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Abstract: The corrosion behavior of alumina—chromia refractory against two kinds of industrial slags (coal slag and iron smelting slag) at
1550°C was investigated via thermodynamic simulations. In the proposed simulation model, the initial slag first attacks the matrix and sur-
face aggregates and subsequently attacks the inner aggregates. The simulation results indicate that the slag chemistry strongly affects the
phase formation and corrosion behavior of the refractory brick. Greater amounts of alumina were dissolved and spinel solid phases formed
when the brick interacted with iron smelting slag. These phenomena, as well as the calculated lower viscosity, may lead to much deeper
penetration than that exhibited by coal slag and to more severe corrosion compared to that induced by coal slag. The thermodynamic calcula-
tions well match the experimental observations, demonstrating the efficiency of the proposed simulation model for evaluating the corrosion

behavior of alumina—chromia refractory.
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1. Introduction

Alumina—chromia refractory is a heterogeneous material
that contains a certain amount of chromia, which substan-
tially improves the wear resistance of bricks compared to the
wear resistance of alumina bricks because of the formation
of an Al,O;—Cr,O; solution [1-2]. Because of this advantage,
alumina—chromia refractory bricks have been widely used as
a lining material in various types of high-temperature fur-
naces for years [3-5]. However, because of the complex en-
vironmental conditions in the furnaces at operating tem-
perature, the alumina—chromia refractory is simultaneously
subjected to severe chemical and mechanical corrosion.
Generally, molten slag attack is assumed to be the primary
cause of corrosion, and the composition of the molten slag
critically affects the corrosion mechanisms of the brick.
Numerous relevant studies have been reported, most of
which have involved experimental tests [6-9]. An alterna-
tive approach to understanding the reaction and corrosion
mechanisms of alumina—chromia refractory brick is through
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thermodynamic simulations.

Thermodynamic simulations are particularly suitable for
elucidating corrosion phenomena. They provide information
about the formed phases, their proportions and compositions,
the chemical activities of individual components, and the
thermodynamic properties of the various compositions at
different partial pressures and temperatures [10]. By ana-
lyzing the equilibrium reactions, investigators can gain bet-
ter knowledge of the corrosion mechanisms, which is useful
for improving industrial performance, thereby reducing the
need for experimental tests [11].

Research on predicting refractory corrosion behavior us-
ing thermodynamic models has recently been reported
[12—16]. However, some important factors, such as the dif-
ference between the matrix and aggregate compositions in
refractory materials and the change in chemical composition
of slag after the reaction with the refractory, were not con-
sidered or were only partially considered in these works.

This work addresses the thermodynamic simulation of
the corrosion behavior of alumina—chromia refractory brick
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against two slags of industrial composition; the developed
model first considers the reaction with the matrix and then
that with the aggregates when molten slag is in contact with
the refractory brick. The changes in slag composition during
the interaction are also considered in the proposed simula-
tion process. Moreover, to evaluate the corrosion mecha-
nisms and demonstrate the advantages of thermodynamic
simulations, we conducted experimental corrosion tests and
compared the results with those attained by calculations.

2. Experimental and thermodynamic modeling
2.1. Alumina—chromia refractory brick composition

The alumina—chromia refractory brick used in this work
was commercially sintered refractory with a composition of
88wt% Al,0; and 12wt% Cr,O;. Fig. 1 presents a scanning
electron microscopy (SEM) micrograph of the refractory
brick, which comprised two clearly distinct regions: the
Al,O;5 aggregates (dark regions) and the matrix containing
70wt% Al,O5 and 30wt% Cr,05 (bright regions).

Fig. 1. SEM micrograph of alumina—chromia refractory
brick: A—ALO; aggregate; B—matrix (70wt% ALO; and
30wt% Cr203).

2.2. Thermodynamic modeling

Thermodynamic simulations were performed using the
FactPS and FToxid databases that accompany the Fact-
Sage™ version 6.4 software [17]. The equilibrium phases
were predicted for possible phases of gas, slag, and various
solid solutions (including corundum, spinel, and mullite)
using the Equilib module.

The model used in the present work is illustrated in Fig. 2.

According to the proposed model, 100 g of refractory and
100 g of slag were used in the first stage of reaction between
these two materials. After the first reaction step, the result-
ing liquid slag (slag(1)) was again placed into contact with

the same amount (100 g) of the original refractory used in
the first step and a further thermodynamic calculation was
carried out. This procedure was repeated until the calculated
amount of the main solid phases reached a constant value.

Because the liquid slag would react with both the matrix
and the aggregates while penetrating into the brick, the cor-
rosion behavior between the slag and matrix was thermody-
namically simulated first, followed by the behavior between
the slag and the surface aggregates and then that between
the slag and the inner aggregates. Thus, the “refractory” de-
scribed in Fig. 2 represents both the matrix and the aggre-
gate. Notably, the resulting slag that penetrates into the ag-
gregates along cracks or pores may combine with the slag
along pores in the matrix. However, such a combination is
not considered in this calculation. The compositions of the
matrix and aggregates of the alumina—chromia refractory are
presented in Fig. 1. The compositions of coal slag (CS) and
iron smelting slag (ISS) as the corrosion slags used in this
work are summarized in Table 1. All calculations were per-
formed for a constant temperature of 1550°C, which ap-
proaches the highest service temperature of alumina—chro-
mia refractory brick, under a reducing atmosphere (P(O,) =
10~ Pa).
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Fig. 2. Simulation model of slag penetration.

Table 1. Chemical compositions of the slags used in this work
wt%

Slags SIOZ A1203 F8203 CaO TlOz MgO NaZO Kzo

CS 4531 20.75 1041 19.51 0.77 0.89 131 1.05
ISS 2402 11.06 733 12.68 24.67 1954 0.14 0.19
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2.3. Corrosion testing procedure

High-temperature corrosion tests were performed in an
improved rotary drum furnace. In the testing procedure, a
reducing atmosphere could be achieved through adjustment
of the molar ratio between ethyne and oxygen as the firing
gases. The achievement of a reducing environment was con-
firmed through analysis of the Fe valence state, which re-
vealed that FeO was the only iron oxide present in the slag.
The alumina—chromia refractory bricks were placed into the
furnace and heated to 1550°C over a period of 4-5 h. The
samples were then corroded for 10 h at 1550°C by the addi-
tion of the compositional slags listed in Table 1. The cor-
roded samples were cooled from 1550°C to room tempera-
ture inside the furnace. After the experiments, cross sections
of the tested samples were analyzed by SEM and energy
dispersive spectrometer (EDS) to identify the microstruc-
tures, phases, and slag penetration depth.

3. Results and discussion
3.1. Thermodynamic calculations of phase evolution

Fig. 3 shows the phase evaluation after reaction of the re-
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fractory brick with CS at different calculation steps. The
liquid slag contacts with brick and first reacts with the ma-
trix and surface AlL,O; aggregates, which causes obvious
alumina dissolution, as observed in Figs. 3(a) and 3(c). Al-
most no other new phases are formed under these simulation
conditions. According to the calculation results, less alumina
dissolves at steps 2 and 3, most likely because of saturation
of the liquid slag after the first calculation step. Additionally,
the calculation results for the further attack on the inner ag-
gregates by the resulting matrix-reacted slag are shown in
Fig. 3(b). In this case, the dissolution of alumina is indicated
as the main corrosion process, but with a much lower dis-
solved alumina content, which is also attributed to the nearly
saturated liquid slag. The differences in cumulative alumina
dissolution for the aforementioned three kinds of reactions
are clearly observed in Fig. 3(d).

On the basis of the thermodynamic calculation results,
we predict that the dissolving process is likely to be the pri-
mary corrosion mechanism when the alumina—chromia
brick is attacked by the CS at 1550°C. Liquid slag, Al,O;,
and Al,O;—Cr,O; solution are the main equilibrium phases
observed in this reaction system.
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Fig. 3. Phases formed after interactions between CS and the matrix (a), the inner aggregates (b), and the surface aggregates (c) at

1550°C; (d) cumulative Al,O; dissolution into slag at 1550°C.

The calculation results for refractory brick attacked by
the ISS are presented in Fig. 4. A remarkably different phase
evaluation is obtained in this reaction system. A greater

content of liquid slag is present at step 1 when the refractory
brick is in contact with the ISS compared to when it is in
contact with CS (Fig. 4(a)). Meanwhile, MgCr,O4 and
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(Mg,Fe)AlL,O, spinel solid phases are formed, possibly be-
cause of reactions of the matrix with MgO and FeO in the
liquid slag. As the calculation proceeds stepwise, the content
of spinel phases decreases and becomes zero at step 12. This
result is attributed to the consumption of MgO and FeO in
the liquid slag during the simulation steps. Accordingly, the
composition of the liquid slag also changes, reaching its
saturation point after the long calculation steps. The formed
spinel phases at each point contain increasing amounts of
MgCr,O,4, which is explained by the observation that the
formation of MgCr,0O, is thermodynamically favored over
the formation of (Mg,Fe)Al,O, under the present conditions
because of the lower Gibbs energy associated with the reac-
tion between MgO and Cr,O; [18]. We also note that
MgALQ, is the major phase in (Mg,Fe)Al,Os. Almost no
FeAl,O, is observed in the present system because of the
low Fe,0; content in the initial slag, similar to the CS. Fig.
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4(b) shows the phase evaluation of the inner Al,O; aggre-
gates attacked by the resulting liquid slag after reacting with
the matrix. The nearly saturated liquid slag leads to obvi-
ously less dissolution of alumina, and no spinel phases are
observed due to the consumption of MgO. However, the
surface Al,O; aggregates attacked by the original slag could
exhibit a different phase composition, as shown in Fig. 4(c).
Relatively greater amounts of alumina are dissolved and
(Mg,Fe)Al,O, spinel phases are formed in this reaction pro-
cedure. Similarly, the content of the spinel phase decreases
sharply and becomes zero at step 3.

The previous analysis indicates that the ISS can cause
greater dissolution of refractory brick into the melt (cumula-
tive alumina dissolution is shown in Fig. 4(d)) compared to
the dissolution induced by CS. Moreover, the formation of
spinel phases can destroy the main phase structure, which
may lead to further corrosion of the refractory brick.
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Fig. 4. Phases formed after interactions between the ISS and the matrix (a), the inner aggregates (b), and the surface aggregates (c)

at 1550°C; (d) cumulative AL, O; dissolution into the slag at 1550°C.

3.2. Experimental analysis of phase evolution

The cross-section images of alumina—chromia bricks
corroded by slags CS and ISS are presented in Fig. 5. The
results indicate obviously different corrosion behaviors,
where much deeper penetration and severe destruction were
induced by the ISS than by the CS. To analyze the different
microstructural evolution of corroded samples, a hot area of
the surface containing remaining slag was selected and

characterized by SEM and EDS.

Fig. 6 shows SEM micrographs of the samples corroded
by the CS. The concaves of Al,O; aggregates and matrix
(indicated by the white arrow) on the surface of the brick
were clearly observed, reflecting the phenomena of dissolu-
tion during the process of attack by the molten slag at
1550°C. In addition, only low-melting composites (anorthite,
glassy phases, etc.) are detected as the new formed phases
on the corrosion surface and in the inner penetration area of
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the brick. In addition, small amounts of Fe(Cr,Al),O4 spinel
are observed at the boundary between the slag and brick.
However, given their snow-like morphology and specific
location, these spinel phases were not formed at high tem-
peratures; they precipitated in the slag upon cooling.

Fig. 5. Cross sections of alumina—chromia bricks after being
corroded at 1550°C by CS (a) and ISS (b).

Int. J. Miner. Metall. Mater., Vol. 23, No. 12, Dec. 2016

Correspondingly, the microstructure of the refractory
brick corroded by the ISS is shown in Fig. 7. A relatively
dense product layer containing large amounts of spinel
phases is observed in the matrix; this product layer com-
prises MgCr,O, and a small fraction of (Mg,Fe)ALO,.
Meanwhile, ALLO; aggregates on the surface were com-
pletely corroded and tended to form (Mg,Fe)Al,O, spinel,
although EDS analysis indicated that MgAl,O, was the pri-
mary phase. Additionally, the amount of spinel phases
formed in the matrix gradually decreases with increasing
depth into the corrosion brick and becomes zero after a cer-
tain depth; this result is consistent with the thermodynamic
calculation results shown in Fig. 4(a). Therefore, the phase
evaluation of the alumina—chromia refractory brick corroded
by slags with different compositions could be simulated by

thermodynamic calculations. Further information related to
compositional changes as well as liquid viscosity at high
temperatures can also be predicted by thermodynamic
analysis.

Fig. 6. Corroded sample after interaction with the CS at 1550°C (A—ALO; aggregate; FS—Fe(Cr,Al),0,; AC—Al,O3;—Cr,0; solid

solution).

3.3. Further comparison of experimental and thermo-
dynamic calculation results

To better understand the corrosion process, the results of
compositional changes obtained by calculation and experi-
mental analysis are compared in Fig. 8. Notably, the ex-
perimental data were only collected for the area from the in-

teraction surface to an inner penetration depth of 5 mm.
Both the simulated and experimental results show that the
content of main oxides (Si, Ca, and Fe) slowly decreased
from the surface to inner space corroded by the CS. The ox-
ide changes confirm the previous analysis indicating that Fe
oxides did not react with the refractory to form spinel phases
but rather infiltrated into the sample as melts in the liquid
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Fig. 7. Corroded sample after interaction with the ISS at 1550°C (A—ALO; aggregate; AS—(Mg,Fe)ALL,O; MS—(Mg,Fe)ALO, +
MgCr,04; AC—AlL0;—Cr,0; solid solution).
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slag. In comparison to the interior of the sample attacked by
the CS, the interior of the sample attacked by the ISS exhib-
ited a sharp decrease in the content of certain oxides (Mg
and Fe), and these oxides were almost absent at a depth of 5
mm. These obvious changes indicate that Mg and Fe oxides
were involved in the reaction with the refractory and were
mostly consumed on the surface. More importantly, Fig. 8 in-
dicates that the compositional changes and their trends predict-
ed by thermodynamic simulations agree with the experimen-
tal results even though some of the values exhibit variance.

Because the results for slag infiltration are very relevant
to the results for viscosity, Fig. 9 shows the calculated vis-
cosity changes of slags CS and ISS at high temperatures af-
ter their interactions with the refractory brick. The viscosity
was estimated using the modified Urbain model, which as-
sumes that all oxides change the liquid viscosity on the sole
basis of their own content [19]. The results show that the
viscosities of the liquid slags increase with increasing num-
ber of simulation steps and tend to become fixed values as
the slags approach saturation. In the case of the CS, an in-
crease of the AL,O; content in the liquid phase after each
simulation step leads to a slight increase of viscosity at high
temperatures. However, the formation of spinel phases and
the obvious dissolution of Al,O; upon interacting with the
ISS results in a decrease of MgO and FeO contents and an
increase in the amount of AL,Os in the liquid phase. Thus,
the predicted viscosity for the ISS shows an apparent in-
crease at step 1. Additionally, because of the differences in
oxide components, which strongly affect the liquid proper-
ties at high temperatures, the ISS exhibits a much lower
viscosity compared to that of the CS even after the chemical
reaction with refractory brick.
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Fig. 9. Calculated viscosities of slags after their interactions
with the matrix of the alumina—chromia brick at 1550°C.

On the basis of the calculated viscosities and simulated
phase evaluation, deeper slag penetration and more severe
corrosion by the attack of the ISS compared to the penetra-
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tion depth of and corrosion induced by the CS was predicted
because of its much lower viscosity and its greater dissolu-
tion of alumina; this prediction is confirmed by the experi-
mental results in Fig. 5. Therefore, the present model can be
reliable to evaluate the effects of slag chemistry on the cor-
rosion of refractory brick.

Notably, the spinel product layer could be formed on the
corrosion surface of the alumina—chromia refractory by the
molten slag attack. In general, the formation of this layer
depends mostly on the chemical compositions of the slag
and on the service conditions. A reducing atmosphere may
promote the conversion of Fe'" into Fe*" at high tempera-
tures, which would lead to the formation of spinel phases.
However, spinel phases only appeared when the content of
Fe,05 and/or MgO reached a certain higher value (as was
confirmed by both simulations and experiments in the pre-
sent research). Moreover, after the spinel phases formed, a
relatively dense reaction layer was present on the surface of
the sample, which may prevent further liquid infiltration, as
suggested by a few researchers [18, 20-21]. However, be-
cause of the mismatch of thermal expansion coefficients of
spinel phases, cracks might appear inside the dense layer or
at the interface between the layer and the refractory, which
would likely cause spalling (also observed in the present
study in case of the ISS). Therefore, novel spinel formation
may exert both positive and negative effects on the corro-
sion resistance of the alumina—chromia refractory. Further
experimental studies are needed to help determine which
would be most dominant.

4. Conclusions

(1) The corrosion behavior of two slags on alumina—
chromia refractory were investigated via thermodynamic
simulations using the proposed model, in which the slag first
attacks the matrix and surface aggregates and then attacks
the inner aggregates.

(2) On the basis of the simulation results in this work, the
slag chemistry strongly affects the phase formation and cor-
rosion of the refractory brick. When the brick was in contact
with the ISS, a greater amount of alumina dissolved and
newly formed spinel phases were observed compared to
when the brick was in contact with the CS.

(3) By referring to the calculated viscosities of molten
slags, we predicted that the attack of refractory by the ISS
would result in much deeper penetration and more severe
corrosion compared to the case of attack by the CS, al-
though the formed product layer in the case of the ISS could
inhibit liquid infiltration to some extent. The phase evalua-
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tion and compositional changes observed experimentally
well matched the predictions.

(4) The agreement between corrosion behavior predicted
by thermodynamic simulation and that observed experi-
mentally demonstrates the usefulness of this tool for sup-
porting experimental results. The simulation model pre-
sented in this paper appears to be an efficient way to evalu-
ate the different corrosion performances of alumina—chro-
mia refractory upon interaction with various compositional
slags.
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