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Abstract

Corrosion resistance and corroded microstructures of MgO–C refractories containing various antioxidants in a model EAF slag

(CaO/SiO2 weight ratio=1.38) were investigated after 30 h at 1650�C. Antioxidants influenced their corrosion resistance by affect-
ing both carbon (C) oxidation and MgO dissolution in the slag. Al additions improved C oxidation resistance at 1650�C only a
little, but accelerated MgO dissolution, resulting in a minor effect on corrosion resistance. Additions of Si or Al+Si improved C
oxidation resistance slightly but accelerated MgO dissolution more than Al additions, resulting in worse corrosion resistance than

Al addition and no addition. B4C conferred the worst corrosion resistance, since boron-containing liquid formed in the refractory,
greatly accelerating MgO dissolution and resulting in C (mainly graphite) in the matrix being eroded easily by the slag. With double
addition of Al+B4C, boron-containing liquid formed, which not only inhibited effectively C (mainly graphite) oxidation, but also

accelerated formation and growth of MgAl2O4 spinel (MA) crystals between graphite in the matrix at the test temperature. In this
case, even though MgO dissolution was accelerated to some extent, graphite was not easily washed away by the slag because it was
effectively protected from oxidation and held in place by MA crystals. This maintained the integrity of the refractory texture, giving

the Al+B4C containing refractory the best corrosion resistance. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The presence of carbon (C) in MgO–C refractories
confers many desirable properties such as excellent ther-
mal shock and corrosion resistance. However, it is highly
vulnerable to oxidation and induces low mechanical
strength due to its weakly-bonded nature. To overcome
these drawbacks, so-called antioxidants are usually added
to the refractory batches during brick fabrication.
Antioxidants often used in MgO–C refractories

include metals/alloys (such as aluminium, silicon and Al/
Mg alloys), carbides (such as B4C and SiC), and boron-
based compounds (such as CaB6 and ZrB2).

1�5 These
antioxidants function in different ways during the refra-
ctories use. Metal/alloy and carbide additives mainly act
as CO-reducing agents, contributing to carbon oxida-
tion inhibition and/or improvement in hot strength by
forming high-temperature ceramic bonds. Boron-based

additives, on the other hand, act to block open pores to
reduce the carbon oxidation by forming liquid phases.
The antioxidants are also known to affect the corro-

sion resistance of MgO–C refractories. SiC has been
used to improve the corrosion resistance and it has been
additionally observed to retard carbon oxidation although
the mechanism has not been specified. When the SiC con-
tent is below �5 wt.%, wear rate of the bricks decreases
with increasing SiC content, but above �5 wt.%, owing
to excessive formation of SiO2, the corrosion resistance
begins to decrease.6 Conversely, Nagai et al.7 indicated
that addition of SiC always decreases corrosion resis-
tance of MgO–C refractories. Naefe et al.8 reported that
addition of Al or Mg improves, and Si decreases, the
corrosion resistance, whereas Morimoto et al.9 found
that addition of these antioxidants had no obvious effect
on corrosion resistance. Contrarily, Baker and Brezny10

determined that metal additions (Al, Si and Mg)
encouraged severe corrosion in all MgO–C refractories
at the 5 wt.% metal level. Clearly, whether addition of
antioxidants (in particular Al) is beneficial or harmful is
still a subject of controversy. Although the disagreement
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has been attributed to refractories factors such as gra-
phite purity,11 MgO quality,12 and MgO–C reaction,10 a
recent analysis by the present authors13 reveals that slag
composition (in particular, basicity) may play an
important role. Al additions have a positive effect on
corrosion resistance in a basic slag but little effect in an
acid slag.13

Besides additions of single antioxidants, simultaneous
additions of two antioxidants such as Al+Si14 and
Al+CaB6

5 (termed here double addition) have also
been introduced. The benefit of this type of addition is
that it inhibits carbon oxidation more effectively than a
single antioxidant5,14,15 and in some specific cases such
as double addition of Al+CaB6 contributes to the
improved corrosion resistance,5,15 although the mechan-
ism has not been specified.
In spite of these studies, the influence of additives

(especially in the case of double addition) on corrosion
mechanisms and corroded microstructures of MgO–C
refractories is not yet clearly understood. This will be
addressed in the present paper by measuring relative
corrosion rates with a rotary slag test, examining cor-
roded microstructures, and relating these to thermo-
dynamic predictions.

2. Experimental and calculation procedures

2.1. Refractories and slag fabrication

Commercial Australian fused magnesia (40 wt.%),
sintered magnesia (40 wt.%), and Chinese graphite flake
(20 wt.%) with chemical compositions shown in Table 1
comprised the basic refractories mix. The following
additives (provided by Baker Refractories Co., Work-
sop, UK), 5 wt.% aluminium (Al), 5 wt.% silicon (Si), 5
wt.% B4C, 2.5 wt.% Al+2.5 wt.% Si, and 2.5 wt.%
Al+2.5 wt.% B4C were made individually. Phenolic
resin 3 wt.% (Borden Ltd. Southampton, UK) was used
as a binder. Applied pressure for shaping (uniaxial
press) the six bricks was 270 MPa. After pressing, the
bricks were cured at 270�C for 1 h. The apparent por-
osities and bulk densities of the bricks were almost
identical, being �4 vol.% and �2.8 g/cm3 respectively.
A model EAF slag with a chemical composition

shown in Table 2 was synthesised from the starting
powders comprising reagent grade CaCO3 and MgCO3

(BDH Laboratory Supplies, Poole, UK), Fe2O3, Al2O3

and MnO (Aldrich Chemical Co., Inc., Gillingham,
UK) and Loch Aline silica sand (SiO2; Tilcon, Stoke,
UK). The synthesis process of the slag was reported
previously.16

2.2. Corrosion testing and microstructural
characterisation

A conventional rotary slag test was used to compare
the refractories relative corrosion rates. An advantage
of this test is that it includes the effects of both corro-
sion and some erosion.17 All tests were conducted at
1650�C for 30 h. The liquid slag was removed every 30
min and replaced with 300 g of fresh powdered slag to
ensure constant slag composition during the test. Pro-
pane (C3H8) and pure oxygen (O2) were used as the fuel.
Particular attention was paid to avoiding temperature
fluctuation during the test by adjusting the burning fuel
valves. The temperature inside the rotary drum was
checked every 10 min using a pyrometer.
After the corrosion test, the furnace was allowed to

cool to room temperature and relative corrosion rates
(corrosion index) were calibrated by taking the corro-
sion depth of the additive-free refractory as 100. The
corroded samples were sectioned perpendicular to the
refractory/slag interface and mounted in cold setting
resin. Standard ceramographic grinding and polishing
techniques then were used, after which all samples were
carbon-coated and examined by backscattered electron
imaging (BEI) and secondary electron imaging (SEI) in
a Camscan Series 2A SEM or in some cases in a Jeol
6400 using its windowless energy dispersive spectro-
scopy (EDS) detector. EDS analysis was performed in
the SEM using a LINK detector and AN10000 package.
XRD (Philips powder diffractometer 1710 with Ni fil-
tered CuKa radiation) was also conducted to assist
identification of the phases formed in the micro-
structures.

2.3. Thermodynamic calculations

Equilibrium thermodynamic calculations were per-
formed with the DOS version 2.00 of FACT (Facility
for Analysis of Chemical Thermodynamics) package.18

The Gibbs energy minimization module EQUILI-
BRIUM was used together with the FACT databases.
CO (10g) and O2 (10g) were included in the system to
model the atmosphere surrounding the samples. The effect

Table 1

Chemical composition of basic raw materials (wt.%)

MgO C SiO2 Al2O3 Fe2O3 CaO Mn3O4 B2O3

Fused magnesia 97.55 – 0.37 0.03 0.06 1.86 0.11 0.004

Sintered magnesia 96.88 – 0.48 0.06 0.14 2.20 0.14 0.008

Graphite flakes 0.13 96.80 1.50 0.55 0.73 0.15 – –

Table 2

Chemical composition of model slag (wt.%)

SiO2 Al2O3 Fe2O3 CaO MgO MnO CaO/SiO2

23.5 12.5 17.5 32.4 5.4 8.9 1.38
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of slag attack wasmodelled by successive additions of slag
to the refractories systems monitored by the parameter
Alpha, i.e. the weight ratio of slag to refractory. When
Alpha=7 the calculation was carried out with 700 g of
slag and 100 g of the refractory. The changes in pre-
dicted phase constitutions with Alpha were examined,
and the results were plotted as log mole of phase versus
Alpha.

3. Results

3.1. Thermodynamic predictions

Fig. 1 shows predicted major phase changes of the
additive-free MgO–C refractory with Alpha. Upon
increasing Alpha, C andMgO contents decrease, whereas
unsurprisingly slag phase content increases. C and MgO
contents drop abruptly to zero when Alpha reaches
�2.2 and �6.0, respectively. Liquid Fe and Mn metals
are also predicted and the content of the former is
higher than that of the latter at the same Alpha. The
main gaseous phases predicted include CO(g), CO2(g),
Mg(g), Fe(g) and Mn(g). Although varying with Alpha,
their partial pressures are all higher than 10�5 atm.
Predicted chemical composition (not shown), of the slag
phase shown in Fig. 1, indicates that before MgO dis-
appears (i.e. Alpha<�6.0), the relative MgO content in
the slag phase increases with increasing Alpha, whereas
FeO and MnO contents decrease.
Predicted major phase changes of the Al added

refractory with Alpha are given in Fig. 2. Formation of
MgAl2O4 spinel (MA) is predicted, although its content

drops to zero when it reacts with only a small amount of
slag (Alpha�0.05). Other predicted phases are the same
as those predicted for the additive-free refractory
(Fig. 1), however, in this case, C disappears at a higher
Alpha value (�3.0) and MgO at a lower value (�5.8).
Calculations on the effect of other additions to the

basic refractory mix reveal that the interaction between
the slag and refractories results in similar patterns of
predicted phase changes. Significant differences include
(1) for Si addition, Mg2SiO4 forsterite (M2S) is pre-
dicted, although its content drops to zero when it reacts
with only a small amount of slag (Alpha�0.05), and (2)
depending on the additive type, the Alpha value at which
C andMgO disappear varies. For comparison, the C and
MgO content changes with Alpha for all additions are
presented together in Fig. 3. Alpha corresponding to C
disappearance increases in the following order: additive-
free (�2.2)<Al (�3.0)<Al+Si�Si (�3.2) <Al+B4C
(�3.4)< B4C(�3.6). However, Alpha corresponding to
MgO disappearance has the reverse order: B4C(�4.8)
<Al+ B4C (�5.4) < Al+Si�Si (�5.6) <Al (�5.8)
<additive-free (�6.0).

3.2. Corrosion rates of MgO–C refractories

Fig. 4 illustrates the relative corrosion rates (corro-
sion index) of the refractories. Compared to the addi-
tive-free refractory, the corrosion rate increased by
�26% with addition of Al+Si, by �35% with addition
of Si, and by �97% with addition of B4C. Corrosion
was only slightly decreased (by �3%) by addition of Al,
but markedly decreased (by �30%) by addition of
Al+B4C.

Fig. 1. Predicted major phase changes of additive-free MgO–C refractory with slag/refractory weight ratio (Alpha).
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3.3. Microstructures

3.3.1. As-cured microstructures
Microstructures of the MgO–C refractories after cur-

ing for 1 h at 270�C (not shown) revealed that large

MgO angular grains (>300 mm) were surrounded by a
matrix comprising mainly graphite flakes, fine (<50
mm) MgO, and the antioxidants (20–80 mm in size).
EDS revealed that dicalcium silicate CaO.2SiO2 (C2S)
was occasionally present at grain boundaries within

Fig. 2. Predicted major phase changes of Al added MgO–C refractory with slag/refractory weight ratio (Alpha).

Fig. 3. Predicted MgO and C content changes in refractories containing various antioxidants with slag/refractory weight ratio (Alpha). 1 and 12:

Additive-free; 2 and 11: Al addition; 3 and 10: Al+Si addition; 4 and 9: Si addition; 5 and 8: Al+B4C addition; 6 and 7: B4C addition.
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MgO aggregates, and an iron-containing silicate phase
was present between graphite flakes. These impurity
phases were believed to be from the original MgO and
graphite raw materials (see Table 1).

3.3.2. Corroded microstructures
The corroded microstructure (BEI) of the additive-

free refractory (Fig. 5) reveals an uncorroded layer on
the left hand side, whose microstructure was similar to
the as-cured microstructure. Adjacent to this uncor-
roded layer was a thin (�900 mm) layer in which slight
slag penetration was observed. Higher magnification

(not shown) revealed some decarburisation in this slag
penetrated layer. Next to the slag penetrated layer was a
�3400 mm thick decarburised layer in which no graphite
was present and many large angular voids (>1000 mm)
and some smaller rounded pores (10–30 mm) were
observed. The remaining MgO aggregates were covered
and some of them disintegrated by slag (light grey con-
trast) which, EDS revealed, comprised mainly CaO,
MgO, SiO2 and Al2O3. A few rounded phases (white
contrast) were also found in this layer. EDS confirmed
that they were Fe metal containing a small amount of
Mn. Next to the decarburised layer was a denser layer

Fig. 4. Relative corrosion rates of MgO–C refractories containing various antioxidants.

Fig. 5. Corroded microstructure (BEI) of additive-free refractory. Slag penetrated, decarburised and dense MgO layers were observed between

uncorroded refractory and slag layers. No carbon was present in the decarburised layer and Fe+minor Mn (white contrast) was found. MgO grains

in the decarburised layer were corroded and some disintegrated by the slag. Slag was present in the dense MgO layer although it is seen more clearly

in Fig. 6. M=MgO, V=void, P=pore, G=graphite, S=slag. A: uncorroded layer; B: slag penetrated layer; C: decarburised layer; D: dense MgO

layer; E: slag layer.
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(�2950 mm) which at higher magnification (Fig. 6) was
revealed to comprise mainly MgO and some slag phase
and a few pores (the layer is termed here the dense MgO
layer). Beyond the dense MgO layer was the remnant
slag layer. Higher magnification (not shown) of the
remnant slag layer, along with EDS and XRD, confirmed
that the slag contained small amounts of angular C2S,
angular complex spinel [[Fe,Mn,Mg]O.(Fe,Al)2O3], and
lath-shaped melilite (a solid solution between gehlnite
C2AS, and akermanite, C2MS2). Besides these phases,
some rounded MgO grains (�50mm) were also found in
the slag close to the dense MgO layer. EDS revealed
that these MgO grains were covered by merwinite,
C3MS2, shells and inside of them some FeO and MnO
had precipitated.
The corroded microstructure of the Al added refrac-

tory (Fig. 7) is similar to that of the additive-free
refractory (Fig. 5), containing five different layers, i.e.
uncorroded, slag penetrated, decarburised, dense MgO

and remnant slag layers. MA crystals (1–2 mm) were
identified in the uncorroded refractory layer (Fig. 8) and
the slag penetrated layer (not shown) by EDS along
with XRD. In the slag penetrated layer, some MgO
grains were corroded by the penetrating slag and some
decarburisation was observed. Compared with that
shown in Fig. 5, a slightly thinner (�3150 mm) dec-
arburised layer was found, in which, MgO grains were
disintegrated and corroded by the slag and massive
>1000 mm voids were also observed. The MgO dense
layer (�2850 mm) was a little thinner than that shown in
Fig. 5, and EDS revealed that more Al2O3-rich silicate
slag was present in the dense MgO layer and more MgO
grains in the layer were corroded.
The same five layers were also observed in the cor-

roded microstructure of the Si added refractory (Fig. 9).
The decarburised layer (�3100 mm) was slightly thinner
than that in both additive-free (Fig. 5) and Al added
refractories (Fig. 7), but the dense MgO layer (�1950
mm) became much thinner. Slag penetration into the
dense MgO and the decarburised layers was also evi-
dent. No M2S was detected in the MgO dense layer, but
it was identified by EDS and XRD in the uncorroded
and slag penetrated layers.
The macrostructure of the Al+Si added refractory

after corrosion (not shown) was similar to that of the Si
added refractory shown in Fig. 9. One difference was that a
little thicker (�2100 mm) dense MgO layer formed and in
the uncorroded layer, MA (1–2 mm) andmany SiC crystals
(20–50 mm) were identified by EDS along with XRD.
The corroded microstructure of the B4C added

refractory (Fig. 10) was different from those of the other
four refractories. Between the slag penetrated and slag
layers only a porous layer (termed here the corroded
layer), which contained massive pores (>1000 mm) and

Fig. 6. Higher magnification BEI of the dense MgO layer shown in

Fig. 5, revealing silicate slag (S) and a few pores (P).

Fig. 7. Corroded microstructure (BEI) of Al added refractory. The dense MgO and decarburised layers were penetrated and corroded by the slag.

MgAl2O4 spinel (MA) was found in the uncorroded layer, although its morphology is seen more clearly in Fig. 8. M=MgO, V=void, P=pore,

G=graphite, S=slag. A: uncorroded layer; B: slag penetrated layer; C: decarburised layer; D: dense MgO layer; E: slag layer.
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a few severely corroded MgO grains, was observed. In
the slag penetrated layer some MgO grains were cor-
roded. Large amounts of lath-shaped M3B phases were
identified in the uncorroded layer by EDS along with
XRD (not shown).
The corroded microstructure of the refractory with

Al+B4C addition (Fig. 11), reveals a thin (1500–2500
mm) dense MgO layer containing high levels of slag adja-
cent to the remnant slag layer. Nevertheless, between the
MgO dense layer and the uncorroded layer only thin
(<1000 mm) slag penetrated and decarburised layers
were present. No obvious decarburisation was observed
in the slag penetrated layer. Higher magnification of the
uncorroded (Fig. 12) and penetrated layers (not shown)
revealed that angular or lath-shaped dark grey contrast
phases and angular light contrast phases were present

between the graphite flakes. EDS along with XRD con-
firmed that the dark grey contrast phases were M3B
whereas the light contrast phases coexisting with the
M3B were MA crystals (with average size: �10 mm).

4. Discussion

4.1. Corrosion mechanism and corroded microstructure
of basic MgO–C refractory

Thermodynamic calculations (Fig. 1) indicate that
continuous interaction between the slag and the refrac-
tory (increasing Alpha), leads to the loss of two main
refractory components, C and MgO. The predicted slag
composition reveals no obvious solubility of C in the
slag, suggesting that the C loss is not likely to be due to
its dissolution in the slag. As shown in Fig. 1, after the
interaction between the slag and the refractory, gaseous
phases such as CO(g) and CO2(g), and metals such as Fe
and Mn form and, at the same time, the partial pressure
of O2 originally from the atmosphere becomes very low
(<10�7 atm). These suggest that the C loss is mainly
due to its oxidation by the O2 from the atmosphere and/
or by the oxidising components such as FexO and MnO
from the slag, which can be indicated by the following
reactions.

2C sð Þ þO2 gð Þ ¼ 2CO gð Þ ð1Þ

C sð Þ þO2 gð Þ ¼ CO2 gð Þ ð2Þ

Fig. 8. High magnification BEI of the matrix in the uncorroded layer

shown in Fig. 7. Large amounts of MgAl2O4 spinel (MA) were found

between graphite (G).

Fig. 9. Corroded microstructure (BEI) of Si added refractory. A thin dense MgO layer was observed. Slag penetration through the dense MgO and

decarburised layers was evident. Mg2SiO4 forsterite was found in the uncorroded layer. M=MgO, P=pore, G=graphite, S=slag. MS=Mg2SiO4.

A: uncorroded layer; B: slag penetrated layer; C: decarburised layer; D: dense MgO layer; E: slag layer.
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C sð Þ þ FexO lð Þ ¼ xFe g; lð Þ þ CO gð Þ ð3Þ

C sð Þ þMnO lð Þ ¼ Mn g; lð Þ þ CO gð Þ ð4Þ

Due to reactions (1)–(4), C (mainly graphite) was
oxidised leaving the decarburised layer in the micro-
structure (Fig. 5). The large angular voids in this layer
were believed to be the volumes where the original C
was present, and the smaller rounded pores were most
likely to be bubbles formed by the gaseous phases from

reactions (1)–(4). Moreover, the presence of Fe metal
with Mn in the decarburised layer (Fig. 5) verified the
occurrence of reactions (3) and (4).
The precipitation of Fe metal with Mn in the dec-

arburised layer (Fig. 5) via reactions (3) and (4) also
suggested that the local atmosphere was reducing or
only slightly oxidising, different from that in the slag
layer. The slag layer also contained some rounded MgO
grains, most likely eroded from the dense MgO layer,
since they were only found in the slag close to it. The

Fig. 10. Corroded microstructure (BEI) of B4C added refractory. Between the slag penetrated and slag layers, a severely corroded porous layer was

observed. Disintegration and corrosion of MgO by the slag was evident. M=MgO, V=void, P=pore, G=graphite, S=slag. A: uncorroded layer;

B: slag penetrated layer; C: corroded layer; D: slag layer.

Fig. 11. Corroded microstructure (BEI) of Al+B4C added refractory. The dense MgO layer was severely penetrated and corroded by the slag, but a

thin decarburised layer and a slag penetrated layer were observed. M=MgO, V=void, G=graphite, S=slag. A: uncorroded layer; B: slag pene-

trated layer; C: decarburised layer; D: dense MgO layer; E: slag layer.

2400 S. Zhang, W.E. Lee / Journal of the European Ceramic Society 21 (2001) 2393–2405



microstructural morphology of these MgO grains, i.e.
covered with C3MS2 shells and with precipitation of
FexO and MnO inside of them, was similar to that
observed in a recent study on the MgO dissolution in
the same slag in air,19 suggesting that the local atmo-
sphere in the slag layer was strongly oxidising. The
above analysis indicated that the atmosphere changed
locally, becoming more oxidising with distance from the
uncorroded layer to the slag layer. Because of the redu-
cing or weakly oxidising atmosphere in the uncorroded
layer, significant Mg(g) would be produced via reaction
(5). As shown in Fig. 1, at 1650�C, the partial pressure
of Mg(g) in the uncorroded layer (i.e. Alpha=0) can be
higher than 10�2 atm. Mg(g) formed from reaction (5)
would diffuse towards the slag layer. When it arrived at
the (original) decarburised layer/slag layer interface,
because the atmosphere there was more oxidising, it
would be re-oxidised back to MgO via reaction (6). The
MgO so formed, and that from the decarburised layer,
would dissolve into the local slag at the interface, even-
tually oversaturating the local slag with MgO and pre-
cipitating MgO. Precipitation of MgO from the local
slag is likely responsible for the formation of slag-con-
taining dense MgO layers (Figs. 5 and 6).

C sð Þ þMgO sð Þ ¼ Mg gð Þ þ CO gð Þ ð5Þ

2Mg gð Þ þO2 gð Þ ¼ 2MgO sð Þ ð6Þ

After the formation of the dense MgO layer, the C
oxidation and the MgO dissolution would be sup-
pressed, because this layer isolated the refractory from
the slag/atmosphere, although it could not stop com-
pletely the reactions. As shown in Fig. 1, MgO is not in
equilibrium with the slag, so after formation of the
dense MgO layer, slag could still interact with it leading
to its disintegration and dissolution. Furthermore, slag

which was already present in the dense MgO layer
(Figs. 5 and 6) would provide additional pathways for
further slag penetration and oxygen diffusion, which
would lead to the corrosion of the decarburised layer
and a new sequence of C oxidation and MgO dissolu-
tion. C oxidation, formation and dissolution of the
dense MgO and decarburised layers maintained the
corrosion processes.

4.2. Influence of additives on corrosion resistance and
corroded microstructures of MgO–C refractories

As discussed above, two main sub-processes, C oxi-
dation and MgO dissolution in the slag, were respon-
sible for the corrosion of the basic MgO–C refractory.
Therefore, the different influence of additives on the
corrosion resistance of MgO–C refractories (Fig. 4)
could be analysed based on their influence on these two
sub-processes.
When Al was added, reactions (7)–(9) occurred in the

refractory.20 Accompanying the formation of MA via
reactions (8) and (9) (Fig. 8), CO(g) was reduced back
to C. Furthermore, because Al is a stronger reducing-
agent than C, it would, instead of C, reduce FexO and
MnO from the slag to the corresponding metals [reac-
tions (10) and (11)], as a result, reactions (3) and (4)
would be inhibited. Because of these reactions, C oxi-
dation would be (thermodynamically) inhibited. As
shown in Fig. 2, with addition of Al, Alpha corre-
sponding to the C disappearance, increases from �2.2
(in the case of the additive-free refractory) to �3.2.
Nevertheless, comparison of the microstructure shown
in Fig. 7 with that in Fig. 5 revealed that the dec-
arburised layer in the Al added refractory was only
slightly thinner than that in the additive-free refractory,
suggesting that Al addition inhibited the C oxidation at
1650�C only a little.

4Al g; lð Þ þ 3C sð Þ ¼ Al4C3 sð Þ ð7Þ

2Al g; lð Þ þ 3CO gð Þ þMgO sð Þ ¼ MgAl2O4 sð Þ þ 3C sð Þ

ð8Þ

Al4C3 sð Þ þ 2MgO sð Þ þ 6CO gð Þ ¼ 2MgAl2O4 sð Þ þ 9C sð Þ

ð9Þ

2Al g; lð Þ þ 3FexO lð Þ ¼ 3xFe g; lð Þ þAl2O3 sð Þ ð10Þ

2Al g; lð Þ þ 3MnO lð Þ ¼ 3Mn g; lð Þ þAl2O3 sð Þ ð11Þ

2Al g; lð Þ þ 4MgO sð Þ ¼ 3Mg gð Þ þMgAl2O4 sð Þ ð12Þ

Fig. 12. High magnification BEI of the uncorroded layer shown in

Fig. 11, showing that large MgAl2O4 (MA) crystals coexist with

MgO.3B2O3 (MB) formed between graphite (G) in the matrix.
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Al addition has also been reported to accelerate the
formation of the dense MgO layer by forming more
Mg(g) [reaction (12)], and is believed to be beneficial to
the improvement of C oxidation resistance and slag
resistance.15 However, comparison between Figs. 5 and
7 revealed that the dense MgO layer in the Al added
refractory was a little thinner than that in the additive-
free refractory, which is considered to be related to the
negative effect of the Al addition on the MgO dissolu-
tion.
According to Yamaguchi,21 the partial pressure of

Al(g) coexisting with Al4C3 was high (>10�3 atm) at
the test temperature. So part of the Al(g) evaporating
from the Al4C3 [reaction (13)] in the uncorroded layer
and/or the slag penetrated layer would diffuse towards
the slag layer. As stated above, the atmosphere became
more oxidising towards the slag layer. So when the
Al(g) arrived at the decarburised, dense MgO and/or
slag layers, it would be oxidised to Al2O3 according to
reaction (14). The Al2O3 so formed would interact with
MgO to form MA which further dissolved in the local
slag. As predicted by the thermodynamic calculations
(Fig. 2), a small amount of slag could dissolve the MA
formed in the refractory. This also explained why no
obvious MA was observed in the dense MgO layer, and
slag in the dense MgO and decarburised layers was
more Al2O3-rich.

Al4C3 sð Þ ¼ 4Al gð Þ þ 3C sð Þ ð13Þ

4Al gð Þ þ 3O2 gð Þ ¼ 2Al2O3 sð Þ ð14Þ

The dissolution of Al2O3 (MA) in the slag would
increase MgO solubility in the slag,13 As shown in Fig. 2,
compared with the additive-free refractory, Alpha cor-
responding to the MgO disappearance decreases from
�6.0 (in the additive-free refractory) to �5.8. The
increase of MgO solubility in the slag would accelerate
its dissolution, which would counteract the positive
effect of Al on the dense MgO layer formation stated
above. Consequently, when Al was added, the thickness
of the dense MgO layer (Fig. 7) became even thinner
than that of the additive-free refractory (Fig. 5), and
more Al2O3-rich slag was present in the dense MgO
layer and more MgO grains in the layer were corroded.
It was the balance between the positive influence on C

oxidation inhibition and the negative influence on MgO
dissolution that resulted in the slight difference in the
corrosion rates between Al added and additive-free
refractories (Fig. 4).
With Si as the additive, reactions (15)–(18) would

occur in the refractory.21,22 Because of reactions (16)–
(18), M2S formed in the refractory and simultaneously
CO(g) was reduced back to C, inhibiting C oxidation.
As shown in Fig. 3, C disappears at higher Alpha

(�3.2), compared with the additive-free refractory
(�2.2). Nevertheless, comparison between Figs. 9 and 5
revealed that the decarburised layer in the Si added
refractory (Fig. 9) was only slightly thinner than in the
additive-free refractory (Fig. 5), suggesting that Si
addition only slightly improved C oxidation resistance
at the test temperature.

Si lð Þ þ C sð Þ ¼ SiC sð Þ ð15Þ

2Si lð Þ þ 2CO gð Þ ¼ 2SiO gð Þ þ 2C sð Þ ð16Þ

2SiC sð Þ þ 2CO gð Þ ¼ 2SiO gð Þ þ 4C sð Þ ð17Þ

2MgOþ SiO gð Þ þ CO gð Þ ¼ Mg2SiO4 sð Þ þ C sð Þ ð18Þ

The negative effect of the Si addition on the MgO
dissolution was related to the formation and dissolution
of SiO2 in the slag. SiO(g) formed in the uncorroded
layer and/or the penetrated layer via reactions (16) and
(17) would diffuse towards the slag layer. When it
arrived at the decarburised, the dense MgO and/or slag
layers, because the atmosphere there was more oxidis-
ing, it would be oxidised to SiO2 via reaction (19).

SiO gð Þ þO2 gð Þ ¼ SiO2 sð Þ ð19Þ

The SiO2 so formed would interact with MgO to form
M2S which further dissolved in the local slag. As pre-
dicted by the thermodynamic calculations, a small
amount of slag could dissolve the M2S formed in the
refractory. This also explained why no obvious M2S was
found in the dense MgO layer. The dissolution of SiO2

(M2S) in the local slag would decrease the slag basicity
(CaO/SiO2 ratio) and thus increase MgO solubility in
the slag.13 As shown in Fig. 3, MgO disappears at a
lower Alpha (�5.6), compared to that of the additive-
free refractory (�6.0). Consequently,MgO dissolution in
the slag was greatly accelerated and thus a much thinner
dense MgO layer was found, and more slag penetrated
the dense MgO and decarburised layers (Fig. 9). The
slight influence on C oxidation inhibition but a greater
increase in the MgO dissolution resulted in severe cor-
rosion in this case (Fig. 4).
Thermodynamic calculations (Fig. 3) show that the

Alpha values corresponding to the disappearance of C
and MgO in both additions of Al+Si and Si are almost
identical, suggesting that thermodynamically both have
a similar effect on the corrosion of MgO–C refractories.
The macrostructure with Al+Si was similar to that with
just Si addition, although a little thicker dense MgO
layer was observed. The reason for this is not clear,
although it may be because the presence of Al partially
inhibited the oxidation processes of Si and/or SiC,23 and
thus to some extent prolonged the SiO2 formation and
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dissolution in the slag. After 30 h at 1650�C, many SiC
crystals still remained in the uncorroded layer, which
seems to support this deduction. The slightly different
thicknesses of the dense MgO layers were probably
responsible for the small difference in the corrosion
rates (Fig. 4).
The main reactions occurring in the B4C added

refractory are listed below [reactions (20)–(25)].24 Simi-
lar to the Al or Si additions, reduction of CO back to C
via reactions (20)–(24) would contribute to C oxidation
inhibition (Fig. 3). Furthermore, the M3B (with melting
point �1350�C) liquid formed in the refractory [reaction
(25)] would fill the pores between C and cover the C
surface thus also contributing to C oxidation inhibition.

B4C sð Þ þ 6CO gð Þ ¼ 2B2O3 g; lð Þ þ 7C sð Þ ð20Þ

B4C sð Þ þ 4CO gð Þ ¼ 2B2O2 gð Þ þ 5C sð Þ ð21Þ

B4C sð Þ þ 4CO gð Þ ¼ 4BO gð Þ þ 5C sð Þ ð22Þ

B2O2 gð Þ þ CO gð Þ ¼ B2O3 g; lð Þ þ C sð Þ ð23Þ

2BO gð Þ þ CO gð Þ ¼ B2O3 g; lð Þ þ C sð Þ ð24Þ

B2O3 g; lð Þ þ 3MgO sð Þ ¼ 3MgO:B2O3 lð Þ ð25Þ

Nevertheless, addition of B4C negatively impacts on
MgO dissolution. According to Yamaguchi,24 partial
pressures of BO(g), B2O2(g) and B2O3(g) at 1650

�C are
high (>10�4 atm), so significant amounts of these gas-
eous phases would form in the refractory. They not only
react with CO(g) and MgO to form M3B liquid in the
refractory, but also diffuse towards the slag layer. When
these gases arrive at the decarburised, dense MgO and/
or slag layers they react with MgO to form low melting
phases such as M3B which would dissolve quickly in the
local slag. Furthermore, the increase in the slag B2O3

content would further increase MgO solubility (Fig. 3)
and thus further accelerateMgO dissolution. No obvious
decarburised and dense MgO layers were found between
the uncorroded refractory and slag layers (Fig. 10), indi-
cating that after they were formed they dissolved quickly
into the slag. After MgO quickly dissolved in the slag,
graphite in the matrix, even though well protected from
oxidation, will be washed away easily by the slag,
because it is held together mainly by the liquid M3B,
explaining why the addition of B4C resulted in the worst
corrosion (Fig. 4).
Differently from the other additions, addition of

Al+B4C improved markedly the corrosion resistance
(Fig. 4). The reasons for this behaviour will now be dis-

cussed. Because Al and B4C were both added, C oxidation
could be inhibited via the following. Firstly, CO(g) was
reduced back to C by Al and/or B4C via e.g. reactions
(8),(9), and (20). Secondly, FexO and MnO from the
slag were reduced via e.g. reactions (10) and (11), and
thirdly M3B liquid formed in the refractory via e.g.
reaction (25), filled the pores between C (mainly gra-
phite) and covered the C surfaces (Fig. 12). The thinnest
decarburised layer formed in the microstructure (Fig. 11)
indicated that C oxidation was inhibited most effectively
in this case. Another notable microstructural feature
was that many MA crystals [larger than those in the Al
added refractory (Fig. 8)] were found between the gra-
phite flakes in the matrix (Fig. 12). These larger MA
crystals often coexisted with M3B phases, suggesting that
at the test temperature M3B liquid might have played a
role in their formation and growth. As reported by
Suguru,25 boron-containing liquid has a strong miner-
alising effect on MA crystallisation. This fact further
indicates that graphite in the matrix which was pro-
tected from oxidation was also bonded together by MA
crystals at the test temperature. Now, the negative effect
of this addition on the MgO dissolution should be dis-
cussed. Similar to the Al or B4C single additions, addition
of Al+B4C would also accelerate MgO dissolution by
increasing the local slag Al2O3 and/or B2O3 contents. The
mechanisms were just the combination of those in the Al
addition and B4C addition, so they are not described
further here. This was reflected both in the thermo-
dynamic calculations (Fig. 3) and microstructure
(Fig. 10). As shown in Fig. 3, with this addition, Alpha
corresponding to theMgO disappearance decreases from
�6.0 (in the additive-free refractory) to�5.4, and Fig. 10
shows that a thin and more severely corroded MgO
dense layer was observed. Nevertheless, the fact that the
thickness of dense MgO layer (Fig. 11) was similar to
that of Al+Si or Si additions, suggested that the MgO
dissolution in this case was only intermediately acceler-
ated. The reason might be similar to that of the Al+Si
addition, i.e., the presence of Al partially inhibited the
B4C oxidation process [reactions (20)–(22)],26 and thus to
some extent prolonged the formation and dissolution of
B2O3 in the slag. Based on the above analysis, the
synergistic effect of addition of Al+B4C on the corro-
sion resistance (Fig. 4) could be summarised as follows.
B2O3 formed from reactions (20)–(24) reacted with
MgO to form B-containing liquid [reaction (25)]. This
liquid not only inhibited effectively C oxidation, but
also accelerated formation and growth of MA crystals
between the graphite flakes in the matrix. Thus, even
after some MgO grains exposed to the slag were cor-
roded, much graphite in the matrix was protected from
oxidation and still bonded together by the MA crystals
and so not easily washed away (eroded) by the slag.
This helped to maintain the integrity of the whole tex-
ture and ameliorated corrosion resistance (Fig. 4).
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5. Conclusions

The corrosion resistance of MgO–C refractories con-
taining various antioxidants has been compared using a
rotary slag test at 1650�C for 30 h. Thermodynamic cal-
culations were performed, and corroded microstructures
examined to assist understanding the corrosion pro-
cesses. The main results are:

1. C oxidation and MgO dissolution in the slag were
the main factors affecting corrosion of MgO–C
refractories. Antioxidants influenced corrosion
resistance of MgO–C refractories by affecting these
two sub-processes.

2. Al addition improved the C oxidation resistance at
1650�C only a little but accelerated the MgO dis-
solution in the slag. The balance between these
two contradictory factors determined the minor
effect of Al addition on the corrosion resistance.

3. Addition of Si or Al+Si slightly improved the C
oxidation but more greatly accelerated the MgO
dissolution than the Al addition or no addition.
Therefore, the refractory with Si or Al+Si showed
worse corrosion resistance than that with Al or
without additive.

4. Mg borate liquid formed in the B4C added refrac-
tory, which, although effectively suppressing C
oxidation, greatly accelerated MgO dissolution. In
this case, after MgO grains quickly dissolved in the
slag, graphite in the matrix, even though effectively
protected from oxidation, would be washed away
easily by the slag, because it was held together by
Mg borate liquid. Consequently, this addition
showed the worst corrosion resistance.

5. With double addition of Al+B4C, a boron-con-
taining liquid formed which not only inhibited
effectively C oxidation, but also accelerated for-
mation and growth of MA crystals between gra-
phite in the matrix at the test temperature. In this
case, even though MgO dissolution was acceler-
ated to some extent, graphite in the matrix was
effectively protected from oxidation and held in
place by MA crystals and so was not easily eroded
by the slag (as for the B4C additions). This main-
tained the integrity of the refractory texture and
thus inhibited further slag penetration and corro-
sion, so that refractory with this addition showed
the best corrosion resistance.
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