ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of the European Ceramic Society 30 (2010) 3181-3186

ELRRS

www.elsevier.com/locate/jeurceramsoc

In situ observation of the dissolution phenomena of SiC particle in
Ca0O-S10,—MnO slag

Joo Hyun Park ®*, Jin Gyun Park ®, Dong Joon Min®, Young E. Lee®, Youn-Bae Kang¢

2 School of Materials Science and Engineering, University of Ulsan, Moogeo-dong, Nam-gu, Ulsan 680-749, Republic of Korea
b Department of Materials Science and Engineering, Yonsei University, Seoul 120-749, Republic of Korea
¢ Metallic Materials Research Institute, Dongbu Metal, Donghae 240-143, Republic of Korea
4 Graduate Institute of Ferrous Technology, POSTECH, Pohang 790-784, Republic of Korea

Received 28 March 2010; received in revised form 24 June 2010; accepted 9 July 2010
Available online 4 August 2010

Abstract

The dissolution of SiC particle at 1600 °C in the CaO-SiO,—MnO slag was observed in situ by means of confocal scanning laser microscopy in
order to make the determination of dissolution mechanism. The SiC particle is initially wetted by molten slag from the outer surface and the wetting
between SiC and slag phase is more dominant in the composition of higher CaO/SiO, ratio. When the SiC particle is wetted by molten slag, the gas
bubbles that are mainly CO gas is generated by the reaction between SiC and MnO in slag phase and are continuously evolved at the wetted area,
which is pronounced as the CaO/SiO; ratio increases. The dissolution of SiC particle in the slag through the reaction with MnO is enhanced in the
composition of higher CaO/SiO, ratio not only due to greater thermodynamic driving force but also due to accelerated mass transport kinetics.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Interfacial reaction between carbide and molten slag phase is
relevant for refractory life in the industrial fields including glass
melting furnace and blast furnace.!~® There are some traditional
ideas for the dissolution, i.e. local corrosion of clay-bonded car-
bide refractory into the slag due to an accelerated mass transfer
caused by the Marangoni flow in an interfacial reaction film.”
If the iron oxide were contained in slag phase, the SiC granules
in the refractory were oxidized, which may facilitate the abra-
sion of the refractory.® Carbon/slag interactions have also been
investigated between metallurgical coke (18.3 wt.% ash) and an
EAF slag (35 wt.% Fe,03) using a sessile drop arrangement.'”
There were significant carbon/slag interactions with the system
exhibiting rapid iron oxide reduction and very high rates of gas
generation. High level of gas generation led to a strong likeli-
hood of convective transport of reactants and products across
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the coke/slag interface with oxides present in coke ash partially
dissolving in slag.

Recently, in the production of silicomanganese (SiMn) alloys
used for the alloying of various kinds of steels, the SiMn melt is
saturated by SiC phase under condition of high silicon and low
carbon concentration.'! It has been believed that SiC particles
are nucleated and grown in the SiMn melt and transported to the
metal/slag interface. Finally, SiC particles might dissolve into
the calcium silicate slag containing MnO of which content is
from 10 to 30 wt.%. However, there is no experimental obser-
vation for the dissolution phenomena of SiC particles into the
MnO-containing slag at high temperatures.

A high temperature confocal scanning laser microscopy
(CSLM), combined with an infrared image furnace, allows for
in situ observation of the dissolution behavior of microparticles
in a slag. CSLM work has been carried out on the dissolution
phenomena of MgO, Al,O3 and MgAl,O4 microparticles in
the CaO-Si0>-Al,03 (-MgO) slags.'>1¢ Consequently, in the
present study, the dissolution of SiC particle at 1600 °C in the
Ca0-SiO,—-MnO slag is observed in situ by means of CSLM
and analyzed in order to make the determination of dissolution
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mechanism, which has not been clarified yet, more straightfor-
ward.

2. Experimental procedure

A confocal scanning laser microscope (CSLM) with a high
temperature cell (Lasertec, VL2000DX) was used. In the CSLM,
high-resolution images of material can be obtained that cannot
be produced by most other conventional imaging techniques.
Such imaging enables real time in sifu observation of high
temperature (up to 1700 °C) transient phenomena. The advan-
tage of the CSLM technique with reference to traditional
dissolution experiments using rods and cylinders is that the
ratio of the volume of dissolving species to the volume of
the solvent slag is very small.!® Therefore, dissolution takes
place without significant changes in the bulk composition of
the slag. Details of the CSLM technique have been available
elsewhere.!>~17

The compositions of the slags used in this study are
Ca0-Si02-10 wt.% MnO (wt.% CaO/wt.% SiO, =C/S=1.0)
and CaO-Si0,-20wt.% MnO (C/S=0.5). These systems are
very important in a production of manganese alloys even though
small amounts of Al,O3 and MgO are not included for the sake of
simplification.!! The slags were prepared by mixing the reagent-
grade oxides and melting the mixture in a platinum crucible
in a tube furnace under Ar at 1500 °C. After melting, the slag
was quenched against a copper plate. A piece of quenched slag
(~0.15 g) was then melted again in the CSLM before running
an experiment. During an experiment, it is possible to follow the
trajectory of the particle and keep focusing on it on the surface
of the liquid slag.

The dissolution studies took place in a platinum crucible
(4 mm in inner diameter and a height of 5 mm) by placing a piece
of fused SiC (>99.9 wt.%) particle on the surface of a solid slag
and heating this assembly to 1600 °C (Fig. 1) followed by hold-
ing for 30 min under an ultrahigh-purity flowing Ar atmosphere
(200 ml/min). The Ar atmosphere was repeatedly switched to
vacuum three times.

The thermal cycle during the dissolution experiment is of
great importance and should allow the slag to melt before initi-
ating the dissolution process. Therefore, in the present study, the
sample was heated from an intermediate temperature, 1000 °C,
at which the slag is solid and the dissolution rate is negligi-
ble, up to the desired experimental temperature, 1600 °C at a
heating rate of 300 °C/min (Fig. 1). The sample temperature
was measured by a B-type thermocouple welded on the bottom
surface of the Pt holder containing the Pt crucible. The temper-
ature accuracy was confirmed by melting experiments of pure
copper (melting point: 1083 °C) and pure nickel (melting point:
1453 °C).

The video recordings of the dissolution process were ana-
lyzed to obtain the change in particle size with time. Because
the shape of the initial SiC particle was not spherical but irregular
plate-like, the largest diagonal distance of the particle was rep-
resented in this paper. The quenched sample was also observed
by using SEM-EDS (Hitachi, S-4200).

Fig. 1. Aschematic of the sample and crucible configuration (a) and temperature
profile during a CSLM experiment (b).

3. Results and discussion

The variations of morphology and size of SiC particles
with reaction time are shown in Fig. 2(a) for the 45 wt.%
Ca0-45 wt.% Si0,—10 wt.% MnO system (slag A) and Fig. 2(b)
for the 27 wt.% Ca0O-53 wt.% SiO2—20 wt.% MnO system (slag
B) at 1600 °C. The SiC particles gradually shrink as the reaction
time increases through the process of wetting by molten slags
from the outer surface. As shown in Fig. 2(a), the wetting ten-
dency by molten slag was more pronounced in case of the more
basic system (slag A), where the outer surface of SiC particle
was wetted by molten slag at very early stage and fully wet-
ted by the slag at about 12 min at 1600 °C. However, the SiC
particle was wetted by the relatively acidic (C/S =0.5) silicate
melt (slag B) at about 6 min later after reaching 1600 °C but
not fully wetted by the slag through the entire holding time, i.e.
30min in the present experiment as shown in Fig. 2(b). This
is very interesting result which can be explained by the recent
work by Safarian and Tangstad.'® They measured the wetta-
bility of SiC single crystal substrate by liquid CaO-SiO, slags
(C/S=0.7-1.1) using a sessile drop technique and found that
the wettability was relatively high for the basic slag. That is, the
contact angle between slag and SiC substrate sharply decreased
with increasing content of CaO. Even though the effect of MnO
on the wettability between SiC and molten slag was not taken
into account in their study, the present in sifu observation results
using CSLM shown in Fig. 1 are in good correspondence to the
results measured by Safarian and Tangstad. Here, the density of
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Fig. 2. Dissolution sequence of SiC particle in (a) CaO-SiO,—10 wt.% MnO (C/S =1.0; slag A) and (b) CaO-SiO,—-20 wt.% MnO (C/S =0.5; slag B) slags at 1600 °C

under a purified Ar atmosphere (unwetted area is the inner part of the dashed line).

slags A and B is relatively similar to each other, viz. about 2.7
and 2.8 g/cm?, respectively, at 1500 °C.'° Also, the shape of both
particles is plate-like, even though the initial size is different.
Hence, the difference in wettability of SiC and each slag sys-
tem can be understood by employing the results by Safarian and
Tangstad.

Furthermore, when the SiC particles dissolve into the slags,
bubble bursting phenomena at the SiC/slag interface as well as
at the wetted surface area of SiC particle was also observed as
shown in Fig. 3(a). One can find small craters indicating the
evolution of fine bubbles on the surface of SiC particle wet-
ted by molten slag A (C/S=1.0, 10wt.% MnO) as shown in
Fig. 2. Furthermore, the upper portion in Fig. 3(a) seems to get

loose from main particle due to bubble bursting. However, as
shown in Fig. 3(b), the surface of SiC particle reacted with slag
B (C/S=0.5, 20 wt.% MnO) is relatively clean, in which there
is much less bubble bursting traces. Several possible reactions
for the generation of gaseous species are as follows:’

3MnO + SiC = SiO, + 3Mn(g) + CO(g),
AG® = 963120 — 474T(J /mol) (1)

MnO + SiC = SiO(g) + Mn(g) + C,
AG° = 605630 —276T(J /mol) )
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Fig. 3. Surface morphology of SiC particle reacted with (a) CaO-SiO,—10 wt.%
MnO (C/S=1.0; slag A) and (b) CaO-Si0,-20 wt.% MnO (C/S=0.5; slag B)
systems.

2Si0, + SiC = 3SiO(g) + CO(g),
AG® = 1457790 — 692T(J /mol) A3)

However, because of very complicated characteristics of the
present liquid—solid—gas systems, computational thermochem-
ical software, FactSage™6.1 was employed to calculate the
equilibrium composition of slag and gas phases at 1600 °C.2!-2*
Here, the FToxid and Fact53 databases were used. This package
and databases have been successfully employed to evaluate the
slag/refractory interfacial reactions.>>>° The calculated partial
pressure of gaseous species is plotted against the concentration
of MnO according to the C/S ratio in Fig. 4, where the gas
phase of which partial pressure lower than 10~* atm, e.g. CO,
is neglected. It is noticed that CO gas is the most dominant
species evolved irrespective of the C/S ratio of slag, whereas the

Fig. 4. The relationship between the equilibrium partial pressure of gaseous
species with MnO content for C/S=0.5 and 1.0, respectively.

partial pressure of SiO gas is strongly dependent of C/S ratio.
The partial pressure of CO and Mn vapor in equilibrium with
the more basic slag is greater than that with the acidic calcium
silicate melt. Actually, as shown in Fig. 3, the bubble bursting
phenomena was significantly observed when the SiC particle
reacted with the basic melt (slag A). Thus, the calculated result
is reasonably acceptable and shows a good correspondence to
the experimental one.

The size of SiC particle is shown in Fig. 5 as a function of
reaction time at 1600 °C. It seems that the apparent dissolu-
tion rate of the SiC particle into the slag A would be slightly
faster than that into the slag B. Here, the slope of the line was
obtained from a linear regression by least square method. This
tendency can be qualitatively explained not only from the ther-
modynamics but also from the kinetics view as follows. First, as
previously discussed, the reduction of MnO by SiC particle is
energetically favorable at higher C/S ratio. Second, the greater
the evolution of gas bubbles at higher C/S ratio, the faster the
mass transport through the boundary layer is expected. Third,
the viscosity of slag A (2dPas) is lower than that of slag B
(5 dPas) which was estimated by Ji (Fig. 6).39 Even though the
viscosity was evaluated at 1500 °C, the difference in the viscos-
ity between slags A and B could be extrapolated to 1600 °C by

Fig. 5. Changes in the size of SiC particles dissolved into the CaO-SiO,—-MnO
slag with reaction time at 1600 °C.
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Fig. 6. Iso viscosity lines calculated by Ji in the CaO-SiO,—MnO system at
1500 °C [modified from Ref. *°].

assuming a Newtonian flow at high temperatures. Therefore, a
dissolution reaction of SiC particle into the CaO-SiO,—MnO
slag is pronounced at high C/S ratio. However, because the
duration of dissolution experiment at 1600 °C was limited to
30 min in the present study, the quantitative dissolution mecha-
nism such as chemical or diffusion controls could not be obtained
yet.!2717:31 Thys, further works are needed to investigate the
quantitative dissolution mechanism of SiC particle into the slag
phase.

4. Conclusions

The dissolution of SiC particle at 1600°C in the
Ca0-Si02—MnO slag is observed in situ by means of confocal
scanning laser microscope and analyzed in order to make the
determination of dissolution mechanism more straightforward.
We may conclude that:

(1) The SiC particle is initially wetted by molten slag from
the outer surface and the wetting between SiC and slag
phase is more dominant in the composition of higher C/S
ratio.

(2) When the SiC particle is wetted by molten slag, the gas
bubbles that are mainly CO gas are continuously evolved
at the wetted area, which is pronounced as the C/S ratio
increases.

(3) The dissolution of SiC particle in the slag through the reac-
tion with MnO is enhanced in the composition of higher
CaO/SiO; ratio not only due to greater thermodynamic
driving force but also due to accelerated mass transport
kinetics.
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