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Technologically modified spinel ceramics are prepared from Al2O3 and 4MgCO3⋅Mg(OH)2⋅5H2O powders at 1200, 1300 
and 1400 ºC. The influence of sintering temperature on porous structure and exploitation properties of obtained 
humidity-sensitive MgO-Al2O3 ceramics are studied. It is shown that increase of preparing temperature from 1200 ºC to 
1400 ºC results in transformation of pore size distribution in ceramics from tri- to bi-modal including open macro- and 
mesopores with the sizes from ten to hundreds nm and nanopores up to a few nm. The studied ceramic elements with 
electrical resistances ∼(10–2

 – 102) MОhm are high humidity sensitive in the region of 30 % – 95 % with minimal 
hysteresis in adsorption-desorption cycles. It is established that increasing of humidity sensitivity in ceramics are related 
to optimum pore size distribution and quantity of pores in the all regions. Prolonged degradation transformation in 
ceramics at higher temperature and relative humidity results in lose sensitivity. 
Keywords: ceramics, porous structure, electrical properties, humidity sensitivity, capillary condensation.  

 
1. INTRODUCTION∗ 

Among the large number of porous ceramic materials 
for humidity sensors [1 – 3], spinel ceramics are one of the 
most promising [4 – 7]. Crystallographic structure of spinel 
creates opportunity to isotropic grain growth and formation 
of grain boundaries and open porosity in ceramics [8]. 
Functional spinel MgO-Al2O3 ceramics are more thermal 
and chemical stable than other types of porous materials 
with short response times to changes in humidity. Material 
of active element based on spinel ceramics is promising 
because it does not require of additional processes of the 
post-technological optimization [9].  

It is well known that exploitation electrical properties 
of humidity-sensitive elements depend on sorption 
processes of active materials [10]. Therefore, the actual 
task appear in relation to preparation of porous materials 
with controlled microstructure, firstly, with large specific 
surface area, high open porosity, controlled and optimal 
pore size distribution [11, 12]. 

With this aim, the initial powders with different 
specific surface area and particle size sintered at different 
temperature are used [11, 13]. Early we studied the effect 
of initial surface area of powdered materials MgO and 
Al2O3 on the structural properties of the MgAl2O4 ceramic 
sintered at 1100 ºC – 1400 ºC [14]. It was shown, that 
formation of the main MgAl2O4 spinel is substantially 
intensified with the increase of sintering temperature of 
ceramics and depended on sintering duration [14]. In 
addition, sintering temperature influences on formation of 
pore structure of materials and exploitation properties [15]. 
The aim of this work is fabrication of modified spinel 
                                                 
∗Corresponding author. Tel.: +380-2582722, fax: +380-2582680.  
E-mail address: klymha@yahoo.com (H. Klym) 

ceramics and study of the effect of sintering temperature 
on pore size distribution and humidity sensitivity of active 
elements based on MgO-Al2O3 ceramics. 

2. EXPERIMENTAL 
The traditional ceramic technology was used for 

preparation of spinel MgO-Al2O3 ceramics [9, 14]. 
Equimolar amounts of initial powders (Al2O3 with specific 
surface area of 67 m2/g and 4MgCO3⋅Mg(OH)2⋅5H2O with 
specific surface area of 12.8 m2/g) were mixed in a 
planetary ball mill for 96 h in an environment with acetone 
to obtain mixture. The aqueous solution of polyvinyl 
alcohol was used for obtaining of the molding powder. 
Bilateral compression was performed in steel molds. After 
pressing, the samples were sintered in a furnace at 1200, 
1300 and 1400 ºC for 2 h. Electrical contacts on the planar 
surface of ceramics were formed by screen printing using 
Ru-contained paste and Pt contacts. Pre-dried layers of 
paste were sintered at 850 ºC with an exposure of 10 min. 

Results obtained with XRD method testify that 
ceramics sintered at Ts = 1200 ºC – 1400 ºC contain two 
phases: the main spinel phase and additional MgO phase 
[9]. The values of XRD parameters of MgO-Al2O3  
ceramics are shown in Table 1. 

Table 1. Phase composition of  MgO-Al2O3 ceramics 

Tc, ºС 

Main phase MgAl2O4 Additional phase MgO 

lattice 
parameter, 

Å 

weight 
fraction,  

% 

lattice 
parameter, 

Å 

weight 
fraction,  

% 
1200 8.0809(2) 93.63(0.78) 4.2124(4) 6.37(0.27) 
1300 8.0812(2) 94.12(0.80) 4.2145(4) 5.88(0.30) 
1400 8.0808(1) 94.05(0.78) 4.2169(4) 5.95(0.34) 
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Structure of grains, grain boundaries and pores were 
studied using scanning electron microscopy (SEM). 

Pore size distribution in MgO-Al2O3 ceramics in the 
region from 2 nm to 1000 nm was studied using Hg-
porosimetry (Porosimeter 4000, Carlo Erba Strumentazione) 
[18]. 

The humidity sensitivity of ceramics was determined 
measuring the electrical resistance R on relative humidity 
RH of environment. The electrical resistance of the studied 
spinel ceramics was measured in the heat and humidity 
chamber PR-3E “TABAI” at 20 ºC in the region of 
RH = 20 % – 99 %. The electrodes were given on the 
connecting cables of M-ohmmeter at the fixed frequency 
of current of 500 Hz (with the aim of avoidance of 
polarization of adsorbed water molecules) [19]. In 
addition, for study of stability of ceramic samples in time, 
the degradation transformation for 240 h at 40 ºC and 
RH = 95 % was carried out. 

3. RESULTS AND DISCUSSION 
The pore size distributions of technologically modified 

MgO-Al2O3 ceramics obtained at 1200, 1300 and 1400 °C 
are shown in Fig. 1. 
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Fig. 1. Pore size distributions of MgO-Al2O3 ceramics sintered at 
1200 °C (a), 1300 °C (b) and 1400 °C (c) 

Such distribution covers the charge-transferring 
nanopores with r1 radius depending on sintering 
conditions, water-exchange inside-delivering or 
communication mesopores (r2 radius) and water-exchange 
outside-delivering macropores (r3 radius) depending on 
specific surface area of milled MgO-Al2O3 powder. 
Maximum peak positions (r1, r2 and r3) and intensities (Ir1, 
Ir2 and Ir3) of pore size distribution for studied ceramics 
prepared at 1200, 1300 and 1400 °C are shown in Table 1. 

Table 1. Peak position of pore size distribution for MgO-Al2O3 
ceramics sintered at 1200 °C – 1400 °C 

Tc,  
оС 

r1, 
nm 

Ir1,  
% 

r2, 
nm 

Ir2, 
% 

r3, 
nm 

Ir3, 
% 

1200 2.3 4.5 35 3.4 160 6.9 
1300 2.9 3.2 – – 270 9.1 
1400 2.5 6.0 – – 380 10.3 

It is shown that ceramics sintered at 1200 °C exhibit 
tri-modal pore size distribution with maximum position of 
r1, r2 and r3 near 2.3, 35 and 160 nm, respectively (Table 1 
and Fig. 1, a). It is established that large open pores with 
size near 100 nm – 300 nm correspond to open surface 
pores in ceramics. They provide absorption-desorption 
process of water from environment. Pores centered near 
35 nm are so-called transporting pores providing the 
effective passing of water into ceramic body.  

According to Kelvin equation [16, 17], the open 
cylindrical nanopores with a radius from smaller 1 nm to 
20 nm are required for capillary condensation processes of 
humidity in ceramics at room temperature in the 
investigated range of RH (20 % – 98 %). Such region 
includes peak with radius r1 and partly peak with radius r2. 
Meso- and macropores with radius more that 20 nm (the 
second and third peak) don’t involve in capillary 
condensation process, but they are needed for effective 
passing of water into ceramic body. 

The obtained results indicate that the sintering 
temperature influences on the porous structure of ceramics. 
It is shown, that radius of nanopores r1 in studied ceramics 
slightly increases from 2.3 nm for the samples sintered at 
1200 °C to 2.9 nm for ceramics obtained at 1300 °C 
(Fig. 1, a, b). Position of the first peak Ir1 decreases from 
4.5 % to 3.2 % for ceramics sintered at 1200 °C – 1300 °C 
with further growth to 6 % in ceramics obtained at 1400 °C 
(Fig. 1, d). The position of the second peak with radius r2 
is incidentally pronounced in ceramics sintered at 1200 °C. 
At that, it is shown that this peak is shifted in direction of 
the third peak. In ceramics sintered at 1300 °C and 
1400 °C, the clear peak position with radius r2 disappears. 
But some amount of open mesopores is still remained. So, 
tri-modal pore size distribution is transformed into bi-
modal like in [20]. Obviously, such changes can be 
attributed to growth of grains during sintering at high 
temperature with further decreasing of size and amount of 
pores. Subsequent confluence of pores is accompanied by 
diminishing of their surface and volume. There is intensive 
growth of grains and forming of large pores. In result the 
pore size distribution is shifted to macropores region 
(Fig. 1, b). Radius r3 substantially increases from 160 nm 
to 380 nm with Ts for ceramics obtained from 1200 °C to 
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1400 °C. The intensity Ir3 of the third peak narrows 
increases from 6.9 % to 10.3 % (Table 1 and Fig. 1, b, c). 

Evolution of porous structure is supported by the 
results of SEM investigations (Fig. 2). It is shown, that 
structure grains and pores in ceramics sintered at 1200 °C 
is not well formed. Average grain size is near 200 nm. 
Additional MgO phase is unevenly distributed in the 
volume of studied ceramics and mostly located near grain 
boundaries bordering the pores (Fig. 2, a). With the 
increase of sintering temperature to 1300 °C, the contact 
area between the grains grows, specific surface area 
increases, the grains are combined into agglomerates and 
the amount of open pores increases. Such pores that are 
initially spherical and the cylindrical shaped are located on 
the grain boundaries (Fig. 2, b). Average grain size 
increases to 300 nm – 500 nm. These ceramic samples have 
better developed porosity (pores transformed in various 
forms). Along with this, closed porosity is formed due to 
growth of small pores. These closed pores are not involved 
in the sorption processes in the studied ceramics. 

In ceramics sintered at 1400 °C, the grain structure 
continues to take shape showing of their intense union. The 
average size of the grains is near 600 nm – 3000 nm. 
However, the porous structure is modified mainly due to 
increasing of closed porosity and reduction of channel 
transport pores (Fig. 2, c). 
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Fig. 2. SEM micrograph of MgO-Al2O3 ceramics sintered at 
1200 °C (a), 1300 °C (b) and 1400 °C (c) 

Changes caused by sintering temperature on pore size 
distribution were reflected in humidity sensitivity of MgO-
Al2O3 ceramics. So, ceramics sintered at low temperature 
(1200 °C) have enough of open pores in all regions. Such 
behaviour of pore size distribution results in electrical 
properties of ceramic samples. They have good sensitivity 
(changes of electrical resistance ∼4 orders) between the 
average values of relative humidity (33 % – 95 %) and 
minimal hysteresis of dependence in adsorption-desorption 
cycles (Fig. 3, a). After degradation transformation, this 
dependence shifts due to saturation of the transport pores. 
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Fig. 3. Exploitation properties of MgO-Al2O3 ceramics sintered at 
1200 °C (a), 1300 °C (b) and 1400 °C (c) 

In spite of a small amount of transporting pores, 
ceramics sintered at 1300 °C are characterized by linear 
dependence of electrical resistance R vs. RH in all studied 
region without significant hysteresis in absorption-
desorption cycles (Fig. 3, b). But after degradation tests they 
loses sensitivity up to 35 %. However, position of the curves 
before and after degradations do not change substantially. 
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In contrast to the previous ceramic samples, ceramics 
sintered at 1400 °C have a small amount of macropores 
centered near r3 = 380 nm. Humidity-sensitivity of these 
ceramics are characterized by linearity but with appreciable 
hysteresis and changes of electrical resistance (Fig. 3, c).  

Degradation transformations at 40 °C and RH = 95 % 
result in decreasing of humidity-sensitivity of materials at 
RH (up to 50 %) just as in ceramics sintered at 1300 °C. 
Such changes testify to filling of some open nanopores by 
water and insufficient amount of transporting pores, which 
does not destroy all water from ceramics. 

Thus, humidity sensitivity in ceramics sintered at low 
1200 °C and recoverability of electrical characteristic in 
adsorption-desorption cycles is obviously connected with 
sufficient of open pores of different size from all pore size 
distribution region. Increasing of humidity sensitivity and 
stability of ceramics sintered at 1300 °C result in increase 
of amount of open water-exchange outside-delivering 
macropores. They provide efficient sorption processes of 
water though small amount of communication mesopores. 

Bi-modal pore size distribution of ceramics sintered at 
1400 °C continues to modify. Capillary condensation 
processes effective occur due to increasing of amount of 
transferring nanopores. Hysteresis in absorption-desorption 
cycles rises over reduction of pores with radius r3.  

4. CONCLUSIONS 
The sintered temperatures allow to refine the most 

significant changes in porous structure of humidity-
sensitive spinel MgO-Al2O3 ceramics. Evolution of pore 
size distribution from tri- to bi-modal in the studied  
ceramics leads to corresponding changes in their water 
sorption processes. The increase of humidity sensitivity in 
ceramics sintered at 1300 °C was related to the optimal 
pore size distribution. It is shown that in all sintered 
samples there are pores with radius higher 20 nm, which 
though do not participate in the processes of capillary 
condensation, but their presence is needed to support 
operating in short time in humidity sensitive elements on 
the change of relative humidity. Degradation transforma-
tions at 40 °C and RH = 95 % for 240 h result in increasing 
of humidity-sensitivity of ceramics in all studied region 
with minimal hysteresis. Such changes testify to the active 
work of transporting pores after their full saturation of 
some pores by water. 
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