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The performance of spinel forming refractory castables is mainly related to their slag corrosion and thermal shock behaviors. Concerning the thermal shock resistance, the aggregate selection is an important issue, as it can reduce the crack propagation and refractory
damage. Therefore, this work addresses the effect of different aggregate sources (tabular alumina, electro-fused or sintered pre-formed
spinels and electro-fused magnesia) in calcium aluminate cement
(CAC)-bonded refractory castables. The calcium hexaluminate (CA6)
formation and its distribution throughout the castable microstructure
played an outstanding role in the thermal shock resistance, pointing
out the need for an appropriate microstructural design in order to attain a suitable performance during the castable application.
1 Introduction
Spinel-containing (MgAl2O4) refractory
castables are widely used in the secondary
steel-making processing equipment, mainly
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due to their outstanding basic slag resistance [1–4]. Besides corrosion, this class of
castables should be able to withstand thermal cycling, retaining its mechanical integrity and inhibiting crack propagation which
would increase the slag penetration. Considering these aspects, thermal shock resistance is an important issue when designing
spinel-forming castables.
In order to initiate the crack propagation,
the thermal stresses must be higher than the
refractory mechanical strength, which is easily attained for thermal shocks in the range
of 600 ºC to 1200 ºC. Thus, the most suitable alternative would be to minimize the
damage [5, 6].
Besides selecting materials with lower thermal expansion coefficient (α), high thermal
conductivity and diffusivity, as well as lower
elastic modulus (E), in order to increase the
thermal shock resistance, other suitable
ways of increasing the refractory crack propagation resistance should be analyzed.
Among them, the aggregate selection, the
design of the pore size distribution, the liquid phase viscosity based on the purity and
selection of raw materials, the microcracking
network and the presence of needle-like
shaped phases are practical options which
deserve further studies.

Concerning the aggregates, they can inhibit
the crack propagation via two routes: by
crack deflection and as a barrier, if the crack
is trans-granular.
The micro-crack network also leads to further energy dissipation [7]. The higher their
amount, the higher the refractory fracture
energy would be. Nevertheless, micro-cracking, depending on its amount per volume,
results in crack coalescence, reducing its
overall content but increasing its size. This
could result in further drawbacks, such as
lower slag infiltration resistance and lower
mechanical strength. In spinel-forming refractory castables, micro-cracks can be generated by in-situ formation of expansive
phases (MgAl2O4 and CA6) [8–10] or due to
differential thermal expansions during heating or cooling [11–13].
Refractory toughening can also be induced
by the presence of high aspect ratio phases.
For calcium aluminate cement-bonded
spinel-containing castables, this can be attained by the in-situ formation of calcium
hexaluminate (CA6), which, for liquid containing systems, results in acicular morphologies [14, 15]. According to Fuhrer et al.
[16], the interlocked CA6 plates or needles
would provide good thermal shock resistance, due to toughening mechanisms such
as crack bridging and deflection. The interlocked CA6-matrix-aggregate microstructure
also induces higher castable hot modulus of
rupture and creep resistance [17].
Considering that the thermal shock damage
understanding of spinel-forming refractory
castables is essential for a suitable performance in steel ladle working conditions and
that Sarpoolaky and colleagues [18] have already highlighted the effects of larger grains
on the slag corrosion of low-cement containing castables, this work addressed the
performance of various aggregate sources
(tabular alumina, pre-formed spinel or electro-fused magnesia) for spinel-forming and
CAC-containing castables regarding their
thermal shock resistance.
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Vibratable castable compositions were designed according to the Alfred particle packing model (q = 0,26) [19]. The castables’
matrix comprised 6 mass-% of dead-burnt
magnesia (< 45 µm, 95 mass-% of MgO,
CaO/SiO2 ratio = 0,37, Magnesita Refratários S.A., Brazil), 1 mass-% of microsilica (971U, Elkem, Norway) and 7 mass-% of
reactive alumina (CL370, Almatis, USA). Tabular alumina (d ≤ 6 mm, Almatis, Germany),
sintered spinel (d ≤ 6 mm, 90 mass-% Al2O3
and 10 mass-% MgO Almatis, Germany),
electro-fused spinel (d ≤ 4,75 mm, 76 mass% Al2O3 – 24 mass-% MgO, Magnesita Refratários S.A., Brazil) and electro-fused
magnesia (d ≤ 4,75 mm, 97 mass-% MgO,
CaO/SiO2 = 3,5, Magnesita Refratários S.A.,
Brazil) were used as refractory aggregates.
An electro-steric dispersing agent was
added in order to ensure the matrix dispersion (BASF, Germany) and 4,1 mass-% of
water provided a suitable molding under vibration. Tab. 1 shows the castable compositions.
After mixing, the castables were shaped
(25 x 25 x 150 mm3) and following their
processing (1 d curing at 50 ºC in a humid
environment, 1 d drying at 110 ºC and prefiring at 600 ºC for 5 h), they were fired at
1150, 1300 and 1500 ºC for 5 h (heating
rate = 1 °C/min) in order to evaluate the
cold modulus of rupture (CMOR, 3-pointbending tests), the permanent linear expansion (PLE), the apparent porosity and the cycling thermal shock resistance.
The mechanical evaluation was conducted
according to the ASTM C133-94 standard
using MTS testing equipment (MTS Systems,
Model 810, USA). SEM analyses were carried out using a JEOL JSM 5900 LV microscope, whereas phase evaluation (mainly
CA6) was attained by XRD quantitative
analyses (TOPAS 4.1, Bruker, Germany). The
apparent porosity of the fired samples was
measured by the Archimedes technique in
kerosene and the permanent linear expansion (PLE) was evaluated by the difference
between the initial and final length of bar
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Compositions [mass-%]
Raw materials

TA

Sp90

Sp76

Mag

Tabular alumina (d ≤ 6 mm)

62

0

0

0

Sintered spinel (alumina-rich,
90 mass-% Al2O3, d ≤ 6 mm)

0

62

0

0

Electro-fused spinel (alumina-rich,
76 mass-% Al2O3, d ≤ 4,75 mm)

0

0

62

0

0

0

0

72

25

25

25

15

Dead burnt magnesia (d ≤ 45 m)

6

6

6

6

Silica fume

1

1

1

1

Calcium aluminate cement

6

6

6

6

Electro-fused magnesia
(d ≤ 4,75 mm)
Reactive and tabular alumina
(d ≤ 200 m)

4,0

(a)

3,0
2,0

PLE [%]

2 Materials and techniques

Tab. 1 Castable compositions evaluated in this work

1,0

1100
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1400

1500

(b)

Apparent porosity [%]

Additional tests were carried out (permanent linear expansion, SEM and XRD quantitative analyses, thermal expansion coefficient measurements) in order to provide microstructural information and support to the
thermal shock attained results.
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Fig. 1 a) Permanent linear expansion (PLE) and b) apparent porosity as a function of the
firing temperature

samples, before and after firing at 1150,
1300 and 1500 ºC for 5 h.
Concerning the thermal shock test, the
castables were subjected to several heating
and cooling cycles. The samples were placed

2 (2010) [3]

into a furnace chamber previously heated up
to 1025 ºC and kept at this temperature for
15 min. Afterwards, they were withdrawn
from the furnace and cooled in air, leading to
a thermal gradient of roughly 1000 ºC. After
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Fig. 2a Modulus of rupture and b) elastic modulus as a function of the firing temperature
Tab. 2 Modulus of rupture, before and after 10 thermal shock cycles

Thermal shock damage (for castables fired at 1500 ºC)
TA

Sp90

Sp76

Mag

Mechanical strength [MPa]

29,7 ± 0,7

26,0 ± 2,1

30,9 ± 1,6

11,0 ± 1,3

Mechanical strength - after 10
thermal shock cycles [MPa]

5,7 ± 2,3

1,5 ± 0,3

0

0

15 min at room temperature, the cycling was
repeated as required.
The thermal shock damage was evaluated by
the elastic modulus measurements (bar resonance – ASTM C-1198 standard) as a function of the thermal cycles (0, 2, 4, 6, 8 or 10
cycles). Considering that a non-destructive
test was used, the elastic modulus decay
was followed in the same sample, as a function of the thermal shock cycling.

3 Results and discussion
Fig. 1 shows the permanent linear expansion
(PLE) and apparent porosity results as a
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function of firing temperature (1150, 1300
or 1500 ºC for 5 h), pointing out that the refractory aggregates affect the castable volumetric stability, as previously reported by the
authors [11]. Both PLE and porosity slightly
increased from 1150 to 1300 ºC, due to the
in-situ spinel formation [8–10], as all compositions comprised a similar matrix
(6 mass-% of dead-burnt MgO and at least
15 mass-% of fine Al2O3).
However, from 1300 to 1500 ºC, shrinkage
was detected for the electro-fused MgOcontaining castable (Mag), whereas the
ones containing spinels (Sp76 or Sp90) or

tabular alumina (TA) resulted in further expansion. The apparent porosity followed the
PLE curve trends. In general, after firing at
1500 ºC, the reduction of the aggregate alumina content led to lower linear expansion
level (PLE ranking: Mag < Sp76 < Sp90 <
TA), which is most likely a consequence of
the calcium hexaluminate (CA6) formation,
as will be discussed later.
Concerning the mechanical and elastic properties, the use of electro-fused MgO aggregates resulted in lower values than the ones
attained by adding spinels or tabular alumina as aggregates (Fig. 2). This can be related
to the thermal expansion coefficient mismatch between the matrix compounds
(Al2O3 / MgAl2O4, α ~ 8.10-6 ºC-1) and the
aggregates (MgO, α ~ 13.10-6 ºC-1), leading
to a greater amount of micro-cracks [12].
For the other compositions, a drop in the
elastic modulus was detected for the TA and
Sp90 compositions at 1500 ºC, indicating
the effect of the CA6 formation and the associated micro-cracks, as the content of insitu spinel was nearly the same for the four
compositions (6 mass-% of dead-burnt MgO
was added to their matrices and the spinel
formation took place mainly in the
1150 – 1300 ºC temperature range). Nevertheless, whereas the mechanical strength
and elastic modulus behavior were in agreement for the Sp90 castable, the same did not
happen for the TA composition. This aspect
points out that the elastic modulus is more
sensitive to the castable microstructural features. The lower PLE of the Sp76 castable
(Fig. 1a), compared with the ones attained
for the TA or Sp90 compositions, indicates
lower micro-cracking level or coalescence
and, therefore, the elastic modulus and the
mechanical strength increased with the firing temperature, as the CA6 content was the
same for all compositions after firing at
1500 ºC. This will be presented later.
After this initial analysis and aiming to evaluate the thermal shock damage after the development of the high temperature expansive phases (spinel and CA6), the thermal
shock resistance was measured (E value profile as a function of thermal cycling with
T = 1000 ºC) for the samples fired at
1500 ºC for 5 h (Fig. 3).
The spinel or electro-fused MgO-containing
castables showed poor thermal shock resistance and, for Mag and Sp76 compositions,
the samples fractured after four thermal cy-
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cles (Fig. 4). Although the composition Sp90
did not split apart during the test, its elastic
modulus decay was higher than the one observed for the TA castable.
Tab. 2 shows the modulus of rupture values,
before and after thermal shock (10 cycles),
stressing the best performance for the tabular alumina (TA)-containing composition.
In order to understand the main reasons for
such a different thermal shock behavior, XRD
quantitative analyses and SEM evaluation
were carried out.
Concerning the expansive phase generation,
all castables presented roughly 21 mass-%
of spinel and 15 – 16 mass-% of calcium
hexaluminate (CA6), after firing at 1500 ºC
for 5 h. Although the amount of CA6 was
nearly the same for all compositions, its distribution throughout the castable microstructures was distinct (Fig. 5). The tabular alumina (TA)-containing composition
showed CA6 grains mainly at the border of
the aggregates (although a slight amount
was also found inside of the grain), whereas
this phase was only detected in the matrix
for the Sp76 composition, pointing out no
matrix-aggregate interlocking effect as the
grain surfaces were clean (without any reaction). With an intermediate behavior, the
Sp90 castable contained CA6 in both regions: inside its aggregates, but also in the
matrix. For the Mag castable, no CA6 was
detected, as previously shown by the authors [11].
Considering this aspect, the thermal shock
behavior is strongly affected by the CA6 distribution and the higher its formation inside
and/or at the edge of the refractory aggregates, the better the thermal shock resistance, owing to higher matrix-aggregate interlocking.
A further aspect for the best thermal shock
result attained for the TA castable is associated with the tabular alumina grain microstructure, which comprises a high amount
of closed spherical pores.
This feature increases the thermal shock resistance by making the crack propagation
more difficult, due to a tortuous crack path
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Fig. 3 Thermal shock evaluation ( T = 1000 ºC) as a function of the number of cycles, for
castables previously fired at 1500 ºC for 5 h, presented as a) E absolute values, and b) E
normalized values

inside the grain and to the increase the radius of curvature of the crack tip when
reaching a closed pore.
The electro-fused aggregates (present in the
Sp76 or Mag compositions) are denser and,
thus, more prone to catastrophic crack propagation.
For the MgO electro-fused aggregates, the
low thermal shock resistance is also a consequence of its high thermal expansion coefficient (α), as shown in Tab. 3.
Taking these aspects into account and besides the aggregate microstructures and
their thermal expansion coefficient effects,
the alumina content in the aggregates is a
key-issue for calcium aluminate cementbonded castables, as it will define the

Mag – 1500 oC

Tab. 3 Thermal expansion coefficient (α)

Thermal expansion coefficient (for castables fired at 1500 ºC)

α [10-6.ºC-1]
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TA

Sp90

Sp76

Mag

8,4

8,6

8,7

11,2
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Sp76 – 1500 oC
Fig. 4 Fractures detected during the thermal shock
cycling for the compositons Mag and Sp76
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TATA
C
C

C
C

CC

The main difference detected among the
evaluated compositions was the CA6 distribution in the castable microstructure, as this
phase content was nearly the same for the
alumina-containing aggregate castables.
Therefore, the thermal shock resistance was
mainly affected by this feature and, the higher the bridging between the aggregates and
the matrix, owing to the CA6 grain formation
at the grain edges, the better the thermal
shock resistance of this sort of castables.

C
C

C
C

C
C

C
C
C
C
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