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Abstract

In order to reduce energy costs, high-temperature insulation porous refractory ceramics have been subjected to increasing demands. Among the
techniques used to produce these materials (such as the addition of foaming agents and organic compounds), the pore generation via phase
transformation presents key aspects, such as easy processing and the absence of toxic volatiles. In this study, this technique was applied to produce
porous ceramics by decomposing an aluminum-magnesium hydro-carbonate known as hydrotalcite (MggAl,(CO3)(OH),4-4H,0). It was found out
that by using this complex compound, a large fraction of pores can be generated and kept at high temperatures (above 1300 °C) due to the in situ

formation of spinel-like phases (MgAl,Oy).
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

High-temperature (>1000 °C) thermal insulating products
are fundamental in reducing the energy costs in the cement,
steel, aluminum, iron-alloy and petrochemical industries.
Among the suitable materials for this purpose, porous ceramics
are outstanding because they combine intrinsic ceramic
properties, such as chemical inertness and refractoriness, with
low thermal conductivity. Besides saving energy, the dimin-
ished heat loss to the environment also improves working
conditions minimizing the employees’ stress as a result of their
exposure to high temperatures. In addition to thermal
insulating, porous ceramics can be used in many other
applications such as filters for hot gases or liquid metals,
substrates for chemical and biological catalysts and implants
[1,2]. This variety of applications has been motivating in terms
of developing various processing methods. Among the most
described in the literature, three of them are briefly presented
below.
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1.1. Decomposition of organic matter

The incorporation of organic compounds induce pore
formation after their burnout, when previously mixed with
inorganic ones [3-8]. Individual organic particles (such as non-
dissolved starch, wood flour or seeds) or a continuous phase
(thermoset resins, hot water dissolved starch and sodium
alginate, etc.) can be used for this purpose. In some cases,
organic particles are previously coated with the inorganic ones
and then packed into a mold, after which a ceramic slurry is
poured in [4]. It is also possible, by using additives and pH
adjustments, to induce opposite charges on the surface of organic
and inorganic particles in order to generate an ordered
coagulation, known as heterocoagulation [5,8]. In this case, a
fraction of smaller pores greater than those obtained by simply
mixing these raw materials can be attained. Two important
concerns lie in this method: firstly is the generation of toxic
volatiles during burnout; secondly, depending on the organic
content, hot gas release can damage the surrounding structure [8].

1.2. Foamed porous ceramics
This consists of adding a surfactant to the ceramic slurry,

which is vigorously stirred to incorporate air bubbles [9—14].
This technique was subsequently optimized by firstly preparing
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the foam and then adding it to the suspension, allowing for a
better control of the diameter and number of pores. The
compatibility of electric charges between the surfactant and
ceramic particles, the shear rate used and the foam stability are
the main variables that directly affect the porous structure by
using this approach. More recently, a promising variation of this
technique was developed [13,14]. Stabilizing the liquid phase
of the foam with ceramic nanoparticles (with a diameter below
100 nm) instead of only organic surfactants, results in a thin
closed-packed structure on the surface of the bubbles, which is
preserved after freeze-drying and sintering. The great interest in
this method is the high porosity and mechanical strength
attained.

1.3. Decomposition of hydrated/carbonated inorganic
compounds

Similar to the decomposition of organic matter, this
technique is based on generating pores through the volume
reduction that follows the dehydroxylation or decarbonation
reactions [15-17]. Because it does not release toxic volatiles
and it uses low cost compounds and raw materials that can be
easily incorporated into the ceramic slurries, it can be pointed
out as a tough and more practical solution when high
temperature insulation is the objective.

The material most commonly used as a pore generator in
dense alumina matrixes is aluminum hydroxide (Al(OH)j),
which presents a 60 vol.% reduction, when heated above
600 °C [18-20]. By this approach, structures suitable for
application such as filtering elements can be attained with
porosity in the range of 62-82% [17]. However, when calcined
thermally decomposed AI(OH); samples are heated above
1100 °C, an unexpected effect can be observed: the Al,O3
phase transformations result in highly reactive transition
aluminas and sub-micrometric pores that, in contact with the
alpha-alumina matrix, favor sintering and lead to porosity
reduction of the material [18-20].

In order to overcome this drawback, AI(OH); with a smaller
surface area can be used, resulting in less reactive particles and
samples with larger pores. The relationship between the pore
diameter and densification was experimentally shown by
processing samples with the same pore-former volume content,
but with different particle diameters. It was shown that the finer
the particle, the higher the densification of the samples
[19,20,22]. However, it was not clear whether this mechanism
used to delay the phase transformation, is effective when the
ceramics are continuously kept at high temperatures.

In the present work, the hydroxide decomposition method
was selected to produce porous ceramics for applications at
temperatures close to 1500 °C, using various inorganic
compounds in combination with an alumina matrix. For this
purpose, the pore inducers (different grades of aluminum
hydroxides and hydrotalcite, MggAl,CO3(OH),4-4H,0) were
characterized regarding their density and mass loss thermal
behavior. For the porous samples attained, apparent porosity
and pore size measurements were carried out after firing at
1100 °C, 1300 °C and 1500 °C for 5 h.

2. Materials and methods

All powders used as pore-formers were previously dried at
110 °C during 24 h. After this step, their density and surface
area were measured in AccuPyc 1330 helium pycnometer
and BET equipment (Micrometrics, USA), respectively. The
hydrotalcite was previously prepared as a combination of
50 vol.% of caustic magnesia (Magnesita S.A., Brazil,
94 wt.% MgO, Dsy=100 um and surface area =20 m?/g)
and 50vol.% of hydratable alumina (Alphabond 300,
Almatis, US, with Dso=6 um, 88% Al,O3 and surface
area = 165 m*/g). These raw materials were mixed with
50 wt.% of distilled water (no dispersants were added) and
autoclaved at 150 °C for 10h. After this period, the
hydrotalcite was dried at 110 °C for 24 h and ground in a
tungsten carbide mill for 30 min.

The testing samples were prepared with various proportions
of calcined alumina, calcium aluminate cement (CAC, Secar
71, Kerneos, France), water, a polyethyleneglycol based
dispersant (BASF, Germany) and pore-formers, varying: (a)
the content of AI(OH); (from 30 up to 70 vol.%, using Hydral
9280, Almatis, USA), (b) the AI(OH); mean particle size
(50 vol.% content) and (c) the hydrotalcite content instead of
the AI(OH); one (30-97.5 vol.%). Calcined alumina-free
(97.5vol.% hydral 9280 and 2.5vol.% CAC) reference
samples were also tested in the same conditions. Characteristics
of the raw materials and of the compositions tested can be found
in Table 1.

After mixing for 5 min, the suspensions were cast as
25 mm x 25 mm cylinders and cured in a humid atmosphere,
at 50 °C, for 24 h. Afterwards they were dried at 110 °C for
24 h and thermally treated at temperatures ranging from
1100 °C, 1300 °C and 1500 °C, with a heating rate of 2 °C/min
for 5 h.

After firing, the porosity of the samples was measured by the
immersion method (kerosene oil as immersion fluid, five
samples). Their pore size was measured by mercury
porosimetry, using a Micrometrics 9320 Porosimeter (the
curves presented are mean values from two samples).

Their mechanical strength was measured under diametrical
compression, according to the ASTM C496-90 standard, in
MTS 810 TestStar II equipment, with a loading rate of
11 N's™'. Five samples were tested for each condition.

The volumetric shrinkage (VS) of the samples was accessed
by measuring the samples’ dimensions before (BF) and after
firing (AF) and using the expression:

Hgp.7.(Dgr)* /4] — [(Hap.7.(Dap)* /4]}

Vs = 100% x LI A
[(Hgr.7.(Dgr)” /4]

(D

where H and D are, respectively, the height and diameter of the
cylindrical samples. The mean values presented were obtained
after testing 5 samples.

These results (porosity, pore size, mechanical strength and
volumetric shrinkage) are presented as mean values with the
standard deviation error bars.
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Table 1
Characteristics of the raw materials and compositions tested.

Characteristics of the raw materials Matrix Pore formers
Calcined alumina Calcium aluminate Aluminum hydroxide Hydrotalcite®
(A1000SG)* cement (Secar 71)h
Hydral 9280° Hydrogard GP*  C30¢
Density (g cm ) 3.94 297 2.43 2.42 242 216
Surface area (m> g~") 7.45 0.97 3.71 0.72 0.04 123
Mean particle diameter (Dsp, (m) 0.53 25 1.80 13 106 17

Vol.% in the suspensions 67.5,47.5,27.50r 0 2.5

‘Water content

30, 50 or 70, 97.5 50 50 30, 50, 70 or 97.5

Polyethyleneglycol based dispersant®

70 wt.% (based on the weight of the powders)

2-2.5 wt.% (based on the weight of the powders)

* Almatis, US.

b Kerneos, France.

¢ Previously synthesized.
Alcoa, Brazil.

¢ BASF, Germany.

X-ray diffraction was carried out for the ground material
(Dpare < 45 pm) (XRD, Siemens D 5000, Kristalloflex
710, Koo =Cu, Ni filter) for some of the 1500 °C fired
samples.

3. Results and discussion
3.1. Different AI(OH)3; contents

Fig. 1 points out the effects of the AI(OH); content on the
apparent porosity of the samples. Initially, for those fired at
1100 °C, it can be observed that the greater the Al(OH);
content, the higher the porosity level attained, as a result of the
volume reduction that follows Al(OH); decomposition [16—
18]. For the high temperature thermal treatments (1300 °C and
1500 °C), lower porosity levels were attained, with minor
differences between the different pore former contents. These
results suggest that the pores initially formed at 1100 °C were
partially eliminated by the sintering/densification processes
[19,21].

This behavior can be understood considering the thermal
reactions involving Al(OH);, from its decomposition up to the
sintering temperatures. The AI(OH); thermal decomposition is
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Fig. 1. Apparent porosity of the samples prepared with 30, 50 and 70 vol.% of
Al(OH);3 (Dsg = 1.80 um), fired at 1100 °C, 1300 °C or 1500 °C for 5 h.

carried out in the temperature range of 250-450 °C (depending
on the particle size and surface area), as presented by Eq. (2):

2Al(OH); — Al,0; +3H,0 2)

During this process, AI(OH); undergoes a volumetric contrac-
tion of about 60%, due to the density mismatch between
aluminum hydroxide (payon), = 2.42gcm™?) and the oxide
(PaL,0; = 3.98 gcm™?) [15]. If AI(OH); particles are initially
added to a calcined alumina matrix, during their decomposi-
tion, this contraction generates pores, because up to 1100 °C the
matrix does not present any significant volume reduction due to
sintering. However, after its decomposition, aluminum hydrox-
ide becomes a highly reactive and surface area defect-rich
compound, known as transition alumina. When added to a
calcined alumina matrix, transition aluminas can significantly
enhance the driving force for sintering and densification at
temperatures above 1100 °C. This effect can be pointed out as
the main cause for the low porosity values attained for the
samples fired above 1100 °C [21] (Fig. 2).

For the 97.5 vol.% Al(OH); sample, no suitable mechanical
strength to be handled or to perform porosity measurements
after thermal treatment was observed. This effect is associated
to the combination of excessive pore formation with intense
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Fig. 2. Apparent porosity for the samples prepared with 50 vol.% of Al(OH);
with different mean particle size, fired at 1100 °C, 1300 °C or 1500 °C for 5 h.
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sintering, generating a thin dense area surrounding large pores
[16]. The Al(OH);-free sample, on the other hand, presented
low porosity levels (respectively, 35%, 22% and 20% after
firing at 1100 °C, 1300 °C and 1500 °C) because they were only
related to the water content initially present in the suspension
for casting and to the decomposition of hydrated calcium
aluminates and aluminum hydroxide originated during CAC
hydration.

3.2. Different Al(OH); mean particle sizes

Reports in literature pointed out that increasing the AI(OH);
mean particle size could lead to lower densification because (i)
after decomposition, coarse AI(OH); results less reactive
alumina and (ii) the large pores generated (Fig. 3) would be
greater than the critical value for sintering [22]. In order to
evaluated this hypothesis, samples were prepared by the same
procedure, but with 50 vol.% of various sources of Al(OH);,
with different average particle size (Dsy = 1.8, 13 and 106 pm,
Table 1) and a rise of 7% in the porosity after sintering at
1500 °C was observed.

Although the porosity at 1500 °C increased, the total value is
still rather low, indicating the high reactivity of the transition
alumina generated. Therefore, it is reasonable to consider that
replacing A1(OH); by another hydrated compound, with greater
mass loss and less sinterability, would result in higher porosity.
An aluminum-magnesium double layered hydroxide, also
known as hydrotalcite, was chosen for this purpose.

3.3. Hydrotalcite as pore-former

Among the compounds with a composition favoring high
refractoriness in the alumina—magnesia system and presenting
significant amounts of hydroxyls and carbonates in their
structures, those known as double-layer hydroxides (or
hydrotalcite-like) [23-25] are good candidates to substitute
Al(OH);. The general formula of the hydrotalcite-like
ngAly(OH)2x+2y('

compounds can be stated as

8
[0) (]
g a 1100°C
3 st
> 1.8 um
g @ (3.7 m2/g)
Qg 4} 106 um
g S (0.04 m?/g)
B A
=] 2 F | 13 um
g =77 (0.7 mig)
o _ W -
0 1 1 - 11 (Y e ——— L A1
0,01 0,10 1,00 10,00 100,00
8
g b 1500°C
=}
° 6
>
G
& 13 um
Q 4 1.8 um i
o 5 (3.7 m?lg) (0.7 m?ig)
3 w. A
> 2+ N 106 um
15 I =7 (0.04 m?g)
O iy
0 Lo e f i
0.01 0.10 1.00 10.00 100.00

Pore size (um)

Fig. 3. Pore-size distribution for the samples prepared with different
Al(OH); particle size (and specific surface area) fired at (a) 1100 °C and
(b) 1500 °C for 5 h.

CO3),-2(OH),6-nH,0, where 2 < x/y < 4 [23], with a structure
consisting of layers of ions of Mg®* and AI’* surrounded by
atoms of oxygen, holding, among them, molecules of water and
carbonate ions [25-27] (Fig. 4).

The hydrotalcites based on the reaction of MgO and
hydratable alumina results in the MggAl,CO3(OH),4-4H,0
compound [28,29]. It decomposes according to the following
reaction:

MgsAl,CO3(0OH)6-4H,0 — 6MgO + Al,O3 3)
+12H,0 + CO,

OH- anion ‘ o]

~
©
© M2+ or MPP* metal cation

\

Interlayer composition:

© [CO; | [co,),, «nH,0/

-

U

Metal-hydroxide layer:
My Al(OH) . o o) ]

-_._._._.\{,.__,__1

\

Fig. 4. Hydrotalcite’s structure [26,28].
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The total mass loss (as H>O vapor and CO,) for this compound
is 43 wt.%, which is slightly higher to that shown by aluminum
hydroxide (35 wt.%), and it decomposes at a similar tempera-
ture range (200—450 °C for hydrotalcite and 230-430 °C for
Al(OH)3) [23-25]. The resulting material comprises a mixture
of 70 wt.% of magnesium oxide and 30 wt.% of aluminum
oxide, both highly reactive. Besides acting as a pore-former, the
reaction between MgO and Al,O5 leads to spinel (MgAl,Oy)
formation at temperatures above 1000 °C [30].

In order to analyze the use of the hydrotalcite as a pore-
former, samples were prepared varying the content of
hydrotalcite, in the alpha-alumina matrix, from 30 up to
97.5 wt.% (the 97.5 wt.% composition was comprised by
hydrotalcite and CAC only). The resulting effects on porosity,
mechanical strength and dimensional change are presented in
Fig. 5. Samples containing AI(OH); and hydrotalcite thermally
treated at different temperatures can be seen in Fig. 6.

Firstly, it can be observed in Fig. Sa that porosity values
significantly higher than those attained for the equivalent
samples containing AI(OH); were observed with the use of
hydrotalcite for the 1500 °C thermal treatment temperature.
This result could be initially associated to the difference of
mass loss values between Al(OH); and hydrotalcite (~8 wt.%)
after decomposition. However, since differences of porosity
greater than 20% were observed for these samples, it is
reasonable to consider that it would be more likely related to the
sintering-densification behavior of the whole system (pore
former plus matrix). Secondly, the differences between the
porosity values attained after thermal treatment at 1100 °C and
1500 °C were smaller for the hydrotalcite containing samples
than the observed for those prepared with Al(OH);, which
indicates lower densification at the higher temperature. Finally,
the highest porosity levels were achieved for the samples
containing 70 wt.% of hydrotalcite. The presence of maximum
values of porosity and minimum ones for mechanical strength
and shrinkage (Figs. 5b and ¢ and 6) points out that the
composition of the hydrotalcite—alumina system also plays an
important role in this behavior. These hypotheses can be
confirmed considering the results presented in Fig. 7 and
previously published data reported in the literature [30-37].

The sample containing 70 wt.% hydrotalcite correspond to
the 30 MgO:70 Al,O3 (W/w) ratio in the slurry (pore-former
plus alumina—cement matrix). Fig. 7 shows that, after thermal
treatment at 1500 °C, the components of these samples reacted

MgO content (wt%)

0 6.1 134 22.6 34.4 50.0
80 T T T T T T T T T
a Meeeds >
Excess of Al,O4 ! Excess of MgO
(77) 1100°C s
60 1 Al(OH), containing - i
samples fired at . |
- § L 1100°C (--@--) -~ (0) 1500°C '
C ~ '
82 b T b
[T M i
& g AI(OH); containing / E
< 8_ samples fired at == |
1500°C (= o =) '
20t i
100 % Spinel (MgAl,0,) ::I
0 . . . . . . : . .
e 0 20 40 60 80 100
g b 2
0 6 F 100 % Spinel (MgAl,0,) _ _,
=% f :
[ '
oo L 1
s 4 |
w i '
& 20 |
[0} L
> N Y SO SR A SR
° 0 20 40 60 s 80 100
> 100 1
£ r C
ER L
« _..
ow 50F
5§ |
€ 25 |
> L
o s L s s s
= 0
0 20 40 60 80 100

Hydrotalcite content (vol%)

Fig. 5. (a) Apparent porosity, (b) mechanical strength and (c) volumetric
shrinkage of samples prepared with different contents of hydrotalcite, fired
at 1100 °C or 1500 °C for 5 h [the dotted lines show the results for the AI(OH);
containing samples].

generating spinel (MgAl,0O,). No phases related to the presence
of CAC (such as Ca0O-6A1,05 or CaO-MgO, for example) were
detected because the total amount of CaO in the system is below
1 wt.%. Spinel is well known for its sintering difficulty and
when produced via solid state reaction of MgO and Al,O3
individual sources (such as MgCOj; and AlI(OH); or, in the
present case, mixing hydrotalcite and calcined alumina), its
formation results in a 5 vol.% expansion and lower density
which can result in microcracks in the surrounding structure
[30-33]. Thus, during the decomposition of the precursors, a

70 vol%
Hydrotalcite

70 vol%
AI(OH),

Fig. 6. Comparative view of the volumetric shrinkage for the samples prepared with (a) 50, 70, 85, and 97.5 vol.% of hydrotalcite and (b) 70 vol.% of different pore-

formers, fired at 1500 °C for 5 h.
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Fig. 7. X-ray diffraction pattern for the sample prepared with 70 vol.% of
hydrotalcite (28 wt.% MgO and 72 wt.% Al,O3), fired at 1500 °C for 5 h,
showing only spinel formation (MgAl,Oy) (S).

great quantity of crystalline defects, pores and cracks are
formed and must be rebuilt before sintering [30], usually
causing abnormal grain growth and hindering its densification
[35]. On the other hand, in systems where the stoichiometry of
spinel is not attained (excess of Al,O3 or MgO), as in the
present case for the samples with hydrotalcite contents lower or
higher than 70 wt.%, greater densification is observed. This
behavior can be explained considering the fact that for a certain
temperatures (>1500 °C), spinel is a solid solution with a wide
extent of composition. Due to this, Al,05 or MgO can remain in
the spinel lattice at temperatures above 1500 °C [30]. However,
lowering the temperature of these systems, the solubility limits
of these oxides in the spinel decreases and a second phase
(corundum for Al,O; or periclase for MgO) begins to
precipitate at the grain boundaries, inhibiting grain growth
and favoring densification [32,33]. Published results show that,
for dense ceramics, the addition of 10 wt.% of MgO to spinel
can lead to a decrease in the average grain size from 20 pwm to
3 wm and an increase in the density from 3.41 g/cm® to 3.52 g/
cm’ [31-33].

The results attained in this paper by using hydrotalcite as a
pore former, suggest that the sintering behavior of spinel
ceramics, already known as a processing drawback for dense
ceramics [32,37], regarding the generation of porous structures,
can be very useful in preventing sintering at higher
temperatures. Therefore, carefully tailoring the composition
of the system, an optimal combination of (a) high porosity, (b)
suitable mechanical strength and refractoriness, and (c) low
volumetric shrinkage can be attained and preserved, even at a
extended service life at high temperatures.

4. Remarks

Porous ceramics for applications such as thermal insulating
can be produced by the decomposition of hydroxyl compounds
such as Al(OH); and/or hydro-carbonates (as hydrotalcite,
MgsAl,(CO3)(OH)4-4H,0). The suitable choice of raw
materials allowed for the generation of a great volume of
pores during the decomposition of those compounds and
sintering of the material. Samples prepared with Al(OH);
presented higher sensitivity to the temperature change and a

significant reduction in porosity at temperatures above
1100 °C. This result was associated with the high reactivity
of the transition alumina formed by Al(OH); decomposition
and the consequent densification of the alumina matrix. Those
prepared with hydrotalcite, on the other hand, showed higher
porosity even when fired at 1500 °C. This behavior was
correlated to the presence of spinel which hindered densifica-
tion and due to the expansive nature during its formation
leading to microcrack generation.
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