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Effect of magnesia on strength of hydratable

alumina-bonded castable refractories

GUOTIAN YE, TOM TROCZYNSKI
Department of Materials Engineering, University of British Columbia, Vancouver, BC,
Canada V6T 1N5

The change in strength of hydratable alumina-bonded castable refractories in the presence
of magnesia powder and magnesia aggregate, after heat treatment at 110◦ and 816◦C, and
the relationship between the strength and morphology and thermal decomposition
behavior of the hydrates in the castables are investigated. The mechanism of bonding
facilitated by the presence of magnesite in hydratable alumina-bonded castables after
drying is discussed. The contribution of polycondensation process occurring after
dehydroxylation of the hydrates in the castables after firing at 816◦C is proposed as the
principal mechanism for strength development.
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1. Introduction
Refractory castables have been increasingly used in
steel, foundry and nonferrous industries and calcium
aluminate cement has been widely used as a binder in
castables [1–5]. In response to the increasing severe
service conditions, attempts have been made to reduce
CaO content in castables because the presence of CaO
is likely to produce relatively low-melting temperature
phases, such as gehlenite (2CaO·Al2O3·SiO2, melting
point (mp) = 1590◦C), anorthite (CaO·Al2O3·2SiO2,
mp = 1550◦C) [3], monticellite (CaO·MgO·SiO2, mp
= 1498◦C), and merwinite (3CaO·MgO·2SiO2, mp
= 1577◦C) [6]. Consequently, ultralow cement and
cement-free castables have been developed to enhance
thermomechanical resistance and corrosion resistance
of the castables. In recent years, hydratable alumina has
been used in castables [2, 3, 5, 7] to replace calcium
aluminate cement to further reduce lime content. How-
ever, hydratable alumina-bonded castables have rela-
tively low strength (1.4–2.0 MPa modulus of rupture)
at dehydration temperatures (800–1200◦C) when hy-
draulic bonding is lost while ceramic bonding is not
yet significantly formed [3]. It has been proposed that
magnesia may influence strength development in these
castables because the presence of magnesia accelerates
the hydration of hydratable alumina and a hydrotalcite-
like compound forms from the hydrated magnesia and
the hydratable alumina [8, 9]. Although hydration of
hydratable alumina in the presence of magnesia has
been studied [8, 9], little is known about the influence of
the magnesia on strength of hydratable alumina-bonded
castables. The objective of this study is to examine
the effect of magnesia on the strength of hydratable
alumina-bonded castables after heat treatment at low
(110◦C) and intermediate (816◦C) temperatures. The
mechanism of bonding formation between hydratable
alumina and magnesite in the castables is proposed.

2. Experimental procedures
The compositions of the castables are shown in Table I.
Fused magnesite (Baymag-96, Baymag Inc., Calgary
Canada) and fused magnesium aluminate spinel (SP-
25, CE Minerals, King of Prussia, USA) were used
to compare the strength of the magnesite-aggregate
castables (M-0 and M-4) with that of spinel aggre-
gate castables (S-0 and S-4). In order to investigate
the effect of magnesite powder on the strength of the
castables, one magnesite-aggregate castable (M-4) and
one spinel-aggregate castable (S-4) contained 4 wt%
deadburnt magnesite powder (P-98, Martin Marietta,
<75 µm), while the magnesite powder was not incor-
porated in the other magnesite-aggregate castable (M-
0) and spinel-aggregate castable (S-0). All the castables
included 4 wt% hydratable alumina (Alphabond-300,
Almatis) as the hydraulic binder and 6 wt% ultrafine
alumina powder (RG100, Almatis); the balance was
fused magnesium aluminate spinel powder (AR-78, Al-
matis). Small amounts of sodium polymethacrylate and
citric acid were used as dispersants.

The castables were mixed with 5 wt% water and
then cast into bars, 2.54 mm wide, 2.54 mm high and
17.78 mm long, under vibration. The samples were
cured in molds at ambient temperature for 24 h, and
then cured in sealed plastic bags for another 24 h after
demolding. Then the samples were dried at 110◦C for
24 h and some of the dried samples were fired for 5 h at
816◦C. This firing temperature was chosen because the
hydrates formed in the castables are decomposed com-
pletely [8] and no significant amount of in-situ spinel
is formed from magnesia and alumina at that temper-
ature [10]. Flexural 3-point bend strength test (span of
127 mm) was performed using an Instron, at a crosshead
speed of 0.127 mm/min. Compressive strength of the
castables was determined using a Tinius Olsen press
and a head speed of 0.0127 mm/min. Linear change
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TABLE I Formulations (wt%) and properties of castables

Batch S-0 S-4 M-0 M-4

Aggregatea −4 + 6 mesh 10 10 10 10
−6 + 14 mesh 25 25 25 25
−14 + 28 mesh 20 20 20 20
−28 + 150 mesh 10 10 10 10

SP-25b <75 µm 16 16 16 16
AR-78c <45 µm 4 0 4 0

<20 µm 5 5 5 5
Alphabond 300d 4 4 4 4
P-98e <75 µm 0 4 0 4
RG100f 0.5 µm (median) 6 6 6 6
SPMAg 0.10 0.10 0.10 0.10
Citric acid 0.02 0.02 0.02 0.02
Linear change (%) 816◦C × 5 h −0.01 ± 0.008 −0.02 ± 0.007 0.10 ± 0.003 0.11 ± 0.005
Modulus of rupture (MPa) 110◦C × 24 h 3.66 ± 0.17 5.03 ± 0.13 6.13 ± 0.11 6.42 ± 0.13

816◦C × 5 h 0.61 ± 0.07 0.79 ± 0.08 1.99 ± 0.09 2.27 ± 0.09
Cold crushing strength (MPa) 110◦C × 24 h 38.5 ± 1.5 56.6 ± 1.1 71.4 ± 0.6 78.7 ± 1.2

816◦C × 5 h 16.4 ± 0.5 17.5 ± 0.3 33.1 ± 0.4 35.0 ± 0.3
Apparent porosity (%) 110◦C × 24 h 16.1 ± 0.3 14.0 ± 0.2 14.6 ± 0.2 13.2 ± 0.1

816◦C × 5 h 18.8 ± 0.3 17.1 ± 0.1 17.4 ± 0.2 16.8 ± 0.1
Increase in apparent porosity (%) 816◦C × 5 h 16.8 22.1 19.2 27.3

aBaymag-96 (fused magnesite, MgO ≥ 96.0%) in M-0 and M-4, and SP-25 in S-0 and S-4.
bSP25: fused magnesium aluminate spinel (MgO 25.0%, Al2O3 74.3%).
cAR-78: fused magnesium aluminate spinel (MgO 22.0–23.0%, Al2O3 76.4–77.6%).
dAlphabond 300: hydratable alumina (Al2O3 ≥ 88.0%, LOI ≤12.0%).
eP-98: deadburnt magnesite (MgO 98.0%).
fRG100: ultrafine alumina (Al2O3 99.8%).
gSPMA: sodium polymethacrylate.

was obtained by measuring the length of samples be-
fore and after firing. Apparent porosity was measured
by immersion method in kerosene under vacuum using
the Archimedes’ principle. Increase in apparent poros-
ity of the castables after firing was calculated as follows:

AP I
T = APT − APD

APD
× 100(%)

where AP I
T , Increase in apparent porosity of castables

after firing at temperature T (◦C); APT , Average ap-
parent porosity of castables fired at temperature T (◦C);
APD , Average apparent porosity of castables dried at
110◦C. All the physical properties of the castables were
determined on three specimens; the average values and
standard deviation are reported in Table I.

Pure hydratable alumina Alphabond 300 and a mix-
ture of 16% hydratable alumina Alphabond 300 and
84% deadburnt magnesia P–98 (<75 µm) were hy-
drated to investigate their morphological features and
thermal decomposition behavior. The samples were
mixed with distilled water (powder/water weight ratio
= 5:4) and hydrated for 48 h at 20◦C in sealed polyethy-
lene bags and then for 12 h at 110◦C in an autoclave
with a pressure of 0.0345 MPa. The hydration in the au-
toclave step was added to simulate the typical hydration
conditions for castables in industrial practice, in partic-
ular increased water vapor pressure inside the pores of
the castables. All the samples were dried at 110◦C for
24 h following the hydration treatment. The hydrated
samples were analyzed by thermogravimetric (TG) and
differential thermal analysis (DTA) (Setaram, TG-96),
at a heating rate of 10◦C/min under a flow of helium.
The morphology of the hydrated samples was observed

by scanning electron microscopy (SEM, S3000N, Hi-
tachi).

3. Results and discussion
The results of sample characterization (strength and
porosity) are compiled in Table I, and plotted in Figs 1
and 2. Fig. 1 shows that Castable S-4 had significantly
higher flexural (5.03 ± 0.13 MPa) and crushing strength
(56.6 ± 1.1 MPa) than Castable S-0 (3.66 ± 0.17 MPa
and 38.5 ± 1.5 MPa respectively) after drying at 110◦C.
The microstructure of the castables was essentially sim-
ilar in terms of the maximum flaw size (or pore size).
Therefore, the difference in strength of the two casta-
bles, i.e. increase by 37% in MOR and 47% in CCS,
must be ascribed to the difference in their composition:
S-4 contained 4% deadburnt magnesite in the matrix,
while no magnesite powder was present in the matrix
of the latter.

Our previous work [9] showed that a hydrotalcite-
like compound [(Mg4Al2)(OH)12(CO3)(H2O)6] was
formed in the mixtures of hydratable alumina with
deadburnt magnesia and fused magnesia respectively,
when the mixtures were hydrated at room temperature
for 48 h and at 110◦C for 12 h. It is accepted that
during drying, hydrogen bonding forms between the
neighboring surface hydroxyl groups from hydrotalcite
hydrate and Mg(OH)2 surrounding the magnesia par-
ticles [11]. We therefore hypothesize that hydrotalcite-
Mg(OH)2 hydrogen bonding controlled the strength
of the castable after drying. From the above discus-
sion, it is inferred that the hydrogen bonding exists
between hydrotalcite and Mg(OH)2 on the surface of
magnesia powder in S-4. In contrast, the hydrotalcite-
like compound was not formed in the castable without
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Figure 1 (a) Flexural strength and (b) crushing strength of castables after heat treatment at 110 and 816◦C.

Figure 2 Average values of apparent porosity of castables after heat
treatment at 110◦C and 816◦C and apparent porosity (AP) increase after
firing at 816◦C over drying at 110◦C.

magnesite powder (S-0) as no magnesium hydrox-
ide was available; hence the castable S-0 exhibited
lower strength than the castable S-4. These results are
in agreement with the finding that addition of 0.25
wt% of co-precipitated magnesium aluminate hydrate
(MgO·Al2O3·16H2O) into deadburnt magnesite sam-
ples cured at 110◦C for 24 h improved their cold crush-
ing strength from 55 to 65 MPa [12, 13]. It has been indi-
cated that high amount of the combined water of mag-
nesium aluminate hydrate (MgO·Al2O3·16H2O) pro-
vides a large of number of hydroxyls having active po-
lar groups bonding to Mg(OH)2 on the surface of the
MgO particles [12, 13].

As seen from Fig. 1, after drying at 110◦C, the
castable M-0 had higher flexural strength (6.13 ±
0.11 MPa) and compressive strength (71.4 ± 0.6)
than castable S-0 (3.66 ± 0.17 MPa and 38.5 ± 1.5
MPa respectively), the castable M-4 had higher flexu-
ral strength (6.42 ± 0.13 MPa) and crushing strength
(78.7 ± 1.2 MPa) than the castable S-4 (5.03 ±
0.13 MPa and 56.6 ± 1.1 MPa respectively), and the
castable M-0 showed lower flexural strength (6.13 ±
0.11 MPa) and compressive strength (71.4 ± 0.6 MPa)
than the castable M-4 (6.42 ± 0.13 MPa and 78.7
± 1.2 MPa respectively). All the above results sup-
port the hypothesis that the hydrogen bonding between
hydrotalcite and Mg(OH)2 controls strength of the
castables.

It is assumed in the above discussion that the fused
magnesium aluminate spinel aggregate (SP-25), fused
magnesium aluminate spinel powder (AR-78) and ul-
trafine alumina power (RG100) are inert to water and
therefore hydrogen bonding did not form between the
hydrotalcite-like compound and the spinel aggregate,
spinel powder or the ultrafine alumina powder in the
castables. It was reported [11] that ZrO2 formed in the
mechanochemical reaction ZrCl4 + 2MgO → ZrO2
+ 2MgCl2 had appreciable amounts of hydroxyls on
the particle surface when the ZrO2 powder was washed
with water. However, when such ZrO2 was heat treated
at 500◦C, the surface reactivity of the ZrO2 powder to-
wards water was decreased and fewer surface hydrox-
yls were formed. Similarly, it could be inferred that
the magnesium aluminate spinel aggregate and pow-
der produced through fusion and the ultrafine alumina
powder (RG100) produced through calcination at tem-
peratures above 1200◦C are inert to water and hydroxyls
formed on their surface is insignificant.

Fig. 1 exhibits that, after firing at 816◦C, the flexural
strength and compressive strength of the castables are
in the following order: M-4 (2.27 ± 0.09 MPa and 35.0
± 0.3 MPa respectively) > M-0 (1.99 ± 0.09 MPa and
33.1 ± 0.4 MPa respectively) > S-4 (0.79 ± 0.08 MPa
and 17.5 ± 0.3 MPa respectively) > S-0 (0.61 ± 0.07
MPa and 16.4 ± 0.7 MPa respectively). It is expected
that the hydroxyls leading to formation of hydrogen
bonding lose water during heating and the dehydroxy-
lation reaction of the hydrotalcite hydrate and Mg(OH)2
on the surface of magnesite powder and/or magnesite
aggregate results in a polycondensation-type reaction
[11–13]:

HO-Mg-OH + HO-(Mg, Al)-OH + HO-Mg-OH

+ · · · · · · → -O-Mg-O-(Mg, Al)-O-Mg-O- + nH2O

It is expected that the above condensation process
contributes to the strength development of the castables.
The condensation reaction during heating of M-4 oc-
curred between the hydrotalcite hydrate and Mg(OH)2
on the surface of both magnesite aggregate and mag-
nesite powder in the matrices. In comparison, the
condensation reaction took place between the hydro-
talcite hydrate and Mg(OH)2 on the surface of only
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magnesite aggregate in M-0, between the hydrotalcite
hydrate and Mg(OH)2 on the surface of only magne-
site powder in the matrices in S-4. And this conden-
sation did not occur in S-0 because neither hydrotal-
cite hydrate nor Mg(OH)2 was present in the castable.
Consequently, after firing at 816◦C, the strength of the
castable was higher if the extent of the condensation
reaction was higher [11], and vice versa.

As presented in Table I, M-0 and S-0 contained the
same matrix (without magnesite powder), but magne-
site and spinel aggregates respectively; and S-4 and S-0
included the same spinel aggregate, but different ma-
trixes with and without magnesite powder respectively.
It is interesting to note in Fig. 1 that the difference in
strength between the castables M-0 and S-0 is larger
than that between the castables S-4 and S-0, indicating
that the presence of magnesite aggregate contributed to
higher strength than the presence of magnesite powder.
This is confirmed by comparing the strength difference
between M-4 (with magnesite aggregate) and S-4 (with
spinel aggregates) with the strength difference between
M-0 (without magnesite powder) and S-4 (with mag-
nesite powder). Moreover, the castable M-0 with mag-
nesite aggregate, but without magnesite powder, had
higher strength than the castable S-4 with magnesite
powder, but without magnesite aggregate. The above
results suggest that bonding and condensation reaction
between hydrotalcite and Mg(OH)2 on the surfaces of
magnesite aggregate contribute to the strength of the
castables to a higher extent than those between hydro-
talcite and Mg(OH)2 on the surfaces of the magnesite
powder.

It is accepted that powders, compared with aggre-
gates, have more significant effect on the strength of
castables after drying and firing [8, 14]. The results of
this work suggest that the bonding between the binder
(hydratable alumina) and the magnesite aggregate con-
tribute significantly to the strength after heat treatment
at 110 and 816◦C. Accordingly, use of magnesite ag-
gregate in hydratable alumina-bonded castables is ben-
eficial to the strength of the castable after drying and
firing at intermediate temperatures.

Fig. 2 shows that, after drying at 110◦C, the castable
M-4 had the lowest apparent porosity, the castable S-0
the highest apparent porosity and the apparent poros-
ity of the castables S-4 and M-0 was intermediate. The
difference in apparent porosity of the castables should
be related to the amount of the hydrates formed dur-
ing curing and drying. As discussed before, Mg(OH)2
was expected to form on the surfaces of both mag-
nesite the aggregate and the magnesite powder in the
castable M-4 during curing and drying; in comparison,
Mg(OH)2 was formed on the surfaces of the magnesite
aggregate in M-0, and on the surfaces of the magnesite
powder in S-4. On the other hand, Mg(OH)2 is not ex-
pected to form on the spinel aggregate and the matrix
in S-0. As a result, during curing and drying, the hy-
drotalcite compound formed from hydratable alumina
and Mg(OH)2 [9] on magnesite aggregate and mag-
nesite powder in M-4, only on magnesite aggregate
in M-0, only on magnesite powder in S-4, and nei-
ther on the aggregate nor on the matrix in S-0. There-

fore, it could be inferred that the apparent porosity of
the castables is inversely proportional to the amount of
the hydrotalcite compound formed during curing and
drying.

One factor influencing the porosity of the castables
after drying is the hydration extent of hydratable alu-
mina and magnesia. For example, it was reported that
transition alumina was not completely hydrated in 24 h
at 15 and 55◦C [15], and hydratable alumina Alphabond
300 was not completely hydrated even after 46 h at 20◦C
and after 25 h at 110◦C [9]. However, hydratable alu-
mina in the presence of reactive magnesia was almost
completely consumed to form the hydrotalcite com-
pound when hydrated for 24 h at 20◦C [8]. The pres-
ence of magnesite, either in the form of aggregate or in
the form of powder in the castable, is expected to accel-
erate hydration of the hydratable alumina and genera-
tion of the hydrotalcite phase. However, compared with
magnesite aggregate, magnesite powder could be more
effective in accelerating hydration of hydratable alu-
mina because the magnesite powder has much higher
specific surface area than magnesite aggregate. Con-
sequently, the amount of the hydrotalcite compound
would be higher in the castable with magnesite powder
than in the castable with magnesite aggregate, and a
higher amount of the hydrotalcite compound results in
lower porosity of the castable after curing and drying.
As presented in Table I, the castable S-4 has almost
the same particle size composition as the castable M-0,
indicating that the particle packing would not lead to
variation in apparent porosity between the two casta-
bles. However, the castable S-4 had lower apparent
porosity than the castable M-0 (see Fig. 2) after dry-
ing. This must be attributed to the difference in com-
position between the two castables: the castable S-4
with 4% magnesite powder would contain a relatively
higher amount of the hydrotalcite and consequently ex-
hibited lower apparent porosity; and the castable M-0
with 65% magnesite aggregate (but without magnesite
powder) would contain a relatively lower amount of
hydrotalcite and accordingly displayed higher apparent
porosity.

The apparent porosity variation after heat treatment
at 816◦C is also show in Fig. 2. Refractory castables
are composed of aggregates (the “skeleton”) and fine
powders which fill in the space between the larger ag-
gregate particles. When hydrates (such as magnesium
hydroxide and hydrotalcite-like compound) in the ma-
trix dissociate, voids are produced because the oxides
have higher density than their corresponding hydrate
parents. Accordingly, as seen in Fig. 2, castables after
firing at 816◦C have higher apparent porosity than their
corresponding samples after drying because hydrates
were decomposed during the firing.

Moreover, as shown in Fig. 2, the increase in apparent
porosity of M-4 (27.3%) and S-4 (22.1%) is higher
than that of M-0 (19.2%) and S-0 (16.8%), respectively,
after firing at 816◦C. As described before, M-4 and S-
4 contained higher amounts of hydrates than M-0 and
S-0 respectively after curing and drying. Consequently,
castables with higher contents of hydrates are expected
to have higher increase in apparent porosity after firing
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at 816◦C because decomposition of the hydrates would
leave voids in the materials (sintering is negligible at
the temperature).

As shown in [9], bayerite and boehmite were formed
from hydratable alumina after hydration at 20◦C for
48 h and 110◦C for 12 h. It could be inferred that the
hydroxyls of bayerite and boehmite also form hydrogen
bonding with Mg(OH)2 on the surfaces of magnesite,
which could contribute to the strength of the castables
after drying. However, hydratable alumina had a granu-
lar shape (Fig. 3a) after hydration at 20◦C for 48 h and
110◦C for 12 h. This morphology was also observed
after the hydratable alumina was hydrated at 25◦C for
100 h [16]. The granular shape of bayerite and boehmite
makes the hydrates less accessible to Mg(OH)2 on the
surfaces of magnesite and limited their contribution to
the strength of castables.

The morphology of hydrotalcite formed from the
mixture of hydratable alumina and magnesite at 20◦C
for 48 h and 110◦C for 12 h is presented in Fig. 3b. Com-
parison of the morphologies of pure hydratable alu-
mina and the mixture reveals that hydrotalcite formed
in castables bonded well with Mg(OH)2 on the surfaces
of magnesite. It appears that the morphological features
of hydrotalcite promote its bonding with Mg(OH)2 on
the surfaces of magnesite.

The increased strength of hydratable alumina-
bonded castables in the presence of magnesite is also

Figure 3 SEM images of (a) pure hydratable alumina and (b) the mixture of hydratable alumina and magnesite after hydration at 20◦C for 48 h and
110◦C for 12 h.

Figure 4 TG-DTA curves for the thermal decomposition of (a) hydratable alumina and (b) the mixture of 16% hydratable alumina and 84% magnesia
powder after hydration at 20◦C for 48 h and 110◦C for 12 h.

related to the thermal decomposition behavior of the
hydrates in the castables. For pure hydratable alu-
mina after hydration (Fig. 4a), the formed bayerite and
boehmite decomposed around 280◦C [17] and 426◦C
[18] respectively. Fig. 4b exhibits the thermal decom-
position behavior of the mixture of hydratable alumina
and magnesite powder; the endothermic peaks in the
temperature range of 150–220◦C represented the dis-
sociation of interlayer water in hydrotalcite and those
of 300–400◦C were due to loss of the (OH) and (CO3)
groups in hydrotalcite [7, 19, 20].

Comparison of the TG results in Figs 4a and b reveals
that the weight loss in hydratable alumina sample af-
ter hydration occurred in a narrower temperature range
and with fewer steps than in the mixture of hydratable
alumina and magnesia after hydration. In hydratable
alumina-bonded castable after curing and drying, rapid
decomposition of bayerite and boehmite could create
local “explosion spalling”, because significant water
vapor pressure from the dissociation of hydrates inside
the castables could built up in closed pores during heat-
ing [5]. The pressure buildup in the closed pores could
lead to local cracks or even explosion of the whole block
[2, 21]. We expect that decomposition of hydrotalcite
in the lower temperature range (150–220◦C) generated
a micro-porous microstructure [8], which provided es-
cape channels for the water vapor at the higher tem-
perature range (300–400◦C). Consequently, decrease
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in the local vapor pressure mitigated the local spalling,
and therefore also prevented the strength decrease of
the castables after heat treatment at the intermediate
temperatures.

Generally, hydration of MgO is detrimental to the
volume stability and, accordingly, the strength of the
castables because formation of brucite from MgO is
accompanied by a large volume expansion (∼120%).
However, as reported in our previous work [9], only hy-
drotalcite was identified in the mixtures of hydratable
alumina and deadburnt/fused magnesite powder after
hydration at 48 h at 20◦C and then for 12 h at 110◦C,
and brucite was not detected in the hydrated products,
suggesting that the hydrated MgO in the castables ex-
isted in hydrotalcite, rather than brucite. The volume
change accompanying hydrotalcite formation from hy-
dratable alumina and magnesia during hydration is not
clear yet. However, no expansion was observed during
curing and drying of the castables, indicating the casta-
bles did not incur harmful volume increase due to the
formation of hydrotalcite.

4. Conclusions
1. The presence of magnesite aggregate and powder

in hydratable alumina-bonded castables improved the
strength of the castables after drying at 110◦C. It is hy-
pothesized that the principal contribution to strength in-
crease is development of the hydrogen bonding between
hydrotalcite and Mg(OH)2 on the surface of magnesite
particles.

2. The polycondensation accompanying dehydrox-
ylation of hydrotalcite and Mg(OH)2 at 816◦C con-
tributed to the strength of hydratable alumina-bonded
castables containing magnesite.

3. The morphological features of hydrotalcite facili-
tated bonding formation of hydrotalcite with Mg(OH)2
on the surfaces of magnesite and contributed the
strength of the magnesite-containing castables after
drying.

4. It is proposed that decomposition of hydrotalcite
at the lower temperatures (150–220◦C) provides es-
cape channels for the vapor released at higher tem-
peratures (300–400◦C) and, accordingly alleviate lo-
cal explosion spalling during heating-up and benefit
the strength of castables after firing at intermediate
temperatures.
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