Papers
Al2O3–SiO2 Nano-Bonded Castables
Containing a Boron-Based Sintering Additive
E. Prestes, A. P. Luz, C. Pagliosa, M. A. M. Brito, V. C. Pandolfelli

A suitable alternative to reducing the starting sintering temperature of ceramic compositions is based

on using small contents of mineralizing compounds that may speed up the reaction rate and/or induce
the generation of a transient liquid phase in the resulting microstructure. This work addresses the evalu
ation of the thermomechanical behaviour (up to 1000 °C) of three vibratable refractory castables, mainly
comprising tabular alumina, mullite or fused-silica aggregates and containing a boron-based mineralizing
agent and colloidal silica as a binder. Hot modulus of rupture, in situ hot elastic modulus and XRD measurements were carried out in order to characterize the samples’ behaviour. Additionally, a complementary
analysis based on equilibrium phase diagrams of Al2O3–SiO2, Al2O3–B2O3 and Al2O3–SiO2–B2O3 systems
was also performed to explain the interaction of the selected boron-based compound with the different
raw materials. The attained results indicated that the selected mineralizing additive led to the generation
of a liquid phase at intermediate temperatures (>400 °C), which interacts with the castables’ components, resulting in different reaction products. The Al2O3/SiO2 ratio in the formulations’ matrix fraction
affected these phase transformations. Despite the presence of a liquid phase in the castable structure, the
SiO2-rich compositions did not reduce their mechanical strength at 1000 °C, which is associated with the
fact that silica may be incorporated by the liquid, changing its properties (i.e., increasing the liquid viscosity). The designed refractories are suitable options to be used in petrochemical and aluminium production
processes.

Introduction
Boron-based additives can be added to refractory systems in order to speed up the
in situ reaction between MgO and Al2O3,
resulting in spinel (MgAl2O4) generation at
lower temperatures. Due to this important
feature, such compounds are also classified as mineralizers, as their incorporation
(in reduced amounts) into ceramic compos
itions can also induce the formation and/or
crystallization of other phases at high temperatures [1].
Mineralizers usually act: (i) speeding up
the reaction rate in a system, (ii) changing the viscosity and surface tension of the
formed liquids (affecting the growth rate
and morphology of crystalline compounds),
and (iii) reducing the temperature for the
generation of a certain phase and also increasing its stability. However, using such
additives needs to be optimised especially
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in refractory products in order to avoid high
amounts of liquid phases at high temperature that may affect their refractoriness
[1, 2].
Boron-containing compounds (i.e., B4C,
borosilicates, etc.) are used as antioxidants
in MgO–C refractories, as they induce the
formation of B2O3 and 3MgO·B2O3 during the first heating treatment of these
compositions. At high temperatures, these
latter phases are found as liquids and
they act closing the pores and/or coating
the carbon surface (halting its oxidation)
[3, 4]. Besides that, recent studies have
shown that simultaneously adding colloidal
binders and a boron-based compound to
refractory castables is a suitable route for
designing high performance materials for
the aluminium and petrochemical industries
[5–7]. As reported by Braulio et al. [5], this
improved behaviour was based on the gen-
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ments were carried out in the range between 30–1000 °C (heating and cooling
cycles, with a heating rate = 2 °C/min) using the bar resonance technique (ASTM C
1198-91) [11]. After the first thermal treatment up to 1000 °C of the previously dried
(110 °C/24 h) castable samples, a second
heating and cooling cycle was also performed in order to evaluate whether further
changes could still take place and affect the
castables’ stiffness.
Due to its higher reactivity and aiming to
identify the phase transformations in the
matrix fraction (particle size <100 µm) of
the designed compositions, XRD analyses
of the matrix samples fired at 600, 815
and 1000 °C for 5 h were carried out.
After firing the materials at the selected
temperatures, they were ground below
42 µm. The obtained powders were placed
in sample holders and evaluated using
Bruker equipment (D8 Focus, CuKα radi
ation [λ = 1,5406 Å] and a nickel filter,
using 40 mA, 40 mV and a scanning step
of 0,021°).

1st cycle

Results and discussion
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Fig. 2 shows the elastic modulus changes
with temperature for the designed cast
ables. According to the attained results,
after their first heating, all evaluated systems presented a significant E increase
above 700 °C, reaching values around
60 GPa (alumina), 55 GPa (mullite) and
35 GPa (silica) at 1000 °C. This behaviour
is associated to the generation of a liquid
phase (B2O3) that speeds up the samples’
sintering, favouring a faster densification of
the refractories [5, 6].
On the other hand, during the cooling
step, the alumina-containing composition
(Fig. 2 a) showed a continuous increase
of the sample’s stiffness (up to 80 GPa),
whereas the mullite one kept the E results
close to 60 GPa. Moreover, the silica-based
castables presented an elastic modulus drop
below 500 °C (Fig. 2 c), indicating that the
original raw materials, as well as the generated phases during this first thermal treatment were not well accommodated in the
resulting microstructure. Consequently, the
presence of cracks and flaws induced the
decrease of the samples’ stiffness due to
the thermal expansion mismatch among
the components contained in the silicabased material.

2nd cycle

1st cycle

Temperatura
Temperature (ºC)

Fig. 2 a–c Elastic modulus changes with temperature for: (a) alumina, (b) mullite, and (c)
silica-based castables (before the first thermal cycle, all samples were previously cured
at 50 °C for 24 h, and dried at 110 °C for another 24 h)

A further E decrease detected during the
second heating cycle of the Al2O3-containing sample (Fig. 2 a) highlighted that a li
quid phase was still present in this system
at high temperatures (>800 °C), resulting in the softening of the castable structure. This effect was not observed for the
other evaluated compositions (mullite and
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silica-containing materials). Furthermore,
it is important to point out that the main
transformations that took place in the first
thermal treatment of the refractories were
permanent, as the E values achieved during
the second heating and cooling of the samples were kept at the same level as the ones
reached at the end of the 1st test. The only
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Fig. 3 Hot modulus of rupture of the nano-bonded refractory castables
Tab. 2 Estimated chemical composition of the castables’ matrix
Oxides [mass‑%]

Designed Castables
Alumina

Mullite

Silica

Al2O3
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37,04
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53,70

B2O3
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3,68

9,25

exception was the silica-based castable, as
due to the initial raw materials used in this
formulation (70 mass‑% of coarse fused
silica aggregates and 16 mass‑% of tabular

alumina) and the different thermal expansion behaviour of these components, crack
formation was still observed and corrob
orated by the continuous elastic modulus
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decrease during the 2nd cooling step of this
refractory.
The sintering effect derived from adding
Al powder and a boron-based compound
to the designed formulations can also be
supported by the hot modulus of rupture
(HMOR) measurements. As highlighted
in Fig. 3, the alumina-based composition
showed a marked increase of its mechan
ical strength from 400 °C up to 815 °C.
Moreover, the same trend observed in the
E measurements was also attained in the
HMOR values for this castable, as the mechanical strength decreased at 1000 °C
due to the liquid phase generation in the
samples’ microstructure at this testing condition. This distinct behaviour (compared
to the other evaluated systems) indicated
that, depending on the blend of alumina,
silica and boron oxide, it might result in the
formation of compounds with low melting
temperatures, affecting the overall refrac
toriness and thermomechanical properties
of such compositions.
Considering the Al2O3–B2O3–SiO2 equilibrium phase diagram and the chemical com
position of the castables’ matrix (Tab. 2, as
this is the most reactive fraction of the formulations), additional analyses were carried
out in order to explain the phase transform
ations responsible for the main changes in
the refractories´ performance. Fig. 4 indicates that mullite(ss) and silica should be
the phases present in the matrix fraction
of the alumina and mullite-based compos
itions at 815 °C, whereas for the silica-one,
mullite, silica and liquid should be found.
Comparing the diagrams shown in Fig. 4–5
(the latter represents the Al2O3–SiO2–
10 mass‑% B2O3 system), the phases generated in the evaluated castables at higher
temperatures (>815 °C) can be identified.
Due to the similar transformations observed
for the mullite and alumina-based matrix
compositions, the following discussions
will be mainly focused on the alumina and
silica-containing materials.
Mullite, silica and liquid should be found in
the silica-based castable from 800 °C up to
1200 °C according to the thermodynamic
equilibrium condition. Above 1200 °C, all
silica can be dissolved, resulting only in
mullite and liquid (Fig. 5). On the other
hand, the alumina-containing material
may be comprised by mullite and silica in
the 800–1000 °C range, but the liquid

composition of the designed castables.
110

refractories WORLDFORUM

Fig. 6 presents the Al2O3-B2O3-SiO2 liquidus projection diagram in combination

9 (2017) [3]

when the new compatibility triangle is drawn (dashed line) comprising the final
composition of the liquid phase (at the invariant reaction point), a shift of the triangle
vertex is observed (compared to the one with the solid line). This change indicates that a
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high content of B2O3 might be incorporated into the mullite(ss) structure in this latter
condition.
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presence is only predicted to be found at
temperatures higher than 1000 °C. Based
on these data, the liquid crystallization path
can be described from the point where the
liquid phase reaches the line that delim
itates the mullite and silica fields (Fig. 5).
Fig. 6 presents the Al2O3–B2O3–SiO2 liquidus projection diagram in combination
with the isothermal section at 1000 °C for
the same system in order to point out the
lines that delimitate the mullite(ss) field.
The liquid phase of the silica-based matrix
intercepts the line between the SiO2 and
mullite fields at approximately 1200 °C,
according to the triangle (solid red line) associated with the silica-mullite-liquid equilibrium. Nevertheless, with the temperature
decrease, the liquid composition will follow
the changes indicated by the red dotted
line located at the bottom of the diagram
shown in Fig. 6, resulting in silica and/or
mullite precipi
tation until it reaches the
point associated to the invariant reaction
that takes place at 810 °C (Tab. 1). When
the liquid phase presents the chemical composition and temperature (810 °C) highlighted by the blue circle in Fig. 6, Al4B2O9
and SiO2 should be generated. Another important aspect is related to the mullite solid
solution, as due to the non-stoichiometry of
this compound, when the new compatibility
triangle is drawn (dashed line) comprising
the final composition of the liquid phase (at
the invariant reaction point), a shift of the
triangle vertex is observed (compared to the
one with the solid line). This change indicates that a high content of B2O3 might be
incorporated into the mullite(ss) structure in
this latter condition.
Regarding the alumina-based matrix
com
pos
ition (Fig. 7), the mullite-silica-li
quid compatibility triangle (red solid line)
was drawn from the isothermal curve at
1100 °C, which intercepts the line between
the mullite and silica fields. This triangle will
be shifted (red dashed line) with the temperature decrease, inducing the precipita
tion of mullite and silica down to 1000 °C.
At this condition, the liquid cooling step
will not progress according to the invariant reaction described before, because the
point that represents its initial composition
(Fig. 7) will not be inside the new compatibility triangle. Thus, all remaining liquid
should give rise to mullite crystals. Consequently, from 1000 °C down to 800 °C,
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mullite and silica should be the main components in equilibrium.
Based on the evaluation of the crystallization path of the liquid phase contained in
the castables’ matrix, the Al2O3/SiO2 ratio
of these compositions will not only affect
the reaction steps but also the liquid features as, depending on the selected temperature, different silica contents should be
dissolved into the liquid of each system up

to 1200 °C. However, the discussion presented above only takes into consideration
the thermodynamic aspects without paying
attention to the kinetic of these transformations. For instance, most likely mullite generation should not be observed by just heating the alumina-based castable samples at
1000 °C and keeping them for 5 h at this
temperature, as such a short thermal treat- 12
ment will not allow all the reactions to take
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Fig. 6 Superposition of the Al2O3–B2O3–SiO2 isothermal section at 1000 °C and liquidus
Fig. diagrams
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in diagrams.
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matrix)
projection
The red
solid and
dashed lines point out the crystallization

path of the liquid contained in the silica-based castable’s matrix.
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Regarding the alumina-based matrix composition (Fig. 7), the mullite-silica-liquid
compatibility triangle (red solid line) was drawn from the isothermal curve at 1100°C,
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from 1000°C down to 800°C, mullite and silica should be the main components in
equilibrium.
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∆G600 °C = –546,9 kJ, ∆G815 °C =
–519,6 kJ, ∆G1000 °C = –492,8 kJ
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other evaluated systems (mullite and silica)
but, as no significant change in the hot
modulus of rupture values was detected
at this temperature, it is assumed that this
phase did not affect this property to a greater extent. Therefore, the performance of the
evaluated refractory systems containing a
boron-based compound is associated to the
features of the resulting liquid phase, which
directly depends on the Al2O3/SiO2 ratio of
the ceramic matrix.
Fig. 10 presents the X-ray diffraction results
for the alumina, mullite and silica-based
castable samples fired at 600 °C, 815 °C
and 1000 °C for 5 h. The main identified
phases were alumina, mullite and silica. For
the materials fired at high temperatures, this
latter component was also associated with
the silica fume and colloidal SiO2 (binder)
crystallization. Aluminium was still detected
in the samples fired at 600 °C for 5 h, but
a decrease of their related peak intensity
and Si generation with the temperature increase (up to 1000 °C) were detected in all
the evaluated compositions. These results
indicate that an oxi-reduction reaction [14]
(eq. 1) took place in the castables’ matrix.

(c)

Intensity

B2O3

(1)
Fig. 10 a–c XRD profiles: (a) alumina, (b) mullite, and (c) silica-based castables fired at
different temperatures; A = Al2O3, B = Al, C = Si, D = SiO2, G = mullite, and E = Al4B2O9

9 (2017) [3]
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Fig. 11 a–b SEM images and EDS mapping of Al and Si for a high-alumina colloidal silica-bonded castable after firing at:
(a) 815 °C, and (b) 1000 °C for 5 h [6]

SEM images and EDS mapping analysis (carried out in a previous study by the
authors [6]) of Al and Si elements contained
in high-alumina colloidal silica-bonded
castable samples also pointed out that the
transformation indicated in eq. 1 was observed after firing this sort of refractory at
1000 °C for 5 h (Fig. 11).
According to the reaction products of eq. 1,
Al2O3 formation should have a positive ef114

fect on the refractories’ properties, improving their densification and mechanical resistance [6, 15]. Thus, the sintering additives
evaluated in this paper acted at different
temperatures (boron-based compound induced liquid generation above 400 °C and
Al reacted with fine silica above 600 °C)
and by distinct mechanisms.
The A2B phase was only identified in the
high-alumina refractory fired at 1000 °C

for 5 h. This result is in agreement with
the previous analysis of the phase equilibrium diagrams of the Al2O3–B2O3–SiO2
and Al2O3–B2O3 systems, which pointed
out the generation of this compound in
compos
itions presenting high alumina
content. According to the in situ hot elastic
modulus measurements, the sintering effect
and benefits (inducing higher mechanical
strength and faster densification) of adding

refractories WORLDFORUM
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a boron-based compound to the evaluated
refractories are very clear. Furthermore, the
present work highlighted that the amount
of the Al2O3 and SiO2 contained in the formulation matrix should directly affect the
role of this sintering additive.

Final remarks
According to the attained results, a marked
elastic modulus increase was observed for
the nano-bonded Al2O3–SiO2 castables up
to 1000 °C mainly due to the sintering effect induced by the boron-based compound
used in this work. Based on the analysis
of the Al2O3–SiO2–B2O3 phase diagram,
the action of this additive is related to the
generation of a liquid phase at intermediate
temperatures (>400 °C) that interacts with
the castables’ components, resulting in the
formation of different reaction products. The
Al2O3/SiO2 ratio in the formulations´ matrix
fraction affects these phase transform
ations, as alumina-rich compositions induce
the generation of 2Al2O3·B2O3 during the
first heating of the castables. Nevertheless,
according to the peritetic reaction predicted
to take place in the Al2O3–B2O3 system at
1000 °C, the decomposition of this aluminium borate should increase the liquid phase
content at this temperature, resulting in the
decrease of the hot modulus of rupture of
the alumina-based samples. Despite the
presence of a liquid phase in the castable
structure, the SiO2-rich compositions did
not reduce their mechanical strength at

refractories WORLDFORUM

1000 °C, which is associated to the fact
that silica may be incorporated by the liquid, changing its properties (i.e., increasing
the liquid viscosity). Considering the thermomechanical performance presented by
the designed compositions, these refractories are suitable options to be used in the
petrochemical and aluminium production
processes.
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