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Abstract

The modulus of rupture and creep behaviour of refractory castables at high temperature (1000-1400 °C) with additions of spinel, periclase and
dolomite has been studied. Three processing routes for obtaining refractory concretes within the alumina-rich zone of the Al,O;—-MgO—-CaO ternary
system were employed. To achieve high temperature mechanical properties special attention was paid to the processing route (synthetic spinel,
periclase and dolomite additions), and the composition (effect of synthetic or self-forming spinel and CaO contents).

The results demonstrate that these refractory castables show a highly viscoplasticity behaviour at temperatures >1100°C and a hot bending
strength depending on the loading rate. Refractory castables made with synthetic spinel have lower high temperature bending strength values than
castables made with periclase additions owing to their less viscoplastic behaviour. In this work neither the amount of spinel nor processing route
chosen were found to have any significant influence on the hot bending tests between 1100 and 1400 °C. The creep tests show that in the temperature
range of 1100-1300 °C the main reaction governing deformation is the interaction between the alumina and the calcium aluminate cement phases.
Above 1300 °C, castables made first with dolomite, then with periclase and finally with synthetic spinel are more prone to deformation in that

order.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Refractory castables are widely used as structural materi-
als in many high temperature and high-pressure applications,
such as coal-gasification pressure vessels, reactors in petro-
chemical processes, industrial incinerators, etc., and especially
in the iron and steel industry.! In the high-alumina region of
the Al,O3-MgO—CaO ternary diagram system refractory casta-
bles possess a high refractoriness and spinel possesses a wide
primary field of crystallization containing within its structure a
large quantity of metallic cations (Fe?*, Fe3*, Mn?*, etc.).>™*
Knowledge of the thermomechanical properties and behaviour
of such materials is very important when selecting a structural
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refractory at high temperatures. Several authors have investi-
gated the mechanical behaviour of alumina-spinel refractory
castables.”>~!2 The mechanical strength of the refractory casta-
bles at room temperature is related to the quality of the packaging
of the particles and the presence of hydrates.? In the temperature
range of 300-900 °C, the decrease in mechanical properties is
due to the destruction of the hydrate network of the cement and
an increase in the porosity of the paste.>® However, Diaz> and
Simonin et al.!! have demonstrated that a decrease in these prop-
erties at low firing temperatures is due to the thermal expansion
mismatch between the coarse grains and the matrix. However,
modifications to the cement content and aggregate-size distri-
bution can also produce significant changes in the mechanical
strength of refractory castables at room temperature.’

The hot modulus of rupture of alumina-spinel castables
containing 20 wt% spinel and 1.36-2.04 wt% CaO generally
increases as the CaO content and temperature increase from 1300
to 1500°C.!3 An increase in the spinel content also improves
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Fig. 1. (A) Al,03-MgO-CaO ternary phase equilibrium diagram, (B) Al,O3-rich zone, and (C) location of all the compositions designed in the Al,O3-rich zone.

the hot strength of alumina-spinel refractory castables in the
temperature range of 1000-1500°C.'* However, at temper-
atures >1000°C, these refractory castables show significant
viscoelastic—plastic behaviour'>~!7 and the bending strength is
dependent on the loading rate. In view of this, only creep and
creep rupture properties should be considered when evaluating
the usefulness of a refractory castable. Until now there have been
few studies on the creep properties of such materials owing to
their chemical and mineralogical complexity.!”-2*

The purpose of this work has been to investigate the hot
bending strength of high-Al,Os3 refractory castables in the tem-
perature range of 1000-1400°C and their high temperature
deformation (creep) employing different processing routes and
bearing in mind the following variables:

e Processing route (additions of synthetic spinel, periclase and
dolomite to the matrix of refractory castables).

e Composition (effect of synthetic or self-forming spinel and
CaO contents) with a view to explaining the factors respon-
sible for mechanical behaviour at high temperature.

2. Experimental procedure
2.1. Castables

Inthe Al,O3—MgO—CaO diagram ternary system, three kinds
of refractory castables were elaborated.?® The coarse and inter-
mediate aggregates were formed by tabular alumina and white
corundum, while the fine and ultrafine fractions were made up
of the following raw materials:

(1) Calcined alumina, synthetic spinel and calcium aluminate
cement.

(2) Calcined alumina, magnesia and calcium aluminate cement.
(3) Calcined alumina, dolomite and calcium aluminate cement.

The refractory castables were elaborated with 5, 10, 15 and
20 wt% contents of synthetic spinel (labelled 8D). In the case of
magnesia, calculations were made to ensure that once equilib-
rium had been reached at high temperature (1650 °C), the spinel
contents were 5, 10, 15 and 20 wt% (the so-called 8DM). In
the case of dolomite (labelled PKDOL) only the 5% composi-
tion coincided with 8D 5% and 8DM 5%, the other PKDOL
compositions retaining similar magnesia contents. The calcium
aluminate cement (CAC) content was kept constant for all com-
positions (8 wt%), except for those prepared with dolomite,
where 2 wt% was used for PKDOL 5 and 10% and 1.5 wt%
for the PKDOL 15 and 20% compositions, respectively. Fig. 1
shows the position of all the elaborated compositions.

The processing of these castables has been described in a pre-
vious work.?> Bars of 25 mm x 25 mm x 150 mm were cast in
metal molds and were cured at room temperature in air-tight con-
tainers for 24 h and then dried at 110 °C for another 24 h before
firing.? The specimens subjected to the hot modulus of rupture
measurements were tested in a three-point bend configuration
with a span of 127.5 mm. In accordance with the ASTM C583-
80 norm, they were tested at an imposed load rate of 13N g1
in a high temperature testing machine (Instron, model 8562).
In addition, some compositions were also tested at a constant
imposed displacement rate of 0.002mms~!. Three specimens
were evaluated and the average value was taken.

2.2. Matrices

Considering that the matrix of the castables constituted by
the finer grain sizes is the factor mainly responsible for the high
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temperature deformation of the castables, in this work the frac-
tion with a grain size smaller than 125 pum was considered to
be the matrix. Dry castable raw material mixtures were sieved
under 125 wm and mixed with water (1.75-2.13 water/cement
ratio). The samples were then cast using the same procedure as
that described in a previous work.?> Creep tests were performed
with cylindrical specimens of height 40 mm, external diameter
30mm and an internal hole of diameter 10 mm. A differential
technique was employed to measure the deformation. The speci-
mens were heated at a constant rate of 10 °C/min below 1000 °C
and 5 °C/min up to the final temperature test. A soaking time of
30 min was maintained before testing and then a fixed load of
2 MPa was applied. Deformation under load versus temperature
was recorded from room temperature up to 1100, 1200, 1300
and 1400 °C for all the matrices designed. The phase evolution
with temperature was previously studied by X-ray diffraction
(XRD).?

3. Results and discussion

3.1. Effect of spinel content on the hot modulus of rupture
of the refractory castables

The hot modulus of rupture results (maximum load) for the
Al,O3—spinel refractory castables (8D compositions 5, 20 wt%
with synthetic spinel) are shown in Fig. 2. Fig. 2 shows that the
results coincide almost totally. In general, there is an increase
in the hot modulus of rupture with increasing temperature
from 1000 to 1200 °C. Thereafter it decreases until 1400 °C.
These results are not in agreement with those presented in the
literature,'>1* specially if one takes into account that the test-
ing conditions, calcium aluminate cement content, etc., are not
identical. It is not possible therefore to compare the results.
Moreover, some of our hot bending tests were carried out under
two different sets of conditions: some specimens were tested for
both the imposed load rate and the constant displacement rate.
The results (Fig. 3) show that these refractory castables exhibit
high viscoplasticity at temperatures >1100 °C, their hot bending
strength depending on the loading rate.!! In fact the mechanical
behaviour is not improved even with the addition of spinel. The
effect of adding spinel is explained below, taking into account
the factor of temperature and deformation.
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Fig. 2. Hot modulus of rupture results from the refractory castables made with
synthetic spinel (5, 20 wt%) and without synthetic spinel.
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Fig. 3. Hot modulus of rupture results (8D 5% refractory castable composi-
tion) under two different conditions: constant imposed load rate (13 N s~1)and
constant imposed displacement rate (0.002 mms~1).

3.2. Effect of the processing route on the hot modulus of
rupture of the refractory castables

The results do not show any significant differences (Fig. 4).
There are two coincident values at 1000 and 1400 °C. However,
between both temperatures, owing to the different vitreous phase
contents of the refractory castables, the results are completely
different. It is significant that the bending strength values of the
8DM materials are higher than those of the 8D compositions.
This is because the 8DM castables exhibit greater viscoplasticity
than the 8D refractory castables and because the imposed load
rate yields higher values. The processing route influences the
mechanical behaviour at high temperature between 1000 and
1400 °C. The refractory castables made with synthetic spinel
are less viscoplastic than the DM and PKDOL materials in
these temperature ranges.

3.3. Creep behaviour of the matrices

The study of creep behaviour in the matrices of the high
alumina refractory castables was carried out bearing in mind the
following variables:

(a) Processing route and temperature.
(b) Composition.
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Fig. 4. Hot modulus of rupture results from the refractory castables made with
periclase (8DM 5%, and 8DM 20 wt%).
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Fig. 5. Creep curves of the matrices of the 8D, 8DM and PKDOL refractory castables at different temperatures.

3.3.1. Effect of the processing route and temperature on
creep behaviour

Fig. 5 shows the deformation of the matrices of the elabo-
rated 8D, 8DM and PKDOL (5 wt% spinel content) refractory
castables at different temperatures. These compositions were
formulated at the same point in the Al;O03-MgO-CaO diagram
ternary system and therefore they possess the same average
chemical composition. The results (Fig. 6) present a similar
behaviour up to 1200 °C but at 1300 °C the differences in the
deformation rates are more apparent, principally in the first
region of primary creep. The 8D 5% matrix composition reaches
9% deformation after 10 h, and 8DM 5% and PKDOL 5% after
3.5 and 1.5 h, respectively. However, tests carried out for longer
periods of time show that once the stationary state is reached
the deformation rate is similar in the three cases. This can be
explained as follows:

(1) The load-relaxation tests conducted under compression at
low initial stress (2 MPa) showed a marked relaxation with
an increase in temperature, principally in the temperature
range of 1200-1300 °C. This may be related to an increase
in the amorphous phase content.!!

The lower invariant point in the Al,O3—-MgO-CaO ternary
diagram occurs at 1321 °C?° and the impurities present in
the periclase and dolomite raw materials possibly favour the
appearance of the vitreous phase at a lower temperature than
1300°C.

2

The amorphous phase content of some castables was also
evaluated as a function of temperature by measuring the dissolu-
tion kinetics in a hydrofluoric acid (HF) solution.%’ Fig. 7 shows
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Fig. 6. Creep curves of the matrices results under a constant load (2 MPa) for
the 8D, 8DM and PKDOL 5% matrices at 1300 °C.

an overlapping of the phase evolution with temperature and the
presence of an amorphous phase, corresponding to the 8D 10%
matrix composition. Between 1200 and 1300 °C the process is
different: C1pA7 disappears completely, and before the forma-
tion of CAg, CA dissolves and enters the vitreous phase. In addi-
tion, the sharpness of the X-ray diffraction Al,O3 peaks dimin-
ishes owing to the high amorphous grade of the material. Taking
into account the above-mentioned changes two factors may
explain the behaviour in the 1100-1400 °C temperature range:

(a) Calcium aluminates: CA;, formation occurs due to a
dissolution-precipitation process through a transitory liquid
phase. At 1300 °C, there is no crystalline phase in the refrac-
tory castable (except for CA»), that is able to keep the large
grains together. Consequently, the matrix of the refractory
is able to plastically absorb the marked expansion (13.6%
relative volume increase) when CAj crystallizes. All the
compositions, independently of the processing route, can be
expected to be affected by the microstructural evolution of
the calcium aluminate and by the appearance of a transitory
liquid phase.

Presence of free MgO: the transitory liquid phases formed
from the synthetic spinel materials obtained are not of a
ternary nature. At these temperatures, the kinetics of dissolu-
tion of the spinel is low. However, refractory castables with
self-forming spinel, obtained by the addition of periclase
and dolomite that react with alumina at high temperature,
possess eutectic liquid phases with a low viscosity leading
to an improvement in the viscoplastic process.

(b)
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Fig. 7. Phase evolution with temperature and the amorphous phase content of
the 8D 10% matrix composition.
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Fig. 8. Graph results for the deformation of the 8D 5, 8D 20, 8DM 5 and DM
20% matrices at 1200 and 1300 °C under compression.

3.3.2. Effect of the composition (spinel content) on creep
behaviour

Fig. 8 shows the deformation curves of the 8D and 8DM
matrices with extreme spinel compositions (5 and 20 wt%) at
the temperatures of 1200 and 1300 °C. At 1200 °C the process-
ing route and spinel content do not influence the deformation
curves. However, at 1300 °C materials obtained with periclase
show more deformation in the first part of primary creep. In
both the 8D and 8DM concretes the spinel content seems to
decrease slightly in this first region of deformation. However,
at the second deformation stage of creep the rate is practi-
cally the same independently of the processing route or the
spinel content. The PKDOL matrix compositions are situated
in different compatibility triangles to the 8D and 8DM matrix
compositions except for PKDOL 5%. At 1100 and 1200 °C the
behaviour is similar for these materials (Fig. 5). At 1300°C
significant differences can be observed. Matrices with addi-
tions of dolomite present considerable deformation in the first
region of primary creep compared to the 8DM and 8D matrix
compositions. It seems that free MgO and CaO oxides have a sig-
nificant influence on the viscosity of the vitreous phase at these
temperatures.

4. Conclusions

All the data presented above lead to the following conclu-
sions:

(a) At temperatures above 1000°C, the refractory casta-
bles elaborated exhibit considerable viscoelastic—plastic
behaviour. The hot bending strength at these temperatures
depends on the loading rate and the results (maximum ten-
sion) have no real meaning.

(b) At temperatures between 1100 and 1400 °C, neither the
spinel content nor the processing route chosen to make the
castables influence the hot bending tests.

(c) The main microstructural evolution of high alumina refrac-
tory castables with temperature occurs during the first part
of primary creep. There is significant plastic deformation
at lower temperatures than 1100°C. The CA+ A — CA,
is the fundamental reaction governing deformation in this
region. This is produced through a dissolution—precipitation

mechanism in the transitory liquid phase. Consequently, the
material experiences more or less deformation depending
on its progress at the time of the reaction.

(d) When the reaction terminates at approximately 1300 °C,
depending on the location of the matrix composition castable
in the Al;03—MgO—CaO ternary diagram system, the mate-
rials possess mainly CA» and Al,O3 and exhibit the same
rate of deformation, independently of the processing route.
Both the synthetic and the self-forming spinels play a sec-
ondary role in the deformation mechanism.

(e) Between 1100 and 1200 °C, the deformation creep curves
of all the refractory castables elaborated are similar. But at
1300 °C the castables begin to show further deformation:
first those made with dolomite, then those elaborated with
magnesia and finally those made with synthetic spinel. This
is related to the appearance of a transitory liquid phase in
the Al,O3-MgO—CaO ternary diagram system at this tem-
perature (first eutectic point of the ternary system).
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