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Abstract: The Fe₂O₃–TiO₂ composite sintered at 900 °C exhibits a phase 

transformation from Fe₃O₄ to Fe₂O₃, which significantly affects the functional 

properties of the material. Composition variations (0:100 to 90:10) result in 

clear differences in densification, porosity, resistivity, and piezoelectric 

response. An increase in the Fe₂O₃ fraction strengthens densification but 

decreases piezoelectric voltage due to limited dipole movement. In contrast, 

the dominance of TiO₂ favors high resistivity while producing a maximum 

voltage of 0.01 V at a 10:90 composition. These results confirm that the 

balance of the Fe₂O₃–TiO₂ ratio determines the optimal combination of 

properties, as well as underscore the potential of this composite as an 

environmentally friendly lead-free piezoelectric material for sensor and 

energy device applications.  
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1.  Introduction  

Metal oxide–based ceramic materials have attracted significant attention due to their 

ability to respond to electric fields, mechanical stress, and light (Hasan et al., 2022). 

Piezoelectric materials are of particular interest because they can reversibly convert 

mechanical energy into electrical energy (Anandakrishnan et al., 2023). Despite rapid 

market growth, most commercial piezoelectric devices still rely on lead-based PZT, 

raising environmental and health concerns (Prasetyo & Pradistia, 2022). Consequently, 

the development of environmentally friendly, lead-free piezoelectric materials has 

become an important research focus (Shen, 2025). 

The Fe–Ti–O oxide system is promising because it combines the magnetic properties 

of Fe₃O₄ with the dielectric characteristics of TiO₂ (Jarollahi et al., 2023). Fe₃O₄ provides 

magnetic functionality, while TiO₂ offers chemical stability and high polarizability 

(Anucha et al., 2022). This combination enables multifunctional materials suitable for 

energy sensor applications (Kubiak, 2023). 

Indonesia possesses abundant iron sand and TiO₂ resources, making the Fe–Ti–O 

system economically feasible for local material development (Kustiningsih et al., 2022). 
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However, high-temperature sintering may induce the transformation of Fe₃O₄ into Fe₂O₃, 

which can degrade magnetic stability and piezoelectric performance (Bora et al., 2011). 

Previous studies have demonstrated high functional performance of Fe₃O₄–TiO₂-based 

composites in related applications (Gunlazuardi et al., 2021). Nevertheless, studies that 

specifically examine the relationship between phase transformation and piezoelectric 

response remain limited (Pap et al., 2025). Therefore, this study investigates the effect of 

Fe₃O₄–TiO₂ mass variation on phase transformation and its correlation with density, 

porosity, resistivity, and piezoelectric response. 

2.  Method 

This study employed an experimental method with a quantitative approach. The 

primary materials were Fe₃O₄ powder (98% purity, 325 mesh) and TiO₂ powder (150 

mesh), with a 5% polyvinyl alcohol (PVA) solution used as a binder. The Fe₃O₄–TiO₂ 

mass composition was varied to evaluate its effect on the physical and piezoelectric 

properties of the composites, following the oxide mixture approach proposed by Lubis 

and Daulay (2025). The detailed compositions are presented in Table 1..  

Table 1 Composition of Research Materials 

Experiment Fe₃O₄ 

(gram) 

TiO₂  

(grams) 

1 0 20 

2 2 18 

3 6 14 

4 10 10 

5 14 6 

6 18 2 

  

The Fe₃O₄ and TiO₂ powders were sieved, mixed with a PVA binder, dried at 100 °C 

for 30 minutes, and pressed into pellets at 3–4 tons (Taufik et al., 2011; Dewi et al., 2021). 

The pellets were sintered at 900 °C for 2 hours and naturally cooled to room temperature 

(Ghufron et al., 2020). 

Phase composition was analyzed by X-ray diffraction using JCPDS 19-0629 (Fe₃O₄) 

and JCPDS 33-0664 (Fe₂O₃) as references (Pap et al., 2025). Piezoelectric output voltage 

was measured under periodic mechanical loading using aluminum-coated pellets, while 

electrical resistance was evaluated under dry and wet conditions (Rizky et al., 2023; 

Pranata et al., 2022). 

Density, porosity, resistivity, and piezoelectric voltage were evaluated using Equations 

(1)–(3), and their relationships with compositional variation were analyzed by simple 

linear regression (Riani, 2023). All measurements were conducted at controlled room 

temperature and humidity.. 

𝝆 =
𝒎

𝒗
 

(1) 
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𝑃 = (1 −
𝜌𝑒𝑘𝑠𝑝𝑒𝑟𝑖𝑚𝑒𝑛

𝜌𝑡𝑒𝑜𝑟𝑖
) 𝑥100% 

 

(2) 

 

𝝆 = 𝑹
𝑨

𝑳
 

(3) 

3.  Results and Discussion  

3.1.  XRD Features 

The X-ray diffraction (XRD) pattern of the Fe₃O₄–TiO₂ composite shows phase 

changes influenced by the composition ratio and sintering temperature. The characteristic 

peaks of Fe₃O₄ at approximately 30.1°, 35.5°, and 43.1° gradually weakened, while new 

peaks appeared at around 33.2°, 35.6°, and 54.1°, indicating the formation of Fe₂O₃ (Pap 

et al., 2025). This transformation agrees with the report by Ghufron et al. (2011), which 

states that the oxidation of Fe₃O₄ to Fe₂O₃ occurs due to oxygen diffusion at elevated 

temperatures. The color change of the samples from black to reddish-brown further 

confirms the formation of hematite during the sintering process. TiO₂ peaks at around 

25.3° remained visible, indicating that the anatase phase was stable up to 1000 °C. This 

phase shift is closely related to the densification process, which affects the density and 

porosity of the composite. The gradual replacement of Fe₃O₄ by Fe₂O₃ enhances the 

microstructural integrity and promotes improved particle connectivity within the sintered 

body. 

 
(a) Before sintering 

 
(b) After sintering 

 

Figure 1 Color of Fe₃O₄–TiO₂ composite samples before and after sintering at 1000°C  
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Figure 2 XRD pattern 

3.2.  Microstructure: Density and Porosity 

 

 
 

 
Figure 3. Relationship between Fe₃O₄ TiO₂ composition and Microstructure. 

The phase transformation observed in the XRD results significantly increased the 

material density from 0.98 g·cm⁻³ to 1.28 g·cm⁻³, indicating effective sintering and 

improved grain connectivity (Waruwu, 2023). Concurrently, porosity decreased from 

76.7% to 72.5%, reflecting enhanced densification driven by Fe-ion diffusion during 

sintering (Khlyustova et al., 2020). These results demonstrate that the Fe₃O₄–TiO₂ 
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composition strongly influences the microstructure by regulating density and porosity. A 

denser microstructure improves grain contact and reduces charge trapping, thereby 

enhancing the piezoelectric response (Roscow et al., 2016) 

3.3.  Electrical Properties: Dry and Wet Resivitability  

Improvements in the microstructure due to increased density significantly affected the 

resistivity values of the composites. The dry resistivity decreased from 31.42 kΩ to 14.38 

kΩ, while under wet conditions it ranged from 24.0 to 7.37 kΩ 

 

 
Figure 4 Variation in the resistivity of Fe₃O₄–TiO₂ composites 

This decrease indicates an enhancement of conduction pathways facilitated by the 

Fe²⁺/Fe³⁺ electron hopping mechanism. Lower resistivity in wet conditions is attributed 

to the contribution of ionic conduction within the pores, where moisture acts as a charge 

carrier medium. The R² value under wet conditions demonstrates a consistent influence 

of composition on conductivity. These results are consistent with the increased density 

and Fe₂O₃ formation, both of which expand the charge transport pathways within the 

composites.This finding is in good agreement with the results reported by Lumban Toruan 

et al. (2023), who stated that water can enhance the ionic conductivity of porous materials. 

The correlation between composition, microstructure, and resistivity thus confirms the 

crucial role of Fe-ion diffusion and porosity reduction in improving electrical 

performance. 
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3.4.  Piezoelectric Response: Output Voltage  

 
Figure 5 Piezoelectric voltage to Fe₃O₄–TiO₂ composition ratio. 

Phase transformation induced changes in conductivity and density significantly 

affected the piezoelectric output voltage. The highest voltage was obtained at a Fe₃O₄–

TiO₂ ratio of 10:90, where the TiO₂-dominant composition provided an optimal balance 

between conductivity and dielectric constant, enabling efficient charge accumulation at 

the electrode interfaces. In contrast, increased Fe₂O₃ content reduced the output voltage 

due to charge relaxation and restricted dipole movement (Limbong, 2013). The relatively 

low R² value indicates that phase distribution and microstructural heterogeneity also 

influence energy conversion efficiency (Yotthuan et al., 2018). Overall, controlling the 

Fe/Ti ratio is critical for optimizing dipole alignment, charge transport, and 

electromechanical response in Fe–Ti–O composites. 

4.  Conclusion  

Variations in the Fe₂O₃–TiO₂ composition significantly affect the density, 

porosity, resistivity, and piezoelectric voltage of the composite. Increasing the Fe₂O₃ 

fraction enhances densification and reduces porosity, while a higher TiO₂ fraction yields 

the maximum piezoelectric voltage of 0.01 V at a 10:90 composition ratio. Therefore, the 

Fe₂O₃–TiO₂ system demonstrates strong potential as a lead-free, metal oxide–based 

piezoelectric material for sensor and energy-harvesting applications. These findings 

provide a valuable reference for developing environmentally friendly piezoelectric 

ceramics utilizing locally sourced raw materials. 
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