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ABSTRACT 
This study aimed to evaluate and quantify the formation of calcium titanate (CaTiO3) with 
perovskite structure from alternative sources of titanium (rutile, ilmenite). Commercial raw 
materials of the hight purity were also caracterized as reference.  With base in the characterization 
by X-ray fluorescence of the mineral springs different compositions were formulated and 
subsequently sintered for 2 h in resistive furnace at temperatures in the range 1000 to 1400°C . 
After thermal processing the samples were analyzed by X-ray diffraction and the quantification of 
phases formed by the Rietveld method obtained. The results show that the formation and the 
amount of calcium titanate minerals from alternative sources depend on factors related to stages 
of sintering and impurities. The microstructures of the compositions were analyzed by SEM/EDS and 
bulk density also measured. 
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INTRODUCTION 

Perovskites with general formula, ABX3 due to their excellent electric and 

magnetic properties are extensively used for electronic devices and sensors(1). 

Calcium titanate (CaTiO3) is a material of perovskite structure with considerable 

interest in geology, metallurgy and ceramics. This material can act as a noble 

candidate for next generation communication devices(2).  

The perovskite mineral is usually illustrated as an idealized cubic structure 

with A and B cations occupying the cube vertices and body centers respectively 

while X anions occupying the face centers, but because of tilting of octahedral 

distortions it is mostly tetragonal or orthorhombic. Depending upon phase 

transition temperatures, CaTiO3 exists in four space groups: orthorhombic (Pbnm), 

orthorhombic (Cmcm), tetragonal (I4/mcm) and cubic (Pm3 m). Among them the 

high temperature form (above 1300°C) is the cubic phase and the stable phase at 

room temperature is the orthorhombic phase (Pbnm)(3,4). Kennedy et al.(4) 
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proposed Cmcm space group as an intermediate phase but in the work of Ali et al 

non existence of the Cmcm group(5). So, the existence of the four phases is 

controversial.   

The raw material sources of titanium in the synthesis of calcium titanate are 

minerals rutile and ilmenite and its main features are: rutile is a scarce mineral, it 

crystallizes in the tetragonal system and a density of 4.18 to 4.25 g/cm3. Ilmenite 

presented hexagonal crystallization and rhombohedra, and a density of 4.10 to 

4.80 g/cm3 (6, 7).  

The objective of this study was to investigate the influence of high amount of 

contaminants in the raw material sources of titanium in the formation and 

quantification of calcium titanate (CaTiO3) with perovskite structure. 

 

MATERIALS AND METHODS 

Polycrystalline calcium titanate (CaTiO3) was synthesized by solid state 

reaction. CaCO3 with grade analytical of 99% (Sigma-Aldrich) and TiO2 (98.0%, 

Crystal of Brazil) were used as raw materials reference. Rutile and ilmenita were 

used as mineral alternative sources of titanium. 

The raw materials were ground in a vibratory mill for 8 hours and past in of 

mesh size 200. In this samples were realized analysis of the X ray fluorescence 

(SHIMADZU EDX-700). The formulation of the compositions was calculated based 

on the ratio calcium and titanium (Ca\Ti): composition C1 with ratio 1.40 whose 

source of the titanium is the commercial anatase with a high purity; composition C2 

with source of titanium ilmenite and ratio Ca\Ti of 1.13; and composition C3 whose 

source is rutile with ratio Ca\Ti of 1.40. 

After the homogenization, mixtures were compacted in a manual hydraulic 

press in a metal matrix with 100 MPa. Pastille with a 10 mm diameter and 

approximately 2 mm thick were sintered in an air resistive furnace (Naber 2804) at 

temperatures in the range 1000 to 1400°C for 2 hours with a heating rate of 

100°C/hour and natural cooling at room temperature. 

The compositions sintered were characterized by X-ray diffraction (Rigaku 

Geigerflex) with conditions of a diffraction of 2θ ranging from 20° to 80°, with a scan 

rate of the goniometry of 2º/min., the structure refinement and the lattice parameters 

were obtained using the software GSAS-EXPGUI.  
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An alumina (Al2O3) powder as a standard sample was used to correct the zero-

point shift for the measured diffraction data. The initial Rietveld refinement was 

performed considering systemic errors into account as zero-point shift, then the unit 

cell and background parameters were refined. The refinement was done with the 

Pbnm space group for the orthorhombic perovskite structure. The background was 

corrected using a Chebyschev polynomial of the first kind and the diffraction peak 

profiles were fitted by pseudo-Voigt function, refined structural parameters along with 

the R-factors are listed in topic results and discussion  

For the analysis realization of scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS), all samples were manually fractured, 

cleaned in an ultrasound for 15 minutes and coated with carbon, the density was 

obtained by the Archimedes method in distilled water at 20°C, using an analytical 

balance (Gilbertini, E42, accuracy of 0.001g). 

 

RESULTS AND DISCUSSION 

Table 1 shows the main chemical elements present in the characterized 

minerals (XRF). 

Table 1 - Main chemical elements present in the raw materials. 
 

Materials (%) TiO2 SiO2 Fe2O3 Al2O3 MnO ZrO2 NiO P2O5 

Anatáse  98.00 - - - - - - - 

Ilmenite  56.29 0.99 38.37 - 1.51 0.17 0.56 - 

Rutile  87.91 2.14 1.35 2.38 - 4.41 - 1.32 

 

The chemical characterization shows that the ilmenite has a large amount of 

iron oxide in its composition (38.37%) in the form of iron titanate (FeTiO3) and 

hematite (Fe2O3), where in maximum value of hematite in this mineral is 5%. The 

rutile ore has 87.91% titanium dioxide (TiO2) in the rutile phase, and the second most 

abundant phase present is zirconium (ZrO2) with 4.41%, anatase is the commercial 

source with the highest percentage of TiO2 (98%). 

 The space group that best fitted the refinement was the Pbnm and the 

quantification of phases and all the refinements made by the Rietveld technique 

using the GSAS software showed little variation on parameters (Rp, Rwp, X2, Rf2), 

with good comparison between the calculated and observed data. A good agreement 

was obtained between the experimental relative intensities and the simulated 

intensities from the model. 
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In Figure 1 can observe the refinements of the compositions C1 (1300 °C), C2 

(1300 °C) and C3 (1300 °C), and the refinement parameters. 

 

Figure 1 Refinements of the compositions C1 (1300 °C), C2 (1300 °C), C3 (1300 °C), 

and refinement parameters (Rp, Rwp, X2, Rf2). 
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Table 2 shows the sintering temperatures with the phases formed and their 

quantifications. 

 

Table 2 - Sintering temperatures and phases formed and their quantifications in 

compositions C1, C2 and C3. 

Temperature 1000°C 1100°C 

Comp.(%) C1 C2 C3 C1 C2 C3 

CaTiO3 90.0±0.1 83.0±0.3 55.0±0.2 90.0±0.3 72.0±0.3 57.0±0.3 

TiO2 10.0±0.1 14.0±0.1 19.0±0.1 10.0±0.1 11.0±0.1 10.0±0.1 

Ca(OH)2 - - 23.0±0.1 - - 10.0±0.3 

ZrSiO4 - 3.0±0.1 3.0±0.1 - - tt 

CaTiSiO5 - tt - - tt - 

CaZrTi2O7 - tt - - tt - 

amorphous - - - - 17.0±0.4 23.0±0.7 

Temperature 1200°C 1300°C 

Comp.(%) C1 C2 C3 C1 C2 C3 

CaTiO3 80.0±0.4 65.0±0.3 74.0±0.3 72.0±0.3 71.0±0.2 67.0±0.2 

TiO2 9.0±0.1 9.0±0.2 6.0±0.1 7.0±0.1 5.0±0.1 - 

CaTiSiO5 - tt - - - 5.0±0.1 

CaZrTi2O7 - tt - - tt 3.0±0.1 

ZrTiO4 - - - - - 1.0±0.1 

amorphous 11.0±0.5 26.0±0.5 20.0±0.4 21.0±0.4 24.0±0.3 24.0±0.5 

Temperature 1400°C 
Compounds 

Comp.(%) C1 C2 C3 

CaTiO3 72.0±0.3 71.0±0.2 67.0±0.2 CaTiO3 (calcium titanate); TiO2 

(rutile); Ca(OH)2 (portlandite); 

ZrSiO4 (zircone);  CaTiSiO5 

(titanite); CaZrTi2O7 

(zirconolite); 

ZrTiO4 (zirconium titanate); 
Amorphous phases; tt (traces 

phases). 

TiO2 7.0±0.1 5.0±0.1 - 

CaTiSiO5 - - 5.0±0.1 

CaZrTi2O7 - tt 3.0±0.1 

ZrTiO4 - - 1.0±0.1 

amorphous 21.0±0.4 24.0±0.3 24.0±0.5 

 

The composition C1 at 1000°C presented an apparent density 2.20 g/cm3 and 

formation of calcium titanate with the perovskite structure in amount of 90%, with a 

remanescent of TiO2 in 10%, at 1100 °C occurred an increase at apparent density  to 

2.54 g/cm3 and the same phases and quantities was observed. At 1200°C the 

apparent density increase to 2.88 g/cm3, occurred the reduce amount of perovskite to 

80% and decrease of remanescent TiO2 to 9% and the formation of 11% amorphous 

phase, at 1300°C the apparent density dropped to 2.70 g/cm3 and the amount of 

amorphous phase formed to 21% and the amount of CaTiO3 decreased to 72% and 
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the amount of TiO2 decreases to 7%, finally, at 1400 °C the amount of amorphous 

phase increased to 29% and almost all of TiO2 has been consumed. 

The composition C2 at 1000°C presented the formation of calcium titanate in 

amount of 83%, with a remanescent of TiO2  in 14%, at 1100°C the amount of 

perovskite formed decreases to 72% and 11% the TiO2,  occurred formation of 

amorphous phase in 17%, at 1000°C and 1100 °C the apparent density was 3.60 

g/cm3, at 1200 °C was a decreased amount of CaTiO3 formed to 65% and 9% of 

rutile with 26%  of amorphous phase, with apparent density 3.80 g/cm3, at 1300 °C 

the amount of amorphous phase formed dropped to 24% and increased to 71% of 

CaTiO3, the amount of TiO2 decreased to 5%, and the apparent density was 3.60 

g/cm3. At 1400 °C the amount of amorphous phase increased to 28%, leaving only 

2% TiO2, and apparent density dropped to 3.5 g/cm3, titanite and zirconolite 

presented without a significant amount. 

The composition C3 at 1000°C presented the formation of calcium titanate in 

amount of 55%, with a remanescent of TiO2  in 19%, at 1100°C the amount of 

perovskite formed increases to 57% and TiO2 to 10%,  occurred formation of 

amorphous phase in 23%, at 1000°C and 1100 °C not occured densification of the 

pastille unrealizable to measure apparent density, at 1200 °C was a increased 

amount of CaTiO3 formed to 74% and 6% of rutile with 20%  of amorphous phase, 

with apparent density 3.45 g/cm3, at 1300 °C the amount of amorphous phase 

formed dropped to 24% and decreased to 67% of CaTiO3, and the apparent density 

was 3.66 g/cm3. At 1400 °C the amount of amorphous phase increased to 28%, and 

apparent density 3.79 g/cm3. 

The micrographs and EDS spectrum of samples C1 (a), C2 (b), and C3 (c) are 

shown in Figure 2, at the fracture region of samples can be observed the formation of 

a microstructures with certain irregularity and densified, at the EDS spectrum show 

chemical elements in phases formed and quantified by Rietveld refinement. In Figure 

2 (b) can visualize a clear region which is a phase rich in zirconium, calcium and 

titanium, that it is zirconolite (CaZrTi2O7) as in table 2 we contact via refinements 

made. 
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Figure 2 Micrographs and EDS spectrum of samples: (a) C1, SEM 5000x,1200°C; (b) 

C2, SEM 2000x, 1400°C, and (c) C3, SEM 2500x, 1300°C. 

  

Better control of the sintering step in order to obtain a more homogeneous 

microstructure with sizes and more defined grain boundaries should be evaluated.

  

 

CONCLUSIONS 

The formation of calcium titanate with a perovskite structure occurred in all the 

compositions analyzed using the alternative sources of titanium ilmenite and rutile 

minerals and with a commercial raw material. The ceramic CaTiO3 was successfully 
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prepared and its Rietveld refinement revealed that CaTiO3 crystallized in 

orthorhombic symmetry with Pbnm space group. Further analysis of the 

semiconducting properties through the technique of impedance spectroscopy to 

better assess the possible application of the compounds obtained is needed. The 

Rietveld technique were efficient for this purpose.  
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