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Abstract

Microsilica is commonly added to alumina—magnesia castables to counterbalance the in situ spinel expansion. This effect is attained by the
generation of a low-melting temperature phase, which also affects the expansive reaction kinetics. Additionally, the MgAl,O, formation depends
on the grain size of the reactants. The use of coarse magnesia grains results in lower Mg>* dissolution and could lead, at 1500 °C, to forsterite
development (Mg,Si0,). For finer MgO, silica was detected at the edge of the spinel grains. Considering these aspects, this work evaluated the
effect of microsilica content for different magnesia grain sizes (<45 or <100 wm). Due to a faster spinel formation for the fine MgO source,
microsilica counterbalanced the MgAl,O, expansion. Conversely, for the coarser MgO, silica increased the Mg>* dissolution, speeding up the
spinel formation and expansion. Therefore, microsilica presented opposite roles, pointing out that it does not always counterbalance the spinel
expansion. This work also indicated the need for a systemic approach for the expanding design of alumina—magnesia refractory castables.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Microsilica is known by its counterbalancing effect on the in
situ spinel (MgAl,0,) disruptive expansion due to the softening
mechanism associated with the liquid phase generation [1].
According to Nandi et al. [2] the liquid absence could lead to
high expansion and porosity with the spinel formation.

A further role of silica in this sort of castables is its ability to
speed up the high temperature reactions. The liquid phase
formation increases the ion diffusion and, thus, promotes a
faster spinel formation [3]. Despite these advantages, high
liquid contents results in shrinkage, which could increase the
crack generation [2,4]. As a consequence of this liquid at high
temperatures, the refractoriness decreases, leading to lower
castables’ hot properties, such as the hot modulus of rupture
[5,6] and the creep resistance [7]. Considering this aspect and
also the associated shrinkage, Tawara et al. [8] proposed a
balance between the magnesia and the silica content. According
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to these authors, a high fine fraction MgO/SiO, wt.% ratio
(>12) results in huge permanent linear changes, whereas a
lower one (<3) leads to shrinkage.

Nevertheless, another aspect disregarded in these analyses
and that also influences the spinel formation kinetics is the grain
size of the reactants. In previous publications of the authors
[9,10], the reduction of the magnesia grain size led to a lower
overall expansion and lower initial spinel formation tempera-
ture. Moreover, for coarser magnesia grains (<100 pm), an
interaction between silica and magnesia was detected after
firing at 1500 °C leading to phases predicted by local
equilibrium diagrams, such as forsterite (Mg,SiO,4) [10]. For
this MgO grain size, due to the lower Mg?* dissolution and the
reduction of the liquid phase content in the temperature range
between 1300 and 1500 °C (inducing the CA¢ formation) [11],
silica and magnesia were available to react with each other.

For a fine magnesia grain size (<45 um), microsilica
behaved as expected and counterbalanced the in situ spinel
formation. Fig. 1 presents the expansive behavior of CAC-
bonded alumina-magnesia castables containing different
microsilica amounts [7]. Compared to the reference (0 wt.%
microsilica), low silica contents (0.25 or 0.5 wt.%) led to higher
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Fig. 1. (a) Expansion behavior and (b) expansion rate of alumina—magnesia
castables containing different microsilica contents (0, 0.25, 0.5, 1 or 1.25 wt.%)
and MgO < 45 pm. The expansion rate peaks P1, P2 and P3 are related to the
CA,, MgAl,O,4 and CA¢ formation, respectively [7].

linear expansion levels (Fig. 1a), whereas further microsilica
addition (1 and 1.25 wt.%) decreased the overall expansion.
Additionally, a noteworthy reduction on the spinel expansion
rate peak [12] was detected when increasing the microsilica
content above 0.25 wt.% (Fig. 1b), showing its softening
mechanism effect and better accommodation in the micro-
structure, during the spinel formation.
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Fig. 2. Expansion behavior of alumina—magnesia castables containing a coarse

magnesia source (<100 wm) and different microsilica contents (0, 0.25, 0.5 or
1 wt.%).

Considering these aspects, the objective of this work was to
evaluate the effect of the microsilica content, for different MgO
grain sizes (<45 and <100 wm), by means of expansion
behavior, the microstructural features and their relationship
with the physical and thermo-mechanical properties (apparent
porosity, mechanical strength and creep resistance).

2. Materials and techniques

Alumina—magnesia castables containing different microsilica
contents (0, 0.25, 0.5 or 1 wt.%) were designed using the Alfred
particle packing model (g =0.26) [13]. The castables’ matrix
comprised 6 wt.% of dead-burnt magnesia (<45 pum or
<100 pm, 95 wt.% MgO, Ca0O/SiO, = 0.37, Magnesita Refra-
tarios S.A., Brazil), 7 wt.% of reactive alumina (CL370, Almatis,
USA), 6 wt.% of calcium aluminate cement (Secar 71, Kerneos,
France) and 18 wt.% of fine tabular alumina (<200 pm, Almatis,
USA). To complement the compositions, coarse tabular alumina
was used as aggregates (d < 6 mm, Almatis, USA).

To assess the spinel and the CAg formation, an assisted
sintering technique was carried out in a refractoriness-under-
load equipment (Model RUL 421E, Netzch, Germany).
Cylindrical samples (50 mm x 50 mm) were prepared accord-
ing to the 51053 DIN standard, cured at 50 °C and dried at
110 °C for 1 day, followed by pre-firing at 600 °C for 5 h before
testing. For this evaluation, samples were heated up to 1500 °C
under a heating rate of 3 °C/min and kept at this temperature for
5 h. The compression load applied was 0.02 MPa.

In the same equipment, creep tests were also performed in
samples previously calcined at 600 °C and fired at 1550 °C for
24 h. The creep measurements were carried out at 1450 °C for
24 h under a constant compression load of 0.2 MPa. For the
assisted sintering technique and creep resistance tests, two
measurements were carried out for each sample.

For the microstructural evaluation, SEM analyses were
conducted (SEM, Hitachi S-510, Tokyo, Japan). Furthermore,
quantitative XRD analyses were carried out according to the
Rietveld Method (TOPAS software). Regarding the physical
properties, samples were cast (25 mm X 25 mm X 150 mm) to
evaluate the modulus of rupture using MTS testing equipment
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Fig. 3. Expansion rate of alumina—magnesia castables containing a coarse

magnesia source (<100 wm) and different microsilica contents (0, 0.25, 0.5 or
1 wt.%). MA: MgAl,O,.
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0 wt% SiO,

1 wt% Si0,

Fig. 4. Larger MgO grains left in the microstructure (M: dark gray grains) for the microsilica free alumina—magnesia castable with the coarsest MgO source
(<100 pwm), after firing at 1300 °C for 5 h. The dotted circles indicate the reacted MgO grains for the 1 wt.% microsilica containing composition.

(MTS Systems, Model 810, USA) after firing at 1150, 1300 and
1500 °C for 5 h (heating rate = 1 °C/min). Their permanent linear
expansion (PLE) was measured by the percentage difference
between the initial and the final length (before and after heat
treatment) divided by the initial sample dimension. The 3-point
bending test was carried out according to the ASTM C133-94

standard. The apparent porosity for the mechanical strength
samples was also evaluated by the Archimedes technique in
kerosene (after heat treatment at intermediate and high
temperatures). For these physical properties measurements, five
samples were evaluated for each firing temperature and the errors
were calculated according to the standard deviation.

Fig. 5. Alumina-magnesia castables containing the coarsest MgO (<100 pm) and different microsilica amounts (0 or 1 wt.%), after firing at 1500 °C for 5 h, where

1 =MgO, 2 = MgAl,0O4, 3 =CAg and 4 = CA,.
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3. Results and discussion

3.1. Microsilica effect on Al,O3-MgO castables containing
coarse MgO grains

The overall expansion of the coarse MgO (<100 pm)
alumina—-magnesia castables scaled with the microsilica content
increase (Fig. 2) leading to the following expansion ranking:
1 wt.% > 0.5 wt.% > 0.25 wt.% > 0 wt.%. According to the
upper linear expansion limit for the fine MgO grain size
(<45 pm)[7], shown as adottedline in Fig. 2, only the microsilica
free composition presented the same expansion range.

In order to evaluate the microsilica role in this sort of
castables and understand which of the expansive phases — CA,,
MgAlL,O4 or CAg [7,12,14,15] — reaction rate was the most
affected by this component, the derivative of the expansion
curves is shown in Fig. 3. Among these three peaks, the
MgAl,O4 one was clearly influenced by the presence of
microsilica. Compared to the upper spinel (MA) expansion
peak rate limit for the fine MgO source (<45 wm), the mixture
between high microsilica contents and the coarse MgO grain
size seems to have spoiled the castables integrity leading to a
huge expansion, large pores and a crack generation [10].

As higher microsilica contents resulted in higher spinel
expansion peak rates, it could be stated that the liquid phase
increased the Mg?* dissolution and, therefore, sped up the spinel

formation. Moreover, this higher diffusion is also supported by
the difference in the MgAl,O, peak starting temperature, which
was close to 1200 °C for the 1 wt.% microsilica composition and
near 1300 °C for the free microsilica one.

The microsilica ability in promoting the magnesia dissolu-
tion is pointed out by the SEM images presented in Fig. 4, for
castables fired at 1300 °C for 5 h, where a higher amount of
MgO grains left unreacted was detected for the microsilica
free castable than for the 1 wt.% one. Additionally, a reaction
layer at the edge of some magnesia grains was found for
the microsilica containing castable, indicating its effect on the
spinel formation kinetic rate. A third special feature is the
spinel generation at the border of the magnesia grains instead at
the edge of the alumina ones. By the Wagner mechanism [16], a
faster Mg®* diffusion to Al,O5 should be expected. Never-
theless, due to a kinetic reason, the higher specific surface area
of the reactive alumina prevailed and, therefore, led to this
spinel formation mechanism in specific local areas.

After firing at a higher temperature (1500 °C for 5 h), the
different kinetic behaviors for the microsilica containing
castables (1 wt.%) or not (0 wt.%) are highlighted (Fig. 5) and
provided further understanding of such a large difference on the
overall expansion levels for these compositions (Fig. 2). For the
microsilica free castable (0 wt.%), a homogeneous micro-
structure was developed and larger remnant MgO grains were
detected. Thus, the lower dissolution in this case resulted in a

Fig. 6. Forsterite, monticellite and spinel reaction layer indicated by L in figure [10] at the edge of remnant MgO grains for the high microsilica containing castables
(0.5 and 1 wt.%) and cracks at the MgO-spinel interface, after firing at 1500 °C for 5 h.
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lower spinel content after the heating treatment (after 5 h firing
at 1500 °C, only 13 wt.% of spinel was detected by XRD
quantitative analyses) and, therefore, an easier accommodation
of the expansive phases. Conversely, the microsilica speeding
up kinetic effect led to 16 wt.% of spinel for the 1 wt.% SiO,
castable. Furthermore, its highest spinel expansion peak rate
intensity (Fig. 3) indicates a fast magnesia dissolution, leading
to the generation of a higher amount of large pores and cracks
(Fig. 5—1 wt.%). According to Kiyota [17] and Nakagawa
et al. [18], the generation of pores, during the MgO diffusion
and spinel formation, plays the main role on the overall
expansion of alumina—magnesia castables.

A further aspect related to the interaction between
microsilica and the coarse MgO source is that forsterite
(Mg,Si04) and monticellite (CaMgSiO,) are prone to be
formed at high temperatures [10]. According to Fig. 6, a
reaction layer at the edge of the magnesia grains is observed
only for the castables containing 0.5 or 1 wt.% of microsilica.
These phases were not detected for the 0O or 0.25 wt.%
microsilica castables and only spinel was observed surround-
ing the MgO grains. For all compositions, cracks at the
interface between the MgO grains and the spinel matrix were
found, due to the thermal expansion coefficient mismatch
between MgAl,0O, and MgO, as previously discussed by
Rigaud et al. [19].

Regarding the CAgq formation, reducing the microsilica
content led to the generation of equiaxed crystals, as observed
for the fine MgO source [7] and also pointed out by An et al.
[20]. This result is confirmed in Fig. 7, where the O and
0.25 wt.% microsilica castables presented equiaxed CAg4 grains
instead of the usual CAg needle-like shape ones developed for
the 0.5 and 1 wt.% microsilica compositions. Moreover, due to
the slower spinel reaction kinetic by reducing the microsilica
content, a greater amount of reactive alumina was available for
the CAg formation, leading to higher CAg content values
(21 wt.% of CAg for the 0 wt.% SiO,, 18 wt.% of CAg for the
0.25 or 0.5 wt.% SiO, and 16 wt.% of CAg for the 1 wt.% SiO,
castable, according to XRD quantitative analyses for the
samples fired at 1500 °C for 5 h). This feature is in tune with the
results presented by Ide et al. [21], indicating higher CAq
formation for coarse MgO grain sizes due to their lower
dissolution and the resulting delay on the spinel formation.

3.2. Microsilica effect on Al;O3-MgO castables containing
different MgO grain sizes

Microsilica played different roles on the expansive phase
generation at high temperatures when the MgO grain size was
changed (<45 and <100 wm). Fig. 8 shows the microsilica
effect on the permanent linear expansion (PLE), apparent

Fig. 7. CAg morphology for different microsilica contents: equiaxed (for 0 and 0.25 wt.% SiO,) and needle-like shape ones (for 0.5 and 1 wt.% SiO,) for castables

fired at 1500 °C for 5 h.
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Fig. 8. Permanent linear expansion (PLE), apparent porosity (AP) and mechan-
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grain sizes (<45 and <100 wm) and microsilica contents (0, 0.25, 0.5 and
1 wt.%), after firing at 1150, 1300 and 1500 °C for 5 h, respectively.

porosity (AP) and cold mechanical strength of these castables,
after firing for 5 h at 1150, 1300 and 1500 °C, respectively. For
the lowest temperature (1150 °C), a slightly higher PLE was
detected for the microsilica free (0 wt.%) and for the 0.25 wt.%
microsilica containing castables. This result is related to the
CA, formation due to a lack of competition between silica and
alumina to react with calcia [7]. Nevertheless, all castables
presented a lower linear expansion change range (0-1%) and
the PLE values were close, regardless of the MgO grain size as
lower spinel formation was expected for this temperature.
After firing at 1300 °C, microsilica imparted a particular
effect for the different castables once more. Due to a faster
reaction rate, all the PLE values were higher for the <45 pm
MgO than for the <100 wm one. At this temperature, for the
finer MgO source (<45 m), higher silica contents resulted in
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Fig. 9. Creep resistance for the alumina—magnesia castables, containing dif-

ferent microsilica contents (0, 0.25, 0.5 and 1 wt.%), for (a) MgO < 45 um [7]
and (b) MgO < 100 pum (1450 °C x 24 h, 0.2 MPa).

lower PLE, indicating its counterbalancing effect, as discussed
by Myhre et al. [1] and by Yuanbing et al. [22]. Nevertheless,
increasing the microsilica content for the coarse MgO
containing castables led to a higher average PLE than the
microsilica free one (0 wt.%), as a consequence of the faster
Mg?* dissolution in the presence of liquid.

These different microsilica effects are highlighted for the
PLE results of the castables fired at 1500 °C. For the fine MgO
grain size source, due to its faster dissolution, almost all of the
expected generated spinel was developed after firing at 1300 °C
[10]. Therefore, the observed PLE for this MgO grain size
(<45 pm) at 1500 °C is mainly correlated to the CAg
formation. According to previous work [7], increasing the
microsilica content up to 0.5 wt.% led to higher expansion, due
to the higher CA¢ generation and its needle-like shape crystals
growth. However, due to the higher liquid formation, the
1 wt.% microsilica containing castable presented lower PLE
when the MgO grain size was <45 pm.

Conversely, for the coarse MgO source (<100 wm) the
spinel expansion is delayed and mostly developed at
temperatures higher than 1300 °C as this source of magnesia
presents lower specific surface area [10,21]. For this sort of
castables, the expansion scaled with the microsilica content,
indicating that microsilica not always accommodates the spinel
expansion. Comparing the coarser MgO grain size with the finer
one, the PLE values are close for the 0 and 0.25 wt.%
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microsilica containing castables, but much higher for the 0.5
and 1 wt.% ones, pointing out the microsilica effects on
speeding up the spinel formation and expansion. Furthermore,
high microsilica contents also increase the CAg expansion rate
[7] and, therefore, resulted in the huge expansion detected for
both compositions (MgO < 100 pwm, containing 0.5 or 1 wt.%
of microsilica).

Asaconsequence of these different behaviors according to the
MgO grain sizes and microsilica content, the physical properties
(apparent porosity and mechanical strength) of the castables
were affected. Regarding the apparent porosity (AP), due to the
lower expansion, there was practically no difference between the
MgO grain sizes when the microsilica content is changed after
firing at 1150 °C. On the other hand, the higher spinel formation
driving force for the fine MgO grain size (<45 m) led to higher
AP levels than the coarse MgO grain size, after firing at 1300 °C.
Nevertheless, as the spinel formation and the decomposition of
CA, are carried out simultaneously for the coarse MgO grain size
and both depend on the microsilica content, the AP effect at this
temperature is not as clear as for the fine MgO grain size.
Nevertheless, the microsilica effect for the coarse MgO grains is
highlighted after firing at 1500 °C, as lower silica content (0 and
0.25 wt.%) resulted in AP values in the same range than those
observed for the fine MgO grain size, whereas the apparent
porosity was much higher when increasing the microsilica
amount (0.5 and 1 wt.%).

Concerning the mechanical strength, the finer MgO
(<45 pm) containing castables presented better performance
than the coarser MgO (<100 pwm) ones, for all evaluated
temperatures. For both MgO grain sizes, the cold modulus of
rupture (CMOR) increased with the microsilica content at 1150
and 1300 °C, most likely due to better packing and the higher
amount of liquid phases (this aspect is going to be highlighted
further by the creep resistance). After firing at 1500 °C, the
expansion and the cracking generation reduced the CMOR
when the microsilica amount increased for both MgO grain
sizes, except for the fine MgO < 45 wm containing 1 wt.% of
microsilica. The mechanical strength was specially spoiled for
the coarse MgO castables due to their huge expansion. For the
fine MgO compositions, a reduction in the mechanical strength
was detected up to 0.5 wt.% SiO,, due to the higher CAg
expansion rate (Fig. 1), whereas in the castable containing
1 wt.% of microsilica, the sintering effects led to a lower
expansion, lower porosity and consequently a higher cold
modulus of rupture.

As the microsilica addition and the liquid phase generated
lead to refractoriness drawbacks, the creep resistance was
also evaluated (Fig. 9). Regardless of the MgO grain sizes, the
creep scaled with the increase in the microsilica content.
However, for the coarser MgO grain size a worsening of the
creep behavior for the compositions containing 0.25 or
0.5 wt.% microsilica was detected when compared to the fine
MgO source (<45 wm). As a consequence of the huge creep
values for the 0.5 wt.% SiO, castable (MgO < 100 pwm), it was
not possible to analyze the alumina—magnesia castable
containing 1 wt.% of microsilica, due to its high expansion,
porosity and cracking extent.

4. Conclusions

Due to the different microsilica roles pointed out, this work
highlighted that a sound conclusion regarding its behavior in
Al,03—MgO refractory castables is not straightforward. When
using fine magnesia grain sizes (<45 pwm), microsilica behaved
as expected and reported by the literature, counterbalancing the
in situ spinel expansion. On the other hand, for the coarse MgO
grain size (<100 wm), silica sped up the spinel formation,
leading to a huge expansion and worsened the physical
properties after thermal treatment at 1500 °C for 5 h. Therefore,
the need for a systemic approach for alumina—-magnesia
castables is clear, as different parameters could affect their
expansion design.
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