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bstract

l2O3–MgO–C (AMC) refractories are used in steelmaking vessels such as ladles, where they are part of the working lining’s bottom and walls.
aking into account the conditions during the ladle operation, AMC refractories with high-melt corrosion resistance are required to provide good
ervice performance. Moreover, due to the presence of graphite, AMC bricks should have low susceptibility to attack by oxidant gases. In this paper,
he oxidation of commercial AMC refractories by air between 700 and 1400 ◦C and their corrosion by ladle basic slag at 1450 ◦C are examined. The
xperimental conditions for the chemical evaluation are similar to those to which AMC linings are exposed in some steps of the ladle operation.
ifferences in the chemical wear caused by both of the reagents among the studied bricks are associated to their differences in composition and

icrostructural and textural characteristics. In addition, the thermal evolution of each AMC refractory is considered.

 2014 Elsevier Ltd. All rights reserved.
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.  Introduction

The secondary refining ladle is no longer an inert vessel but
ather a key piece, with multiple functions during the steelmak-
ng process.1 Tassot et al.2 emphasize the importance of this
essel in current integrated metallurgical processes, to the point
hat the refractories composing it nowadays determine various
spects of both the process and the product.

Al2O3–MgO–C (AMC) refractory bricks are one of the mate-
ials used in the working linings of steelmaking ladles, being
ostly used in the metal line and the bottom. Their application

n the slag line is limited, due their susceptibility to basic melt
ttack at high temperature.3 AMC bricks appeared in the ‘80 as
n alternative to MgO–C and Al2O3–C refractories, and their
ain advantage is the reduction of joint wear due to controlled

1,4–7
esidual expansion by in  situ  spinel MgAl2O4 formation.
he scientific-technical literature on these types of materials
as focused on this issue, at the expense of other aspects of
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efractory behaviour, mainly in comparisons with their anteces-
ors, especially MgO–C bricks.

Depending on the logistics of the factory, the AMC refrac-
ories of the barrel and the bottom can be corroded by liquid
lag, especially during tapping and casting. Since the ladle is
n open vessel, AMC bricks are also exposed to attack by the
aseous atmosphere, to which they are susceptible due to the
resence of graphite in their composition, in particular during
asting and the periods of time when the ladle is empty, such as
reheating and tapping in the continuous casting process. Melt
orrosion and gases corrosion imply severe textual alterations
nd the loss of components that are critical to the AMC refrac-
ories’ performance. For these reasons, resistance to chemical
ear by liquid slag and oxidant gases is an aspect that has to be

onsidered when improvements in the design and performance
f these bricks are desired. In this sense, the more efficient and
ure way to achieve these goals is to have basic information
bout the corrosion processes and the factors determining them,
lthough these aspects have hardly been explored with regard to

hese types of refractories.8,9

In this context, this paper focused on the evaluation of
he chemical wear on three commercial AMC bricks with

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2014.11.024&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2014.11.024
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ifferences in MgO content and the source of corundum, due to
he action of different chemical reagents in near-service condi-
ions. Corrosion by atmospheric gases at temperatures between
00 ◦C and 1400 ◦C and the attack of basic slag at 1450 ◦C were
xamined. Analysis of the degradation caused by air was per-
ormed within a wide range of temperatures taking into account
hat the chemical and microstructural changes in oxide–C bricks
egin at temperatures as low as 300 ◦C, particularly in the
rganic bonding.10 Although this process will occur mainly in
he first campaigns of the brick, the alterations to the compo-
ition and microstructure due to these reactions are severe. To
nalyze melt corrosion, a slag with a composition considered
imilar to that in contact with AMC refractories in service was
sed at a temperature that guarantees the fluidity of the slag. For
xperimental simplicity and in order to simulate the conditions
xisting at the end of casting, a cup test in air was used.

In contrast to the more widely employed practice for
his type of study, which entails analyzing samples espe-
ially prepared in the laboratory and often pre-treated to
yrolize the organic binder, the commercial materials as
sed in plant were tested here. On one hand, the use of
ommercial bricks imposes limits with regard to control-
ing their composition, microstructure and texture, which
hus requires their complete characterization in order to
etermine composition–microstructure/texture–behaviour rela-
ionships. On the other hand, this experimental strategy avoids
he need to reproduce the fabrication process at a laboratory
cale, which is not a trivial task, and the obtained information
an be extrapolated directly into the steelshop.

.  Experimental  procedure

.1.  Materials

Three Al2O3–MgO–C commercial refractory bricks manu-
actured by the same supplier and labelled as AMC1, AMC2 and
MC3 were analyzed. The bricks had differences in the MgO

ontent and the type of raw material used as source of alumina.
Bearing in mind the aim of this work, these materials

ere exhaustively characterized using a vast group of analy-
is techniques, and the results have been previously reported
y the authors11: X-ray fluorescence (XRF), plasma emis-
ion spectroscopy ((ICP-OES), gravimetry, X-ray diffraction
XRD), differential thermal and thermogravimetric analy-
es (DTA/TGA), reflection optical microscopy and scanning
lectron microscopy coupled with X-ray dispersive energy
SEM/EDS), measurements of density and porosity, Hg-
ntrusion porosimetry, dilatometric analysis and permanent
inear change (PLC). The main refractories’ characteristics are
ummarized in Table 1 and depicted below.11

Every refractory contains brown electrofused alumina (EF)
lus tabular alumina (TA). AMC1 has a higher proportion of the
ast type of aggregates with respect to EF aggregates, and with

espect to TA aggregates present in the other two materials as
ell. Furthermore, it was confirmed that only AMC3 possesses
auxite and that aluminium was added as antioxidant in the three
aterials, in similar proportions. The higher amount of sintered

s
C
2
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agnesia in AMC2 is distributed in the medium-fine fraction
hereas this component is present in AMC1 and AMC3 only as
ne particles in the matrix.

Graphite, whose particles have a similar aspect ratio in the
hree materials, is present at a higher content in AMC2, but
ts flakes are the smallest. The amount of graphite in AMC3
s somewhat lower and its particles are the purest. The bricks
ontain a similar amount of resin as organic binders.

Regarding the texture, AMC2 has a higher amount of open
ores, although they are similar in size to those of AMC1.
MC3, however, is the brick with the lowest values of open
orosity, permeability and pore size. The three AMC refracto-
ies have similar tortuosity parameters ∼2 (determined by the
g-intrusion porosimetry).

.2.  Oxidative  degradation  in air

The oxidative degradation of AMC refractories was evalu-
ted in natural air (0.21 atm of O2) in order to study the loss
f components during the transformation of the resin and the
irect oxidation of graphite. Thermal treatments in an airtight
nvironment were carried out at 700, 1000, 1260 and 1400 ◦C,
n duplicate, on cylindrical specimens 2.7 cm in diameter and
.5 cm in height, which were cut from the original bricks. A
hamber electrical furnace with SiC heating elements was used,
ith the following heating schedule: heating rate of 10 ◦C/min

rom room temperature (RT) up to the selected temperature,
ermanence of 2 h, and free cooling afterwards. The treated
ylinders were packed in polyester resin in vaccum and cut
rosswise. The cross surfaces were ground with SiC papers up
o 4000 grit and diamond paste up to 3 �m, using kerosene as
ubricant.

The mass loss and the decarburized superficial area, both in
ercentages, were determined as gaseous corrosion indicators.
mages of the cross surface obtained with 4×  magnification and
he image analysis software Image-Pro Plus v.6 were employed
o estimate the decarburized area of each sample, which was
onsidered as that peripheral region in which a reduction of the
lack or dark colour was visually detected. A radius delimiting
ecarburized region from the central dark zone was defined,
rom which the decarburized area was calculated. The corrosion
ndicator was taken as the percentage of the total cross-area
orresponding to the decarburized area of the specimen.

Moreover, mineralogical analysis by XRD in different areas
dentified on the cut surfaces – the dark inner zone (IZ) and the
xternal or decarburized zone (OZ) – was performed. The analy-
is was carried out on a specimen’s cross surface directly, using a
analytical XṔERT PRO diffractometer, with Cu K�  radiation,
0 kV of voltage and a current of 40 mA. The measurements
ere done at a rate of 10◦/min.

.3.  Basic  slag  corrosion
The chemical wear of AMC refractories by a typical ladle
lag was studied at 1450 ◦C in air, employing the static cup test.
ubes 5 cm in length, with a whole 3.6–3.7 cm in diameter and
.3–2.5 cm in height, into which the slag in powder was placed,
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Table 1
Composition and texture data of AMC refractories.

AMC1 AMC2 AMC3

Main phases
(wt.%)

Corundum (Al2O3) 82.7 ± 0.3 57.6 ± 0.3 70.5 ± 0.3
Periclase (MgO) 5.40 ± 0.02 27.0 ± 0.1 6.8 ± 0.1

Secondary phases
(wt.%)

Mullite (3Al2O3·2SiO2) – – 8.6 ± 0.3
Graphite (C) 1.7 ± 0.1 3.5 ± 0.1 3.0 ± 0.1
Resin (C, O, H) 5.4 ± 0.1 5.6 ± 0.1 5.0 ± 0.1
Aluminium (Al) 1.39 ± 0.02 1.37 ± 0.02 1.60 ± 0.02

Impurities (wt.%) Fe2O3, SiO2, CaO, TiO2
a 3.4 ± 0.3 4.9 ± 0.3 4.5 ± 0.3

Apparent porosity (%) 6.7 ± 0.1 7.8 ± 0.5 4.0 ± 0.1
Permeability (m3/Nw/s)b 0.013 0.015 0.008

Minimum pore diameter (�m) 0.060 0.055 0.003

a Impurities expressed as oxides with contents >0.1 wt.%; others impurities are: K2
b for �P of 3 MPa; �P is the pressure drop when the gas used in the measurement
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Fig. 1. Cross section of the corroded cup.

ere used for the corrosion tests. These cups were thermally
reated in a chamber electric furnace with SiC heating elements,
t 1450 ◦C for 2 h. After the thermal treatments, the cups were
acked in epoxy resin in vacuum. They were then cut transver-
ally, and the cross surfaces were ground with SiC papers of
000 grit and polished with diamond paste up to 3 �m, using
erosene as lubricant.

Corrosion was measured by the worn cross-area of the cup,
hich was a consequence of the irreversible loss of the refractory
articles attacked by the slag. Photos were taken of the cross
ections and the images were analyzed using Image Pro Plus 6.0
oftware. The new inner surface of the cup was delimited on the
ross section image and used to calculate the worn area Sd as a
ercentage of the original cross-area of the cup, Sc (Fig. 1).

The slag used in the corrosion tests was that which was
eft in the ladle after the end of the continuous casting, and it
as characterized by several experimental techniques. The slag
as received from the plant in pieces and ground up to 70 �m
sing a planetary mill (Fritsch). This powder was quartered to
btain a representative sample, which was analyzed to deter-
ine its chemical and mineralogical compositions and its critical

emperatures. The chemical analysis was performed by X-ray
uorescence using a Thermo Electron ARL model 9900. The
ineralogical analysis was done by XRD using the same equip-

ent and conditions mentioned above. Thermal differential and

hermogravimetric analyses were carried out up to 1400 ◦C,
n air, with a heating rate of 10 ◦C/min, with Shimadzu DTA-
0 and Shimadzu TGA-50 thermal analyzers, respectively. To

c
n
p
C

O, P2O5, Cr2O3, MnO, ZrO2, SrO, ZnO.
 (N2) passes through the sample.

etermine the critical temperatures of the slag (softening, hemi-
phere and fluidity temperatures), samples prepared with dextrin
s a binder and a sintered alumina plate as a substrate were ana-
yzed. The test was performed by hot stage optical microscopy
sing an equipment developed by our own laboratory (Metal-
urgy Department/DEYTEMA, UTN), with a heating rate of
◦C/min up to 400 ◦C and then 10 ◦C/min up to 1500 ◦C. The
asicity index of slag IB2, defined as CaO/SiO2 molar ratio, was
alculated using chemical composition data. Moreover, the slag
iscosity (η) between 1300 and 1600 ◦C was estimated using
he Urbain model, which had been extensively used as a very
ood approximation of this property for steelmaking slags. The
odel assumes that every oxide in the slag affects the viscosity

n the same way, depending only on its content.12

.  Results  and  discussion

.1.  Thermal  evolution  of  AMC  refractories

In previous work by the authors,11,13 the thermal evolution
f AMC1, AMC2 and AMC3 was studied by DTA/TGA up
o 1400 ◦C in air and by isothermal treatments of refractory
rick fragments at 700, 1000, 1100, 1200 and 1400 ◦C for 4 h,
n airtight atmosphere.

For the three AMC materials, it was found11 that the trans-
ormation of resin began at approximately 350–390 ◦C and the
xidation of residual glassy-carbon occurred at approximately
30 ◦C. Both reactions were accompanied by weight loss caused
y the evolution of gases. Direct oxidation of graphite occurred
n the range 900–990 ◦C, and there were evidences of a higher
esistance to oxidation of graphite flakes present in AMC3,
hich was attributed to the higher purity of these particles.11

hen isothermal treatments of fragments of refractory bricks
ere done in air at 1000 ◦C during 4 h, it was determined by
RD that the three refractories lost their graphite completely.13

At temperatures >1000 ◦C, after the aluminium melting at
660 ◦C, the reactions of this metal with the refractories’ other
omponents took place. They were accompanied by positive or
egatives changes in mass in the three AMC materials.11 The
resence of Al4C3, formed by reaction of the aluminium with

 coming from the resin pyrolisis or graphite, was confirmed
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catalytic effect of O2 will produce a gradient in the advance of
ig. 2. Apparent porosity of AMC refractories as temperature increases (air
tmosphere).

t temperatures between 1000 and 1200 ◦C. The formation
f MgAl2O4 spinel was detected from 1100 ◦C onward, thus
ncreasing the content of this phase as the temperature of the
reatment increased.13 It was inferred by the SEM/EDS analysis
f some thermally treated samples that MgAl2O4 was formed by
ore than one reaction mechanism in each of the AMC refracto-

ies, i.e., the combination of MgO with: (a) Al, (b) the products
esulting from the reaction of the aluminium, such as Al4C3,
nd/or (c) alumina particles, including aggregates.

At 1400 ◦C, all the magnesia was consumed in AMC1 form-
ng 21 wt.% of MgAl2O4 spinel, whereas MgO was still present
n AMC2 and AMC3 at 1400 ◦C, and the amount of spinel was
nly 14 wt.% for both refractories.11,13 These data indicate that
pinel formed more easily in AMC1; this could be due to the
igher proportion of fine and/or smaller sizes of alumina (possi-
ly tabular alumina) and magnesia particles in this type of brick.
espite the fact that AMC3 has a nominal content of magnesia

imilar to AMC1, a rather smaller amount of spinel formed in
he former. Moreover, since AMC2 contained a wide range of

agnesia particle sizes (within fine, medium-size and coarse
ractions), it could be possible that the proportion of the fine
raction, which is prone to react and form spinel, was lower than
hat present in AMC1 and AMC3.

In Fig. 2, the apparent porosity (πa) of AMC1, AMC2 and
MC3 in air atmosphere is plotted as a function of temperature

these data were not previously reported). The dash-dot lines
nly join the media values for clarity.

The volumetric fraction of open pores grew gradually as the
emperature increased up to 1000 ◦C. Resin transformation and
irect graphite oxidation were the main sources of porosity in
hese AMC refractories and range of temperature. At the high-
st temperatures, the oxidation of impurities also contributed to
orosity,14 and the spinel formation could increase or reduce the
mount of pores depending on the reaction mechanism.

AMC3, with lower initial apparent porosity and permeability,
etained smaller open porosity volumes up to 1000 ◦C, when it
eached those of AMC1 and AMC2. In contrast to those refrac-

ories, the difference among the apparent porosity of AMC3
pecimens treated at 700 and 1000 ◦C was not considered sig-
ificant. Between 1000 and 1260 ◦C, the volume of open pores

t
d
i

eramic Society 35 (2015) 1621–1635

emained almost unchanged for the three AMC refractories.
t higher temperature, the porosity of AMC2 remained high,
hereas AMC1 and AMC3 underwent a reduction of the volu-
etric fraction of open pores, more significant for the latter.

.2.  Oxidative  degradation  of AMC  refractories  in  air

When AMC refractories are thermally treated in oxygen-
nriched atmospheres such as air, this agent affects the pyrolisis
f resin and oxidizes graphite. The analysis was centred on these
wo processes, dismissing the oxidation of impurities because
hey were minor components.

The pyrolisis of cured phenolic resins is thermally acti-
ated and consists of the scission of the hydrocarbon chain.
t is a very complex process in which volatilization, con-
ensation, oxidation, dehydration and decomposition reactions
ccur simultaneously.15–17 The condensation and volatilization
re accompanied by a loss in mass, volumetric shrinkage and
orosity variation. The presence of oxygen in the atmosphere
odifies the reaction mechanism and the composition of the

cission products, and catalyzes the carbonization process.16,17

he pyrolisis of phenolic resins ends with the formation of a con-
ensed carboneous structure (carbonization) that is susceptible
o oxidation, rigid, brittle, and non-graphitizable.

Direct oxidation of graphite takes place according to the fol-
owing global reaction: 2C(s) + O2(g) →  2CO(g). Although there
s not a general consensus regarding the exact steps which take
lace in direct graphite oxidation, some authors have proposed a
eneral mechanism involving the reaction of flake edges, consid-
red as the reactive sites, and the formation of ketonic superficial
omplex.18,19

The amount of C atoms removed from graphite surface by the
ction of oxygen and the proportion of CO and CO2 (formed by
he combination of the former with more O2) depend on several
actors.20–23 According to that reported in literature regarding

gO–C refractories with and without metallic antioxidant addi-
ives, direct oxidation of graphite at high temperatures (>800 ◦C)
s controlled by oxygen diffusion.24–26 At a fixed temperature,
as diffusion is strongly affected by: (a) the gradient of O2 partial
ressure between the surface and interior of the material, (b) the
pen porosity, permeability and pore size of the refractory, (c)
he evolution of these properties in the more external layers of
he specimen and (d) the counter-diffusion of reaction products.

Images of the cross surfaces of specimens treated in air in the
ange 700–1400 ◦C are shown in Fig. 3, together with images of
he original AMC bricks. Percentages of decarburized area and

ass loss as the treatment temperature increases are plotted in
igs. 4 and 5, respectively.

According to thermal evolution of AMC materials (Section
), oxidative pyrolisis of resin was expected to have occurred
t least partially at 700 ◦C, and the direct oxidation of graphite
ould also begin. Resin pyrolisis as a thermally activated process
ill take place throughout the entire specimen. However, the
he transformation as the gas penetrates the material. Meanwhile,
irect oxidation of graphite will occur mainly in the outer layers
n contact with oxygen and spread towards the interior of the
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Fig. 3. Cross surface images of AM

pecimen as the O2 of air enters through the open pores towards,
iving the typical patterns observed in most of the cross surfaces
f Fig. 3.

In AMC1 and AMC2 refractories treated at 700 ◦C, the decar-
urized peripheral zone with a reaction front delimiting a darker
entre and a superficial zone was observed. The decarburized
ayer corresponded to 60–70% of the total cross area. The weight
osses, 5.8 wt.% in AMC1 and 6.5 wt.% in AMC2 were higher
han the respective content of resin (AMC1: 5.4 wt.%; AMC2:

.6 wt.%) which confirmed the fact that both refractories lost
raphite by direct oxidation at 700 ◦C.

0 20 0 40 0 60 0 80 0 1000 120 0 1400
0

20

40

60

80

100

AMC3AMC2

AMC1

de
ca

rb
ur

iz
ed

 a
re

a 
(%

)

temperature  (°C )

ig. 4. Percentage of decarburized area of AMC refractories as a function of the
reatment temperature (the dash-dot lines only join the media values for clarity).

a
i
o
f
p
r
r
t
p
p
s
o

i
t
m
a
i
b
r

c

fractories thermally treated in air.

Conversely, no discoloration was observed on the surfaces of
MC3 specimens treated at 700 ◦C. Even so, a loss in mass of
.7 wt.% (Fig. 5) was determined due to the oxidative pyrolisis
f resin that was not completely lost (organic binder content in
he original material was 5.0 wt.%). These facts can be taken as
ndication of a lesser advance of the oxidative pyrolisis of resin
nd a delay in the onset of the graphite oxidation in comparison
ith the other two AMC bricks. The differences in the behaviour
f AMC3 with respect to the other two AMC materials treated
t 700 ◦C were attributed to its lower volume of open porosity
n this temperature range (Fig. 2), which reduces the amount
f O2 able to penetrate into the specimen from the outer sur-
ace. Moreover, it is expected that the permeability and the mean
ore size, which were smallest in the original AMC3 brick, also
etained their low values at 700 ◦C. Doughty and Tovey23 have
eported that graphite flakes exhibit lower oxidation resistance
he higher content of impurities they have, because the impurities
rovide a more efficient means to penetrate into the micropores
resent in the particles favouring their oxidation. For this rea-
on, the higher oxidation resistance of the purer graphite flakes
f AMC311 could also contribute to delay graphite oxidation.

At temperatures <900 ◦C, the direct oxidation of graphite
s controlled by the diffusion of the gas through the pores of
he flakes.22 According with the results obtained after the treat-

ent of AMC materials at 700 ◦C and previously reported data
bout oxidation of other carbon-containing bricks,10,24–26 it was
nferred that the diffusion of O2 was meanwhile determined
y the transport of the gaseous specie trough the pores of the

efractory.

After treatment at 1000 ◦C, the external part of the
ross surface in each material underwent more pronounced
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ecarburization in comparison with treatment at 700 ◦C (Fig. 3),
uggesting that a greater amount of graphite loss took place in
his condition. Despite this, the percentage of the decarburized
rea was almost the same in AMC1 with respect to the value
etermined for this indicator after thermal treatment at 700 ◦C;
his was also true for the weight change. The lack of change in
he advance of the reaction front could be attributed to several
ffects. Although the direct graphite oxidation reaction is con-
rolled by the limit layer at this temperature,22 this process is still
etermined by the diffusion of O2 through the material’s pores
n the case of carbon-containing refractories. Pötschke et al.27

roposed an analytical expression (Eq. (1)) for the advance of
he reaction front into the specimen (x) with time (t) at a fixed
emperature (T):

dx = −2V D
n0 −  ni (1)
dt
G p

x0 −  x

here VG is the molar volume of graphite, Dp is the diffu-
ion coefficient of oxygen in the decarburized area, n0 and ni

p
s
l
fl

t temperature (dashed line: resin and graphite contents; full lines only join the

orrespond to O2 concentration in air and at the reaction front,
espectively, and x0 is the radius of the specimen. Furthermore,

p is expressed as (Eq. (2)):

p =  Dεγ  (2)

ith D  being the diffusion coefficient of the gas at T, ε the open
orosity volume fraction (i.e., ε = πa/100, where πa is the appar-
nt porosity) and γ  a labyrinthine factor that could be related
nversely with the tortuosity of the pores.28 Taking into con-
ideration these mathematical expressions, it is clear that the
eaction front advances more as the porosity of the decarburized
ayer and the difference of the oxygen concentration between
he external atmosphere and specimen’s interior increase.

The direct oxidation of graphite leads to an increase in open

orosity, which is more significant in the outer layers of the
pecimen. The porosity change is complex since the graphite
oss creates slit pores with dimensions similar to those of the
akes.28 This also increases the connectivity and the tortuosity
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f pores, thus changing the permeability, which in turn affects
he O2 diffusion.

On the other hand, it has been reported that some of
he sub-products of the reaction, such as soot (formed by:

 CO(g) →  CO2(g) + C(s)), could block pores.26 Moreover, resin
ransformation in this range of temperatures leads to the clo-
ure of open micropores (even though it was a source of open
ores and fissures before).15 These last two processes reduce the
ccess channels for O2 and could decrease the Dp coefficient,
hus producing an accumulation of gas, with both factors ten-
ing to lower the advance of the reaction front. In contrast to
hat happened with the other two refractories, AMC1 did not

how a significant increase in open porosity between 700 and
000 ◦C, as can be observed in Fig. 2, which could be a con-
equence of the mentioned effects. Another process that could
artially inhibit the entrance of O2 is the counter-diffusion of
he gaseous reaction products.

The formation of soot could also compensate for weight loss
ue to graphite oxidation contributing, at least in part, to the
eceleration of this indicator in AMC1 between treatments at
00 and 1000 ◦C (Fig. 5). Another cause for this behaviour
ay be the beginning of the combination reactions of Al with

ther refractory components such as carbon (Section 1), some
f which are associated with weight increase.11

In the AMC2 refractory treated at 1000 ◦C, there was greater
ecarburization of the peripheral zone in comparison with treat-
ent at 700 ◦C, along with an advance of the reaction front

nd greater weight loss, which was consistent with a higher
mount of direct graphite oxidation. The behaviour of AMC2
as also consistent with the apparent porosity increase (Fig. 2),
hich could facilitate the entry of oxygen into the material,

he occurrence of the oxidative degradation reactions and an
ncreased amount of graphite loss, as inferred from the plot of
ig. 5. The smaller size of the graphite flakes present in AMC211

avoured their oxidation, according to that reported by Doughty
nd Tovey.23 In contrast to what could happen in AMC1, it is
robably those factors mentioned previously that lead to a net
ncrease in the open porosity in the outer zone of the cylinder,
ncreasing Dp and x in Eq. (1), would dominate the process in
MC2. Even though the initial tortuosity was similar in the

hree AMC refractories (∼2), an effect caused by this parame-
er cannot be ruled out since tortuosity was expected to change
ifferently in each of the materials with temperature due to the
esin and graphite reactions.

After treatment at 1000 ◦C, the AMC3 refractory exhibited
iscoloration on the outer surface that almost attained the value
f this indicator in the other materials, both of which were
ery similar (∼70%, Fig. 3). This variation was accompanied
y a percentage of weight loss higher than that determined at
00 ◦C and similar to that of AMC1 (∼6 wt.%). This behaviour
as consistent with the remarkable increase in the volumet-

ic fraction of open pores observed in AMC3 between 700
nd 1000 ◦C (Fig. 2). Since the graphite flakes of AMC3 seem

o be more resistant than these type of particles in the other
wo materials, the proportion of graphite consumed during the
reatment at 1000 ◦C was relatively low (<50 wt.% according
ig. 5).
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The degree of decarburization continued to increase after
reatments at 1260 ◦C in air, and there was still a darker central
one in each material. AMC1 displayed behaviour similar to
hat observed at 1000 ◦C, which confirmed the factors that were
nvolved; these factors were principally the compensation of the
oss in mass due to graphite oxidation, with the increase in mass
elated to the reactions involving aluminium and, in this range
f temperature, spinel formation. This new phase was identified
n X-ray diffractograms in both regions of the cylinders, in the
nner and outer regions. In AMC2, the oxidation reaction front
ontinued to advance, in agreement with the increase in appar-
nt porosity, but weight loss remains unchanged, product of the
eactions involving the antioxidant and magnesia. In compari-
on with AMC1, the formation of new solid phases manifested
tself at higher temperature, as was determined in the thermal
volution of these materials (Section 1).

Between treatments at 1000 and 1260 ◦C, AMC3 exhibited
hanges similar to those observed between 700 and 1000 ◦C:
igher discoloration, mainly in the peripheral region, with no
ignificant change in the percentage of the decarburized area.
his last fact can be justified by the same causes discussed
bove (reduction of the open pores due to the closure of micro-
ores, soot deposition and/or the counter-diffusion of gaseous
roducts), taking into account that the temperature correspond-
ng to the onset of the oxidative process was observed to be
igher in AMC3 with respect to the other two refractories.11

ig. 2 shows that the apparent porosity was indeed unchanged
n AMC3 between 1000 and 1260 ◦C. Weight loss was even
ower after the treatment at 1260 ◦C, which indicated that the
eaction involving Al compensated for the graphite loss.

Finally, surfaces of AMC1 and AMC2 specimens treated at
400 ◦C were completely decarburized (Fig. 3), whereas AMC3
howed a dark centre, indicating that graphite was still present
n this condition. In AMC2 and AMC1, the loss of graphite was
ounterbalanced by the formation of new phases, to a higher
egree in AMC1 as was discussed above. A significant reduc-
ion in the volume of open pores was also observed in AMC1
etween 1260 and 1400 ◦C (Fig. 2). Conversely, the graphite loss
t 1400 ◦C, which was hindered due to the significant decrease
n the apparent porosity, was more significant than the mass gain
s consequence of the formation of new solid phases in AMC3.

The qualitative variations in the more intense peak of graphite
26.38◦ 2θ; File ICDD 41-1487) displayed in X-ray diffrac-
ograms of inner (IZ) and outer (OZ) zones, in comparison with
he original material are reported in Table 2. The change of the
mount of ‘x’ with treatment temperature is an estimation of
he change of the intensity of the main XRD graphite peak in
ach AMC refractory. The differences in the initial content of
raphite between AMC materials in Table 2 were dismissed.

The reduction in the intensity of the main X-ray diffraction
eak of graphite diffraction peak was consistent with the extent
f decarburization in a major part of cases. However, there were
ome exceptions, such as the case of AMC2 treated at 700 and

◦
000 C which showed an unexpected increase in the intensity
f the peak around 26.4◦2θ  (Table 2). The reason for this disturb-
nce was found in the contribution of residual carbon produced
y resin pyrolisis, which diffracts similarly to graphite.29 It was
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Table 2
Variation in the intensity of the main XRD peak of graphite (26.38◦ 2θ) with the
treatment temperature (IZ: inner zone; OZ: outer zone).

AMC1 AMC2 AMC3

As-receiveda xxxxx xxxxx xxxxx
Treatment temperature

700 ◦C IZ x xxx xxxxx
OZ xx x xxxxxx

1000 ◦C IZ xx xxxxx xxxx
OZ xx xxxx xxxx

1260 ◦C IZ xxx xxx xxxx
OZ x x xx

1400 ◦C IZ – – x
OZ – – –
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a Differences in the graphite content of the original AMC bricks have been
ismissed.

onsidered that the greater amount of open pores in AMC2 pro-
oted the entrance of O2 and thus the transformation of resin

which seems to be complete at this temperature as Fig. 5 shows).
n the case of AMC3 treated at 700 ◦C, the main peak of graphite
as even greater in OZ than in the original material due to the

ontribution of residual carbon plus the graphite that was not oxi-
ized yet. At 1400 ◦C, the absence of graphite diffraction peaks
n the different zones of AMC1 and AMC2 was in agreement
ith the observation of complete decarburization. Conversely,

 low intensity peak around 26.4◦2θ  was identified in the inner
one of AMC3, in accordance with the permanence of the dark
entre in the treated specimen (Fig. 3).Bearing in mind the infor-
ation collected from thermal treatments in air between 700 and

400 ◦C, it was established that AMC3 was the most resistant of
he three refractory materials to air corrosion due to its low appar-
nt porosity that, except at 1000 ◦C, maintained smaller values
han AMC1 and AMC2, and higher inherent oxidation resistance
f its own graphite flakes. At the other extreme, AMC2 was
he refractory showing the lowest oxidation resistance in air.
s the temperature of the thermal treatments increased, the per-

entage of decarburization continually increased in this material,
hich was consistent with the overall increase in its open poros-

ty values and the content and size of its graphite flakes. In this
ay, the main compositional differences between the studied
MC refractories (MgO content and type of alumina source) had

n indirect influence on their susceptibility to oxygen through
heir effect on packing and, in consequence, on the open porosity
nd the degree of interconnection (permeability). In this sense,
heir granulometric distribution in the coarse fraction as well as
n the medium-sized and fine fractions had an influence greater
han that of the chemical nature of the raw materials.

.3.  Basic  slag  corrosion  of  AMC  refractories

In the case of steelmaking ladles where AMC bricks are used,
he liquid slag present during the secondary refinement of steel
s a powerful corrosive agent due to its chemical incompatibility
ith the composition of the refractory lining.30 The basic nature

f slag (high CaO/SiO2 molar ratio) makes it efficient in picking
p of the sub-product of the process. Nevertheless, these slags
ave significant variations in the content of other components

s
t
s

Fig. 6. Slag viscosity in function of temperature.

uch as Al2O3, for instance; in general, ladle slags at the end of
he process are Al2O3-rich.31

The corrosion of the main oxidic components of AMC refrac-
ories, i.e., alumina, magnesia and MgO·Al2O3 spinel formed at

 > 1000 ◦C has been extensively treated in model systems.30,32

he phases which are usually formed as products of reactions
ith CaO-, Al2O3-, MgO- and SiO2-containing slags are well-
nown. The information obtained from tests of simple model
ystems of one-phase particles is useful to interpret the corrosion
f high complexity refractories such as those containing carbon,
hich also have ceramic, metallic and organic raw materials.
owever, it is just a good starting point and other determining

actors such as the effect of the material’s texture and the effects
aused by the atmosphere, the type of antioxidant additives and
he organic binders in systems bonded with C have to be also
onsidered.32

.4.  Slag  characterization

Data of slag chemical analysis determined by XRF are
eported in Table 3. The basicity index IB2 was 10.8, indicating
ts basic character.

The presence of sulphur was due to the refinement process
hat took place in the ladle and, as the high content of Al2O3,31

he origin of the used slag. From the data of Table 3, the evolution
f slag viscosity (η) with temperature between 1300 and 1600 ◦C
as estimated (Fig. 6).
The X-ray diffractogram of the slag (crystallized dur-

ng cooling) is shown in Fig. 7. The presence of mayenite
12CaO·7Al2O3), anorthite (CaO·Al2O3·2SiO2), dicalcium alu-
inate (CaO·2Al2O3), periclase (MgO), spinel (MgO·Al2O3),

ime (CaO), sulphur (S), brucite (Mg(OH)2) and tricalcium
luminate (3CaO·Al2O3) was confirmed. These are phases com-
only present when the steelmaking ladle slags crystallized

uring the cooling.33,34

The softening, hemisphere and fluidity temperatures for the

lag were: 1366 ±  5 ◦C, 1385 ±  5 ◦C and 1393 ±  5 ◦C, respec-
ively. These values were consistent with the fluidity of the
ystem inferred by DTA thermogram (Fig. 8). From this
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Table 3
Chemical analysis of slag (XRF).

SiO2 CaO Al2O3 MgO FeO MnO Cr O S

wt.% 5.040 ± 0.100 54.94 ± 0.600 30.833 ± 0.700 8.187 ± 0.

Fig. 7. X-ray diffractogram of slag. (C12A7 = 12CaO·7Al2O3, CAS2 =
C
M
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aO·Al2O3·2SiO2, CA2 = CaO·2Al2O3, C3A = 3CaO·Al2O3, M = MgO,
A = MgO·Al2O3, C = CaO, B = Mg(OH)2, S0 = sulphur.)

nformation, it was considered that temperatures higher than
400 ◦C guarantee that slag has high fluidity. At the slag fluid-
ty temperature (1393 ◦C), the estimated viscosity was 0.45 Pa s
Fig. 6), whereas at 1450 ◦C, which was the temperature selected
or the corrosion test, it fell down to 0.32 Pa s.

.5.  Corrosion  test

Cross section images of each refractory cup are shown in

ig. 9, from which the wear was calculated as the percentage
f corroded area: 5, 12 and 9% for AMC1, AMC2 and AMC3,
espectively. The presence of remnant slag was observed, in a
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Fig. 8. DTA and TGA thermograms of the slag.
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reater amount for materials AMC1 and AMC3, as well as the
uperficial oxidation of the cups by the atmospheric oxygen that
verlapped to the slag corrosion.

The aspect of cups after corrosion tests suggested that the
aterial more susceptible to the attack of the tested basic slag
as AMC2, which showed extensive slag penetration and wear;

t was followed by AMC3, which exhibited less wear and very
ow slag penetration. AMC1 at the end, showed a higher resis-
ance to slag corrosion (little penetration and low percentage of
orroded area).

The analysis of refractory–slag interfaces by SEM/EDS was
arried out looking at the reacted matrix and the different kind
f aggregates present in each material. A high deterioration of
he bonding phase was observed in every AMC material, man-
fested in the presence of the resin used to pack the specimen
n this region, due not only to the slag corrosion but also the
rocesses taking place within the material at high temperature
resin pyrolisis and graphite oxidation, in principle). The state of
he matrix at the interface with the slag prevented the analysis of
he presence or absence of graphite in this region by SEM/EDS
s well as the in  situ  MgAl2O4 spinel.

SEM images of the tabular alumina aggregates of AMC1,
MC2 and AMC3, together with the phases identified by EDS

dotted lines indicate the refractory–slag interface) are shown
n Fig. 10. The analysis of the particles pointed out the pres-
nce of elements such as Mg and S, absent in the original state
f the bricks, and an increase in Na content, which suggested
he penetration of the melt into this type of aggregates. Since
he slag did not contain an appreciable amount of sodium, the
mount of this element was attributed mainly to the dissolution
f the fine tabular alumina particles of the matrix, which have
a2O·11Al2O3 (�-alumina) as typical impurity.
In general, calcium aluminates were identified as has

een reported in the literature when alumina is attacked by
aO–MgO–Al2O3–SiO2 slags. The formation of successive lay-
rs of these phases, each one with different composition, was
bserved around the aggregates (indirect corrosion30), although
he boundaries between layers were diffuse, even more so in
MC2 and AMC3. Calcium hexaluminate (CA6) formed a very

hin continuous layer next to the aggregate. This phase was the
roduct of the reaction of alumina, whose concentration had
een increased locally due to the dissolution of the particle in
he melt, with the CaO present in the slag. The presence of this
ayer is beneficial if it behaves as a physical barrier, protecting
he refractory from a further attack on the slag and provided that
t is continuous and thick.35 The reduced thickness of the layer
round the tabular alumina aggregates questioned the protective
ole of CA6 in these cases.
As the distance from the alumina aggregate to the slag and
a content increased, CA2 with low proportion of Al2O3 was
referably formed, and CA later. It is possible that the formation
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Fig. 9. Cross surfaces of AMC cups treated at 1450 ◦C. (black lin

f CA2 preceded the CA6 phase35 due to the latter’s reaction
ith the Al2O3 from the melt or the solid aggregate. Appar-

ntly, CA2 also constituted a continuous layer surrounding CA6.
hases with even lower proportions of Al2O3, such as C3A or
12A7, were identified within the slag, which could correspond

o components of the original slag crystallized during cooling.
On the other hand, the interaction between tabular alumina

ggregates of AMC refractories and the basic slag led to spinel
gAl2O4 (MA) formation, which was detected near the tabular

lumina particle, as has been reported by other authors.36 The
resence of spinel favours corrosion resistance by the dissolu-

ion of ions, mainly those of iron. However, the effectiveness
f the corrosion protection by the indirect corrosion mechanism
s partially linked to the fact the new phase forms a continuous

A
r
a

ig. 10. Tabular alumina particles (TA) corroded by the slag. (C3A = 3
S = CaO·SiO2, C2AS = 2CaO·SiO2·Al2O3, CAS2 = CaO·Al2O3·2 SiO2, M = MgO, 
iginal hole’s surface; white line: hole’s surface after slag attack).

ayer in front of the solid particle. The MA layer was continuous
n AMC1, as can be observed in Fig. 10, but spinel was present as
n isolated particle or cluster of particles in AMC2 and AMC3.
his difference in the feature of spinel when corundum particles
re attacked by CMAS slag has been attributed to differences in
he MgO concentration in the melt.36 The amount and size of
hese spinel clusters seemed greater in AMC2 than in AMC3,
ttuned to its higher content of MgO, which could be dissolved
n the liquid.

Moreover, ternary phases containing SiO2 were identified in
he vicinity of the tabular alumina aggregates of AMC3 and

MC2; this included gehlenite (C2AS) and anorthite (CAS2),

espectively. These ternary phases are responsible for the appear-
nce of liquid at temperatures near 1250 ◦C.8 Meanwhile, the

CaO·Al2O3, CA = CaO·Al2O3, CA2 = CaO·2Al2O3, CA6 = CaO·6Al2O3,
MA = MgO·Al2O3, AT = Al2O3·TiO2, Fe = Fe0.)
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Fig. 11. Brown electrofused alumina aggregates (EF) corroded by the slag (gp: glassy phase). (C3A = 3CaO·Al2O3, C12A7 = 12CaO·7Al2O3, CA = CaO·Al2O3,
CA2 = CaO·2Al2O3, CA6 = CaO·6Al2O3, C2S = 2CaO·SiO2, CS = CaO·SiO2, C2AS = 2CaO·SiO2·Al2O3, CAS2 = CaO·Al2O3·2SiO2, CMS2 = CaO·MgO·2SiO2,
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The high concentration of sodium in the particle–slag
interface that formed binary phases with titanium

Fig. 12. Bauxite aggregate (Bx) in AMC3 corroded by the slag.
A = MgO·Al2O3, T = TiO2, AT = Al2O3·TiO2, Fe = Fe0, gp: glassy phase.)

inary phase CS (CaSiO3) was identified in AMC1. This phase
nvolves liquid formation at temperatures higher than 1400 ◦C.37

he high SiO2 concentration close to the aggregates was a con-
equence of the dissolution of the finest particles in the matrix,
eing the components with a higher content of silica: bauxite in
MC3 and sintered magnesia in AMC2.
SEM images of the brown electrofused alumina aggregates

EF) of AMC refractories attacked by the slag are shown in
ig. 11 (dotted lines indicate the particle–slag interfaces). Sim-

lar characteristics were observed in the three materials with
espect to the coarse tabular alumina particles. Furthermore, a
igh level of Ti was detected in AMC3 (significantly higher than
hose of AMC1 and AMC2), thus forming Al2TiO5 or rutile
TiO2). This great amount of titanium in AMC3 was attributed
o the presence of fine bauxite particles in the matrix that locally
ncreased the content of ions present as impurities in this raw
aterial (Si+4, Ti+4 and Fe+2/+3, mainly) when they dissolved.
he local concentration was favoured by the high viscosity of

he melt, which severely reduced the ionic mobility and the
omogenization of ion concentrations.

Coarse bauxite particles, only present in AMC3, exhibited a
trongly attacked interface with the slag, and infiltration of the
iquid through grain boundaries (presence of ions which were
bsent in the original aggregates) as can be observe in Fig. 12.
he same phases identified near corroded tabular alumina and EF
articles were basically detected here. However, the CA phase
6
as hardly detected, and the MgAl2O4 phases did not crys-

allize as a continuous layer next to the particle. Binary (C2S)
nd ternary (C2AS) Si-containing phases were detected in the

(
C
M
N

mmediate region next to the aggregate, to the contrary of what
as observed in the corroded tabular and brown electrofused

lumina particles. In this sense, the additional contribution of
iO2 caused by dissolution of coarse bauxite particles was
C3A = 3CaO·Al2O3, CA = CaO·Al2O3, CA2 = CaO·2Al2O3, CS = CaO·SiO2,

2S = CaO·2SiO2, C2AS = 2CaO·SiO2·Al2O3, CAS2 = CaO·Al2O3·2SiO2, M =
gO, MA = MgO·Al2O3, A3S2 = 3Al2O3·2SiO2, AT = Al2O3·TiO2, NT6 =
aO·6TiO2.)
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Fig. 13. Sintered magnesia aggregate (SM) in AMC2 corroded by the slag (a) and carbon mapping in the interface region (b). (C3A = 3CaO·Al2O3,
C12A7 = 12CaO·7Al2O3, CA = CaO·Al2O3, CA2 = CaO·2Al2O3, C3S = 3CaO·SiO2, C2S = 2CaO·SiO2, C3S2 = 3CaO·2SiO2, C2AS = 2CaO·SiO2·Al2O3,
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3MS2 = 3CaO·MgO·2SiO2, M = MgO, MA = MgO·Al2O3, G = graphite.)

NT6 = NaO·6TiO2) was striking. As expected, the amount
f Ti was also great taking into account the composition of
auxite. The presence of phases with a high proportion of Si
round the bauxite, which was glassy in nature (‘gp’ in Fig. 12),
as the result of the additional important contribution of SiO2
ue to dissolution of the superficial layers of the own aggregate
nd fine particles of the matrix. This was a factor contributing
o the low corrosion resistance of this type of particle, as has
een pointed out in the literature.9

Finally, sintered magnesia aggregates (Fig. 13), which were
nly present in AMC2 material, showed a severe slag attack
hrough the grain boundaries and direct corrosion30 with spinel

gAl2O4 formation; this agrees with observations by other
uthors.38 Different zones are distinguished in image (a) of
ig. 13. From the left to the right of the image (Fig. 13a), in

he first zone labelled as I, the penetrated aggregate, but without
 severe attack, was observed. Beside this zone, an intermediate
egion II was found where the particle, partially reacted with the
lag, formed spinel. The texture of this phase suggested a solid
tate reaction as the periclase particle came into contact with
he Al+3 of the melted slag, but without a complete previous
issolution of MgO. The mapping of carbon (Fig. 13b) shows
he presence of the pack resin, indicating severe deterioration
n this region. Finally, the region III was defined, where phases
ormed with the ions incorporated into the melt by the complete
issolution of the outer layers of the particle, mainly Mg+2, and
a+2 and Si+4 in lower proportions, were identified. The aspect
f the spinel detected in this last region suggested that it was
ormed by precipitation from the liquid,38 which was saturated
n MgO, contrary to that of zone II.

Binary and ternary phases, such as C3S and merwinite
C3MS2), were identified between zones I and II, which sug-
ested the presence of ‘inner slag’, as has been reported by Wang
t al.38 The ion Si4+ was also generated by the dissolution of

agnesia particles; binary (C2S and C3S) and ternary (C2AS)

hases containing this component were therefore detected in
one III.

r
i
i
C

The calcium aluminate accompanying spinel was CA2, while
3A and C12A7 were detected closer to the slag and which could
e phases belonging to the unreacted slag that re-crystallized
uring cooling (only Ca linked to Al and Si in phases such as
ehlenite or anorthite has been reported in literature). Within the
lag, spinel was present as small isolated clusters of particles.
he spinel crystals’ features were consistent with a reduction in

he Mg+2 concentration as the distance from the sintered magne-
ia particle increased. The fact that MA spinel had precipitated
ithout continuity envisaged a low inhibition to corrosion by

his phase.

.6.  Analysis  of  the  determining  factors  of  corrosion

An approximate thermodynamic analysis of the interaction
f AMC refractories with the basic slag used in this study can
e performed considering the main components of both systems
refractory and slag): Al2O3, CaO and MgO. In Fig. 14, the loca-
ion of the global compositions of each refractory (black points)
nd the slag (grey point) within the isothermal section at 1450 ◦C
n the condensed phases equilibrium diagram Al2O3–CaO–MgO
FactSage v.6.3.1.) is shown. Compositions corresponding to
MC1 and AMC3 are in equilibrium with the same liquid LI

grey square). Liquid LII (also identified with a grey square) is
n equilibrium with AMC2 at 1450 ◦C.

Since the composition of the slag is different from those liq-
ids (LI and LII) in equilibrium with the (simplified) refractory
ompositions, dissolution of the three AMC materials in contact
ith this slag is expected, as has been experimentally verified.
ecause the difference between the composition of LI and the

lag is greater than the difference between LII and the slag, the
issolution of AMC1 and AMC3 would be higher than that of
MC2. On the other hand, once the simplified composition of
efractories AMC1 and AMC3 reacts with the slag and shifts
n the direction indicated by the arrows in Fig. 14, the compat-
ble phases would be spinel MA, corundum and a liquid with
aO and Al2O3 as the major components. For the composition
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Fig. 14. Isothermal section of Al2O3–C

orresponding to AMC2, the equilibrium phases would be MA
pinel, periclase and a liquid similar to the previous one.

Bearing in mind the experimental results that showed AMC2
s undergoing the highest corrosion, it can be asserted that the
hemistry of the (global) systems did not determine the differ-
nces between the corrosion behaviour of AMC refractories and
he basic slag studied here. This demonstrates the importance
f minor components and, on the other hand, the effect caused
y the local ion concentration at the slag–refractory interface,
hich strongly depends on the diffusion rate of species (kinetic

actor) as well as microstructural and textural effects. None of
hese factors were considered in the thermodynamic estimation.

However, several of the phases detected in SEM/EDS anal-
ses of the corroded cups (Section 3.2) agreed with the
hermodynamic prediction: (a) spinel at the attacked region
eighbouring the alumina aggregates, and (b) periclase and
pinel around the magnesia particles in AMC2. Regardless, other
xperimentally identified phases, such as the CA6, were not
quilibrium phases. Calcium hexaluminate was a product of the
eaction of lime coming from the melted slag with Al2O3, the
oncentration of which was locally increased by the dissolution
f particles containing corundum and the slow diffusion of ions

kinetic factor).

The presence of a continuous layer of MgAl2O4 spinel in
ront of the tabular and brown electrofused alumina particles

e
p

gO equilibrium diagram at 1450 C.

n AMC1, whereas this solid precipitated as an isolated parti-
les in AMC2 and AMC3 since, was another result related to
he competition between the kinetic and thermodynamic fac-
ors. It evidenced that the local MgO concentration was higher
n AMC1, even when AMC2, for example, had the highest nom-
nal content of MgO (∼6 wt.% in AMC1 and ∼27 wt.% p/p in
MC2). According to the study of thermal evolution (Section
), a greater amount of spinel was formed and/or faster spinel-
zation took place in AMC1 with respect to AMC2 and AMC3.
his in  situ  spinel formed in the matrix is usually characterized
y a fine granulometry, and the reaction could generate poros-
ty; for these reasons, these particles are expected to dissolve
asily into the melt, thus releasing Mg+2 and Al+3. Another fea-
ure related to these same factors was the higher definition that
he CA6 layer around the tabular alumina particles had, whereas
his solid was difficult to detect around bauxite (in AMC3). This
ifference was attributed to a higher concentration of Al2O3
round the TA coarse particles compared with bauxite, because
he presence of ions such as Si+4, Ti+4 and Fe+2, which came
rom the dissolution of the matrix, had a dilution effect on Al2O3;
n consequence, the tendency of calcium hexaluminate to form
ecreased.
In the case of coarse sintered magnesia particles, the pres-
nce of calcium aluminates, which are non-equilibrium solid
hases, suggested that the local concentration of Al2O3 and CaO
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ncreased, thus favouring its formation. Conversely, it has been
eported in literature that Ca is associated with Si and Mg in
orming ternary phases, thus indicating that in the present cor-
osion tests there was less homogenization of the species into
he melt (favoured by the absence of stirring).

Since the global chemical composition was discarded as the
etermining factor behind the corrosion of the AMC refrac-
ories and the basic slag evaluated in the present work, other
actors have to be considered. Taking into account the composi-
ion and microstructure of aggregates composing AMC1, AMC2
nd AMC3, it could be considered that susceptibility to the basic
lag attack will be higher for sintered magnesia and bauxite par-
icles due to their grain boundaries and secondary phases, which
iminish the liquid viscosity,35 as well as the presence of sili-
on in both cases, which forms ternary phases with low melting
oints (such as anorthite and gehlenite). Due to the reduction in
he amount of grain boundaries and the increase in grain size,
F aggregates will be more resistant to corrosion, although the
resence of Ti could limit this ability.35 Finally, TA is the type
f particle that undergoes little degradation (even the difference
ith electrofused particles has been questioned35).
The higher proportion of tabular alumina in AMC1 would

ontribute to its higher corrosion resistance with respect to
MC2, which contains the greater amount of sintered magne-

ia, and AMC3, which is the only refractory formulated with
auxite.

Considering the refractory as a whole, another aspect having
 strong influence on the corrosion behaviour is the porosity,
n particular, the apparent porosity, the interconnection between
ores (or permeability), and the pore sizes. In this sense, the
riginal AMC2 brick has the highest values of open porosity and
ermeability, and an intermediate pore size. Moreover, accord-
ng to the experimental data indicated in Fig. 2, the apparent
orosity of AMC2 tended to be the highest up to 1400 ◦C (except
fter treatment at 1000 ◦C) and a similar evolution of perme-
bility could be expected, with both factors contributing to the
igher degradation exhibited by this refractory with respect to
MC1 and AMC3. At the other extreme, AMC3 has the low-

st amount of open pores, of small size, and with permeability
ignificantly lower than that of AMC2 and AMC1. Moreover,
he apparent porosity remained below the value reached by the
ther two materials at 1400 ◦C. However, even though AMC3
isplayed corrosion resistance higher than that of AMC2, this
efractory underwent more degradation than AMC1 due to the
resence of bauxite, a smaller quantity of tabular alumina and a
ecreased tendency to undergo spinelization as the temperature
ncreased.

Regarding the content of graphite, unfortunately, the poor
tate of the bonding phase of corroded cups inhibited the detec-
ion of flakes at the refractory–slag interfaces. On the other
and, it was hard to determine the extent of graphite oxidation
y atmospheric O2 or FeO coming from the slag30 by observ-
ng the corroded cup cross sections only. The low amount of

ron in the slag composition suggested that its contribution to
raphite loss according to the general mechanism of corrosion
f oxide–C refractories proposed by Lee and Zhang30 was very
mall.

t
i
fi

eramic Society 35 (2015) 1621–1635

The results of the study with respect to direct oxidation of
raphite in air (Section 2) suggested that if the partial loss
f graphite occurred during the corrosion tests and rather less
t the refractory–slag interface, it was likely that the original
rder of graphite content, AMC1 < AMC3 < AMC2, would have
een inverted. Regardless of whether the graphite was lost in

 significant way at the interface region or not, the role of
his component was not a determining factor in the difference
bserved between the AMC refractories. Even so, it is pos-
ible that the loss of graphite had some impact on the high
usceptibility of AMC2 to the basic slag studied in the present
ork.

.  Conclusions

From the evaluation of the chemical wear of three commercial
MC refractories at high temperatures against O2 from air and
asic slag, conditions to which the bricks could be exposed dur-
ng service, variations in their behaviour were, in general, related
o the primary differences in their composition, i.e., the content
f magnesia and the type of alumina source. These variables
irectly influence the slag corrosion of AMC refractories. Other
icrostructural and textural factors, together with their thermal

volution, also affected this behaviour; these were determining
actors affecting the susceptibility of AMC refractories to attack
y oxygen from air since the process was controlled by diffusion
f the gas into the material. In this way, compositional factors
ndirectly affected resistance to the direct oxidation of graphite
hrough their effect on the packing, the open porosity and the
nterconnection between pores (permeability).

It was established that the AMC2 refractory, which contains
he higher proportion of sintered magnesia in the medium-
ized and fine fraction, is the most susceptible to corrosion by
oth agents. Its lower resistance to air oxidation was deter-
ined by the factors that controlled the entrance of oxygen

nto the material: open porosity, initial permeability and their
hange as temperature increased up to 1400 ◦C. They affected
he pyrolisis of resin as well as the direct oxidation of graphite.

oreover, the smaller size of the graphite flakes also had an
nfluence on their susceptibility to be oxidized. The same fac-
ors contributed to the liquid slag corrosion as well as the high
roportion of sintered magnesia particles in AMC2, which are
he more reactive components against slag. Although it could
e expected that the formation of fine spinel in the matrix is
ncouraged in AMC2 by its greater amount of MgO, the exper-
mental results showed an opposite tendency, which negatively
nfluenced the response of this refractory against the melted
lag.

As for the other two refractories, AMC3 is the material with
he highest resistance to air oxidation among the three studied
ricks due to its small value of apparent porosity, even when
emperature increased, low permeability and pore size, and the
igher inherent resistance to oxidation of its own graphite flakes.
eanwhile, AMC1 exhibited the highest liquid corrosion resis-
ance, mainly due to a larger amount of tabular alumina, which
s the most chemical resistant particle, and the facility to form
ne MgAl2O4 spinel when temperature rises up.
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V. Muñoz et al. / Journal of the Europ

cknowledgment

This work was supported by the Agencia Nacional de Pro-
oción Científica y Tecnológica (ANPCyT) of Argentina under

he Project “Degradación termoquímica y termomecánica de
efractarios óxido-C de uso siderúrgico” (PICT2006N◦ 1887).

eferences

1. Koley RK, Rao KAV, Askar S, Srivastava SK. Development and appli-
cation of Al2O3–MgO–C refractory for secondary refining ladle. In:
Proceedings of the Unified International Technical Conference on Refrac-
tories UNITECR’01. 2001.

2. Tassot P, Etienne F, Wang J, Atkinson P. New concepts for steel ladle lin-
ings. In: Proceedings of the Unified International Technical Conference on
Refractories UNITECR’07. 2007. p. 462–5.

3. Chatterjee S, Eswaran R. Optimization of slag corrosion resistance and
thermal expansion in Al2O3–MgO–C brick. In: Proceedings of the Unified
International Technical Conference on Refractories UNITECR’09. 2009.

4. Sasajima Y, Yoshida T, Hayama S. Effect of composition and magnesia par-
ticle size in alumina–magnesia–carbon refractories. In: Proceedings of the
Unified International Technical Conference on Refractories UNITECR’89.
1989. p. 586–603.

5. Watanabe A, Takahashi H, Takanaga S, Goto N, Matsuura O, Yoshida S.
Thermal and mechanical properties of Al2O3–MgO–C bricks. Taikabutsu
Overseas 1990;10(3):137–47.

6. Gupta AD, Vickram K. Development of resin-bonded
alumina–magnesia–carbon bricks for steel ladle applications. Interceram
1999;48(5):307–10.

7. Kamiide M, Yamamoto S, Yamamoto K, Nakahara K, Kido N. Dam-
age of Al2O3–MgO–C brick for ladle furnace. J Tech Assoc Refract Jpn
2001;21(4):252–7.

8. Resende WS, Stoll RM, Justus SM, Andrade RM, Longo E, Baldo JB, et al.
Key features of alumina/magnesia/graphite refractories for steel ladle lining.
J Eur Ceram Soc 2000;20:1419–27.

9. Pötschke J, Deinet T, Routschka G, Simmat R. Properties and corrosion of
AMC-refractories. Part II: corrosion by steel/slag. In: Proceedings of the
Unified International Technical Conference on Refractories UNITECR’03.
2003. p. 584–7.

0. Camerucci MA, Galliano PG, Cavalieri AL, Tomba Martinez AG. Chemical
wear of commercial magnesia–carbon refractories bricks in air. Interceram
2012;61(4):198–204.
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