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Abstract

Although the physical expansion associated with the in situ formation of magnesium—aluminate spinel (MgAl,O,) is well-reported, some
questions related to this behavior, such as the different volume change values experimentally attained when compared to theoretical one and the
pore generation after the reaction, remain open. Thus, the main objective of this work is to shed some light on these questions by evaluating a
cement-bonded alumina—magnesia castables, designed using dead-burnt magnesia of different particle size ranges. Microstructural observations
suggested that the faster Mg>* migration during the spinel formation led to vacancy accumulation and, consequently, to pore generation, as a direct
result of the Kirkendall effect. Additionally, the overall expansion of alumina—magnesia castables seemed to be ruled by two main factors: its
sintering efficiency and the different possibilities of the Al,0; and MgO interactions in the mixture. Those consequences, however, do not usually
affect the castable corrosion behavior in industrial applications, due to the benefits imposed by the structural constraint.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Wagner, Carter, Navias and many other authors [1-6] placed
great efforts on the investigation related to magnesium
aluminate spinel formation mechanisms. Their results pointed
out that the reaction was controlled by an inter-diffusion
mechanism of AI’* and Mg®* ions through a fixed oxygen
lattice (0>~ was considered immobile due to its higher ionic
radius and, consequently, lower diffusivity). Therefore, AP
would migrate from the alumina particles to the magnesia ones
and Mg** would diffuse in the opposite direction, leading to the
spinel (MA) layer formation at the interface between the
alumina and magnesia particles, according to the illustration in
Fig. 1. Due to the reactants reaction, this layer would then grow
and push the surrounding structure as the total spinel formed
would result in a higher final volume than the one where Al,O3
and MgO were originally located. This displacement is due to
the volume change associated with the compounds density
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difference and, considering the stoichiometric proportions (1:1
molar ratio or 72 Al,05:28 MgO mass ratio), it can be
calculated as:

| ALOswt% MgOwt% 0.72 0.8
— = — —_—
o p ALO; ' pMgO 399 358 °

—=3.87 g/cm’ (D

As the spinel density is 3.58 g/cm?, the density difference leads
to an intrinsic volumetric expansion close to 8.1%, according to
the following:

3.87

In these studies, there were also attempts to explain the
spinel expansion values experimentally attained, which were
always higher than the theoretical value above-calculated.
According to Wagner’s mechanism [1], the ions inter-diffusion
for the spinel reaction must keep the system electroneutrality.
Thus, for the diffusion of each two AI’* jons toward the
magnesia side, three Mg?* ions should migrate in the opposite
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Fig. 1. Spinel formation process based on a simultaneous diffusion of Mg>* and AI** through an oxygen lattice. The reaction is followed by a volumetric

expansion [2].

direction, resulting in a higher content of spinel at the alumina
side. Wagner’s mechanism is schematically presented in Fig. 2.

Considering the compounds molar volume (MgO:
11.25 cm®, AlLO5: 25.56 cm® and MgAl,Oy: 39.77 cm?), the
reaction at the magnesia side (4MgO — MgAl,0,) results in
volume shrinkage and does not account for the system overall
expansion. Therefore, Wagner stated that the permanent
volumetric change associated with the spinel generation would
be fully related to expansion of the alumina portion. As
observed in Fig. 2, four Al,O3; mols change into three MgAl,O4
mols, resulting in AV ~ 16.7%, which is much higher than the
value commonly reported (AV ~ 8.1%).

Based on those previous studies, Nakagawa [7] found out
later that even Wagner’s mechanism was not definitive and
different expansion values could still be attained, according to
the R parameter, which represents the spinel thickness ratio and
expresses the amount of spinel formed at the alumina side (for
the Wagner’s mechanism, for example, R =3, as the spinel
layer is three times thicker at the alumina side). Nakagawa
identified many factors which could affect R and consequently
the overall expansion, such as the solid solubility of alumina at
high temperatures, the purity of the magnesia and alumina
particles, the number of contacts, the diffusion of MgO vapor
and also the higher Mg®* mobility in the oxygen lattice.
According to this author, for the extreme situation when R = oo,
the reaction is conducted by an unidirectional flux of Mg** ions
and the AV value can reach 56%.

Moreover, besides affecting the spinel volumetric expan-
sion, the R increase seems also to induce the Kirkendall effect,
which was first reported by Smigelskas and Kirkendall in 1947
[8]. This effect takes place when the inter-diffusion of one of the
diffusing species is much faster than the other, leading to the
formation of a pore in the initial location of the lower mobility
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MgAl,O, MgALO,

Fig. 2. Spinel formation according to Wagner’s mechanism. The dashed line
indicates the original alumina—magnesia interface [1].

component. When magnesium aluminate spinel is formed via
solid state reaction with a high R factor value, the Mg**
unidirectional diffusion is favored. The consequence is the
counter-flux of vacancies which accumulate where MgO was
initially placed, resulting in the Kirkendall porosity.

Fan et al. [9] recently published an interesting paper about
the production of zinc aluminate spinel nanotubes based on the
Kirkendall effect. These authors used a nanometric ZnO wire
coated by a uniform layer of Al,O5; and, after the thermal
treatment, the ZnAl,O, nanotube was formed by the Zn>*
diffusion to the external alumina layer. Fig. 3 shows the
nanotube fabrication process. Although zinc aluminate was the
example used in the work, the authors confirmed that this is a
common reaction in the production of other sorts of spinel, such
as magnesium aluminate (MgAl,Oy).

Modelings and equations have been developed in order to
calculate the cations and vacancy flux, as well as the fraction
of generated and/or annihilated vacancies in the reactions
involving the Kirkendall effect [10—12]. However, only one of
them [12] aimed to calculate the volumetric change associated
with the pore formation, applying complex computing
simulations based on specific boundary conditions. Moreover,
none of the investigations were related to refractory composi-
tions and, as a consequence, no report of the Kirkendall effect in
spinel refractory castables has been released. Therefore, some
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Fig. 3. ZnAl,O,4 nanotube fabrication based on the Kirkendall effect [9].
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questions related to the expansive behavior of these materials
remain open.

A suitable example is the effect of magnesia grain size on the
overall expansion of in sifu spinel-forming castables. Braulio
et al. [13] investigated this aspect and concluded that the
addition of coarser magnesia grains led to higher values of
residual expansion. However, considering that the same
magnesia volume was used, regardless of the magnesia grain
size, different values of overall expansion would not be
expected. The behavior observed by Braulio et al. [13] was also
previously detected in other studies involving expansive
reactions, such as the magnesia hydration [14] or the silicon
carbide oxidation [15]. In these cases, the use of coarse raw-
materials also resulted in greater volumetric change and even
cracks due to the generated stress.

Another relevant question is associated with the corrosion
resistance of spinel refractory castables. Even presenting an
expansive reaction which most likely leads to pore formation,
castables containing in situ spinel usually present excellent
performance in industrial units [16,17]. Braulio et al. [18] and
Sako et al. [19] stated that chemical and microstructural
aspects, such as the calcium aluminate phase distribution in
the matrix, imparted an important role in the castable slag
resistance. The mechanism proposed by these authors was
appropriate for the evaluated testing conditions, but it did not
consider several other variables, such as the magnesia grain
size. Thus, the relationship between the corrosion resistance
and the spinel formation mechanism is not yet fully
understood.

Considering this scenario, the objective of the present work
is to analyze indirect evidence of the Kirkendall effect and shed
some light on three open questions:

- Is the spinel formation reaction ruled by the Kirkendall effect
in spinel-forming refractory castables?

- What is the relationship between the castable overall
expansion and the magnesia grain size?

- If the in situ spinel formation is followed by expansion and
pore generation, why do spinel-forming castables present
excellent corrosion resistance in industrial applications?

2. Experimental procedure

Three vibratable alumina—magnesia castables (M1, M2 and
M3) were designed using dead-burnt MgO of different grain
sizes (95 wt% MgO, C/S = 0.37, Magnesita Refratarios S.A.,
Brazil): D« < 13, <45 and <100 pm. As shown in Table 1,
for all of them tabular alumina (D, <6 mm, Almatis,
Germany) was used as the refractory aggregates and calcium
aluminate cement (Secar 71, Kerneos, USA) as the binder
agent. The castables matrix also comprised fine tabular
alumina (Dpax < 200 pm, Almatis, Germany), reactive alu-
mina (CL 370, Dp.x < 10 pm, Almatis, Germany) and
microsilica (971 U, Elkem, Norway). The magnesia and fine
alumina contents were selected considering a potential total
spinel formation after the thermal treatment equal to 21 wt%
for all castables.

Table 1

Differences among the distinct castables’ compositions. All of them comprised
also 62 wt% of coarse tabular alumina, 6 wt% of CAC and 1 wt% of micro-
silica.

Raw materials Content (wt%)

M1 M2 M3 PF

Tabular alumina (d < 200 pm) 18 18 18 10
Reactive alumina CL 370 7 7 7 -
Dead-burnt MgO (d < 13 wm) 6 - - -
Dead-burnt MgO (d < 45 pm) - 6 - -
Dead-burnt MgO (d < 100 wm) - - 6 -
Pre-formed spinel AR78 (d < 0.5 mm) - 21

The castables’ preparation followed the same procedure
described by Sako et al. [20]. The water content required for
suitable casting varied from 4.0 to 4.2 wt%, providing good
workability regardless of the MgO grain size. In order to
evaluate whether the Kirkendall effect rules the spinel
formation, scanning electron microscopy (SEM) images of
the castables microstructure after firing at different tempera-
tures (1000, 1150, 1300 and 1500 °C) were attained (JEOL
JSM-5900 1V, The Netherlands). Based on these images, pore
size distribution measurements were conducted using the
Noran NSS 2.2 analyzer software (Thermo Fisher Scientific,
Madison, USA).

The castable’s expansive behavior was also analyzed by the
assisted sintering technique. The tests were carried out in
refractoriness-under-load equipment (Model RUL 421E,
Netzsch, Germany), where the dimensional linear change
was measured as the sample was heated up to 1500 °C (3 °C/
min), followed by a dwell time of 5 h at this temperature and
under a compressive load of 0.02 MPa.

Samples were also produced into a cylindrical shape
(50 mm x 50 mm) with a 20 mm diameter X 25 mm depth
internal hole for the slag attack experiments. After previous
firing at 1500 °C for 5 h, the samples’ hole was filled with 10 g
of industrial slag (Table 2) and then heated up again to 1500 °C
for 2 h in a vertical tube furnace (HTRV 100-250/18 GERO,
Germany) in air in order to perform the tests.

Aiming to evaluate the effects of the castable expansion
level on the corrosion resistance, slag attack experiments were
also conducted under constraint. Firstly, a high-strength
alumina brick was prepared with a 55 mm diameter internal
hole in order to provide the desired constraint. After pre-firing
the material, a cylindrical sample as the one described above
was molded inside the brick hole. The whole set was pre-fired at
600 °C for 5h and the corrosion experiment was then
conducted according to the above-reported procedure.

Table 2
Chemical composition (wt%) of the steel ladle industrial slags used for the
corrosion tests.

MgO Al O3 SiO, CaO MnO Fe,05

8.8 1.7 7.5 342 3.6 43.6
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Fig. 4. Spinel formation process with high thickness ratio, generating the Kirkendall porosity.

3. Results and discussion

3.1. Is the spinel formation reaction ruled by the
Kirkendall effect in spinel-forming refractory castables?

According to the aspects described above, the faster Mg*
ions diffusion and the likelihood of spinel formation with high
thickness ratio, favor the one-direction flux of magnesium ions
and, consequently, the vacancies concentration, generating the
Kirkendall porosity. Based on these features, an optimized
description of the spinel formation is suggested in this work
and schematically presented in Fig. 4. The MgAl,0,4 formation
would be firstly carried out at the particles interface,
occupying, however, mostly the alumina portion. The MA
layer then grows and a local volumetric change (AX) is
detected. Nonetheless, due to the greater share of spinel formed
at the alumina side (high R value), AX is higher than the
intrinsic theoretical value of 8.1%. In addition, the Kirkendall

porosity contribution (P) to the overall expansion should also
be considered. In cases in which R = oo, the P value would
represent the MgO original volume.

In alumina-magnesia refractory castables, the spinel
formation ruled by the Kirkendall effect should lead to an
increase in the average pore size as the magnesia grains are
gradually consumed. In order to check if this effect takes place
in practice for cement-bonded in sifu spinel-containing
castables, SEM images of the M2 composition (containing
MgO < 45 pm) were attained at different sintering tempera-
tures (Fig. 5) and the pore size distribution in each stage was
measured (Fig. 6).

The average pore size (d50) for the castable M2 fired at
1000 °C was close to 5 wm and this value barely changed when
the firing temperature increased up to 1150 °C. According to
Zhang and Lee [21], the spinel formation usually takes place at
temperatures above 1150 °C and, therefore, no expansion or
pore generation associated with this reaction would be expected

AT T = BITUR

¢ [ T ' g

Fig. 5. Micrographs of the sample containing MgO < 45 pm (M2) after firing at different temperatures (1000, 1150, 1300 and 1500 °C) for 5 h.
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Fig. 6. Pore size distribution of sample containing MgO < 45 wm (M2) fired at
different temperatures (1000, 1150, 1300 and 1500 °C) for 5 h. The dotted line
indicates the average pore size (d50).

at lower temperatures. Additionally, although some authors
[22-24] stated that calcium dialuminate (CA,) is generated at
this temperature range in cement-bonded castables, leading to a
small residual expansion, no significant effects on the castable
porosity profile has been reported, most likely due to the
presence of microsilica in this system [23].

When the sample was thermally treated at 1300 °C and
1500 °C, an increase in the d50 value was detected (8 and
22 wm, respectively), which is relevant and indirect evidence of
the Kirkendall effect associated with the spinel formation. This
feature presented in Figs. 5 and 6 also matches with the results
attained by Braulio et al. [13]. According to these authors, most
of the expansion measured for the alumina—magnesia castable
containing this MgO source was detected between 1300 °C and
1500 °C, which was the temperature range of higher pore size
change detected in this work.

Besides this, another aspect which would reinforce the
Kirkendall effect in alumina-magnesia castables is the
relationship between the average pore size after the spinel
reaction and the magnesia grain size used. Aiming to evaluate
this aspect, Fig. 7 shows the pore size distribution of samples
M1 and M2 after firing at 1500 °C for 5 h. The results for the
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Fig. 7. Pore size distribution of samples M1 and M2 after firing at 1500 °C for
5 h. The dotted line indicates the average pore size (d50).
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Fig. 8. Microstructure of M3 (MgO < 100 um) sample after firing at 1500 °C
for 5 h, highlighting the remaining magnesia particles.

M3 sample (MgO < 100 wm) was not included due to the
presence of remaining MgO grains in many regions of the
microstructure even after the thermal treatment at 1500 °C
(Fig. 8), which makes the correlation between the castable pore
size and the MgO particle size difficult.

In Fig. 7, the difference in the pore size distribution is clear:
d50 of the M2 sample is close to 22 um, whereas itis 11 pwm for
M1. These results indicated that castables containing coarser
MgO grains would also present a higher amount of larger pores,
suggesting a relationship between the pore diameter and the
magnesia grain size. This relationship was confirmed in Fig. 9,
which shows micrographs of the castables containing different
MgO grain sizes (M1, M2 and M3) after firing at 1500 °C for 5 h.
In these images, larger pores were detected in the microstructure
of M3 sample, smaller ones in the M1 micrograph, whereas M2
presented an intermediate pore profile. Moreover, the presence of
spinel rims around those pores also highlights that they were
previously occupied by MgO particles and, therefore, the
Kirkendall effect ruled the spinel formation in these castables by
the preferential out-flux of Mg®" toward the surrounding
alumina.

3.2. What is the relationship between the castable overall
expansion and the magnesia grain size?

Although the Kirkendall effect seems to be the actual reason
for the pore formation in spinel-forming castables, it does not
explain the different expansion values measured when distinct
magnesia grain sizes are used. Fig. 10 shows the thermal
expansion profile up to 1500 °C of MI, M2 and M3,
highlighting the increasing overall expansion as a function
of the MgO granulometry [25]. Considering that the same
volume of dead-burnt magnesia was added to the three
castables, the total pore volume generated after the spinel
reaction should also be the same regardless of the MgO average
grain size.

Although the reaction for the M3 sample involves a higher
local reaction volume and, therefore, the expansion level and
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castables M1
(MgO < 45 wm) and M3 (MgO <100 pm) after firing at 1500 °C for 5 h.

Fig. 9. Microstructure of the (MgO < 13 pm), M2

the consequent stress around the MgO particle should also be
higher, this is a clear reason for the higher overall expansion
values. According to the results obtained by Braulio et al. [13]
with the same M3 sample, the cracks identified in the SEM
(Fig. 11) images were formed during the castable cooling step
and, thus, could not be associated with the abnormal expansion
detected in Fig. 10.

In order to solve this question, two additional aspects related
to the spinel generation should be considered. The first one is
related to the reaction mechanism proposed in Fig. 4 when two
particles are in contact, which pointed out that the residual

5,0
451 M1 (MgO < 13 pm) -7
4,01 ’

35/ M2 (MgO < 45 pm) ,
3,01 — — = M3 (MgO < 100 pm) }
2,5
2,01
1,51
1,01
0,51

0,0 T T T
300 500 700 900

Temperature (°C)

AL Ly (%)

1100 1300 15001 2 3 4 5
Time (h)

Fig. 10. Expansive behavior of alumina—magnesia castables containing
MgO of different grain sizes up to 1500 °C with a dwell time of 5 h at this
temperature [25].

Fig. 11. Microstructure of M3 sample after firing at 1500 °C for 5 h, highlight-
ing the cooling cracks [13].

expansion depends on the volume of the generated pore (P) and
on the expansion at the alumina side (AX). For the castables
evaluated in this work, the porosity share on expansion should not
be different, as the same amount of MgO was used. However,
according to Nakagawa et al. [7], when dealing with multi-
particles systems, such as refractory castables, AX can be
significantly affected by the type and number of particle contacts.
In a powder compact comprising alumina and magnesia, three
contact pairs are found: MgO-MgO, Al,03-MgO and Al,O5—
Al,Os3. The former does not add to the AX value, as it shrinks,
leading to the Kirkendall porosity, and, therefore, its effect is
accounted in P. On the other hand, the Al,O;—MgO and Al,O3—
Al,O5 pairs present positive volume change and their share on
expansion depends on the thickness ratio, R. Table 3 presents the
three types of contacts and their impact on the final expansion
considering two R values, calculated by Nakagawa [7].
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Table 3
The different types of contacts in an alumina—magnesia mixture and their
contribution to the overall expansion considering R =3 and R = oo [7].

Type of contact AX increment (%)

R=3 R=
MgO-MgO 0 0
AlL,O;-MgO 2.7 4.0
AlL,O3-ALO; 53 15.9

The increment for the Al,0;—MgO couple is lower than the
Al,O3-Al,O5; one, due to the balanced effect between the
alumina expansion and the magnesia shrinkage. Therefore, in a
compact powder, the higher the number of Al,03;—Al,O3
contacts, the greater the AX value. Aiming to verify this aspect,
the number of magnesia and alumina particles was estimated
for the M1, M2 and M3 samples, considering the proportion of
components used (dead-burnt magnesia, reactive alumina and
fine tabular alumina < 200 wm) and their average diameter
size. It was also assumed that the particles presented a spherical
shape. These results are presented in Table 4, as the A/M ratio,
which represents the number of alumina particles for each
magnesia one in the mixture.

Increasing the magnesia grain size reduced the number of
MgO particles added to the mixture and also the likelihood of a
MgO-MgO contact, leading, therefore, to a high A/M ratio for
the sample containing coarse magnesia (M3). Consequently,
the number of Al,03;—MgO pairs is much higher in M1, whereas
the contact Al,O3;—Al,O5 should be predominant in M3. The
Al,03-Al,03 pair counts with the largest portion of AX, mainly
for high R value (as shown in Table 3), which partially explains
the different expansive behavior observed in Fig. 8.

Additionally, as the spinel reaction is not the only
mechanism taking place with the temperature, one should
also consider the shrinkage related to the castable sintering. In
Fig. 8, it can be observed that due to the higher reactivity of the
magnesia grains and the close number of alumina and magnesia
particles in the castable matrix (Table 4), the spinel formation
started earlier in the M1 sample. Consequently, the reaction
also finished at lower temperatures and a small sintering
shrinkage could be detected between the spinel and the CAgq
peaks. This aspect is better highlighted in Fig. 12, which shows
the derivative of the curves presented in Fig. 10 [25]. For the
other two samples, part of the spinel formation occurred when
CA¢ was already being generated. No shrinkage was then
identified in the M2 and M3 curves.

Besides this, the different sintering profiles could also affect
the expansion associated with the CAg formation. The CAgq
peak in the thermal expansion curves is the result of a balanced
effect between the CAg expansion and the sintering shrinkage.

Table 4
A/M ratio of the castables M1 (MgO < 13 pm), M2 (MgO < 45 pm) and M3
(MgO < 100 pm).

Ml M2 M3

AM ~5 ~100 ~5000

0,08
Spinel
= 0,07 4 M1 (MgO < 13 ym) pine
E 0,06 - —— M2 (MgO < 45 ym)
X
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3
& 0,04
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Fig. 12. Expansion rate of alumina—magnesia castables containing MgO of
different grain sizes [25].

Therefore, the faster the spinel formation is the higher the
sintering efficiency and the lower the CAg4 expansive effect.
The micrographs present in Fig. 9 highlight the higher structure
densification when using smaller MgO grains.

3.3. If the in situ spinel formation is followed by expansion
and pore generation, why do spinel-forming castables
usually present excellent corrosion resistance in industrial
applications?

The spinel intrinsic expansion, regardless of the thickness
ratio value (R) and the Kirkendall effect, should decrease the
slag resistance of spinel-forming castables. However, Fig. 13(a)
shows the results of corrosion tests using a high-iron oxide
containing slag (~45 wt%) carried out in the castable designed
by adding MgO of intermediate grain size (M2), pointing
out the high corrosion and infiltration resistance of this
composition.

According to Sako et al. [19], although the in situ spinel
formation indeed led to higher open porosity, the physical
aspects were less important than the chemical interactions with
the molten slag. For spinel-forming castable, as CAg formation
involves the precipitation of CM,Ag (CaMg,Al50,7) as a
precursor phase, its microstructural configuration was asso-
ciated with the previous location of the MgO sources. Thus, the
CAg crystals generated during pre-firing at 1500 °C were
spread all over the microstructure, including at the edges of
coarse tabular alumina aggregates, which helped to chemically
protect the material from further penetration.

Nevertheless, it is important to highlight that the above-
mentioned conclusions were for the spinel-forming castable
containing MgO of intermediate grain size (<45 wm). The
results of the corrosion experiment for the M3 composition
(MgO < 100 pm) showed higher penetration and wear rates
(Fig. 13(b)). In this case, the in situ CAg generation was most
likely carried out similar to the M2 sample. However, the
excessive expansion during heating observed in Fig. 10
drastically affected the castable’s physical properties and,
consequently, had a negative effect on the corrosion resistance
of the spinel-forming castable when using a high-iron oxide
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Fig. 13. Cross-sections and penetration indexes of alumina-magnesia castables after the corrosion tests at 1500 °C for 2 h. A high-iron oxide containing slag was
used. (a) M2 (MgO < 45 pm); (b) M3 (MgO < 100 wm); and (c) M3 (MgO < 100 wm) under constraint.

containing slag. In fact, in the same test conducted under
constraint, preventing the microstructure expansion and
simulating an industrial application, the result was an increased
slag resistance, as shown in Fig. 13(c).

Fig. 14 (a) presents the apparent porosity of the three
castables (M1, M2 and M3) after firing at 1500 °C for 5 h at the
two different conditions: free to expand and under constraint.
The results pointed out that, when the sample was constrained,
the high expansion of M3 led to a reduction of the apparent
porosity and, consequently, of the slag penetration index,
for the tests conducted in the same conditions (Fig. 14(b)).
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Fig. 14. Apparent porosity (a) and penetration index (b) of the castables M1
(MgO < 13 wm), M2 (MgO < 45 pm) and M3 (MgO <100 wm) after firing/
corrosion experiment at 1500 °C for 5 h at two conditions: free to expand and
under constraint.

The same behavior was observed for M1 and M2, but to a lesser
extent. The results indicated that the excellent corrosion
behavior of alumina—magnesia castables in industrial applica-
tions is associated with the structural constraint imposed by the
surrounding lining materials, which reduces the drawbacks
related to the expansive in situ spinel formation.

4. Conclusions

Based on the three proposed questions related to cement-
bonded refractory castables, the main remarks of the present
work can be summarized as follows:

- The faster Mg”* mobility and the likelihood of reactions with
a higher thickness ratio seem to induce the Kirkendall effect
during the in situ spinel formation. Measurements based on
SEM images indicated that the average pore size of the
sample containing MgO < 45 pm (M2) increased with the
firing temperature. In addition, a relationship between the
pore size after firing at 1500 °C and the magnesia grain size
was also detected, suggesting that the Kirkendall effect is the
most likely reason for the spinel reaction being followed by
pore generation.
The different values of overall expansion observed in
alumina—magnesia castables containing MgO of distinct
grain sizes were not associated with the Kirkendall porosity,
as the total volume of generated pores should be the same
regardless of the MgO source. The permanent volumetric
change scaled with the MgO grain size due to the increase in
the number of Al,03;—Al,Oj3 pairs and reduced likelihood of a
MgO-MgO contact. As these aspects depend on the largest
portion of the spinel expansion, castables containing coarser
MgO grains presented higher expansion. Additionally, the
reaction for spinel formation was faster in samples containing
smaller MgO grains, owing to the higher particles reactivity
and close number of alumina-magnesia contacts. Conse-
quently, the sintering efficiency was increased, reducing the
overall expansion values.
- Regarding the corrosion resistance, besides the proper CAq
crystals distribution through the microstructure, alumina—
magnesia castables usually perform well in industrial
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applications due to the benefits provided by the structural
constraint. When preventing the castable expansion, even the
compositions containing coarse MgO grains (M3) showed a
suitable corrosion and penetration resistance, as a result of the
reduced open porosity values.
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