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Abstract—We have studied the sintering of ceramic samples based on magnesium oxide, alumina, and mag-
nesium aluminate spinel in order to assess the conceptual feasibility of producing ceramic foam materials in
the Al,0;—MgO system and examined the effect of sintering aids on the sintering process. The range of firing
temperatures has been found that ensures the preparation of materials with an open cellular pore structure:
the optimal temperatures are from 1600 to 1700°C. The porosity of the synthesized materials is up to 85% and

their compressive strength reaches 1.4 MPa.
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INTRODUCTION

Highly porous ceramic materials are currently of
interest to research and development engineers
because such materials are demanded in a variety of
industrial applications. Owing to their low density,
small thermal expansion coefficient, high thermal
shock resistance, good chemical stability, refractori-
ness, and excellent mechanical properties, such mate-
rials are used as catalyst supports, high-temperature
heat- and sound-insulation materials, high-tempera-
ture filters for molten melts and hot liquids and gases,
and a basic component of ablating composites [1—3].

In recent years, the impregnation of polyurethane
foam (PUF) skeletons with a slip suspension, followed
by high-temperature heat treatment (firing), has been
used increasingly in the fabrication of highly porous
ceramic foams. Firing leads to the sintering of powder
particles in the composition of the slip, removal of the
PUF skeleton, and, as a consequence, the formation
of a highly porous ceramic material similar in shape to
the parent PUF structure [4—8]. To obtain highly
porous structures containing high-strength, low-
porosity walls between macropores, it is necessary to
thoroughly choose components of ceramics and firing
process parameters.

According to their chemical composition, ceramic
foam materials are largely oxide ceramics (as a rule,
based on Al,O;, ZrO,, or TiO,) and carbide ceramics
(based on silicon carbide).

Among refractory-oxide-based ceramic foam
materials, alumina- and mullite-based ceramics have

the widest application. Such ceramics offer high ther-
mal stability and chemical resistance, especially to
oxidation. Moreover, the starting components for the
preparation of alumina ceramics are inexpensive and
readily available. Their long-term stability at high tem-
peratures allows porous alumina ceramics to be suc-
cessfully used in filtration boxes or furnace preheaters
for filtering large volumes of liquid metals. Necessary
conditions for such an application are open porosity at a
level from 80 to 90%, dominated by connected cellular
pores, and compressive strength of at least 0.5 MPa.

At the same time, ceramics based on magnesium
oxide (magnesia usta) and magnesium aluminate spi-
nel are promising materials for catalyst supports and
foam filters. Such ceramics also offer high chemical
and thermal stability. Natural spinels range widely in
composition. Moreover, natural spinels always con-
tain an amount of impurities. Pure spinels can be pre-
pared by synthesis from appropriate oxides. Among
pure compounds of this class, MgO - Al,O; spinel,
having a cubic lattice, is most frequently used. It is
rather stable to the effect of slags and fluxes. Studies of
spinel-based ceramic materials can provide the key to
resolving many problems pertaining to high-tempera-
ture slagging in steelmaking and production of alumi-
num castings.

Small amounts of magnesium aluminate spinel can
be prepared by melting mixtures of magnesium oxide
and alumina in electric arc furnaces. Sintered mixtures
of MgO and Al,O; are used to a limited extent, even
though the sintering of these oxides is not very com-
mercially feasible for the manufacture of dense, low-
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Fig. 1. X-ray diffraction patterns of the starting compo-
nents: (/) magnesium oxide, (2) corundum.

porosity ceramics [9, 10]. The sintering of MgO with
Al,O; is accompanied by considerable volume
changes, so spinel formation between grains being sin-
tered increases the thickness of the intergranular layer.
Such expansion cannot be prevented because the den-
sity of spinel is considerably lower than that of its con-
stituent oxides. At the same time, it is worth noting
that the expansion that occurs during the sintering of
MgO with Al,O; is useful in the manufacture of porous
ceramic materials, for example, for fettling of steel-
melting furnaces. Nevertheless, the manufacture of
technical refractories from pure magnesium aluminate
spinel is very limited because large expenditures are
needed to manufacture high-purity products capable
of competing with other refractories.

As arule, the preparation of coarse-grained ceram-
ics by sintering pure magnesium oxide and alumina
powders involves solid-state reactions through ion
interdiffusion between powder particles at tempera-
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tures on the order of 1500—1950°C for several hours.
The firing temperature can be lowered by adding sin-
tering aids to the composition of reaction mixtures. It
is worth noting that magnesium oxide and alumina are
sintering aids for each other; that is, both the addition
of magnesium oxide to the composition of corundum
ceramics and the addition of alumina to the composi-
tion of magnesium oxide ceramics help accelerate the
sintering process and, accordingly, allow the firing
temperature of ceramic products to be lowered. A pre-
vious report [11] described the synthesis of high-tem-
perature mullite-based ceramic foam materials by fir-
ing appropriate fine powders based on a combustible
foam and demonstrated the conceptual feasibility of
producing such materials.

This study is concerned with sintering processes
and optimization of firing conditions of ceramic mate-
rials based on fine magnesium oxide and alumina
powders with the use of sintering aids in order to
obtain ceramic foam materials having a connected cel-
lular porosity above 80% and compressive strength
above 0.5 MPa.

EXPERIMENTAL

The starting materials for the preparation of slip
suspensions were M35 synthetic corundum powder
(Russian Federation State Standard GOST 3647-80)
with an average particle size of 5 um and magnesium
oxide (periclase) powder (Russian Federation State
Standard GOST 13236-83) with an average particle
size of 1 um (Figs. 1, 2).

Slip suspensions were prepared using aqueous
solutions of aluminum oxychloride and magnesium
chloride. These compounds act as technological bind-
ers in producing green compacts and as sintering aids
during firing.

Fig. 2. Starting (a) magnesium oxide and (b) alumina powders: (a) SEM image, (b) optical micrograph (transmitted light, polar-

izer + analyzer).
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Green compacts were produced by impregnating the
slip suspensions into PUF blocks with an open cellular
pore structure formed by cellular pores 0.5 to 2.0 mm in
size, following which the excess slip was squeezed out.
The samples were fired in a Nabertherm HT 16/18
electric furnace in the temperature range 1000—
1700°C under nonisothermal conditions: heating of
the samples in the furnace, holding at a predetermined
temperature, and furnace-cooling.

The phase composition of the samples was deter-
mined by X-ray diffraction on a DRON-3M diffrac-
tometer (Cu radiation, angular range 26 = 20°—80°,
step scan mode with a step size of 0.05° and a counting
time per data point of 2 s). To identify the phases pres-
ent, X-ray diffraction patterns were compared to
PDF2 data. Optical micrographs were obtained in
transmitted and reflected light on an Olympus BX-51
microscope. Scanning electron microscopy (SEM)
images were obtained in a Hitachi S-405A electron
microscope operated at an accelerating voltage of 25 kV.
The compressive strength of the materials was deter-
mined on an Instron 5965 testing machine.

EXPERIMENTAL RESULTS

According to the X-ray diffraction data, the starting
powders consisted of corundum (a-Al,O3) and cubic
magnesium oxide (MgQO), without X-ray diffraction
detectable impurities (Fig. 1). The absence of foreign
inclusions in the powders was also confirmed by opti-
cal and electron microscopy results (Fig. 2).

To obtain sedimentation-resistant slip suspensions,
we varied the composition of the temporary techno-
logical binder (the liquid phase of the suspensions).
According to our results, the use of distilled water as a
temporary technological binder leads to rapid sedi-
mentation of the magnesium oxide and alumina pow-
ders present in the composition of the slips. This
causes phase separation of the green compacts during
the impregnation of PUF skeletons with the slips and,
as a consequence, leads to deformation and cracking
of the materials during firing. Using aqueous alumi-
num oxychloride and magnesium chloride solutions
instead of water, we were able to obtain strain-free
ceramic materials having porosity at a level from 80 to
85% and compressive strength in the range 0.5—0.8 M Pa.
In air at temperatures above 900°C, these components
irreversibly convert into the corresponding oxides—
alumina and magnesium oxide—without changing the
phase composition of the ceramic materials. In view of
this, in subsequent syntheses of ceramic foams we
used only aqueous aluminum oxychloride and magne-
sium chloride solutions.

The influence of firing temperature and time on
the properties of the ceramics was studied using three
groups of materials, with Al,O; : MgO weight ratios of
10 : 90, 72 : 28 (spinel ratio), and 95 : 5. The results
demonstrate that firing at temperatures from 1000 to
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1400°C for 1 h leads to the formation of trace levels of
magnesium aluminate spinel. At firing temperatures
from 1500 to 1600°C, we observed active spinel forma-
tion, but the starting alumina and magnesium oxide
persisted in the structure of the materials. An essen-
tially full conversion of the starting oxides into spinel
was achieved at a temperature of 1700°C.

At firing temperatures below 1300°C, we observed
only sintering of powder particles with each other. As
aresult, the ceramic materials had low strength. Active
sintering of particles, accompanied by a reduction in
micropore size in the cell walls and an increase in the
strength of the materials, occurred at firing tempera-
tures above 1600°C and firing times more than 30 min.
In particular, the ceramic material prepared by firing
at a temperature of 1700°C for 1 h had dense cell walls
and cellular micropores reproducing the shape of the
starting PUF skeletons.

The physicomechanical characteristics of the sam-
ples synthesized in the range 1600—1700°C (Fig. 3)
demonstrate that their porosity correlates with their
strength characteristics, independent of their chemical
composition: with increasing porosity, the strength of
the materials decreases. The highest compressive
strength, 1.3—1.4 MPa, was offered by the materials
with the lowest alumina content: 10 wt %. They were
characterized by porosity at a level of 70 vol %. The
materials with the spinel MgO : Al,O; ratio had the
lowest strength: from 0.2 to 1.2 MPa. Accordingly,
they had the highest porosity: 75—86 vol %.

The present results demonstrate that, in the tem-
perature range 1600—1700°C, magnesium oxide and
alumina irreversibly and fully react with each other to
form magnesium aluminate spinel (Fig. 4). The phase
composition of the materials is determined by the
MgO : Al,O; ratio in the starting powder. The oxide
present in a substoichiometric amount fully reacts
with the oxide present in excess to form spinel, and
some of the oxide present in excess persists. The
ceramic materials prepared by reacting a stoichiomet-
ric (spinel) ratio of magnesium oxide and alumina
powders consisted of only magnesium aluminate spi-
nel (with trace levels of unreacted magnesium oxide
due to a slight deviation from stoichiometry related to
errors of the equipment used).

The materials were found to have an open cellular
pore structure, reproducing the pore structure of the
parent PUF sponges (Fig. 5). The cellular macropores
range in size from 0.5 to 2 mm, which also corresponds
to the macropore size in the PUF sponges. The pore
walls do not contain any through holes, which can be
formed in materials as a result of PUF burnout during
firing. This suggests the possibility of producing
ceramic foam materials by the method used in this
work. In all of the samples, the pore walls consist of
sintered grains 1—10 pm in size and contain micropo-
res 1—20 um in size, due to the presence of voids
between the sintered particles. At the same time, the
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Fig. 3. Effect of firing temperature on the physicomechanical characteristics of the materials.
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Fig. 4. X-ray diffraction patterns of the ceramic materials prepared by firing at a temperature of 1700°C for 2 h: (a) 95 wt % Al,053,
(b) 72 wt % Al,O5 (spinel Al,O03 : MgO ratio), (c) 10 wt % Al,Os.

structure of the pore walls depends on the MgO : Al,O;
ratio in the materials. The materials prepared from
alumina-enriched starting mixtures or at the spinel
alumina : magnesium oxide ratio consist of sintered

particles 3—10 um in size, with the corresponding
composition. The materials prepared from magne-
sium oxide-enriched starting mixtures consist of spi-
nel particles 3—10 wm in size, surrounded by magne-
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Fig. 5. SEM images of the ceramic foam samples (firing temperature, 1700°C; firing time, 1 h): (a—c) 95 wt % Al,O3, (d—g)

72 wt % Al,O5 (spinel Al,O5 : MgO ratio), (h—k) 10 wt % Al,O5.

sium oxide particles on the order of 1 um in size,
which corresponds to the particle size of the starting
magnesium oxide powder.

DISCUSSION

The purpose of this work was to examine the feasi-
bility of preparing MgO—Al,O; ceramic materials hav-
ing an open cellular pore structure with a volume frac-
tion of connected pores in the range 85—90% and
compressive strength in the range 0.5—1 MPa. More-
over, it is desirable that the heat treatment temperature
of green compacts not exceed 1600—1700°C. To meet
these requirements, we developed a process for the
preparation of materials by sintering magnesium oxide
and alumina powders at various MgO : Al,O; ratios
and a small particle size in order to ensure a high rate
of solid-state sintering. To produce ceramics with a
tailored pore structure, we impregnated PUF skele-
tons with slips, and to ensure sedimentation stability of
slips and reduce the sintering temperature we added
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sintering aids to the composition of the materials. Pre-
vious results [12—18] demonstrate high effectiveness of
additives that accelerate solid-state sintering of corun-
dum and zirconia ceramics at firing temperatures on
the order of 1550—1600°C.

The present results demonstrate effectiveness of
using aluminum oxychloride- and magnesium chlo-
ride-based additives: basic to the mechanism underly-
ing their effect is acceleration of diffusion processes on
the surface of corundum and magnesium oxide parti-
cles. The effectiveness of such additives during firing is
due to the fact that they act as gluing components and
produce intimate contacts between particles being sin-
tered, with a large contact area [19—22]. Moreover, the
use of magnesium chloride and aluminum oxychlo-
ride ensures an increase in sintering rate owing to the
formation of additional alumina, magnesium oxide,
and spinel on grain boundaries of the powders being
sintered, due to chemical reactions between the chlo-
rides and atmospheric air. As a consequence, the sin-
tering process improves the initial bonding between
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Fig. 5. (Contd.)

particles, leading to an increase in the strength of the
final ceramic body [19].

Without sintering aids in the slips, firing in the
temperature range chosen, 1600—1700°C, ensured no
increase in the strength of the materials. On heating,
sintering aids convert into small magnesium oxide and
alumina particles, which contain a high density of
structural defects. In the absence of crystals contain-
ing numerous defects, during firing the diffusion of
ions between particles being sintered is hindered. Pre-
viously reported data [15, 16] indicate that, in the
absence of sintering aids in green compacts, solid-
state sintering conditions are only ensured by firing
dense ceramics produced by pressing dry or wetted
powders. For this reason, when water was used as a
technological binder, there were no contacts between
the particles being sintered, which prevented ceramics
bodies from gaining strength during the firing process.

Firing at temperatures on the order of 1600—
1700°C for more than 1 h leads to spinel formation as
a result of chemical interaction between corundum
and magnesium oxide particles. Thus, the pore walls

forming the ceramic skeleton consist of sintered grains
of the starting component present in excess and spinel
grains 3—10 wm in size, which corresponds to the grain
size of the parent corundum in the green compact.
During heat treatment of the materials, the micron-
sized magnesium oxide grains and large corundum
grains react to form spinel. Interdiffusion of the two
oxides contributes to the sintering of the particles and
the formation of a ceramic skeleton. The pore walls in
the materials contain micropores because they are
formed on account of the voids between the alumina,
magnesium oxide, and spinel particles being sintered.
Note that, after firing, the material contains not only
closed but also open micropores.

Our results demonstrate that the materials prepared
by firing at temperatures from 1650 to 1700°C for 2 h have
the optimal strength, at a level of 0.7—1.4 MPa, and a
total porosity of 85%. Note that the highest strength,
1.1—1.4 MPa, is offered by the materials enriched in
one of the oxides (MgO or Al,O;). The second oxide
in such materials acts as a sintering aid, facilitating
strength gain. If alumina and magnesium oxide in the
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composition of a green compact are in the spinel ratio,
firing leads to the formation of magnesium aluminate
spinel, and the material does not contain any sintering
aid with a different phase composition, which other-
wise might contribute to strength gain. For this reason,
such materials have lower strength: 0.7—1.0 MPa.

CONCLUSIONS

The present results demonstrate the possibility of
producing alumina- and magnesium oxide-based
ceramic foam filters having a cellular pore structure
with an open porosity of up to 85% and compressive
strength in the range 0.7—1.4 MPa. The optimal con-
ditions for the preparation of such materials are firing
in the range 1650—1700°C for 2 h, with the use of mag-
nesium chloride and aluminum oxychloride additions
in the starting slip. The possibility of using fine alu-
mina and magnesium oxide powders as a spinel source
allows the cost of ceramic foam articles to be reduced.
Moreover, using such raw materials, one can use pul-
verized powders, without mechanical activation via
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premilling, which will ensure high porosity in the
macropore walls in foam filters owing to voids between
the sintered particles and allow the material to be free
of unreacted starting components.

To maximize the strength of the material and
reduce the firing temperature, further optimization of
the ceramic composition is needed: by selecting sin-
tering aids, varying the particle size composition of the
preceramic powders, and optimizing the composition
of slip suspensions via selection of electrolytes capable
of increasing the volume fraction of the solid phase in
the slip in order to increase the number of contacts
between particles during firing.
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