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Abstract. The precursors for magnesium aluminate spinel were synthesized by the method of
joint crystallization from mixed solutions of magnesium and aluminum salts. The sequence of
the MgAl2O4 phase formation vs starting reagents was studied. Spinel materials with controlled
porosity were obtained using the variation of the Al source at nano-sized precursors synthesis,
the changes of the sintering regimes and the introducing combustible additive of carbon and
sintering aids into the blend. The optimal regimes for the sintering of the ceramic spinel materials
with more than 50% porosity were determined.

The key problem of the development of the methods for the oxide melts monitoring [1] is the creation of the chemically inert salt transmitters with
the controlled porosity on the base of oxide ceramics. Magnesium aluminate spinel is known to be
the perspective material for these tasks. MgAl2O4
spinel is characterized by its high melting point,
the thermodynamic stability of the crystalline structure, chemical stability in the corrosive medium,
low thermal conductivity, and excellent dielectric
properties. High temperature solid-state reaction
synthesis from oxides at 1600-1800 °C is the conventional method of producing dense magnesium
aluminate spinel ceramics taking into account the
problems of technology [2-5]. Nevertheless, this
approach makes impossible to obtain materials with
necessary open porosity (>50%) and uniform pores
distribution in the ceramic matrix. In recent years,
the attempts to use the different low temperature
methods of MgAl2O4 synthesis were undertaken [610]. The authors of [10] showed that the ceramics
on the base of Mg-Al spinel with the stable porous
structure can be obtained at relatively low temperature (<1400 °C) by a sintering of the nano-sized
powder precursors, which were thermally activated
at temperatures lower than 860 °C.

The method of the joint crystallization of mixtures of the magnesium nitrate hexahydrate
Mg(NO3)2.6H2O (purum p.a.,>99%) solution with
solutions of different aluminum compounds with the
subsequent thermal decomposition was chosen for
fabrication the precursor powders of high reactivity.
The following Al2O3 sources were used: aluminum
nitrate nonahydrate Al(NO 3 ) 3 . 9H 2 O (extra
pure,>98%), aluminum isopropoxide Al[(CH3)2CHO]3
(purum, >97%), and aluminum hydroxide (boehmite)
– AlOOH (pure, 72.6% Al2O3).
The initial reagents in stoichiometric ratio:
I – Mg(NO3)2.6H2O + 2Al(NO3)3.9H2O;
II – Mg(NO3)2.6H2O+Al(NO3)3.9H2O+ Al[(CH3)2CHO]3;
III – Mg(NO3)2.6H2O + 2Al[(CH3)2CHO]3 ;
IV – Mg(NO3)2.6H2O + 2AlOOH
were dissolved in distilled water and adjusted to pH
value of 4 with nitric acid solution. The salts solutions were thoroughly intermixed, evaporated on a
water bath during 3 hours, and calcined in the muffle
furnace at 250 °C for 2 hours.
Structural evolution of synthesized I-IV powders
in the range between 250 °C and 1400 °C was examined using X-rays diffraction analysis (XRD)
(Model D-500/HS diffractometer, Siemens). The
above analysis showed that the initial stage of the
formation of compounds with the spinel structure
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Fig.1 The order of the spinel phase formation at
thermal decomposition of the solutions of the
nitrate salts of aluminium and magnesium (system
I): a) 150 °C; 1 hour; b) 300 °C, 2 hours; c) 400
°C, 2 hours.

could be detected at 300 °C. The XRD patterns of
the I-IV samples heat-treated at 400 °C showed the
presence of all main peaks corresponding to spinel
structure, (see Fig. 1). The typical redistribution of
the peaks intensities and the narrowing of peaks on
XRD spectra of I-IV samples at temperatures higher
than 400 °C (Fig. 2) testify to the crystallization process. This process is completed at about 900 °C
by the formation of the normal MgAl2O4 (JCPDS
No.21-152) with the elementary cell parameter
à=0.806-0.808 nm and the ratio of the peak intensities I(400)/I(311)=0.57-0.62. Such two-stage scheme
of MgAl 2O 4 formation from amorphous Mg-Al
coprecipitates was previously considered by Bratton
[9]. It includes the intermediate stage of the formation of the solid solutions based on MgAl2O4, γ−
Al2O3 and MgO in the amorphous oxide matrix at
350-400 °C and the second stage of the crystallization of the MgAl2O4 normal phase at temperatures
higher than 400 °C as a result of the solid-state
reactions of the above mentioned solid solutions.
The acceleration of the crystallization process at
temperatures higher than 800 °C is explained by
increase of the magnesium oxide diffusion rate at
these temperatures.
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Fig.2. The effect of the aluminium source on
MgAl2O4 formation at 500-1400 °C: a) system I;
b) system IV.

The regime of the heat-treatment as well as the
individual properties of the reagents, in particular
the peculiarities of the phase evolution of starting
aluminum compounds at thermal decomposition af-
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Fig. 3. The values of the average size of spinel
crystallites at 400-1400 îÑ for I-IV systems.

fected the MgAl2O4 crystallization process. According to XRD data (Fig.2), during the calcination of I-III
samples in the temperature range 900-1200 °C at
rapid heating the formation of the main spinel phase
is accompanied by the formation of the additional
α−Al2O3 phase, the total amount of which is less
than 5%. At the same time, for IV sample (boehmite) corundum phase was not detected. It is known
that the γ−Al2O3 formation in the case of boehmite
thermal decomposition is completed at temperatures lower than <500 °C, whereas for aluminum
nitrate nonahydrate this temperature is higher (>650
°C). The subsequent transition of the spinel phases
into corundum for boehmite occurs at higher temperatures (~ 1100 °C) than for the salt (820 °C) [11].
Thus, it is possible, that at rapid heating of the I-III
precursors up to 900-1200 °C the intermediate γAl2O3 phase does not react completely with the oxide matrix and forms the additional α-Al2O3 phase.
The XRD patterns of I-III samples calcined at temperatures higher than 1200 °C showed the absence
of α−Al2O3 peaks. This fact corresponds with the
significant increase of the alumina solubility in
MgAl2O4 at temperatures higher than 1100 °C [12].
The average size of the initial spinel crystallites
in the precursor powders I-IV heat- treated at 4001400 °C was determined from the Fourier transform
of line profile peak 311 corrected on the instrumental broadening. The Fig. 3 demonstrates that at the
first stage of spinellization the sizes of the spinel
phase nuclei are 3-5 nm. This value is practically
independent of the nature of the initial reagents. At
the stage of mass crystallization (400-900 °C) the
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rate of the crystallites growth is low due to the low
values of the oxides diffusion coefficients. The significant crystallites growth was observed at temperatures higher than 1200 °C.
The thermal activation of the nano-sized precursor powders of the Mg-Al spinel (samples I-IV) was
carried out at 400 °C with the hold time of 2 hours.
It is known that the precursors synthesized from
the salts containing NO3- anions and crystal water
show a tendency to aggregate [13]. At calcination
of such powders the high level of aggregation and a
large amount of hard aggregates are remained. Such
powders usually exhibit the significant shrinkage at
sintering [14]. The activated powders I-IV were ultrasonically dispersed in water and analyzed using
the laser particle size analyzer “Horiba LA-300”
(Horiba). The comparison of XRD data and the results of particle size analysis shows the high agglomeration of I-IV powders. The average size of the
aggregates was 40-70 µm. It should be noted that
IV sample powder was characterized by higher content of large aggregates with the maximum size more
than 200 µm as well as by the significant fraction of
the aggregates with the diameter lower than 10 µm
in comparison with the I-III sample powders. The
comparison of the particle size analysis data for
powders I and IV is presented in Fig. 4.

Fig. 4. The dispersity of the spinel powders
activated at 400 °C, 2 hours: a) system I; b)system IV.
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Table 1. The effect of the sintering temperature and the addition of activated carbon on the shrinkage
(∆L /L, %) and total porosity (P, %) of the ceramic materials based on MgAl2O4.

Sample

1150 °C, 4 h

1150 °C, 4 h; 20% C

1300 °C, 2 h

1300 °C, 2 h; 30% C *

I
II
III
IV

∆L / L
15
15
18
23

∆L / L
9
14
16
13

∆L / L
16
15
18
23

∆L / L
17
16
19
21

P
36
38
36
31

P
65
53
53
55

P
34
38
36
30

P
59
60
60
53

* 5% NH4F added in blend

In order to break down the aggregates and to
decrease the difference in the characteristics of the
powders the pressing of the samples was carried
out at relatively high pressure of 150 ÌPa. Using
these compacts the influence of the sintering temperature on the formation of the porous structure of
the ceramic materials was studied. The sintering
was carried out at temperatures in the range of 11001400 °C under air atmosphere. The total porosity of
the sintered ceramic pellets was calculated using
their apparent density. The open porosity was determined by hydrostatic weighing. The porous structure of the pellets was investigated by a mercury
porosimeter (Carlo Erba Instruments, Model–70).
The goal of this stage of our work was the sintering
of ceramics with the open porosity more than 50%.
The initial sintering was carried out at 1400 °C
with a hold time of 2 hours. The porosity of the sintered bodies was 30-33 %. The sintering at higher
temperatures was not conducted due to the possible partial entrapment of the pores within grains,
the increasing of closed porosity and densification
of the samples [3]. The lowest temperature of the
sintering was 1100 °C. It should be noted that at
this temperature the sintered samples were produced only from the IV powder.
The sintered samples from the activated I-IV
powders were obtained at 1150 °C for 4 hours and
at 1300 °C for 2 hours. Nevertheless the porosity of
the materials compared with those sintered at 1400
°C increases less than 5% (see Table 1). The comparison of the data on total porosity with the results
on open porosity of the MgAl2O4 ceramics obtained
by hydrostatic weighing showed that the closed
porosity of the samples was less than 3%.
Our methodical approach showed no advantages
of the usage of the expensive aluminum isopropoxide
as the addition for aluminum nitrate (system II), as
well as the single source of aluminum (system III).

Such basic characteristics of the porous ceramics
as phase and grain-size composition, the porosity
parameters, the mechanical durability and the
shrinkage at sintering, estimated for I-III systems
coincided in the limits of the experimental error. The
data presented in the Table 1 showed that the use
of boehmite in the synthesis of the precursor powders tends to the increase of the shrinkage with the
simultaneous decrease of the porosity of the sintered compacts in the range of 4-8%. At the same
time, the strength of the ceramics synthesized from
the IV powder was maximum. It is possible, that in
spite of the rather high pressing pressure the detected differences in the aggregation of the I-III and
IV powders have an effect upon the results of sintering. More favorable fractional composition of the IV
powder gives the opportunity to obtain the higher
density of green compacts at pressing and of ceramics sintered at 1100-1300 °C. The additional
loosening of the I-III samples sintered at 1100 °C
and 1150 °C could be also caused by the mentioned
above evolution of α-Al2O3 on the surface of the spinel
crystallites. The similar effect was previously described in [5].
Thus, it was impossible to solve the problem of
sintering of ceramics based on magnesium aluminate spinel with the porosity more than 50% by the
choice of alumina source as well as by the optimization of temperature regime.
As it is known, one of the possible methods of
the formation of interconnected porous structure in
ceramic matrix is the introduction of the combustible additives into the precursor powder. These additives are removed by combustion at sintering to
result in a strong porous ceramic article. In this study
we used the activated carbon C, which was added
into the blend before pressing. The sintered materials with the demanded strength and target porosity
were obtained after the introducing of 20% of C. The
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Fig. 5. The distribution of the pores size in the
MgAl2O4 ceramic samples, sintered at: a) system
I, 1150 îÑ, 4 hours, 20% Ñ; b)  system IV,1150
î
Ñ, 4 hours, 20% Ñ; c)  system I,1300 îÑ, 2
hours, 30% Ñ, 5% NH4F.
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was exceeded. It was also shown that the technological approaches of the present work, i.e. the use
of the different starting aluminum compounds at
powder precursor synthesis, the variation of the
amount of the combustible additive, the choice of
sintering temperature and hold times as well as
heating rate, and the introduction of the sintering
aid provide the opportunity to control the formation
of pores size distribution in the wide range. To illustrate this statement, Fig. 5 presents the results of
study of the porous structures by mercury
porosimetry for three MgAl2O4 ceramics. This figure
reveals that interagglomerate macropores with radii
from 0.5 to 3 µm formed at sintering of the spinel
powders as a result of the carbon burning off and
the migration of the combustion products are predominant in all samples. The temperature increase
up to 1300 °C and the introduction of the NH4F sintering aid caused the narrowing of the pores size
distribution and the deleting of the pores with radii
less than 1 µm. Under above conditions of processing, the ceramics synthesized from all initial
powder precursors I-IV had similar porous structures, see Fig. 5c. At the same time, Figs. 5a and
5b demonstrate the effect of the type of powder precursor on the porosity of materials for the sintering
at 1150 °C. Thus, using the powder I (1150 °C, 4
hours, 20% C) the ceramics with bimodal pores distribution and the significant (up to 40%) amount of
pores with radii less than 100 nm can be obtained.
The average radius of the pores in this case was ~
15 nm. This value is in good agreement with the
average size of the spinel phase crystallites, which
is about 30 nm at 1150 °C, see Fig. 3. This fact
supports the assumption of intraagglomerate nature
of this porosity. The possible reasons of the additional loosening of the spinel matrix for the samples
produced from I-III precursors as compared with the
samples on the boehmite base were discussed above
for the case of ceramic sintering without addition of
carbon.

CONCLUDING REMARKS
sintering was carried out at 1150 °C for 4 hours. For
the case of the samples with higher content of the
activated carbon (30%) the sintering aid of 5% NH4F
was introduced and the firing temperature was increased up to 1300 °C (2 hours), see Table 1. The
closed porosity of the ceramics was less than 3%.
It can be seen that the addition of carbon into the
precursor powders gives the opportunity to increase
the porosity of sintered samples more than 25%.
For all samples the target open porosity of 50%

Reactive for sintering nano-size precursor powders
of magnesium aluminate spinel were synthesized.
Using this powder the ceramic materials with the
values of open porosity more than 50% were produced by addition the removable additives of C in
the blend. The effect of phase transformations and
grain size composition of the powder precursors
on the peculiarities of the spinel sintering was estimated. The possibility of the sintering of the spinel
materials with the controlled porous structure by
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varying of the aluminum source, choice of the sintering regimes, and addition of the sintering aid and
combustible additive in the blend was shown.
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