i. Although
the Li is measured by the spectroscopic method, there seems

1
1
2

O22 (slag)to be a correlation to the Pauling electronegativity (xi) of
the involved metal ions by Eq. [9].

That is, the carbide ion incorporated in the network wouldgi 5 1.36(xi 2 0.26) [9]
be considered, instead of the free carbide ion existing, in
the basic slags, as in Eq. [5].In Figure 6, log (wt pct C) is plotted as a function of the

optical basicity calculated by Eqs. [8] and [9]. Each of the Considering the composition of MO•2B2O3 (M 5 Ca and
Ba), for example, which was known as an acidic compositionslags has a good linear relationship, on either side of the

minimum point, at about 0.6 of L, and different mechanisms by the results of Figure 4, the structure of molten slags could
be represented by the ‘B4O22

7 ’ diborate as a main polymericof carbon dissolution can be found, as shown in Figures 4
and 5. group.[29] Therefore, Eq. [10] could be expressed by Eq.

[11], based on the fact that B2O3 would be a network formerIt is also necessary to confirm the dependence of the
solubility of carbon on oxygen partial pressure, at a fixed in these slags:
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2 O O 2
. .
B 2 O 2 B
. .
O O2

.
B 2 O 2 B 2 O2

. .

1 [11]

C 5

2 O O 2
. .
B 2 O 2 B
. .
O O
. .
B 5 C2 2 B 2

1 3/4 O2 1 1/2 O22

From Eq. [11], it was suggested that the ‘B-O-B’ bonds
would be replaced by the ‘B 5 C2 2B’ bonds by introducing
a carbon atom into the borate network. Therefore, if the
value of n in Eq. [10] is assumed to be unity, the dissolution

Fig. 8—IR transmittance of the CaO-B2O3 slags as a function of wavereaction of carbon into the acidic slags can be generalized
numbers in different compositions (O: B-O bond, O99: B4O22

7 , O98:as the following reaction:
BO32

3 , O9: BO2
2 , and C: B-C bond).

C (s) 1 2O2 (slag) 5 C2 (slag) 1
3
4

O2 (g) [12]

1
1
2

O22 (slag) [13]

K[12] 5
ac2 ? p3/4

O2 ? a1/2
O22

ac ? a2
O2

The carbide ion dissolved following Eq. [5], in the basic
slags, may be referred to as “free carbide” and that following
Eq. [12], in the acidic slags, as “incorporated carbide.”

The incorporation of carbide into the borate network was
confirmed by the FT-IR measurements, as in the case of
nitrogen, where the Si-N bond was found in the silicate
melts.[14,15,30,31]

F. Infrared Spectra Measurements

The infrared (IR) transmittance of the slag samples was
measured by using Fourier transform infrared (FT-IR) spec-
trometry. The IR transmittance of the CaO-B2O3 slags is
shown as a function of wave numbers in different composi-
tions for comparison (Figure 8). The results are in general
agreement with those of the literature.[32,33] That is, the main

Fig. 9—Dependence of the solubility of carbon on temperature in the acidicpeak for the B-O stretching vibration is shifted to higher
region for the CaO-B2O3 and BaO-B2O3 slags.wave numbers with increasing B2O3 content in slags. In

addition, the peaks indicating the simple anionic group are
shown by increasing the content of CaO, which modifies
the borate structure. suggested that carbon would dissolve as a free carbide in

the basic region. However, this is not conclusive proof ofThe IR region indicating the B-C bond is shown in the
literature to be about 1255 to 1145 cm21.[33] In the present the incorporation of carbon into the borate network and

a more detailed investigation is required to determine themeasurements, those wave numbers were found to be 1153,
1151, and 1155 cm21, in the composition of 40.1, 50.4, and coordination states of carbon in slags.
60.3 (mol pct) CaO, respectively, i.e., in the acidic region.
Therefore, it was suggested that carbon would dissolve into

G. Dependence of Carbon Solubility on Temperaturethe acidic slags as an incorporated carbide, as mentioned in
Eq. [11]. On the other hand, the peak indicating the B-C Dependence of the solubility of carbon on temperature in

the 34.7 (mol pct) CaO-B2O3 and 23.2 (mol pct) BaO-B2O3bond is not found in 74.3 (mol pct) CaO-B2O3 and CaOsatd-
B2O3 systems, i.e., in the basic slags. Therefore, it was systems is shown in Figure 9. The compositions of both
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Fig. 10—Dependence of the solubility of carbon on temperature in the
Fig. 11—Relationship between free nitride and carbide capacities in thebasic region for the CaO-B2O3, BaO-B2O3, and various slags.
basic region for the CaO-B2O3 and BaO-B2O3 slags.

slags were chosen for the same activity of basic oxides in where pi , K[n], ai and fi are the partial pressure of i, the
the molten slags, i.e., aCaO 5 aBaO 5 2.41 3 1024, to examine equilibrium constant of reaction [n], the activity of i, and
the unique effect of temperature on the solubility of carbon. the activity coefficient of i, respectively.
The solubility of carbon in both slags increases with increas- The dissolution of nitrogen into the basic and acidic slags
ing temperature. The enthalpy changes for dissolution of is suggested by Eqs. [16] and [17], respectively.[10,14–17]

carbon into the acidic slags can be calculated from the slope
of the lines by the Gibbs–Helmholtz equation.[34] The 1

2
N2 (g) 1

3
2

O22 (slag) 5 N32 (slag) 1
3
4

O2 (g) [16]
enthalpy changes for each slag are 144 and 95.7 kJ/mol,
respectively, indicating that the dissolution is an endothermic
reaction. From this result, it can be proved qualitatively that

1
2

N2 (g) 1 2O2 (slag) 5 N2 (slag) 1
1
2

O22 (slag)

[17]Eq. [12] is a possible reaction in the acidic region of slags.
The effect of temperature on the solubility of carbon in

1
3
4

O2 (g)the basic region is shown in Figure 10, with the results of
previous works for comparison. The slag compositions were

The nitride capacities in each case are defined as follows:72.1 (mol pct) CaO-B2O3 and 73.4 (mol pct) BaO-B2O3 for
the same activity of basic oxides, i.e., aCaO 5 aBaO 5 0.121.
The solubility of carbon in both slags increases with increas- CN32 5

(wt pct N32) ? p3/4
O2

p1/2
N2

5
K[16] ? a3/2

O22

fN32
[18]

ing temperature. The enthalpy changes for each slag can be
estimated to be 59.4 and 36.4 kJ/mol, respectively, indicating
that the dissolution into the highly basic slags is an endother- CN2 5

(wt pct N2) ? p3/4
O2

p1/2
N2

5
K[17] ? a2

O2

a1/2
O22 ? fN2

[19]
mic reaction. The enthalpy changes of the B2O3-bearing
slags are less than those of aluminate and alumino-silicate

Eliminating the aO22 term from Eqs. [14] and [18] andmelts. This may result from the difference of the effect of
[15] and [19], the relationship between the carbide capacitytemperature on fC22

2 for each slag system.
and the nitride capacity in the basic and acidic regions is
derived, respectively, as follows:

H. Relationship between Carbide Capacity and Nitride
Capacity log CN32 5

3
2

log CC22
2 1 log

f 3/2
C22

2

fN32
1 log

K[16]

K 3/2
[5]

[20]
Free and incorporated carbide capacities can be defined by

the following equations from Eqs. [6] and [11], respectively:
log CN2 5 log CC2 1 log

fC2

fN2
1 log

K[17]

K[12]
[21]

CC22
2 5

K[5] ? aO22

fC22
2

5 (wt pct C22
2 ) ? p1/2

O2 [14]
Thus, nitride capacity may be expected to have a linear

relationship with carbide capacity in the logarithmic scale
if the other terms are constant, and the theoretical slope willCC2 5

K[12] ? a2
O2

fC2 ? a1/2
O22

5 (wt pct C2) ? p3/4
O2 [15]

be 3/2 and 1, respectively. In Figure 11, log CN32 from the
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from the effect of basicity and oxygen partial pressure
on the solubility of carbon:

C (s) 1 2O2 (slag) 5 C2 (slag) 1
3
4

O2 (g)

1
1
2

O22 (slag)

4. The wave numbers obtained from the infrared spectra
measurements indicate that the B-C bond is about 1150
cm21 in the acidic region of the CaO-B2O3 slag; hence
the incorporation of carbon into the borate network is
confirmed qualitatively.

5. The dissolution of carbon and nitrogen into the slags
shows a similar behavior in B2O3-bearing slags based on
the relationship between carbide capacity and nitride
capacity.
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