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Abstract The performance of high-alumina refractories
used for aluminium casting significantly impacts the effi-
ciency of metal production. The interfacial reactions with
Al-alloys cause corundum and magnesium spinel deposi-
tion on the refractory surface, leading to refractory degra-
dation. An experimental study was conducted to investigate
the influence of varying barium sulphate (BaSO,) con-
centrations in a high-alumina refractory on its interfacial
reactions with molten Al-alloy in a horizontal tube furnace
at 1523 K (1250 °C) under inert conditions. This study
showed that the Al-alloy reactions with pure BaSO4 would
form barium aluminates at the interface. However, in the
Al-alloy/refractory system, the interfacial behaviour was
strongly influenced by the relative amount of BaSQOy, such
that up to 5 wt%, the extent of alloy penetration into the
refractory increased with increasing BaSO, contents.
Electron-probe micro-analyser and X-ray diffraction stud-
ies indicated that the composition of the interface for these
refractories was augmented with barium silicates and
diminishing anorthite phases. In the presence of 10 wt%
BaSO,, the extent of metal penetration into the refractory
decreased, whilst for 20% BaSQ,, the penetration was
higher; these results were attributed to the interfacial
presence of celsian (BaAl,Si,Og) and unreacted barium
sulphates, respectively. This study suggests that maximis-
ing the celsian formation at the interface is critical for
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optimising the BaSO, concentration for improving the
refractory’s performance for Al-casting.

Introduction

Aluminium manufacturing is an energy-intensive process
where a quarter of the energy consumed is used for melting
and holding furnace operations [1]. In aluminium cast
houses, the behaviour of the refractory materials lining the
treatment furnaces has a major impact on the efficiency of
hot metal processing and the quality of hot metal produced
[2]. The melting furnaces usually operate over the tem-
perature range 973-1673 K (700-1400 °C) [3, 4], and their
refractory linings undergo corrosive failure due to molten
metal reactions [4, 5]. These reactions lead to the formation
of an interfacial buildup on the refractory surface, which
reduces the efficiency and service life of the refractory
lining [6]. The formation of these deposits is associated
with stress fractures, whilst their removal by scraping can
damage the lining.

High-alumina refractories are now commonly used in
casting furnaces [7, 8]. Previous studies have analysed the
interfacial behaviour of pure Al/Al,O5 systems for metal—
ceramic composites [9-14]. However, this is considerably
different to Al-casting refractories due the different forms
and contents of silica present in the high-alumina refractory
as well as the different alloying constituents (Mg and Zn)
present in the metal. Furthermore, the complexity of the
interfacial behaviour in these systems is enhanced greatly
by the presence of non-wetting agents, making it difficult
to interpret the refractory behaviour based on the findings
from the pure Al/Al, O3 system alone.

Refractory corrosion by molten metals/alloys begins
with the initiation of wetting reactions at the interface and
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is subsequently followed by metal penetration and forma-
tion of secondary phases such as corundum or spinel [15—
19]. In addition to the thick buildup on the refractory walls
formed by the secondary phases, the alloy also gets con-
taminated through the refractory reactions. Several factors
affect the refractory reactions with Al-alloys. The effect of
physical properties (such as the porosity, surface roughness
and particle sizes) as well as the processing conditions on
the interfacial behaviour of Al/Al,O5 systems have been
well documented [10-18, 20-23]. However, there is lim-
ited understanding of the effect of non-wetting additives
(such as barium sulphate (BaSO,) on the interfacial reac-
tions of the Al-alloy/high-alumina refractory system, and
there is also an ambiguity about the mechanisms involved
[24]. Silica reduction by Al-alloys is one of the major
reactions that contributes to corundum buildup and metal
contamination [5, 22] (Eq. 1).

3Si02(refractory) + 4A1(melal) - 2A1203(corundumdeposit)
+ 3Si(metal) (1)

Silica is often added to improve the thermo-mechanical
properties of refractories [24-26] and can occur as free
quartz, mullite and microsilica. Even though mullite is the
most thermodynamically stable phase in the Al,03-SiO,
phase diagram, it can also be reduced by molten Al similar
to silica, though at a slower rate [22].

Often, non-wetting additives such as barium sulphate
(BaSQ,), calcium fluoride (CaF,) and aluminium fluoride
(AlF3) [23-29] are added to the refractories to improve
their corrosion resistance to molten alloys; the nature and
quantity of the agents is believed to be influenced by the
composition of the refractory [23]. However, there are
uncertainties with regard to both their application in high-
alumina refractories and the relevant mechanisms [30].
BaSO, is believed to form barium aluminosilicates
(BaAl,Si,0Og), and this decreases the free silica available
for reduction [24, 27]. However, the effect of BaSO, in
aluminosilicate refractories (>25 wt% Si0O,) has been
reported to significantly change at temperatures >1323 K
(1050 °C) such that the alloy penetration increased. This
was attributed to either the structural transformation of the
barium aluminosilicate phase (from hexacelsian to celsian
(BaAl,Si,0g)) [24] or due to metakaolin decomposition to
mullite and free silica [31]. Hexacelsian is only stable close
to 1873 K (1600 °C), though it can form as a metastable
phase during the transformation of celsian (BaAl,;Si,Oyg),
and is often retained at lower temperatures owing to the
slow kinetics of celsian formation [32]. Even though some
studies suggested that celsian is more reactive to the alloy
than hexacelsian [24], others have shown that the presence
of celsian in the refractory helps to resist molten aluminium
reactions and subsequent penetration [28].

This article presents an investigation of the interfacial
behaviour of high-alumina refractories with Al-alloy 7075
in the presence of BaSO, at 1523 K (1250 °C) in an inert
atmosphere in order to clarify the mechanisms of the
interfacial reactions. Electron Probe Micro Analysis
(EPMA) and X-ray diffraction (XRD) data are presented to
highlight the strong influence of the concentration of
BaSO, in the alloy-refractory reactions at the interface.
The observed interfacial phases were found to be consistent
with thermodynamic predictions.

Experimental

Barium sulphate (BaSO,4, ~99% purity) and industrial
grade high-alumina refractory samples were obtained from
Shinagawa Refractories Australasia Pty Ltd. Table 1 gives
the composition of the base refractory. Substrates were
made by blending 0, 1, 3, 5, 10 and 20 wt% BaSO, to the
refractory, and the samples prepared are referred to as BRO,
BRI, BR3, BR5, BR10 and BR20, respectively. Chemical
grade alumina (Aldrich, Steinheim, Germany) and silica
(Sigma, St. Louis, MO) with 99% purity were also used in
this study.

The substrates were prepared by compacting 2.5 g
refractory powder under 7 tonne hydraulic load for 1 min.
The substrate after compaction had a diameter of 20 mm
and a thickness of 3—4 mm. The compacted substrates were
heated at 1523 K (1250 °C) for 2 h in order to minimise
the effect of gas evolution from the substrates. A narrow
size range (<50 pm) was used to minimise the effect of
particle size on the surface properties. Calcium aluminate
binder present in the refractory mix ensured complete
sintering of the substrates during the heat treatment stage.

Al-alloy 7075 was used due to its aggressive nature of
reactions with the refractory (Table 2). The alloy was
freshly cut in the form of cubes (~0.2 g) and then cleaned
ultrasonically in acetone for 15 min. A horizontal furnace
(Fig. 1), frequently used in interfacial studies [33—-37], was
used here as well. Before starting the experiments, the

Table 1 Chemical composition of the refractory without additive
(BRO)

Phases Ale'; 5102 Fe203 T102 CaO
Approx wt% 83 11 1 2 3
Table 2 Chemical composition of Al-alloy 7075

Element Al Zn Mg Cu Fe, Si
wt% 91 5 24 1 <0.2
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Fig. 1 Schematic of the sessile drop experimental setup used for
conducting the interfacial studies 850°C
20 30 40 50 60 70

furnace was purged with high purity argon gas (99.999%
purity, <1 ppm O,) at 2 L/min for 30 min. The alloy
specimen was then kept on the preheated refractory sub-
strate which was then located on a graphite sample holder.
This assembly was then inserted into the furnace hot zone
in the presence of purging argon. All the tests were con-
ducted at 1523 K (1250 °C) for 2 h.

Due to the very low solubility limit of oxygen in alu-
minium, extremely low equilibrium partial pressure of
oxygen (10~** Pa) is required to avoid complete oxidation
[38, 39]; this is practically difficult to achieve under normal
experimental conditions. At our test temperature of 1523 K
(1250 °C), the oxidation effect was insignificant on the
interfacial reactions as the oxide layer is believed to break
up above 1273 K (1000 °C) [40]. Moreover, transient
phases were easier to identify due to high intensity of
reactions at these temperatures [33, 34]. A spherical and
symmetrical droplet was formed after melting of the
irregular alloy piece within 2-3 min after the start of the
experiment, as was also observed in previous studies [30,
33, 34].

Siemens D5000 X-ray diffractometer using Cu Ko
radiation (30 kV, 30 mA) was used to confirm the presence
of crystalline phases using a finely crushed powder of the
refractory specimens. The scattering intensity data were
collected over an angular range 15-90° at the rate of one
degree/min and a step size (resolution) of 0.05°.

The metal-refractory specimen was embedded in epoxy
resin, and the interface was polished to a 0.5 pm finish.
Elemental distribution at the metal-refractory interface was
examined using EPMA (Cameca SX50). The EPMA was
run using WDS (Wavelength Dispersive Spectroscopy)
mode at 15 kV and 20 nA current. A symmetrical grid size
(512 x 512 pm or 1024 x 1024 pm) was selected to map
the elemental concentrations of Al, Mg, Si, O, Ca, Baand S
in various regions of the metal-refractory interface. SEM
(Scanning Electron Microscopy, Hitachi S-3400X) was also
used to analyse the interfacial microstructure of the polished
samples. BSE (Back Scattered Electron) images were taken

@ Springer

Diffraction Angle (26 Cu-K,)

Fig. 2 XRD patterns showing the thermal stability of BaSOy, in the
absence of Al-alloy after heat treatment for 2 h at different
temperatures (R-Structurally different Barium sulphate, all other
peaks are original BaSO,)

of the interfacial regions, whilst the porosity of the samples
was estimated from the microstructural images using
Image-J processing software. The polished samples were
carbon-coated before EPMA or SEM analysis to improve
the conductivity of the substrates.

Results and discussion
Thermal decomposition of BaSQO,4

Thermodynamically, barium sulphate is believed to not
decompose to BaO until 1823 K (1550 °C) [41-43]. How-
ever, in our conditions, it appears to have decomposed even
at 1523 K (1250 °C) as seen in a previous study [30]. To
understand the decomposition behaviour as well as the
reactions of BaSO, with the refractory constituents, differ-
ent sets of experiments were conducted. Pure barium sul-
phate samples were heat-treated at temperatures varying
from 1123 to 1523 K (850-1250 °C) in the furnace under
argon atmosphere, and then the phase transformations in the
sample were analysed using X-ray diffraction (Fig. 2).
Figure 2 shows that the major peak positions and intensities
of BaSO, did not change after heat treatment for 2 h at any
of the temperatures [1123 K (850 °C), 1323 K (1050 °C)
and 1523 K (1250 °C)]. However, careful examination of
the XRD pattern at 1523 K (1250 °C) shows a few addi-
tional minor peaks which were attributed to the modification
of lattice parameters (analysed using Philips Xpert High
Score). This suggests that BaSO, did not change its structure
up to 1323 K (1050 °C), whilst at 1523 K (1250 °C), minor
structural transformations occurred in the material which
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could be related to the loss of sulphur-containing species
through decomposition reactions. Weight loss calculations
further revealed a change of less than 5% in the samples
heated at 1523 K (1250 °C), which could be due to the
decomposition reactions. The weight loss in the samples
heated at the lower temperatures was less than 1%.

Thermal decomposition of BaSO, with silica
and alumina

Figure 3 shows the XRD patterns of the BaSO, mixture
(Wt%) with Al,O5 (1:1) and SiO, (1:1) after heating for 2 h
at 1523 K (1250 °C). In the case of the alumina mixture,
barium aluminates (BaAl,O,4) are the major phase formed
as seen by the highest intensity of its peaks; alumina and
unreacted barium sulphates are also present (Fig. 3a). In
the case of silica, barium silicate is formed whilst peaks of
residual quartz (initial form of silica) and barium sulphate
are also seen (Fig. 3b). Weight loss calculations of
the BaSO,/Al,O; and BaSO0,/SiO, mixtures indicated
losses of 15 and 20%, respectively, which are attributed
to the release of SO, and O, gases due to decomposition
accompanying the reactions. This is supported by other
studies which have shown that barium aluminate formation
occurs through the reactions of Al,0O; with BaO (formed
from BaSO, decomposition) even at temperatures close to
1373 K (1100 °C) [44]. Moreover, these results indicate
that BaSO, decomposition is enhanced in the presence of
alumina and silica.

Figure 4 shows the XRD pattern of the mixture of
Al,O3, SiO, and BaSO, (1:1:2 wt%) after heat treatment
for 2 h at 1523 K (1250 °C); this is to simulate the sum of
the two ratios used previously. In this case, celsian is
clearly the major reaction product. Celsian formation could
occur through an overall reaction combining the decom-
position step, as given by Eq. 2 [45].

Fig. 3 XRD patterns of equal (a)
mixtures (by weight) of a Al,0O;

and BaSQ, and b SiO, and

BaSOQ, after heat treatment at

1523 K (1250 °C) for 2 h in the
absence of Al-alloy (A-Barium
aluminate, C-Alumina, R-

Barium Sulphate, B-Barium

Silicate and Q-Quartz) A

BaSO, + AL, O3 + 2510, — BaAl;Si,0g + SO, + 1/202
(2)

Effect of BaSO,4 concentration on celsian formation
after heat treatment

Figure 5a compares the XRD patterns of the refractory
samples having varying BaSO, concentrations after heating
at 1523 K (1250 °C), whilst Fig. 5b shows the magnified
view of the critical peaks in the angular range (260) 20-30°.
All the heated samples showed that the highest intensity
peak to be of alumina (Al,O3), which was expected due to
the high-alumina content in the refractory. It must also be
noted that the alumina is present as the phase corundum
(¢-alumina). The XRD analysis of sample BRO (not pre-
sented here) showed that in addition to alumina, some
mullite is present [30].

20 ' 30 40 . 50 60 70
Diffraction Angle (26 Cu-Kg)
Fig. 4 XRD pattern of a mixture of Al,O3, SiO, and BaSOy, in a ratio

of 1:1:2 by weight after heat treatment at 1523 K (1250 °C) for 2 h in
the absence of Al-alloy (X-Celsian)

(b)
B

20 30 40 50

Diffraction Angle (26 Cu-K,)

60 70 20 30 40 50 60 70
Diffraction Angle (26 Cu-K)
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Fig. 5 Effect of heat treatment
at 1523 K (1250 °C) for 2 h on
refractories containing varying
BaSO, contents in the absence X R
of Al-alloy a major peaks in the
angular range of 20-80°
(diffraction angle 20 Cu Ka)
and b magnified view of peaks
in the range 20-30°

(a)
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From the figure, in sample BR1, small peaks of mullite
and anorthite can be seen in addition to the alumina peaks.
Comparison of the XRD patterns of samples BR1, BR3 and
BRS5 showed that as BaSQO, increases to 3 and 5 wt%, the
intensity of mullite and anorthite peaks decreases such that
they completely disappear in sample BRS. The change in
these peaks was also accompanied by the simultaneous
increase in the intensity of barium silicate peaks. In sam-
ples with BaSO4 > 10 wt% (BR10 and BR20), barium
occurs as barium aluminosilicate—celsian (BaAl,Si,Og)
rather than as barium silicate. The XRD pattern of sample
BR20 also showed that barium sulphate peaks are present,
implying that the barium sulphate was not completely
consumed in the reactions with the other refractory
constituents.

At low BaSO, concentrations (1 wt%), the cement
phase, usually a combination of calcium aluminates
(CaAl,0O,4) and calcium dialuminates (CaAl4O;), reacts
with silica and mullite in the refractory to form anorthite.
Under the tested conditions, thermodynamically (based on
FACT-Sage calculations [46]) these reactions could occur
as shown by Eqgs. 3 and 4. The Gibbs free energy for these
reactions was in the range from —70 to —85 kJ at 1523 K
(1250 °C).

CaA14O7 + ZSIOQ — CaAIQSi208 + A1203
CaAl,O4 + 2Si0O, — CaAl,SiOg

(3)
(4)

With increasing addition of BaSO, (3-5 wt%) to the
refractory, the anorthite content showed a corresponding
decrease whilst the formation of barium silicates is enhanced.
The increasing BaSO, content reacts with SiO, (quartz/
microsilica) or mullite present in the refractory to form
barium silicates. However, BR3 and BRS5 samples indicated
the presence of barium silicates without any barium

@ Springer

aluminates. This could be attributed to the greater
reactivity of amorphous microsilica present in the
refractory compared to alumina [29] leading to increased
chances for barium silicate formation in the refractory within
the experimental time as compared to aluminates [29].
Furthermore, with increase in the BaSO, content >10 wt%,
barium silicates start to react with alumina and silica in the
refractory to form celsian. Our observation of celsian
formation is consistent with a past study in which barium
silicates were the precursor to celsian formation (Eq. 5) [32].
Moreover, these observations are consistent with those based
on pure mixtures discussed earlier in “Thermal
decomposition of BaSO,4 with silica and alumina” section.

Ba,Si0, + 2AL 05 + 3Si0, — 2[BaAl,Si,Os] (5)

Interfacial behaviour of the Al-alloy/refractory system

For all the samples, the EPMA of the alloy droplets indi-
cated complete loss of Zn from the alloy as is often the case
in industrial conditions. The loss of Zn alloy decreases the
viscosity, which would then increase the intensity of the
interfacial reactions and associated metal penetration [47]

Effect of BaSO,

A heat-treated pure BaSO, substrate was reacted with the
Al-alloy at 1523 K (1250 °C) for 2 h. Figure 6a and b
shows the interfacial region between the Al-alloy and the
BaSO, substrate. Pores ranging in size from 50 to 200 pm
can be seen in the substrate which confirms the loss of
gaseous sulphur oxides as a consequence of BaSO,
decomposition to BaO and SO,. This is further substanti-
ated through a lower than expected distribution of sulphur
in the substrate as seen from the elemental mapping. The
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loss of sulphur results in localised regions rich in barium
oxides in the substrate (Fig. 6b).

Figure 6a further shows that the molten Al-alloy has
penetrated to a depth of 100 pm in the BaSO, substrate,
leaving a layer of barium aluminates at the interface. This
shows that in the absence of silica and alumina, the reac-
tions with the Al-alloy result in the formation of barium
oxides and barium aluminates. In the refractories which
contain Al,O; and SiO, in addition to BaSQOy, the reactions
would involve both in situ reactions between the refractory
constituents as well as individual reactions with the
Al-alloy.

Effect of anorthite and alumina

Figure 7a and b illustrates the typical Mg and Al maps,
respectively, whilst Fig. 7c shows the combined mapping
of Al and Mg elements illustrating their association. A
similar system of combining the elemental maps is fol-
lowed for all the other interfacial images.

In the absence of any additive, the elemental mapping of
the interface between the refractory BRO and the Al-alloy
after reactions for 2 h at 1523 K (1250 °C) shows that
alumina and Mg-spinel are the major phases in the system
(Fig. 7c). After the completion of the test, a small portion
of the refractory sample containing a Mg-spinel layer (of
50-80 pm thickness) was strongly attached to the alloy.
The same figure further shows that the molten alloy pen-
etrated to a depth of 150-200 pum from the interface. Mg is
believed to initially vaporise and preferentially reduce the
refractory oxides [24, 26], thereby making the refractory
more prone to subsequent aluminium attack. The typical
refractory discoloration associated with the initial reduc-
tion by Mg, which was clearly seen in other studies [24, 33,
34], was also observed in these samples. The reactions of

Fig. 6 Elemental mapping of
the a interface and b interior
region of the substrate
(magnified image of the region
shown in inset in a) for the
Al-alloy/BaSO, system after
reactions for 2 h at 1523 K
(1250 °C) (Ba-O indicates
barium oxide, Ba—Al-O
indicates barium aluminates)

the alloy constituents (Mg and Al) have been discussed in
detail previously [34].

Figure 8b shows the interfacial region between the
Al-alloy and the BR1 system after reactions for 2 h at
1523 K (1250 °C). From the figure, it is seen that the Mg
from the alloy has penetrated into the refractory to an
average depth of 200 pm, and the reaction has mainly
occurred with the calcium aluminosilicate phases, rather
than with the alumina grains. Mg reactions with anorthite
would form Mg-spinel and magnesium calcium silicate
(MgO-2Ca0-2Si0,—akermanite) which would be further
reduced to merwinite or calcium aluminate phases by
reactions with the Al-metal [34]. Moreover, these reactions
would result in the diffusion of elemental Si into the molten
alloy. Furthermore, Al reacts with anorthite to form cal-
cium aluminosilicates and calcium aluminates, and the
reactions with the aluminosilicates would cease with the
formation of a thick interfacial penetrated layer, or once all
the products have been reduced to Mg-spinel or calcium
aluminates [33, 48].

Figure 8b further reveals that a refractory layer
(50-70 pm thick) is bonded strongly to the Al-alloy, whilst
a thin layer (<10 pm) is observed to line the interface
between the alloy and the bonded refractory portion, which
is seen to be comprising sulphur-rich species. This layer
has formed due to the reactions of sulphur oxides released
from the decomposition of BaSO, with the calcium cement
phases present close to the interface, as they passed through
the bulk refractory, leading to the formation of CaSO, at
the interface. The localisation of the sulphur layer close
to the interface indicates that the gases such as SO, cannot
diffuse through the alloy easily and tend to be trapped at
the interface. The continuity of this layer is believed to
decrease further reactions/penetration of the alloy into the
refractory.

§‘th regio

>
"
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Fig. 7 Elemental mapping of
the interface between Al-alloy
and BRO substrate after
reactions at 1523 K (1250 °C)
for 2 h, showing the distribution
of a Mg, b Al and ¢ Al map with
Mg mapping superimposed.

d BSE image (50x) of the
interfacial region (rectangle
shows the region considered for
elemental maps)

Fig. 8 a BSE image (50x) of .
the interfacial region (rectangle (a)
shows the region considered for
the elemental mapping) and

b elemental mapping of the
Al-alloy/BR1 refractory
substrate after reactions at

1523 K (1250 °C) for 2 h

(Ba phases indicate primarily
barium silicates, Si—O indicates
silica and Mg phases indicate
Mg-penetrated regions)

Al-Alloy

BR1 refractory

Effect of barium silicates

Figure 9b shows the interfacial changes in the Al-alloy/
BR3 refractory system after reactions for 2 h at 1523 K
(1250 °C). From the figure, it is observed that the Mg
phases have penetrated into the refractory to a depth of
almost 300 um from the interface. Moreover, a thin
(<10 pm) sulphur-rich interfacial layer is present between

@ Springer

BRO refféétory

Al-Alloy

BR1 refractory

the alloy and the refractory, whilst barium-rich regions
deficient of sulphur containing phases were present in the
bulk refractory.

Figure 10b shows the BRS refractory after reaction with
the alloy for 2 h at 1523 K (1250 °C). From the figure, it is
clear that the Mg penetration into the refractory was even
more extensive (depth of more than 300 um) than in the
case of sample BR3. Furthermore, in both these samples,
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Fig. 9 a BSE image (50x) of
the interfacial region (rectangle
shows the region considered for
the elemental mapping) and

b elemental mapping of the
interfacial region for the
Al-alloy/BR3 refractory
substrate after reactions at
1523 K (1250 °C) for 2 h

(Ba phases indicate primarily
barium silicates, Si—O indicates
silica and Mg phases indicate
Mg-penetrated regions)

Al-Alloy

BR3 refractory

Fig. 10 a BSE image (50x) of
the interfacial region (rectangle
shows the region considered for
the elemental mapping) and

b elemental mapping of the
interfacial region for the
Al-alloy/BRS5 refractory
substrate after reactions at

1523 K (1250 °C) for 2 h

(Ba phases indicate primarily
barium silicates, Si—O indicates
silica and Mg phases indicate
Mg-penetrated regions)

Al-Alloy

BR5 refractory

barium phases were found to be present surrounding the Si-
rich grains, and EPM analysis revealed them to be barium
silicates. These phases formed at the grain boundaries are
poorly crystalline and this explains their increased reac-
tions with Mg from the alloy.

Similar to the previous systems, Mg vapour penetration is
believed to initiate the interfacial reactions. Mg reacts with
the barium silicates reducing them to elemental Si which is
picked up by the alloy (Eq. 6). Further barium silicate
reduction by aluminium metal occurs next, resulting in the
formation of barium aluminates and elemental Si (Eq. 7).
The formation of barium aluminates stops the reactions, as
they are not reduced by the aluminium metal. The reduction
of barium silicates in the refractory samples BR3 and BRS is
consistent with the extent of penetration observed in these
samples. The Gibbs free energy values for these reactions
were approximately —150 kJ at 1523 K (1250 °C) [46].

2[BaSiOs] + 2Mg — BaySiO4 + 2MgO + Si (6)
3[Ba28i04] + 4Al — 2[B33A1206] + 3Si (7)

Effect of celsian and unreacted BaSO,4

Figure 11b shows the elemental mapping for the interface
between the refractory BR10 and the Al-alloy after

~ Al-Alloy

BR3 refracfory

Al-Alloy

BRS5 refractory

reactions for 2 h at 1523 K (1250 °C), whilst Fig. 12b
shows the interfacial mapping for the BR20/Al-alloy sys-
tem after reactions for 2 h at 1523 K (1250 °C). Compar-
ing Fig. 11b with Figs. 9b and 10b, it is clearly seen that
the extent and continuity of Mg penetration into the
refractory is considerably reduced (less than 100-150 pm)
as compared to samples BR3 and BRS5. Moreover, the
refractory matrix is rich in barium-containing phases,
which are believed to be either celsian or a product formed
by celsian reactions with the Al-alloy. Even though some
studies have suggested that celsian could be reduced by
Al-alloy [49], the kinetics of the reaction are retarded by
the formation of barium aluminates and alumina at the
interface which would prevent further reactions of the
refractory with the alloy.

From Fig. 12b, it is also observed that in sample BR20,
there are even some regions where Ba and S phases are
closely associated, indicating the presence of unreacted
BaSO,. This clearly confirms that the decomposition of
barium sulphate is influenced by the relative presence
of silica and alumina in the refractory, with the presence of
silica believed to be more crucial owing to its greater ease
of reactions with BaSO, due to its presence as amorphous
microsilica. However, the increased presence of barium
sulphate in the refractory would result in increased
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Fig. 11 a BSE image (50x) of
the interfacial region (rectangle
shows the region considered for
the elemental mapping) and

b elemental mapping of the
interfacial region for the
Al-alloy/BR10 refractory
substrate after reactions at

1523 K (1250 °C) for 2 h

(Ba phases indicate primarily
celsian and Mg phases indicate
Mg-penetrated regions)

Al-Alloy

BR10 refractory

Fig. 12 a BSE image (50x) of
the interfacial region (rectangle -
shows the region considered for o
the elemental mapping) and P
b elemental mapping of the E'
interfacial regions for the
Al-alloy/BR20 refractory
sample after reactions at 1523 K
(1250 °C) for 2 h (Ba phases
indicate primarily celsian,
Ba-S-O indicates unreacted
barium sulphates and Mg phases
indicate Mg-penetrated regions)

BR20 refractory

reactions with the alloy (as seen in “Effect of BaSO,”
section), leading to generation of volatiles, which would
subsequently increase the porosity in the refractory,
thereby enhancing the alloy penetration into the refractory.
The porosity of the BR20 samples was estimated to be
close to 30 vol%, which is higher than that observed for the
other samples (15-20 vol%), and this explains the greater
penetration observed in the former sample.

Table 3 summarises the average alloy penetration into
the different refractory samples, and this can be considered
to be an indicator of the refractory performance. The
additive range of BaSO, used and its influence on refrac-
tory performance can be understood as follows.

At low concentrations (<1 wt%), the BaSO, amount is
insignificant to have any effect on the refractory behaviour.
At this concentration level, anorthite is the major species
present in the refractory other than corundum, and their
combined presence results in a slight improvement of the

Table 3 Average alloy penetration into the refractory samples

Sample BRO BR1 BR3 BR5 BRI10 BR20

Average penetration ~200 ~170 >300 >300 ~125 ~170

depth (um)

@ Springer
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BR10nrefractc;~ry
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BR20 refractory

resistance to metal penetration. The positive effect of
anorthite in improving the corrosion resistance was also
seen in the case of high-alumina refractory samples con-
taining CaF, (in 1-3 wt%) [34].

When BaSOy, is in the range 3-5 wt%, barium silicate
formation occurs due to reactions between BaSO, and
silica-containing phases in the refractory. The barium sil-
icates are glassy phases which undergo reactions with the
Al-alloy and allow for greater metal penetration into the
refractory. Also at these concentrations, the anorthite is too
low to have any impact on the resistance to metal reactions
and penetration. Samples containing CaF, in a similar
range were observed to show much greater resistance to
penetration due to the combined effect of the additive
coupled with anorthite formation [34].

At higher concentration ranges (10 wt% and above),
barium aluminosilicate—celsian is observed to form due to
the reactions of barium silicates with excess alumina in the
refractory. This results in an improvement in the corrosion
resistance leading to the retardation of the alloy penetration
into the refractory. Thus the optimum level with regard to
barium sulphate addition to high-alumina refractories has
been determined to be 10 wt% in this study. From a pre-
vious study focusing on CaF, addition, the optimum con-
tent was determined to be <5 wt% since above this level,
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glassy phases consisting of anorthite matrix with CaF,
crystallites were formed which enhanced reactions with the
alloy leading to extensive alloy penetration [34].

Conclusions

A study of the interfacial behaviour of Al-alloy with a
high-alumina refractory was carried out to investigate the
effect of BaSO, contents in the refractory on the interfacial
reactions at 1523 K (1250 °C). The following conclusions
were made:

This study showed that barium sulphate decomposes at
the experimental temperatures in the presence of
alumina, and silica and this was the initial step leading
to the formation of barium aluminates, silicates or
aluminosilicates depending on the relative concentra-
tions of the initial species.

Barium sulphate reacts with molten Al-alloy resulting
in the formation of barium aluminates at the interface.
Sulphur dioxides are released during the decomposition
at this temperature, and this would result in the
formation of a highly porous matrix containing barium
oxides.

In all the samples tested at 1523 K (1250 °C), alumina
was the dominant interfacial product as expected. In the
absence of any additive, the reactions between the
refractory and the Al-alloy led to the formation of
alumina and Mg-spinel phases close to the interface.
At 1 wt%, BaSQy, anorthite was also formed due to the
reactions of the calcium cement phases with the
refractory constituents. However, with the increase in
the BaSOy4 content to 5 wt%, barium silicate formation
occurred at the expense of anorthite. Samples with
BaSO, contents between 3 and 5 wt% reacted strongly
with the alloy, with extensive penetration of Mg from
the alloy into the refractory (>300 pm), and the
reduction of barium silicate phases. However, the
presence of these glassy barium silicate phases pre-
vented the Mg phases from penetrating to further
depths into the refractory, and also prevented Mg
reactions with alumina to form spinel.

Further increase in the additive content to 10 wt% and
more resulted in the formation of celsian, which caused
a decrease in the intensity of reactions with Al-alloy,
owing to its role in lowering the free silica available for
reaction with the alloy. This resulted in a decrease in
the alloy penetration (<150 pum) into the refractory in
these samples.

However, samples which contained higher BaSO,
contents (20 wt%) showed greater penetration of the
alloy (~ 170 pm). This is attributed to the presence of

unreacted excess BaSO, which would be reduced by
the alloy leading to increased porosity formation due to
the loss of SO, during the reactions.
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