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Desulfurization Behavior of Incoloy� 825 Superalloy
by CaO-Al2O3-MgO-TiO2 Slag

JIN HYUNG CHO, JOHAN MARTINSSON, DU SICHEN, and JOO HYUN PARK

Ni-based superalloy, which has excellent high-temperature strength and corrosion resistance, is
mainly used in aviation materials, high-performance internal combustion engines, and turbines
for thermal and nuclear power generation. For this reason, refining the impurities in Ni-based
superalloys is a very important technical task. Nevertheless, the original technology for the
melting and refining of Ni-based superalloys is still insufficient. Therefore, in this study, the
effect of the CaO-Al2O3-MgO-TiO2 slag on the removal efficiency of an impurity element sulfur
in Incoloy� 825 superalloy, one of the representative Ni-based superalloys, was investigated.
The desulfurization behavior according to the change of TiO2 content and CaO/Al2O3 (=C/A,
basicity) ratio as experimental variables was observed at 1773 K (1500 �C). Although the TiO2

content in the slag increases to 15 mass pct, the mass transfer coefficient of sulfur in molten alloy
showed a constant value. Alternatively, under the condition of C/A > 1.0 of slag, the mass
transfer coefficient of sulfur showed a constant value, whereas under the condition of C/A<1.0,
the mass transfer coefficient of sulfur greatly decreased as CaO decreased. Hence, in the
desulfurization of Incoloy� 825 superalloy using the CaO-Al2O3-MgO-TiO2 slag, the TiO2

content in the slag does not have a considerable effect on the desulfurization rate and
desulfurization mechanism (metal phase mass transfer controlled regime), but the basicity of the
slag has a significant effect on desulfurization mechanism. When the slag basicity decreases
below the critical level, i.e., C/A<1.0, which is corresponding to sulfur distribution ratio, Ls<
200, it was confirmed that the desulfurization mechanism shifts from the metal phase mass
transfer-controlled regime to the slag phase mass transfer-controlled regime due to the variation
in the physicochemical properties of the slag such as viscosity and sulfide capacity. In addition,
the different desulfurization rates between steel and Ni alloy melts were discussed by employing
the diffusivity of sulfur in both systems.
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I. INTRODUCTION

NICKEL-BASED superalloys usually have high
strength and corrosion resistance at severe environment
with high temperatures. Due to this property, they have
been used as aviation material, high-performance inter-
nal combustion engine, thermal power, and nuclear

power turbine. However, because the impurities, such as
sulfur, phosphorous, oxygen, and nitrogen can react
with the host metal or other alloying elements to form
precipitates that have detrimental effects on physical
properties of the final product, the removal of these
impurity elements is highly important for use of
Ni-based alloys in the above applications.[1,2] In partic-
ular, sulfur adversely affects tensile ductility, stress
rupture life, and crack propagation resistance in
Ni-based superalloys.[2,3]

Since the 1970s, in order to improve the quality and
performance of Ni-based superalloys, many studies have
been conducted to remove sulfur from alloy melts.[4–6]

Utada et al.[7] reported the ‘direct and complete recy-
cling,’ which is the method that cast a single crystal alloy
using a CaO crucible and adjusting the composition of
the melt. Degawa and Ototani [8] also investigated
desulfurization behavior of Ni-based superalloy,
Inconel� 738 using calcia (CaO) refractory. They
concluded that calcia refractory is very effective not
only in desulfurization but also in deoxidation as well as
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nitrogen removal process. Kishimoto et al.[9] reported
the desulfurization model in molten Ni-based superalloy
by using solid CaO rod and calculated the effective
sulfur diffusivity in molten Ni-based superalloy. Also,
they found that CaO and Al2O3 generate solid calcium
aluminates, which capture CaS to remove S from the
melt at 1673 K (1400 �C), while CaO and Al2O3 form
the solid–liquid coexisting calcium aluminates, which
capture CaS and penetrate the particle boundaries of the
CaO rod to remove S from the melt at 1773 K and 1873
K (1500 �C and 1600 �C).[10] Moreover, they suggested
that the rate-determining process of the desulfurization
reaction is sulfur diffusion in the generated calcium
aluminates layer at any temperature.

Refining of Ni-based superalloys is typically per-
formed by vacuum induction melting (VIM) and elec-
troslag remelting (ESR) in industry. Zhang et al.[11]

investigated the desulfurization behavior of Ni-based
superalloy, in which Al was added as desulfurizer using
VIM method. Niu and Hu [12] reported the nitrogen
removal mechanism in Ni-based superalloy during VIM
and calculated the activity coefficient of N (fN ¼ 0:714).
On the other hand, the ESR process, which is a method
of refining metals employing a molten slag that is heated
by electrical resistance, has been adopted as a refining
process to produce ultra-clean Ni-based alloys.[13] Eissa
and El-Mohammadi [14] confirmed that high degree of
desulfurization of steels can be attained by using the
70CaF2-15CaO-15Al2O3 (mass pct) ESR slag system.
Yang and Park [15] studied the ESR slag design to control
Al and Ti contents in the Ni-based alloy using ESR
process. Duan et al.[16] reported that increasing TiO2

content in the ESR slag decreased the desulfurization
efficiency of Inconel� 718 alloy.

Alternatively, Kellner et al.[17] investigated the evolu-
tion of non-metallic inclusions from FeTi70 ferroalloy
and Incoloy� 825 superalloy melt through the high-tem-
perature experiments, which have similarity with ladle
refining process in steel industry. Nevertheless, there are
few studies on ladle refining concept of Ni-based
superalloys. Comprehensively, although the special
melting and refining processes such as VIM and ESR
produce high-quality alloys, the process cost is generally
higher than commercial ladle refining technology.

Therefore, in the present study, along with the pursuit
of reducing the production cost due to the VIM and
ESR processes, the applicability of the desulfurization of
Ni-based superalloy using CaO-based ladle slag was
investigated. The desulfurization behavior of Ni-based
superalloy using the CaO-Al2O3-MgO-TiO2 slags with
different TiO2 contents and different CaO/Al2O3 ratios
on the desulfurization kinetics of Incoloy� 825 superal-
loy was conducted at 1773 K (1500 �C).

II. EXPERIMENTAL PROCEDURE

The experiments were performed using a high-fre-
quency induction furnace (Figure 1). The quartz reac-
tion chamber was initially evacuated prior to carrying

out the experiments and the chamber was thereafter
filled with a purified Ar-3 pct H2 gas mixture. Impurities
in the Ar-3 pct H2 gas mixture were removed by passing
the gas through Drierite� (W.A Hammond Drierite Co.
Ltd., Xenia, OH), silica gel, soda lime, and Mg turnings
at 773 K (500 �C).
The Incoloy� 825 superalloy (500 g) was put into a

fused MgO crucible (51 mm inner diameter, 60 mm
outer diameter, 100 mm height) with a graphite heater,
which was surrounded by insulation. The composition
of Incoloy� 825 superalloy used in the present experi-
ments is listed in Table I. The experimental temperature
was 1773[± 2] K (1500[± 2] �C), which was regulated
using a proportional–integral–differential controller and
a B-type (Pt-30Rh/Pt-6Rh, mass pct) thermocouple.
After the temperature stabilization was confirmed,

slag (50 g), which was prepared using a vertical
resistance furnace with a mixture of reagent grade
CaO, calcined from CaCO3 at 1273 K (1000 �C), Al2O3,
MgO, and TiO2, was injected through the quartz tube.
The compositions of the pre-fused slags are listed in
Table II and are plotted in the CaO-Al2O3-TiO2-5 pct
MgO phase diagram (Figure 2) with iso-activity CaO
contours, which were constructed from FactSageTM7.3
calculations.
In situ suction sampling and quenching were

employed to obtain alloy and slag samples during the
metal–slag reactions at 1773 K (1500 �C) at various time
intervals (0, 5, 10, 20, 30, 60 minutes). The sulfur content
in the slag and metal samples was measured using a
combustion analyzer (CS 800, ELTRA). By using an
inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES, ACROS, SPECTRO), the alloy compo-
sition was obtained. The experimental results according
to the slag compositions are listed in Table II. The
saturation level of MgO in the present slag system was
calculated to (MgO)sat=6–8 mass pct using FactSa-
geTM7.3 software with FToxid database and was exper-
imentally confirmed that the slag composition was not
seriously different from the initial one within the
analytical error range, i.e., ± 2 pct. Hence, the slag
composition is expressed as initial one in the present
study. The equilibrium sulfur content and sulfur distri-
bution ratio in each condition were obtained in the
separate experiments, which are described elsewhere.[18]

In the present slag system, the ionic speciation of
titanium oxide, which is dependent on the oxygen
chemical potential, was confirmed by employing an
X-ray photoelectron spectroscopy (XPS, K-alpha
(mono); Thermo UK) analysis with quenched slag
samples. From XPS spectra for Ti 2p shown in Figure 3,

it was confirmed that the oxidation state of Ti was Ti4þ

in the present CaO-Al2O3-TiO2-MgO slag system from

the observation of Ti4þ peaks (458.5 eV). The represen-
tative binding energy is shown in Table III.[15,19] Hence,
through the 458.5 eV peak in Figure 3, it can be
reasonably assumed that titanium is mainly stabilized as
TiO2 in the present slag system under the present
experimental conditions.
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Fig. 1—Schematic diagram of the experimental apparatus.

Table I. Composition of Incoloy� 825 Superalloy (Mass Pct)

Ni Fe Cr Mo Cu Ti C Mn S Si Al

40.8 22.5 29.2 3.5 1.9 0.43 0.04 0.5 0.145 0.2 0.07

Table II. Composition of Slag and Experimental Results in the Present Study

Variable

Chemical Composition (Mass Pct)

[pct S]eq LSCaO Al2O3 MgO TiO2

TiO2 (Mass Pct)
0 51.5 43.0 5.5 0.0 0.0040(± 0.0004) 400(± 70)
5 51.0 38.0 6.0 5.0 0.0027(± 0.0004) 570(± 95)
10 50.5 33.0 6.5 10.0 0.0026(± 0.0003) 540(± 50)
15 50.0 28.0 7.0 15.0 0.0026(± 0.0003) 585(± 65)

CaO/Al2O3 (Mass Ratio)
0.62 34.0 55.0 6.0 5.0 0.0157(± 0.0026) 40(± 8)
0.70 36.5 52.5 6.0 5.0 0.0075(± 0.0009) 110(± 25)
0.96 43.5 45.5 6.0 5.0 0.0054(± 0.0008) 280(± 40)
1.34 51.0 38.0 6.0 5.0 0.0027(± 0.0004) 570(± 95)
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III. RESULTS AND DISCUSSION

A. Thermodynamics of Sulfur Removal from Incoloy�

825 Superalloy: Sulfide Capacity and Sulfur Distribution
Ratio

The equilibrium S distribution ratio (= Ls = (mass
pct S) / [mass pct S]) between metal and slag is used to
evaluate the desulfurization efficiency regarding ther-
modynamics in iron- and steelmaking processes. In
order to investigate the influence of sulfide capacity (=
CS2�) and desulfurization conditions on Ls, the sulfide
capacity of the slag was calculated from Eq. [3] deduced
from desulfurization reactions, Eqs. [1] and [2].

S½ � þ O2�� �
¼ O½ � þ S2�

� �
for metal - slag reaction

½1�

1

2
S2 gð Þ þ O2�� �

¼ S2�
� �

þ 1

2
O2 gð Þ for gas�slag reaction

½2�

logCs2� ¼ logLs þ log aO � log fS ½3�

here aO is the activity of oxygen in molten alloy, deter-
mined by the Al-Al2O3 equilibrium reaction according
to Eq. [4]:[5]

2 Al½ �Niþ3 O½ �Ni¼ Al2O3 sð Þ;K 4½ � ¼
aAl2O3

a2Al � a3O
½4�

logK 4½ � ¼
60; 790

T
� 18:8; ½5�

and fS is the activity coefficient of S in molten Inco-
loy� 825 superalloy, which was assumed to be unity
due to scarcity of thermodynamic data, e.g., interac-
tion parameters for all solute elements, in Ni-based
melts. The calculated activity of oxygen in molten
alloy and that of Al2O3 in the slag are listed in
Table IV.
The sulfide capacity Cs2� was also calculated using the

FactSageTM7.3 software,[20,21] a commercial thermo-
chemical computing package which has been widely
used to obtain the equilibria of multicomponent, and
multiphase metallurgical systems.[22–31] The effect of the
different TiO2 content and C/A ratio on Cs2� can be
compared and the calculation results are plotted as
iso-capacity contours in Figure 4. It can be easily found
that the iso-capacity contours exhibit nearly the same
tendency with the iso-aCaO contour in the present slag
system: i) Sulfide capacity strongly dependent on the
CaO content, ii) Sulfide capacity contours are parallel to
the CaO saturation liquidus line, iii) Effect of TiO2

content on sulfide capacity is less significant than that of

Fig. 2—Experimental compositions of the present study represented
in the CaO-TiO2-Al2O3-5 pct MgO phase diagram with iso-aCaO
lines, calculated by FactSageTM 7.3.

Fig. 3—X-ray photoelectron spectroscopy spectra of quenched slag
samples depending on the content of titanium oxide: (a) TiO2 = 5
mass pct and (b) TiO2 = 15 mass pct.

Table III. Binding Energy of Titanium Oxides at Different
Valances[15,19]

Ti2þ Ti3þ Ti4þ

Binding Energy 455.0 eV 457.0 eV 458.5 eV
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CaO, and iv) Sulfide capacity slightly decreases with
increasing TiO2 content at a given C/A ratio (but not
significant).

Moreover, for the calculation of sulfide capacity with
various TiO2 contents and C/A ratios, a relationship
between sulfide capacity and theoretical optical basicity
reported by several authors was employed. Duffy and
Ingram[32–34] defined the optical basicity as the ability of
an oxygen anion to provide negative charge to the oxide
melts. The optical basicity of slags can be calculated
from Eq. [6]:

Kmelt ¼
P

xiniKiP
xini

; ½6�

where xi is mole fraction of oxide component i, ni is
the number of oxygen in component of each oxide i ,
and Ki is optical basicity of pure oxide component i,

i.e., KCaO ¼ 1:0, KTiO2
¼ 0:61, KAl2O3

¼ 0:60, and
KMgO ¼ 0:78. Sosinsky and Sommerville[35] obtained a
correlation between sulfide capacity and optical basic-
ity such as Eq. [7] at temperatures from 1673 K (1400
�C) to 1973 K (1700 �C):

logCs2� ¼ 22; 690� 54; 650Kmelt

T
þ 43:6Kmelt � 25:2:

½7�
The sulfide capacity calculated from FactSageTM7.3

software, experimental results, and calculated from
Sosinsky and Sommerville equation, Eq. [7] are com-
pared in Figure 5. From Figures 4 and 5, there is no
significant change in sulfide capacity due to the changes
in TiO2 content. Although titanium oxide has multiva-
lence nature, of which ionic speciation could be affected
by the oxygen potential as well as aluminate structure, it
is obvious that TiO2 has minor impact on sulfide
capacity of the present slag system. However, the
structural role of titanium oxide in the calcium alumi-
nate-based melts should be investigated by employing
the spectroscopic methodology, for example, Raman
spectroscopy,[25] which is beyond the scope of the
present study. On the other hand, the sulfide capacity
continuously increases as the CaO/Al2O3 ratio increases.
The scatters in three kinds of estimations are not
significant and thus the sulfide capacity calculations
from measured results in the present study are within the
acceptable window.

Table IV. Activity of Oxygen and Alumina Used for

Capacity Calculation in the Present Study

Activity

Variable log aO loga�Al2O3

TiO2 (Mass Pct)
0 � 5.17 � 1.70
5 � 5.20 � 1.68
10 � 5.14 � 1.70
15 � 5.08 � 1.61

CaO/Al2O3 (Mass Ratio)
1.34 � 5.20 � 1.68
0.96 � 4.95 � 1.09
0.70 � 4.78 � 0.63
0.62 � 4.71 � 0.51

* aAl2O3
was calculated by FactSageTM7.3 software using FToxid

DB.

Fig. 4—Iso-sulfide capacity contours in the CaO-Al2O3-5 pct
MgO-TiO2 slag system at 1773 K (1500 �C), calculated from
FactSageTM7.3.

Fig. 5—Sulfide capacity of the CaO-Al2O3-5 pct MgO-TiO2 slags as
a function of various (a) TiO2 contents and (b) CaO/Al2O3 ratios at
1773K (1500 �C).
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The measured sulfur distribution ratios between
Incoloy� 825 superalloy and slag, Ls at 1773 K (1500
�C) are represented in Figure 6. As similar to the sulfide
capacity, there is no significant deviation in Ls by
varying TiO2 content to 15 mass pct, whereas Ls

significantly increases from approx. Ls= 40 to 570 as
C/A ratio increases from C/A = 0.6 to 1.3. By
employing the thermodynamic behavior of sulfur
between Incoloy� 825 superalloy and the CaO-Al2O3-5
pct MgO-TiO2 slag, the kinetics of sulfur removal from
Incoloy� 825 superalloy melt will be quantitatively
discussed in the following section.

B. Desulfurization Kinetics of Incoloy� 825 Superalloy
via Various Slag Compositions

Sulfur concentration in Incoloy� 825 superalloy melt
through fully liquid slag with reaction time is shown in
Figure 7 for various slag compositions such as TiO2

content [Figure 7(a)] and CaO/Al2O3 ratio [Figure 7(b)].
In our previous studies in molten steel, it was confirmed
that the sulfur concentration approaches the equilibrium
value within 10 to 15 minutes.[36,37] However, in the
present study, the sulfur concentration rapidly decreases
within 20 to 30 minutes. As shown in Figure 7(a), there
is no considerable difference in desulfurization rate
according to the change in the TiO2 content, whereas the
desulfurization rate is significantly affected by the C/A
ratio as shown in Figure 7(b).

It has been proposed that the overall desulfurization
rate in secondary refining processes is mainly controlled
by mass transfer of sulfur in metal phase due to the
relatively high slag basicity, i.e., high sulfide capacity as
well as rapid interfacial chemical reactions at high
temperatures.[38–43] Also, the desulfurization rate equa-
tion is generally expressed as 1st-order reaction to sulfur
concentration in the metal phase as given in Eqs. [8] and
[9]:[38,39,43]

� dC

dt
¼ k C� Ceq

� �
½8�

� ln
Ct � Ceq

C0 � Ceq

� �
¼ kt; ½9�

where Co, Ct, k , and t are, respectively, the initial sul-
fur concentration in liquid metal at time t=0, the S
concentration at time t ¼ t, the apparent 1st-order rate
constant (s-1), and the reaction time (s). The apparent
rate constant, k calculated from Eq. [9] is shown as a
function of TiO2 content and C/A ratio of the slag in
Figure 8. The apparent rate constant does not vary by
TiO2 content, while it is strongly affected by C/A ratio
of the slag. Specifically, the apparent rate constant
sharply decreases by decreasing the C/A ratio at C/A
< 1.0 regime.
For sulfur mass transfer, flux through the metal and

slag phases can be expressed as follows:[43]

Fig. 6—Equilibrium sulfur distribution ratio as a function of (a)
TiO2 content and (b) CaO/Al2O3 ratio of the CaO-Al2O3-5 pct
MgO-TiO2 slag at 1773 K (1500 �C).

Fig. 7—Changes of sulfur concentration in Incoloy� 825 superalloy
melt as a function of reaction time for various (a) TiO2 contents and
(b) CaO/Al2O3 ratios at 1773 K (1500 �C).
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Jm ¼ � dC

dt

Vm

A
¼ km Cb

m � Ci
m

� �
½10�

JS ¼ � dC

dt

VS

A
¼ ks Ci

s � Cb
S

� �
: ½11�

Under the steady state conditions, i.e., Jm ¼ Js, the
overall desulfurization flux (J) and overall mass transfer
coefficient (kO) values can be deduced in Eqs. [12] and
[13] below:

J ¼ kO Cb
m � Cb

s

LS

� �
½12�

kO ¼ 1
1
km

þ qm
qsksLS

; ½13�

where J, C, V, A, kO, t, and q, respectively, represent
the molar flux of sulfur (mol m-2 s-1), the molar con-
centration of sulfur (mol m-3), the volume (m3), the
reaction area (m2), the overall mass transfer coefficient
(m s-1), time (sec), and density (kg m-3). Superscripts b
and i indicate the bulk and interface, while subscripts
m and s indicate the metal and slag phase, respectively.
If the desulfurization rate can be determined through
mixed mass transfer in the metal and slag phases both,
the slag–metal reaction can be regarded as a coupled
reaction without prioritization to either metal phase
control or slag phase control as the rate-controlling
step (RCS). Therefore, the overall mass transfer

coefficient can be represented in Eq. [13]. The denomi-
nator in Eq. [13] can be considered as the total resis-
tance to mass transfer, where qm

qsksLS
is the resistance in

the slag phase and 1
km

is the resistance in the metal

phase. Thus, the overall mass transfer coefficient can
be deduced by either km or ksLs

qs
qm

depending on the

variation in mass transfer coefficients between the
metal and slag phase, and/or the value of Ls.
By integrating Eqs. [10] and [11], the following rate

formulas in Eqs. [14] and [15] could be deduced:

� Wm

qmA

� �
S½ �0� S½ �e

S½ �o

� �
ln

S½ �t� S½ �e
S½ �o� S½ �e

� �
¼ kmt ½14�

� Ws

qsA

� �
S½ �e
S½ �o

� �
ln

S½ �t� S½ �e
S½ �o� S½ �e

� �
¼ kst; ½15�

where W and S½ � represent the weight (kg) and S con-
centration in the metal phase (mass pct), respectively.
The subscripts o and e represent initial (t ¼ 0) and
equilibrium (t ¼ teq) conditions, respectively. The metal
phase mass transfer coefficient, km, according to the
slag compositions are shown in Figure 9. Despite the
increase of TiO2 in the slag, km showed almost con-
stant value, whereas km significantly decreases as C/A
ratio decreases at C/A < 1.0. This indicates that TiO2

does not affect the desulfurization mechanism in metal
phase mass transfer-controlled regime, while the transi-
tion of RCS occurs from metal phase mass transfer to
slag phase mass transfer or mixed-controlled regime as
decreasing C/A ratio at C/A< 1.0.

Fig. 8—Apparent rate constant estimated from the 1st-order
reaction for various (a) TiO2 contents and (b) CaO/Al2O3 ratios of
the slag at 1773 K (1500 �C).

Fig. 9—Relationship between the mass transfer coefficient in metal
phase km and the (a) TiO2 contents and (b) CaO/Al2O3 ratios of the
slag at 1773 K (1500 �C).
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The relationship between the overall mass transfer
coefficient, kO (obtained from Eq. [13]) and the sulfide
capacity as well as viscosity of the slag are shown in
Figure 10. In Figure 10(a), the overall mass transfer
coefficient kO linearly increases with increasing sulfide
capacity of the slag on a logarithmic scale. In addition,
the viscosity of the slag was calculated using FactSa-
geTM7.3 software. As shown in Figure 10(b), the
viscosity (g) does not affect the kO value at g< 2 dPa s
(poise), while kO significantly decreases with the increase
in viscosity of the slag at g> 2 dPa s.

Meanwhile, the slag phase mass transfer coefficient ks
can be expressed as the following Eq. [16][41–43]:

ks ¼
D

d
; ½16�

where D and d , respectively, represent the diffusion
coefficient (m2 s-1) and diffusion boundary layer (m).
Here, the diffusion coefficient of sulfur D can be
expressed as follows according to the Stokes–Einstein
equation [17].[44]

D ¼ kBT

6pgr
; ½17�

where kB is Boltzmann’s constant (1.38910-23 J K-1), T
is temperature (K), g is the viscosity of slag (dPa s),
and r is the radius of the spherical particle (m). From

Eq. [17], diffusion coefficient of sulfur D is inversely
proportional to slag viscosity at a given temperature,
which means that the slag phase mass transfer coeffi-
cient ks are also inversely affected by slag viscosity
from Eqs. [16] and [17].
Jeong et al.[37] investigated the characteristics of slag

by considering the thermochemical and thermophysical
properties of slag, i.e., ‘logCS2� � log g’ to evaluate the
mass transfer coefficient of sulfur in the desulfurization
process of molten steel. In the present study, one more
thermodynamic parameter, aO (the activity of oxygen in
the Incoloy� 825 superalloy) is employed, resulting in
the ‘logCs � log g� log aO,’ because the distribution
ratio of sulfur, Ls, which is one of the dominant factors
affecting the overall mass transfer coefficient from
Eq. [13], is dependent on the activity of oxygen in the
molten alloy as given in Eq. [3]. The overall mass
transfer coefficient logkO is plotted as a function of
physicochemical parameter ‘logCs � log g� log aO’ in
Figure 11, wherein a good linear relationship can be
obtained with the following equation from a least square
regression method.

log kO ¼ 0:60 �0:05ð Þ logCs � log g� log aOf g
� 6:1 �0:1ð Þ; r2 ¼ 0:96

� �
½18�

From this linear relationship, the thermochemical
properties such as sulfide capacity of slag as well as the
activity of oxygen in molten alloy in conjunction with
the thermophysical property such as slag viscosity are
combinatorial factors controlling sulfur removal
mechanism.
The relationship between the equilibrium sulfur dis-

tribution ratio and the overall mass transfer coefficient is
presented in Figure 12. Solid circles represent the
current experimental results (i.e., the overall mass
transfer coefficient, kO, calculated from Eq. [13]), and
black solid line represents the metal phase mass transfer
coefficient measured in the present study
log km ¼ �4:3ð Þ. Open triangles and a grey dashed line
were obtained from Kang et al.’s study,[36] in which the
desulfurization experiments were performed on steel
melt under the similar conditions to that of present
study, i.e., the same dimension of crucible assembly with

Fig. 10—Overall mass transfer coefficient as a function of (a) sulfide
capacity and (b) viscosity of the slag at 1773 K (1500 �C).

Fig. 11—Overall mass transfer coefficient as a function of
physicochemical parameter, logCs � logg� log aO at 1773 K (1500
�C).
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same slag/metal ratio (=0.1) using an identical induc-
tion furnace, and similar CaO-Al2O3-MgO-based slag
system. A different condition is temperature: Kang
et al.[36] performed desulfurization experiment at 1823 K
(1550 �C). Thus, their experimental data were extrapo-
lated to 1773 K (1500 �C) from an Arrhenius equation
(i.e., activation energy) they reported.

Kang et al.[36] concluded that the overall desulfuriza-
tion rate was determined by the mass transfer of sulfur
in the metal phase when the equilibrium S distribution
ratio is higher than about LS ¼ 200 and deduced the
metal phase mass transfer coefficient to be
km ¼ 2:0� 10�4 m=s log km ¼ �3:7ð Þ, which is four
times higher than the metal phase mass transfer coef-
ficient in Ni-based alloy melt. From Figure 12, the
overall mass transfer coefficient (log kOÞ drastically
decrease by decreasing the equilibrium S distribution
ratio. The overall mass transfer coefficient, kO,
approaches gradually to the metal phase mass transfer
coefficient, km, under condition for the higher equilib-
rium S distribution ratio, i.e., Ls>200. However, the
overall mass transfer coefficient rapidly converges to the
ks � LS under the condition for the lower S distribution
ratio, specifically LS<200.

C. Difference of Desulfurization Rate in Iron-
and Nickel-Based Melts

As mentioned in the previous section, the present
study for Ni-based alloy melts and Kang et al.’s work
for molten steel showed a large difference in desulfur-
ization rate, despite almost similar experimental condi-
tions except for the difference in base metal system.
From Eq. [17], the reason for the difference in the metal
phase mass transfer coefficient, km is possibly caused by
the difference in the diffusivity of sulfur in iron- or
nickel-based alloy melts. Because the same apparatus
and the similar experimental conditions were adopted in
both studies, the diffusion boundary layer thickness (d)
can be assumed to be similar in both studies. This can be

indirectly corroborated by the similar convective flow of
the melt due to an induction heating with the same
frequency in all experiments.
Frazier et al.[45] reported the diffusion coefficient of

sulfur in nickel from 1300 K to 1750 K (1027 �C to 1477
�C). From an extrapolation of Frazier et al.’s results to
1773 K to 1823 K (1500 �C to 1550 �C), the diffusion
coefficient of sulfur in nickel was deduced as DNi

S ¼
5:08 � 10�11 m2 s�1 (1773 K [1500 �C]) to DNi

S ¼
7:63 � 10�11 m2 s�1 (1823 K [1550 �C]), respectively,
which is about 1/60 to 1/90 of sulfur diffusion coefficient
in iron, i.e., DFe

S ¼ 4:5 � 10�9 m2 s�1 at 1823 K (1550
�C). Thus, it is certain that the diffusion coefficient of
sulfur in nickel is much less than that in molten iron
considering a similarity of density and viscosity of
molten nickel and iron as given in Table V. Neverthe-
less, further research is needed to reveal a difference in
the diffusion kinetics of sulfur between iron- and
nickel-based melts.

IV. CONCLUSIONS

In the present study, desulfurization behavior of
Ni-based superalloy (Incoloy� 825 superalloy) melts
with the CaO-Al2O3-MgO-TiO2 slag with different
content of TiO2 and CaO/Al2O3 (=C/A) ratio at 1773
K (1500 �C) was investigated. Moreover, the rate-con-
trolling step of the desulfurization in the present refining
process and the transition of the rate-controlling step via
slag conditions were discussed. The following is a
summary of the major findings reported in the present
study:

1. Sulfide capacity of the slag was not changed dra-
matically with different TiO2 contents, while it was
drastically decreased by decreasing C/A ratio. There
was good correspondence between the calculated re-
sults by using FactSageTM7.3 software or using
optical basicity model, and obtained results from
measured sulfur distribution ratio in the present
experiment.

2. The metal phase mass transfer controlled regime was
not affected by the changes in TiO2 content of the
slag near the CaO saturation composition range.
However, when the CaO/Al2O3 ratio is lower than
unity, in which a sulfur distribution ratio is lower
than 200, the transition of RCS from the metal phase
mass transfer to the slag phase mass transfer or
slag–metal combined transportation-controlled re-
gime was observed.

3. There was a difference in the desulfurization rate in
nickel-based (superalloy) and iron-based (steel) melts
under the similar refining conditions. This seems to
be caused by the difference in a diffusivity of sulfur in
Ni-based and Fe-based melts, but further research
needs to be performed to reveal the quantitative
analysis.

Fig. 12—Relationship between the mass transfer coefficients of sulfur
and equilibrium sulfur distribution ratio in the molten Ni-based
alloy. The metal phase mass transfer coefficient of sulfur in molten
steel is also compared[36]
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