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Abstract

MgO-based refractories have been widely used in metallurgical processes. However, their service lives are limited by the
corrosion and penetration effects of the molten slag. To figure out the slag resistance of various MgO-based refractories,
MgO-MgAl,O4, MgO—CaO, and MgO-C refractories were chosen in this work, and their slag corrosion characteristics under
vacuum electromagnetic fields were investigated using the static crucible method at 1873 K. Furthermore, the corroded interfaces
of refractories were analyzed by x-ray diffractometer (XRD), scanning electron microscope (SEM), and energy dispersive
spectrometer (EDS). It was found that in CaO-A1,05;—Si0,—MgO slag system, the refractories displayed different slag corrosion
resistance, and their corrosion depths ranged from 3 to 10 mm. The corrosion depths of MgO—CaO refractories were more than
10 mm, which showed the worst slag resistance performance. Among them, MgO-C refractories were hardly corroded by the

molten slag and its corrosion depth was less than 3 mm.
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Introduction

In consequence of the severe production environment, the attri-
tion rate of metallurgical furnace lining is very high. Therefore,
the quality of the lining material products is crucial to the entire
steelmaking process. In recent years, MgO-based refractories,
as a furnace lining, have been drawing much attention for its
outstanding properties, such as high-melting point, excellent
thermal shock resistance, and corrosion resistance [1-5].

In the past several decades, more and more studies have
been developed to explain the mechanism and affecting fac-
tors of corrosion. Kiyoshi et al. [6] investigated the corrosion
of MgO-MgAl,O, refractories at 1723 K by calcium alumi-
nosilicate slag. Gokce et al. [7] studied that how antioxidants
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included Al, Si, SiC, and B4C affected the oxidation resistance
of MgO—C refractories and corroborated that B4C had an ex-
ceptional performance on the oxidation resistance. In addition,
some researchers also found that the slag composition has a
significant effect on the corrosion resistance of refractories
[8—10]. Kasimagwa et al. [11] studied the corrosion behaviors
of MgO-C refractories using the rotating immersion method
and found that both the stirring time and composition of liquid
slag were the critical factors affecting the attrition rate of re-
fractories. Luz et al. [12] found that a conditioned molten slag
was an effective means to enhance the corrosion resistance of
MgO-C materials.

Meanwhile, electromagnetism as an important auxiliary
technique has been widely applied in the field of metallurgical
industry, because it can improve the metal refining efficiency
and products quality [13—15]. Therefore, refractories will be
inevitably placed in an electromagnetic field environment.
By the slag resistance experiments of MgO—-C materials
carried out in induction furnace and resistance furnace, Li
et al. [16, 17] found the corrosion rate of MgO—C refrac-
tories was aggravated under an electromagnetic filed
(EMF). The effect of EMF on the formation of MgO dense
layer was also investigated. However, to our knowledge,
there are few reports on the slag corrosion characteristics
of the MgO-based refractories under vacuum EMF.
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In the present study, the slag corrosion characteristics of the
MgO-based refractories, including MgO-MgAl,O,4, MgO-
CaO, and MgO-C, were investigated. Their slag resistance
was evaluated adopting the static crucible method in vacuum
EMF. Meanwhile, the slag corrosion characteristics were an-
alyzed in detail.

Experimental procedures

Three types of commercially available refractory bricks were
investigated in the present work, and their chemical composi-
tions were shown in Table 1. Three experimental bricks num-
bered as #A, #B, and #C, respectively, which are all based on
the magnesia system.

Some chemical reagents including calcium carbonate
(CaCO0s), alumina (Al,03), silica (Si0,), and magnesia
(MgO) were chosen to prepare the test slag (CaO-Al,O5—
Si0,—MgO). Ca0, Al,O3, SiO,, and MgO were weighed ac-
cording to the mass ratio of 53:30:13:4, and then the test slag
was mixed uniformly in the crucible. The basicity of the test
slag is around 4.

Three kinds of MgO-based refractories were processed the
crucibles with the dimension of about 60 mm X 60 mm x
90 mm (inner hole of @30 mm % 40 mm). Then a certain
amount of mixed slag was added into crucibles, and the cru-
cibles were placed into the vacuum resistance furnace under
EMEF, which were heated at 1873 K for 1 h to conduct the slag
corrosion and penetration tests.

In this work, static crucible method was used to study the
corrosion and penetration behaviors of refractories. The re-
fractory crucibles after corrosion test were cut along the axial
direction, and then the corrosion depth and penetration depth
were measured using vernier calipers. The slag resistance was
evaluated by comparing the degree of corrosion and penetration.

The microstructures of crucible samples were observed via
scanning electron microscopy (SEM), and different areas in-
cluding corrosion layer, transition layer, and original layer
were analyzed via energy dispersive spectrum analysis
(EDS) to measure the contents of different elements. The mac-
rostructures of crucible samples were observed via the photos

Table 1 Compositions of three kinds of MgO-based refractories

Samples Compositions (wt.%)

LL. SlOz A1203 FCQO3 CaO MgO C

#A (MgO-MgALO,) 022 057 1277 0.67 137 8440 —
#B (MgO—-CaO) 220 0.89 047 1.01 2262 72.81 —
#C (MgO-C) 026 0.84 021 075 130 89.10 7.54

L.L. is the abbreviation for loss on ignition

@ Springer

taken by digital camera. The apparent porosity and bulk den-
sity were measured by immersion method in kerosene under
vacuum using Archimedes’ principle and calculated accord-
ing to Egs. (1) and (2) [18].

Py =" 100% (1)
ms—nmip
d

Dy =12 2)
ms3—m;p

where P, and D, are the apparent porosity (%) and bulk den-
sity (grem ) of the refractory samples; m; is the mass of the
dried sample in air (g), m, is the mass of the sample in water
(g), mj is the mass of the sample with free bubbles on the
surface (g), and d is the density of kerosene (0.8 g-cm_3).

Results and discussion
Macrostructures

The cross-sections of crucible samples after corrosion test at
1873 K for 1 hunder vacuum EMF are shown in Fig. 1. It was
obvious that the corrosion depth and penetration depth of dif-
ferent crucible samples displayed a marked difference. That is,
at the same experimental temperature and holding time, com-
pared with sample #C (MgO-C), sample #A (MgO-
MgAl,0,4) and sample #B (MgO—CaO) displayed larger cor-
rosion areas and deeper penetration depth on their cross-sec-
tions. Just as many cracks appeared on the cross section of
sample #A due to the corrosion of slag, and the sample #B
became darker because of the penetration of slag.
Nevertheless, the sample #C did not show a large of changes
at the cross-sections, there were some slight breaks only at the
closest part of the slag. In a word, the corrosion and penetra-
tion resistance of sample #C was the best compared with sam-
ple #A and #B.

Slag corrosion depth and penetration depth

The slag corrosion depth and penetration depth of sample
#A—#C after the corrosion test conducted at 1873 K for 1 h
under vacuum EMF are shown in Fig. 2. As can be seen from
it, among the three sets of data, the value of sample #C was the
smallest both the slag corrosion depth and penetration depth.
The corrosion degrees of sample #A and #B were approxi-
mate, and their penetration depth was 8§ mm and 10 mm, cor-
rosion depth was 20 mm and 24 mm, respectively. The pene-
tration depth and corrosion depth of sample #C were the
smallest, by contrast, which showed that its slag resistance
was the best. Its penetration depth was only 3 mm, merely
almost a third of the sample #A, and its corrosion depth was
12 mm, only half of the sample #B. It is a long-standing
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Fig. 1 Crucible sections after
corrosion test conducted at
1873 K for 1 h under vacuum
EMF: #A—MgO-MgAL,Oy,,
#B—MgO—CaO, #C—MgO-C

Penetration depth

consensus among experts that carbon in the sample can reduce
the wettability of refractories and molten slag, as well as in-
crease the thermal conductivity at the same time [19-21].
Therefore, MgO—C refractories have an excellent slag resis-
tance and be considered as a high-quality material applied to
be as the metallurgical furnace linings.

Microstructures and elements contents
MgO-MgAl,0, refractories
The SEM images and elements contents of sample #A (MgO—

MgAl,0, refractories) after corrosion test conducted at
1873 K for 1 h under vacuum EMF are presented in Fig. 3
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Fig. 2 Slag corrosion depth and penetration depth of different crucible
samples after corrosion tested at 1873 K for 1 h under vacuum EMF:
#A—MgO-MgAL Oy, #B—MgO—-CaO, #C—MgO-C

Penetration depth

15 mm

Penetration depth

and Table 2, respectively. It is shown in Fig. 3 that sample #A
had three layers of corrosion layer (I), transition layer (IT) and
original layer (III). Traces of corrosion of the sample #A cor-
rosion layer were too shallow to be observed in Fig. 3(I), it still
maintains a complete interface structure. However, when the
corrosion of sample #A was observed with greater magnifica-
tion, some white regions including most of the slag could be
seen in Fig. 3(IV), which were more evident in Fig. 3(V). It
was in accord with the trend of changes in elements given in
Table 2. As it is shown, from the corrosion layer to the tran-
sition layer to the original layer, the content of Al element
increased and the contents of Ca and Si elements decreased.
The main compositions of test slag were SiO, and CaO, so the
white region was the slag penetrated during the corrosion test.
For the corrosion layer, the contents of Al, Ca, and Si elements
were the highest at point A and point C in Fig. 3(I). This is
mainly because the CaO and SiO, in slag were left in the
corrosion layer. The contents of Al, Ca, and Si elements
decreased in the transition layer, which conforms to the law
of corrosion. In the original layer, all elements were intro-
duced from the unprocessed sample #A besides carbon and
the contents of elements were consistent with the contents
of raw materials.

MgO-CaO refractories

Table 3 shows the variation trend of elements contents of
sample #B (MgO—CaO refractories) after the corrosion test,
which was the same as that of sample #A. With changing from
corrosion layer to transition layer to original layer, contents of
Mg and O that were the main elements of sample #B in-
creased, and contents of Al, Ca and Si elements that were

@ Springer
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Fig. 3 SEM images of different layers of sample #A after corrosion test at 1873 K for 1 h under vacuum EMF: I—corrosion layer, [I—transition layer,
III—original layer, [IV—corrosion layer magnified 100 times, V—corrosion layer magnified 500 times

introduced from the slag decreased. The contents of Al and Si
elements achieved their maximum values at point A
(8.29 wt%) and point B (3.37 wt%) in the corrosion layer,
respectively. It should be noted that both the slag and sample
#B contained Ca element, so the content of Ca might not
accurately reflect the degrees of corrosion and penetration,
and the contents of Al and Si elements were fundamental
judgment criteria. The same white regions mainly composed
of slag could be observed in enlargements of the corrosion
layer (Fig. 4), but the original layer was not. Therefore, in
the original layer, slag penetration did not occur. Besides,
according to the thermodynamic data, when the temperature
is over than 843 K, the existence form of Fe element will
transform as follows: Fe,O; — Fe;04 — FeO — Fe [22].

Table 2 Elements contents of the sample #A analyzed by the EDS
Areas Points  Elements contents (wt%)
C o Mg Al Si Ca

Corrosion layer A 832 2164 66.53 351 238 5.82

B 10.16 2334 5532 537 128 3.3

C 112 2135 56.61 7.63 - 321
Transition layer D 9.52 1835 71.69 044 - -

E 893 2395 6134 578 - -
Original layer ~ F 4.64 27.65 5406 887 0.77 4.02

That is the reason why the Fe element appeared in three dif-
ferent areas in Table 3.

MgO-C refractories

Fig. 5 and Table 4 show SEM images and elements contents of
sample #C (MgO-C refractories) after the corrosion test at
1873 K for 1 h under vacuum EMF. It is found that in the
corrosion layer the elemental contents obtained their maxi-
mum values, 3.08 wt% (Al), 12.50 wt% (Ca), and 4.00 wt%

Table 3  Elements contents of the sample #B analyzed by the EDS

Areas Points Elements contents (wt%)

C (0] Mg Al Si Ca Fe

Corrosion layer A 299 3273 37.55 829 337 14.56 051
596 33.06 33.79 6.03 0.85 19.18 1.13
6.13 31.93 3553 423 - 22.18 —
529 29.10 3191 848 2.51 22.04 0.68
5.05 3498 3691 - 245 20.61 —
6.68 30.97 34.15 3.39 099 23.63 1.18
5.65 32.07 40.55 4.00 — 17.73 —
6.12 3379 36.96 245 — 20.14 0.54
5.17 3513 43.62 0.57 — 1551 —
7.17 3437 4235 032 0.79 1536 0.64

Transition layer

Original layer

“ - nmnaTmmgaow

The C element was introduced due to the carburization caused by the use
of graphite crucible

@ Springer
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Fig. 4 SEM images of different layers of sample #B after corrosion test at 1873 K for 1 h under vacuum EMF: I—corrosion layer, [I—transition layer,
III—original layer, [IV—corrosion layer magnified 100 times, V—corrosion layer magnified 500 times

(Si), respectively. From the corrosion layer to the transition
layer to the original layer, contents of Al, Ca, and Si elements
decreased whereas Mg element increased. Obviously, this
change might manifest that slag penetrated into the crucible
and left in the surface of sample #C by reacting with it. But it
can be clearly seen that neither the transition layer nor the
original layer showed an obvious change in the surface. A
few impurities (white regions) were found only in the corro-
sion layer (Fig. 5). Impurities were from the molten slag and
they could be easily proved by the analysis result of EDS in

Table 4. So the slag corrosion occurred only in the corro-
sion layer and a small number of slag penetration happened
in the transition layer. In addition, research suggests that
the carbon content in the refractories will affect their mi-
crostructures [23].

Analyses of slag corrosion and penetration behaviors

Table 5 shows the physical properties of three kinds of MgO-
based refractories, including apparent porosity, bulk density,

oy

Fig. 5 SEM images of different layers of sample #C after corrosion test at 1873 K for 1 h under vacuum EMF: I—corrosion layer, II—transition layer,

[II—original layer, [V—corrosion layer magnified 100 times, V—corrosion layer magnified 500 times

@ Springer
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Table 4  Elements contents of the sample #C analyzed by the EDS

Areas Points Elements contents (wt%)
C (0] Mg Al Si Ca Fe
Corrosion layer A 14.78 30.12 27.46 3.08 1.74 10.19 1.75
B 16.26 35.13 29.78 2.75 4.00 11.87 —
C 21.43 30.27 31.84 0.79 1.54 12.50 1.25
D 22.47 31.14 3505 - - 10.87 047
Transition layer E 14.61 33.64 45.16 141 - 419 -
F 1625 32.8 47.02 - 0.68 2.64 0.61
Original layer G 15.08 36.81 45.76 — 0.81 0.67 0.56

Part of the C element was introduced from the raw materials and the other
due to the carburization caused by the use of graphite crucible

and cold compressive strength. It is observed that the apparent
porosity of sample #A was higher than that of sample #C, and
the apparent porosity of sample #B was the least, 1.5%.

Their bulk densities were reduced successively, and they
were 3.41 g-em >, 3.15 g-em >, and 3.04 g-em >, respectively.
Nevertheless, their compressive strengths increased gradually.
In all the samples, the compressive strength of sample #C had
the highest value, 98 MPa.

During the corrosion test, with the increase of sintering
temperature, the following possible chemical reactions maybe
occur:

6Fe,05(s) = 4Fe;04(s) + O(g) (3)
2Fe304(s) = 6FeO(s) + Ox(g) (4)
2FeO(s) = 2Fe(s,1) + O2(g) (5)
2C(s) + 0a(g) = 2CO(g) (6)
C(s) + 02(g) = COx(g) (7)
2Si05(s) + 3AL,05(s) = AlsSi,O13(s) (8)
MgO(s) + AL O5(s) = MgAl,O4(s) 9)
2Ca0(s) + SiO,(s) = CaySiO4(s) (10)

Fig. 6 shows the diagram of AG®-T that might be involved
in the reactions of the refractories/slag system, which includes
reactions (3)—(10). It can be seen that the standard Gibbs free

energies of the reactions (3), (6)—(10) were negative when the
temperature is equal to be 1873 K (it is marked with a dotted
line in Fig. 6); the values of the reactions (4) and (5) were
greater than zero. It shows that the reactions (3), (6)—(10)
can occur spontaneously whereas the reaction (4) and reaction
(5) cannot occur at this temperature. Obviously, the reaction
(3) provided the oxygen source for the reactions (6) and (7).
This will result in the oxidation of carbon, which will also
further exacerbate the corrosion and penetration of the refrac-
tories. The content of Fe,O3 in three MgO-based refractories
shown in Table 1 was very little, and the corrosion test was
carried out under a vacuum condition, so the reaction (6) oc-
curred at the condition of oxygen starved. It is well known that
Fe;0,4 belongs to magnetic materials, the EMF can accelerate
its diffusion. This is also the reason for the poorer corrosion
resistance of refractories under EMF [16, 17].

It is clear that the physical properties of the refractories
were the significant difference showed in Table 5. As a con-
sequence, this difference would be expected to result in an
impact on the slag corrosion and penetration [24]. In three
samples, the corrosion and penetration degrees of the sample
#C were small, where the existence of about 8% carbon in the
sample played an important role. Some researches indicate
that the corrosion process mainly took place through the
interaction between molten slag and refractories, and the
penetration occurred at the open pores of refractories sub-
strate [25, 26]. So, it is obvious that the high porosity of
refractories provided more reaction zone for the slag cor-
rosion and penetration.

Besides the physical properties such as apparent poros-
ity and bulk density, the slag corrosion and penetration
resistance of refractories also were closely associated with
the components of refractories. For MgO—CaO refractories
(sample #B), it performed the worst of the three kinds of
refractory substrates in corrosion test. In addition to the
lack of excellent physical properties, it would be easy to
deduce that the main reason was the reaction of the matrix
components and molten slag. In the MgO-CaO-SiO, and
MgO-Ca0O-Al,O;5 systems, a series of silicate products,
like the reaction (8), were formed at the grain boundary.
This leads to some low-melting compounds, such as
CaA14O7, CaAIZSi308, CaSiO3, Ca3SiZO7, and

Table 5 Physical and mechanical

properties of three kinds of MgO- Samples Properties
based refractories
Apparent porosity (%) Bulk density (g-em ™) Cold compressive
strength (MPa)
# A (MgO-MgAl,0,) 17.2 341 55
# B (MgO-CaO) 1.5 3.15 75
#C (MgO-C) 11.1 3.04 98

MgO—CaO refractories were immersed in ceresin wax in order to prevent them to be hydrated in the storage

@ Springer



J Aust Ceram Soc (2019) 55:913-920

919

T=1873 K
K
200
@
100 |
Q
€
3 0 8
% © ———
b -100 +
(10
-200
®
-300
-400 )
1600 1700 1800 1900 2000

Temperature (K)

Fig.6 Diagram of AG®-T for some chemical reactions in the refractories/
slag system

Ca,Al,S107, mingled with molten slag through open pores
into the matrix and the continuity of refractories interface was
destroyed, consequently, these low-melting constituents fur-
ther exacerbated the corrosion and penetration [22]. However,
for MgO-C refractories, the reactions of components and mol-
ten slag were beneficial to form the dense layers to prevent
slag penetration. The EMF induced positive ion (AI**) of slag
to migrate to the cathode and formed a high-melting spinel
layer by the reaction (9). As a new protective coating, the
dense spinel layer can further prevent the slag penetration
[27]. In addition, the effect of the phase distribution on
MgO-based refractories is not well understood currently, and
this is an area warranting further study.

Conclusions
The following conclusions can be drawn from this study:

(1) The slag resistance of MgO-based refractories depends
on the properties of substrate and the composition of
refractories.

(2) EMF could aggravate the corrosion of slag to MgO-
based refractories by accelerating the motion of the ions
and intensifying the interface reactions.

(3) In CaO-Al,03-Si0,—MgO slag system, the MgO—C re-
fractories displayed the best slag corrosion and penetra-
tion resistance, and the depths of corrosion and penetra-
tion were 3 mm and 12 mm, respectively.
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