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Abstract. In this work, the behavior of ZrO2-TiO2 porous ceramic as soil water content sensor 
element at different climatic conditions is presented. The analysis of the sensor element was carried 
out correlating the results of electrical properties, through the measurement of capacitance and 
impedance variation in function of the soil water content, with the microstructure of the ZrO2-TiO2 
ceramic. The ceramic sensor was studied in a sandy clay soil type at different climatic conditions 
characterized by temperature and relative humidity. The microstructural characterization of the 
ceramic sensor included scanning electron microscopy observations, X-ray diffraction patterns and 
pore size distribution using mercury porosimetry. 
 
Introduction  
 

Ceramic materials to be used as soil water content sensing elements has become an 
important tool in various applications [1,2]. Among them, it can be pointed out its use in planning 
and operation of irrigation system aiming maximum production and better quality of crops, with an 
effective application of the water; another application is the use in draining systems, for urban and 
rural forced and free ducts, aiming to allow rain water to flow to prevent floods, and, finally, the use 
in monitoring areas with hillside landslide hazard, which has caused, mainly in the two last decades, 
accidents in several Brazil cities [3,4,5]. In this way, this work aims advanced ceramics 
improvement, specifically metal oxides, to be applied as sensing elements for soil water content 
monitoring.   

Researchers of the Engineering and Science Group of  Micro and Nanostructure Ceramics 
and Solid Surfaces (SUCERA) integrated to the Associate Laboratory of Sensors and Materials 
(LAS) of the Space Researches National Institute (INPE), have well established themselves, for the 
last 20 years, in the elaboration of diagnosis techniques, characterization and development of 
ceramic materials [6]. Since 1997, ceramics have been studied for utilization as air humidity sensing 
elements [7,8] and in the monitoring of the soil water content, mainly as sintered porous elements, 
manufactured by ceramic conventional processing to allow water molecules to flow freely through 
their microstructure and water condensation to occur in the capillarity of pores between grain 
surfaces, resulting in the increase of the medium sensor dielectric constant [1,2,7,8,9]. 

This work deals with the development of sensing elements, manufactured with zirconium 
oxide (ZrO2) and titanium oxide (TiO2) by the conventional ceramic processing, to be applied in the 
monitoring of soil water content. 
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Experimental procedure 
 

Porous ceramics were prepared through conventional ceramic processing, by using national 
raw materials. Ceramics sensor elements were fabricated from the suitable choice of ZrO2 and TiO2 
powders, compacted and sintered with pre-established pressure and temperature. 

ZrO2 and TiO2 pristine powders, in alcoholic suspension, were mechanically mixed up in a 
centrifugal mill in the rate 1:1 (in mass) and dried in a rotating evaporator. The powders mixture 
was circular tablet shaped by uniaxial pressing with 100 MPa. The ceramics sensor elements were 
characterized by x-ray diffraction, scanning electron microscopy, Hg porosimetry, besides electrical 
parameters measurements as capacitance and impedance in function of the soil water content, at 
controlled temperature and relative humidity environments. The electrical characteristics, 
capacitance and impedance measurements variation, were obtained in the ceramic sensing elements, 
through a RLT bridge, immersed in a soil that was characterized previously, with the simultaneous 
addition of controlled amount of water.   

The electrical measurements (capacitance/impedance) started in dry soil and were performed 
up to its saturation, after seven measurements. These measurements were carried out at 40 oC and 
90 % relative humidity, in order to simulate actual climatic conditions underwent by the soil at 
countryside. 
 
Results and discussion  
                                                                                                 
  The results obtained are presented hereafter. Diffraction pattern in Figure 1, obtained from 
ceramic tablets sintered at 1100 oC shows the presence of two distinct crystalline phases: ZrO2 
(monoclinic) and TiO2 (tetragonal). 
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Figure 1.  X-ray diffraction pattern. ZrO2-TiO2 ceramic tablets sintered at 1100 ºC. 
 

The scanning electron micrographs of the ZrO2-TiO2 ceramic tablets, in Figures 2a and 2b, 
show a porous microstructure formation. At the fracture surface (Fig. 2a) the particles necking with 
the resultant pores formation can be seen. At the top surface (Fig. 2b) one can see a dense region 
due to the compaction in the steel matrix. 
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                                                       a)                                                           b) 
 
Figure 2. Fotomicrographs from the ZrO2-TiO2 sensing elements sintered at 1100 oC. a) Fracture 

surface, b) Top surface. 
 

The graph of Figure 3, obtained through the Hg porosimetry technique, presents the pore 
size distribution of the ZrO2-TiO2 ceramic tablets, sintered at 1100 oC. It can be seen that the higher 
pore volumes are located in the ranges 0.1 µm to 0.4 µm and 0.5 µm to 1.0 µm. The pore size 
distribution versus pore volume curve corroborates the porous microstructure observed in the 
scanning electron micrographs of Figure 2. 
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Figure 3. The pore size distribution versus pore volume for ceramics sintered at 1100 oC. 
 

The capacitance and impedance measurements performed on ceramic sensing elements in 
contact with increasing soil water contents (Fig. 4a and 4b), show a behavior coherent with the 
technical literature, i.e., a lineal trend, which evidences the ZrO2-TiO2    sensing elements capacity to 
quantify the soil water content. Concerning to the climatic conditions (temperature and relative 
humidity), at which the electrical measurements were performed, one can see that the soil did not 
saturated at the seventh measurement, as it was expected, but at the tenth measurement. This soil 
behavior shows the climatic conditions influence on the water content, which, so far, would be 
enough to saturate it. 
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Figure 4. a) Capacitance and b) impedance measurements of sensing elements sintered at 1100 oC 
under the climatic conditions of 40 oC and 90 % relative humidity. 

 
Conclusion 
 

The x-ray diffraction, scanning electron microscopy and Hg porosimetry results showed that 
the suitable choice of the raw material and the tablets confection through conventional ceramic 
processing made possible to obtain a porous microstructure in a ZrO2-TiO2 solid solution.  
Capacitance and impedance values in function of the increasing soil water content evidenced the 
capacity of ZrO2-TiO2 sensing elements, sintered at 1100 oC, to quantify the water content of a soil 
that underwent the influence of climatic alterations. 
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