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Local corrosion mechanism of SiO,-based refractories caused by
slag movement near solid—liquid—gas interface in different slag systems
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Abstract: Slag movement on SiO,-based prism refractories in different slag systems was observed. The cross section shape evolution
mechanism was discussed. Two types of shape evolution appear. For PbO—SiO, slag whose surface tension improves with SiO,
concentration, slag film flows up along four edges under axial Marangoni shear force and wettability. Then, it flows down along four
lateral faces under gravity. Corrosion rate at edges is larger than that on lateral faces due to different SiO, solubilities of ascending
and descending flow. Prism cross section shape changes from square to round. For Fe,O—SiO, slag whose surface tension reduces
with the increase of SiO, concentration, slag film flows up under the inflence of wettability. Then, it flows down under Marangoni
shear force and gravity. Compared to four edges, slag is mainly up and down on four lateral faces due to larger surface tension and

size. So, prism cross section shape keeps square.
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1 Introduction

The refractory has been extensively applied in high
temperature smelting industry, including ferrous industry
and non-ferrous industry [1—4]. However, during the
smelting process, the refractory is easily damaged due to
local corrosion [5,6]. The corrosion of the refractory not
only changes the composition of the slag, resulting in the
reduction of the product quality, but also brings serious
security issues [7]. Therefore, it is significant to
investigate the local corrosion mechanism of the
refractory, and further put forward corresponding
measures to prevent the corrosion.

Generally, the local corrosion of the refractory
occurs mainly at the refractory—slag—air (i.e., SLG)
interface [8—10]. Marangoni convection is formed due to
the presence of the surface tension gradient which is
caused by concentration gradient, temperature gradient
or composition change near the SLG interface [11,12].
And the dissolved mass transfer coefficient of slag with
Marangoni convection is three times stronger than that

observed in the slag under static condition [6]. Hence,
Marangoni convection is an important factor for the local
corrosion of the refractory. On the other hand, the local
corrosion rates of different parts of the refractory
material differ in different slag systems, which would
lead to different shape evolution of the refractory
material [13—15]. MUKALI et al [13] studied the shape
evolution of SiO,-based prism in PbO—SiO, slag. In our
previous study, the shape evolution of SiO,-based prism
in FeO—SiO, slag was investigated [14], and the
corresponding theoretical calculation mode for different
shape evolutions of the prism in the two slag systems
were established based on the Laplace equation [15].
However, slag movement near SLG interface for
different slag systems driven by Marangoni convection is
not observed in situ, and the formation mechanism of
Marangoni convection during local corrosion process is
unclear.

Therefore, in this work, the slag movement patterns
near the SLG interface of the SiO,-based prism for
different slag systems (PbO-SiO, or FeO—SiO, slag)
were observed in situ. The microstructure evolution on
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local corrosion area of the prism was also investigated.
The mechanism of the slag movement patterns was
analyzed based on the effect of wettability, gravity and
Marangoni shear stress caused by surface tension
gradient. And the cross section shape evolution of prism
in PbO-Si0, and Fe,0—SiO, slags was discussed based
on slag film movement characteristics.

2 Experimental

Local corrosion experiments were carried out by
using X-ray radiographic apparatus (MXR-160
(1x2900), Shimadzu Corporation, Japan) [16] at high
temperature. The system consists of LaCrO; bar heaters,
water-cooling gum seal, high purity chamber and a PID
digital program controller.

In the experiment, SiO,-based refractory with the
square prism of 10 mm x 10 mm X 80 mm was chosen as
specimen. Molten silicon, PbO—SiO, [13] and FeO—
SiO, [14] were used as slag. When the temperature
reached the required value (1693, 1713, 1733 or 1753 K)
in Ar atmosphere, high purity Al,O; crucibles containing
molten silicon, PbO-SiO, slag or Fe,O—SiO, slag were
elevated into the homogenous-temperature zone of
furnace and held for 15 min. Then, SiO,-based specimen
preheated in the upper zone of furnace was inserted
slowly into molten silicon, PbO-SiO, slag or Fe,0—SiO,
slag with the dipping depth about 45 mm using the X-ray
radiographic apparatus. The slag movement patterns near
the SLG interface of the SiO,-based prism for different
slag systems (PbO—SiO, or FeO-SiO, slag) were
observed by high resolution CCD camera.

In order to observe the microstructure of the
refractory at solid (refractories)-liquid (molten slag)
interface, the specimen was cooled together with the slag
in the Al,Os crucible. And then, the specimen with the
slag in the crucible was cut horizontally in the local
corrosion zone using a cutting machine and polished.
The surface morphology of the specimen before and after
corrosion was also examined by the scanning electron
microscopy (SEM) (JEOL JSM—7001F). On the other
hand, the specimen was extracted from the melt and then
cooled, after being dipped for a certain time (0.9—15 ks).
Shape evolution of local corrosion and the corrosion
depth were observed with the optical microscopy. Then,
local corrosion rate was measured, and the measuring
method has been described elsewhere in detail [16].

3 Results and discussion

3.1 Mechanism of melt movement driven by
Marangoni convection
The corrosion of refractory material is mainly
caused by the melt movement near the SLG interface.

The mechanism of melt movement driven by Marangoni
convection was analyzed in the SiO,-based prism
refractory and molten silicon system. When the SiO,-
based prism was immersed in the molten silicon, as
Fig. 1(a) shows, the SiO,—Si(l)—air interface was formed.
Due to the wettability, the molten silicon liquid firstly
flowed up along the SiO,-based prism to form a liquid
film. The local corrosion of SiO,-based prism occurred
in the contact zone between prism surface and the liquid
film (Fig. 1(a)). The oxygen concentration in the liquid
film near the SiO,-based prism was higher than that in
the bulk of the molten silicon (Co1>Cop;), due to the
dissolution of Si0,. According to the results of Fig. 1(b),
the surface tension of molten silicon decreased gradually
with the increase of oxygen concentration. Therefore, the
surface tension of molten silicon at point e was larger
than that at point ¢. This meant that there was a surface
tension gradient in the molten silicon near the SiO,-
based prism, which led to the formation of Marangoni
convection.
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Fig. 1 Schematic diagram for movement characteristics of
molten silicon near local corrosion zone of SiO,-based prism (a)
and dependence of surface tension on oxygen concentration in
molten silicon (b)

The shape of the molten silicon liquid film in steady
state can be expressed by the Laplace equation [13]:

H?>=2(1-sin8) g™ (o/p) (1

where H is the height of the liquid film; g is the
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gravitational acceleration; o and p are the surface tension
and density of the molten silicon, respectively; 6 is the
contact angle between the molten silicon and the
Si0,-based prism.

As shown in Fig. 1(a), the associated reactions in
this system were as follows [17,18]:

Si0,(s)==Si(1)+20s; )
Si(1)+0s=Si0(g) 3)
Si(1)+1/20,=Si0(g) C))

Due to the dissolution of SiO, (Eq. (2)), the oxygen
was concentrated in the liquid film on SiO,-based prism
and transferred to the bulk of molten silicon. On the
other hand, the evaporation of SiO(g) occurred in the
bulk of molten silicon (Egs. (3) and (4)). If the oxygen
supply rate of SiO,(s) was lower than the evaporation
rate of SiO(g), the oxygen concentration in the bulk of
molten silicon would decrease. Then, the oxygen
concentration gradient would become larger, resulting in
the increase of a/p. According to Eq. (1), the height of
the liquid film (H) increased (i.e., the SLG interface
rose). At this point, the contact area between the molten
silicon and SiO,-based prism enlarged. Thus, the oxygen
concentration gradient increased, leading to the
intensification of Marangoni convection. Accordingly,
the oxygen supply rate for molten silicon from liquid
film to bulk increased. However, when the oxygen
supply rate of SiO,(s) was higher than the evaporation
rate of SiO(g), the oxygen concentration in the bulk of
molten silicon would increase, which would lead to the
decrease of a/p. Consequently, the height of liquid film
(H) reduced (i.e., the SLG interface dropped). The SLG
interface of molten silicon liquid film moved up and
down circularly. So, the local corrosion zone near SLG
interface was rapidly formed.

From the above analysis, it can be found that the
effect of dissolved matter concentration on the surface
tension of melt can influence the movement of melt by
influencing the surface tension gradient distribution. So,
in the following, the slag movement on SiO,-based prism
is investigated in two slag systems (PbO-SiO, and
Fe,0—Si0, slags), in which the effect of dissolved SiO,
concentration on surface tension was different.

3.2 In-situ observation of movement patterns of

different slag systems

Bubbles were adopted to clearly observe the
movement pattern of the PbO—SiO, slag on the local
corrosion area of the SiO,-based prism. To observe the
motion of slag film, SiO, was fixed at the low end of
Al,O; tube with Pt wire to make it consistent with the
crucible center line, and the changes in the three-phase
interface of SiO,(g)—slag(l)—gas were recorded with a
digital camera. As shown in Fig. 2, the bubbles moved

upward at edges (indicated by the yellow circles and
arrows in Fig. 2) and downward at lateral faces
(indicated by the red circles and arrows in Fig. 2),
respectively. It indicated that the slag film flowed up at
each edge and flowed down at lateral faces in the local
corrosion zone. Figure 3 shows the schematic diagram of
the movement pattern for PbO-SiO, slag film in the
local corrosion zone of SiO,-based prism. As the slag
film moved along the edge to the highest point, the slag
flowed into two sides due to the influence of gravity. The
slag gathered at each face and then flowed down to bulk
(indicated by the arrows in Fig. 3).

o Edge ' .

F O Lateral face
Bub%‘es
-

Fig. 2 Images showing movement pattern of PbO—SiO; slag in
local corrosion zone of SiO,-based prism observed by bubble
tracing method: (a) 1007 s; (b) 1015 s; (c) 1026 s

By comparison, the movement pattern of the
FeO—SiO, slag on the local corrosion zone of the
SiO,-based prism was also observed in situ (Fig. 4). It
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could be found that after the SLG interface of the slag
film reached the highest point (Fig. 4(a)), it began to fall
down to the lowest point (Figs. 4(b) and (c)). Then, the
SLG interface flowed up to the highest point again
(Figs. 4(d) and (e)). The movement pattern in Fe,O—SiO,
slag was up-and-down movement (Fig. 5), which was
quite different from that in PbO—SiO; slag.
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Fig. 3 Schematic diagram of movement pattern for PbO—SiO,
slag film in local corrosion zone of SiO,-based prism

3.3 Marangoni convection driving local corrosion

mechanism in PbO-SiO, slag

It is well known that Marangoni convection is
caused by surface tension gradient. Temperature gradient
and solute concentration gradient are the main reasons
for the formation of surface tension gradient. However,
the movement characteristics of slag film (Figs. 2 and 4),
as the main reason for the local corrosion of refractory
materials, are dominated by Marangoni convection.
Therefore, it is significant to clarify the formation and
evolution mechanism of Marangoni convection near the
SLG interface.

SLG
interface =~ WS

v
Slag film
Pt crucible

Lowest point

The SiO,-based prisms were immersed into
PbO-SiO, slag at different temperatures for different
time. From the optical images (Fig. 6(a)), it could be
found that the local corrosion mainly occurred at SLG
interface, and the local corrosion became more serious
with time. It was interesting that the cross section shape
of SiO,-based prisms changed from square to round after
corrosion. The evolution of cross section shape might be
related to the Marangoni convection characteristics in
PbO-Si0;, slag.

In order to study the corrosion process, the cross
sectional microstructure of refractory—slag interface was
observed (Figs. 6(b) and (c)). It could be found that a
corrosion zone with many corrosion pits was formed at
refractory—slag interface. From the result, it could be
inferred that, the corrosion pits were formed first and
then linked together, leading to the corrosion of
refractory. The corrosion process was similar with that in
previous works [19,20]. The thickness of corrosion zone
at edge was much less than that at lateral face, which
indicated that the corrosion rate at edge was much larger
than that at lateral face. For SiO,-based prisms after
corrosion in PbO—SiO, slags at different temperatures
(1693, 1713, 1733 and 1753 K), the cross section shapes
were round. It was indicated that the movement pattern
of PbO-SiO; slag film at different temperature was not
changed. The linear loss representing local corrosion rate
was also obtained by experiments. It was found that the
linear loss increased with the increase of slag
temperature (Fig. 6(d)).

For PbO-SiO, slag, the surface tension was
improved with the increase of dissolved SiO,
concentration [13]. It could be found from Eq. (1) that, a
certain height of the slag film (H>0) was formed due
to the good wettability, after the SiO,-based prism was

(b)

Fig. 4 Images showing movement pattern of Fe,O—SiO, slag in local corrosion zone of SiO,-based prism: (a) 3024 s; (b) 3025 s;

(c) 3026 s; (d) 3028 s; () 3036
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immersed in the PbO—SiO, slag (Figs. 7(a) and (b)).

Meanwhile, due to the dissolution and diffusion of SiO,,

SiO,-based /W a SiO, concentration gradient formed between prism

i - S | surface and slag bulk. As shown in Figs. 7(b) and (c), the

<:> | SiO, concentration near prism surface was higher than

that in slag bulk (C>Cy, C5>Cy). So, a radial surface

tension gradient was formed near prism (o;>6y, 03>0y),

producing a Marangoni shear force perpendicular to

tension gradient. The force caused slag film to flow up

along prism. In addition, the relationship between the

Fig. 5 Schematic diagram of movement pattern for Fe,0—Si0O, solubility of solid sample in melt and the curvature
slag film in local corrosion zone of SiO,-based prism radius was as follows [15]:

N\,

i .
i Corrosion zone
\

Fig. 6 Optical images of prism refractory after being immersed into PbO—SiO, slag for different time (a), cross sectional SEM
images of refractory—slag interface at edge (b) and lateral face (c), and linear loss representing local corrosion rate of SiO,-based
prisms immersed into PbO—SiO, slag at different temperatures for different time (d)
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Fig. 7 Typical up-at-edge and down-at-face movement pattern of PbO—SiO, slag film on SiO,-based prism (a), and cross section
magnifications of edge (b) and lateral face (c)
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where ¢, and ¢,, are the solubility of the solid samples
with curvature radii of » and c (o0 means the curvature is
infinite), respectively; M and p; are the relative molecular
mass and density of the solid sample, respectively; o, is
the interface tension; R and T are the gas constant and the
thermodynamic temperature, respectively.

As shown in Eq. (5), the solubility (i.e., the
dissolution driving force) became larger as the radius of
curvature decreases. Therefore, the dissolution rate at
four edges of solid prism was larger than that at four
lateral faces. The SiO, concentration in the slag near
edges was higher than that near lateral faces (C;>C3),
which led to the fact that the surface tension of slag near
edges was larger than that near lateral faces (6,>03). As a
result, the ascending flow mainly occurred at the four
edges of prism. During the upward flow of slag film, the
SiO, concentration in the upper part of liquid film was
higher than that in lower part (C,>C)). Thus, the axial
surface tension gradient was formed in the slag film due
to the axial concentration gradient (o,>0,). Therefore, the
radial Marangoni shear force was created, which
promoted the slag film flowing aside. At the same time,
under the effect of gravity, the slag liquid gathered at the

@ |

highest point of edge. Then, it flowed aside and gathered
on the lateral face, forming a descending flow. Finally,
the up-at-edge and down-at-face movement pattern was
formed (Fig. 2). Compared with the descending flow, the
SiO, concentration in ascending flow was lower, thus
leading to stronger solubility. So, the corrosion rate at
four edges was larger than that at lateral faces, which
was consistent with the results observed in Figs. 6(b) and
(c). As a result, the cross section shape of prism was
transformed from square to round (Fig. 6(a)).

3.4 Marangoni convection driving local corrosion

mechanism in Fe,0-SiO, slag

Different from PbO—SiO, slag, the surface tension
of Fe,0—Si0, slag decreased with the rising of dissolved
SiO, concentration [14]. From the optical image
(Fig. 8(a)), it can be found that the cross section shape of
SiO,-based prism did not change during corrosion
process. Before corrosion, the surface morphology of
refractory was smooth and compact (Fig. 8(b)). However,
after corrosion, it became rough due to the forming of
many interconnected corrosion pits (Fig. 8(c)), which
was similar to the microstructure of corrosion zone in
Figs. 6(b) and (c). For SiO,-based prisms after corrosion
in Fe,0O—SiO, slags at different temperatures (1683, 1713

16
t/ks

Fig. 8 Optical images of SiO,-based prisms after being immersed into Fe,O—SiO, slag for different time (a), surface morphologies of

SiO,-based prisms before corrosion (b) and after corrosion (c), and linear loss representing local corrosion rate of SiO,-based prisms

immersed into Fe,O—SiO, slag at different temperatures for different time (d)
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Fig. 9 Typical up-and-down movement pattern of Fe,0—SiO, slag film on SiO,-based prism (a, ¢) and magnification (b, d)

and 1753 K), the cross section shapes were still square,
indicating the same movement pattern. It can be also
found that the linear loss increased with the rising of slag
temperature (Fig. 8(d)).

When the SiO,-based prism was immersed in
Fe,0—SiO, slag, it can be seen from Eq. (1), the slag
flowed up along the prism and reached the highest point
(Figs. 9(a) and (b)). Due to the dissolution and diffusion
of SiO,, SiO, concentration gradient was formed
between prism surface and slag bulk (C,>Cy;). So, a
surface tension gradient was formed in the slag near
prism (0,,<01,), which caused Marangoni convection that
flowed from prism surface to slag bulk. Under the
influence of Marangoni convection and gravity, slag film
moved downward along the prism. Simultaneously, the
dissolved SiO, was transferred from the slag film near
prism to slag bulk, due to the Marangoni convection and
mass diffusion. The SiO, concentration in the vicinity of
prism and in slag bulk would be homogenized (i.e., Cyy is
close to Cs3). The slag liquid near prism was close to the
initial state, and the slag film rose again under the
influence of wettability (Figs. 9(c) and (d)). So, the
up-and-down movement pattern was formed. On the
other hand, as shown in Eq. (5), the dissolution rate at
the lateral face was slower than that at the edge, due to
the larger curvature radius. Thus, at the lateral face, the
SiO, concentration was lower, leading to a greater
surface tension. In addition, the size of four lateral faces
is much larger than that of four edges. So, the
up-and-down movement of slag liquid was mainly along

the four lateral faces of prism, while it was relatively
weak at four edges. As a result, the cross section shape of
prism remained square (Fig. 8(a)).

4 Conclusions

(1) The slag movement pattern and the local
corrosion of the SiO,-based prism showed a strong
dependence on the effect of dissolved SiO, concentration
on the slag surface tension. In dependence on the
Marangoni shear force determined by the surface tension
gradient, two types of slag movement patterns were
formed, which resulted in two different cross section
shape evolution of the corroded prisms.

(2) The first type of movement patterns was the
up-at-edge and down-at-face movement. The PbO-SiO,
slag film flowed up along four edges to the highest point
under upward axial Marangoni shear force. Then, the
slag film flowed down along four lateral faces, under the
influence of radial Marangoni shear force and gravity.
The corrosion rate at the edges was larger than that at the
lateral faces. As a result, the prism cross section shape
changed from square to round.

(3) The other one was the up-and-down movement
pattern in the Fe,O—SiO, slag whose surface tension
reduced with the increase of the dissolved SiO,
concentration. The slag film rose due to the wettability
effect and flowed down due to the Marangoni convection
and gravity effect. The up-and-down movement of the
slag liquid was mainly along the four lateral faces of the



1982

Zhang-fu YUAN, et al/Trans. Nonferrous Met

prism, while relatively weak at the four corners. So, the
cross section shape of the prism remained the original
square.
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