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Abstract 18 

The polycrystalline perovskite calcium titanate has an orthorhombic crystal structure at room temperature, which 19 

belongs to a centro-symmetric point group. Due to this fact, it does not show piezoelectric behaviour. However, such 20 

behaviour is observed in nanostructured calcium titanate prepared by sol-gel synthesis and field assisted sintering. 21 

Whereas, the conventionally sintered sample does not show this behaviour. Presumably, the instability of regular 22 

TiO6 octahedra results in the off-centering of titanium positions of the field assisted sintered calcium titanate. This 23 

phenomenon leads to the generation of electric dipoles due to the lattice distortion produced by the formation of 24 

highly localized defects, i.e. oxygen vacancies, during densification by the field assisted sintering. As a result, pseudo-25 

piezoelectric behaviour is observed, which confirms that the field assisted sintering triggers the piezoelectric effect 26 

but not the conventional sintering. The charge (Q) produced in the field assisted sintered sample and the 27 

piezoelectric constant (d33*) values have been determined to be Q = (2.1±0.3) pC and  d33+* ∼ (7.13±0.4) pm/V or d33-28 

* ∼ (-5.95±0.3) pm/V, respectively. This particular response of nanostructured calcium titanate is of great interest in 29 

biomedicine because it can improve the osseointegration of an implant. 30 

Keywords: Calcium titanate (CaTiO3); FAST sintering; piezoelectric effect; distorted structure; biomaterials 31 

  32 
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1. Introduction 1 

During the past years, research and development of orthopaedic implant materials were focused on titanium and its 2 

alloys because of their low elastic modulus, high corrosion resistance, good biocompatibility and low density [1, 2]. 3 

However, these materials have poor tribological properties and lack of bioactive functionality [3]. Nowadays, the 4 

primary challenge in orthopaedic implant material development is the improvement of osseointegration. As bone 5 

has notable electrical and piezoelectric properties, an implant material with comparable properties can be used to 6 

mimic natural bone which can help in the healing process [4-6]. Therefore, there is a great interest in piezoelectric 7 

ceramics because upon deformation due to mechanical stresses, they can facilitate cell-material interaction without 8 

using an external source. 9 

In general, the human mesenchymal stem cells can be induced to differentiate into osteoblasts by the piezoelectric 10 

materials. The osteoblasts produce bone matrix proteins and mineralize the matrix into bones [7]. It has been 11 

reported that in-vivo implantation of piezoelectric materials has promoted encouraging results in repairing nerve 12 

injuries, bone formation and wound healing [8]. Other studies showed that the in-vitro results have positive effects, 13 

such as differentiation of Sprague-Dawley rat’s osteoblasts on ceramics. It also showed better attachment and 14 

proliferation on the charged surface of the poled ceramics than unpolarized surface [9]. Nevertheless, most of the 15 

commonly known ceramics, e.g. lead titanate, zirconate titanate or their compounds, are toxic, which can exhibit ion 16 

dissolution in biological fluids [10-12]. 17 

Previous experiments on surface modifications of titanium with perovskite calcium titanate (CaTiO3) ceramics 18 

revealed that it improves bone binding strength and that it is also a non-toxic compound [13-15]. However, it does 19 

not exhibit piezoelectric behaviour. The crystal structure of CaTiO3 consists of corner linked TiO6 octahedra with 20 

calcium atoms allocated between the octahedra. It has an orthorhombic crystal structure at room temperature, 21 

which belongs to a centro-symmetric point group, i.e. mmm [16, 17]. Ceramics can only show piezoelectric behaviour 22 

if they have electric dipoles which are produced due to non-symmetrical charge distribution in the lattice, like other 23 

perovskite titanates as lead titanate, strontium titanate or barium titanate [11, 18, 19]. However, it is predicted that 24 

the instability of regular TiO6 octahedra will result in the off-centering of the titanium positions in CaTiO3 which 25 

break the crystal symmetry causing the generation of electric dipoles [20]. This off-centering of titanium atoms was 26 

first observed by aberration-corrected TEM imaging in a twin boundary of CaTiO3 single crystal grown by the floating 27 

zone technique [21]. However, the fundamental challenge is to create instability of regular TiO6 octahedra in bulk 28 

polycrystalline CaTiO3, which could lead to a piezoelectric response of the bulk. One possibility to generate such 29 

distortions in the crystal lattice is the production of lattice oxygen defects. For example, defects are acceptor-30 

oxygen-vacancy dipoles. These electrically changed defects or in other words electric dipoles can be created by a 31 

thermal treatment in an oxygen poor atmosphere at elevated temperature [22]. However, the migration of defects 32 

into their equilibrium configuration should be prevented. If the ceramics are rapidly cooled from elevated 33 

temperature, a freezing of the distribution of defects could be achieved. It is suggested that the freezing of the 34 

distribution of such electrically charged defects can strongly influence the ferroelectric and piezoelectric properties 35 

[23]. Consequently, it should be possible to manipulate the crystal structure of CaTiO3 in order to trigger a 36 
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piezoelectric behaviour. A promising technique for producing such materials is the field assisted sintering technique 1 

(FAST) [24]. Recently, it is reported that FAST sintered nanostructured CaTiO3 shows piezoelectric behaviour, which is 2 

referred to as pseudo-piezoelectricity [25]. This behaviour was also investigated by in-situ high-energy X-ray 3 

diffraction (HEXRD) studies. However, there is a need to understand the origin of pseudo-piezoelectricity in FAST 4 

sintered CaTiO3 and structural changes which triggered this behaviour.    5 

FAST, which is also often called spark plasma sintering (SPS), is a technique used for the rapid densification of 6 

powders by applying pulsed directed current and mechanical load simultaneously to assist the sintering in a 7 

protective gas atmosphere or vacuum. The electric current is essential to achieve high densification at lower 8 

temperatures with shorter sintering time [26-28]. The advantages of FAST are higher permittivity in ferroelectrics, 9 

improved bonding quality and reduced impurity segregation at grain boundaries [24]. Additionally, the sintering 10 

atmosphere plays an important role for the stoichiometry, i.e. oxidation number or formation of defects, in the 11 

sintered materials [29-31]. The main advantages of FAST are very high heating and cooling rates, which enhance 12 

densification over grain growth [24, 32]. Accordingly, it is possible to achieve a high density of grain boundaries with 13 

a defective bulk nanostructure which directly influences the physical properties, in particular, the electrical 14 

properties of the densified material [24].  15 

Therefore, polycrystalline CaTiO3 samples prepared by conventional and FAST sintering have been investigated in 16 

detail. Nanostructured CaTiO3 was synthesized by sol-gel procedure and densified using conventional and FAST 17 

sintering methods. The samples have been examined by HEXRD, scanning electron microscopy (SEM) and X-ray 18 

photoelectron spectroscopy (XPS) to investigate their composition, morphology, microstructure and structural 19 

defects. Furthermore, direct and inverse piezoelectric behaviour of the samples were investigated. The structural 20 

changes after conventional and FAST sintering as well as their piezoelectric behaviour are also studied and 21 

compared. 22 

2. Materials and methods 23 

2.1. Sample preparation 24 

CaTiO3 was synthesized by sol-gel method. Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) with a purity of 99.0% and 25 

titanium isopropoxide (Ti(OC3H7)4) with a purity of ≥97.0% were used with equal molar ratios of calcium and 26 

titanium as precursors. Ca(NO3)2·4H2O and Ti(OC3H7)4 were dissolved separately in ethanol using a magnetic stirrer 27 

and an ultrasonic bath for 0.5 h. Then, the solution of Ca(NO3)2·4H2O was added drop-wise in Ti(OC3H7)4 solution and 28 

stirred at room temperature for 24 h at 250 rpm. The resulting solution was dried with a spray dryer using an inlet 29 

temperature of 190 °C for moisture evaporation and an outlet temperature of 100 °C to control the final moisture 30 

content of the powder [33]. Afterwards, the powder was dried in an oven at 180 °C for 2 h to complete moisture 31 

evaporation and calcined at 650 °C in air.  32 

The calcined powder was densified using an HP D5 FAST unit from FCT Systeme GmbH Rauenstein, located in the 33 

Tycho Sinterlab Rostock, Germany. Graphite dies were filled with calcined CaTiO3 powder. Additionally, graphite foil 34 
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was placed between the powder and inner walls of the die and punched to prevent the powder from reacting with 1 

the die and to ensure a good electric contact. The sintering was performed in a vacuum of approximately 1 mbar. 2 

The applied pressure was 76 MPa and the heating rate was set to 100 K/min. 3 

In preliminary experiments, the sintering temperature was varied to ensure good densification of the sample. The 4 

temperature was varied from 1000 °C to 1100 °C. However, as the temperature increases, the carbon diffusion also 5 

increases from the graphite foil to the sample, resulting in a change of colour of CaTiO3 from white to grey. This also 6 

affects the electrical properties of CaTiO3. Motivated by this, a sintering temperature of 1025 °C was selected to 7 

achieve maximum densification and to avoid carbon diffusion. 8 

The sintering temperature in the FAST process was held for 5 minutes. Afterwards, the sample was cooled down. 9 

Between 1025 °C to 400 °C the cooling rate was approximately 208 K/min. It is important to mention that due to 10 

technical limitations, the heating process above 400 °C was controlled by an optical pyrometer, and below 400 °C 11 

was monitored by a thermocouple. The optical pyrometer was focused in a hole drilled in the upper part of a 12 

graphite punch, and the thermocouple was attached to the graphite die. The sintered CaTiO3 was cleaned from the 13 

protective graphite foil using a sandblaster.  14 

For comparison, the calcined CaTiO3 powder was also sintered using conventional sintering. In the beginning, a green 15 

pellet was produced using a press model PW 40 manufactured by P/O/WEBER GmbH. The powder was filled in a 16 

stainless-steel die and uniaxially pressed with approximately 510 MPa for 5 minutes. Then, the green pellet was 17 

removed from the stainless-steel die and placed in an oven model RHTH 120/600/18 manufactured by Nabertherm 18 

GmbH. The sample was heated to a sintering temperature of 1200 °C with a heating rate of 7 K/min. The 19 

temperature was kept constant for 4 h. Afterwards, the sample was cooled down to room temperature. 20 

The relative densities (ρrel) of the conventionally and the FAST sintered samples were determined to be ρrel = 21 

(83.7±0.5) % and ρrel = (91.2±0.4) % using Archimedes method. For further investigations, a cylindrically shaped 22 

specimen with a diameter of 10 mm were precisely cut using a diamond band saw to adjust the height of 2 mm. The 23 

final dimensions of the specimen for further experiments were 10 mm x 2 mm (diameter x height). 24 

Sputter coating was used to apply electrodes on both sides of cylindrically shaped samples for piezoelectric 25 

measurements. The sputter coater, model SC7620 manufactured by quorum technologies limited, was equipped 26 

with a silver source, and sputtering was performed in an argon environment. The final thickness of silver electrodes 27 

on the CaTiO3 samples was approximately 270 nm. 28 

2.2. Experimental methods 29 

HEXRD was carried out at the high energy material science beamline P07b located at high brilliance synchrotron 30 

radiation storage ring PETRA III, DESY, Hamburg. The storage ring parameters used were 6 GeV of energy and a 31 

current of 100 mA. A two meter long standard PETRA undulator was the source of X-rays. An indirect water-cooled 32 

single bounce monochromator with a Si(220) Laue crystal was used to select the radiation with a wavelength of 33 



5 
 
𝝀𝝀=0.1424 Å [34, 35]. The experiments were performed in transmission Debye-Scherrer geometry with a sample to 1 

detector distance of 1230 mm. The diffraction patterns were collected with a 2D-area PerkinElmer detector. 2 

The morphology of the samples was analysed by a field emission SEM (FE-SEM, MERLIN® VP Compact, Co. Zeiss, 3 

Oberkochen). The samples were mounted on SEM-carriers with adhesive conductive carbon tape (co. PLANO, 4 

Wetzlar) and coated with carbon under vacuum (EM SCD 500, Co. Leica, Bensheim).  5 

XPS was performed to determine the different binding energies of the calcium and titanium species using a PHI 6 

5600ci spectrometer. The source of X-rays was an Al-cathode and after monochromatization, Al-K𝛂𝛂 with energy of 7 

1486.7 eV was selected. The measurements were performed in grazing emission geometry with an electron emission 8 

angle of 37° with respect to the surface normal. A low-energy electron flood gun was used to deliver the electrons to 9 

the sample surface in order to neutralize the surface charge during data acquisition. To obtain detailed spectra, an 10 

analyser with 5.85 eV pass energy and 0.05 eV step width was used. Before the measurement, samples were kept in 11 

floodgate in vacuum (≈10−7 mbar) for approximately two hours. Additionally, the Shirley background was subtracted 12 

for all spectra before the fitting procedure, and the data were analysed by assuming Pseudo-Voigt line shape [36]. 13 

Measurements to investigate both the direct and inverse 14 

piezoelectric effects were carried out. The direct piezoelectric 15 

measurements were performed using a dynamic method. The setup 16 

was a modification of the one from Fukada and Yasuda [4]. The 17 

schematic diagram of the modified setup is presented in Figure 1. An 18 

alternating voltage of 10 V generated by a RIGOL DG4062 function 19 

generator was applied to the piezo-actuator. Moreover, a frequency 20 

of 10 Hz was selected. Consequently, the oscillating force was 21 

transmitted to the sample. When a piezoelectric material is used as a 22 

sample, an alternating voltage was produced due to the direct 23 

piezoelectric effect. This produced alternating voltage was collected using MMF M68D1 charge amplifier. The 24 

measurements were recorded with the help of PicoScope 6 (pico technology), which was attached to the charge 25 

amplifier. First, glass as a non-piezoelectric material (NPM) with the same dimensions as the sintered samples was 26 

clamped inside the metal frame between the screw and the commercial piezo-actuator (type PICMA P-888.31 27 

produced by PI ceramics) to perform the measurement. NPM was used as reference material to determine the 28 

maximum noise of the setup. Afterwards, the conventionally and the FAST sintered CaTiO3 were investigated. It is 29 

worth mentioning that the samples were isolated from the frame using corundum which was fixed with the screw 30 

and the piezo-actuator. All measurements were taken with a gain of 1000 mV/pC of the charge amplifier. 31 

The inverse piezoelectric effect was investigated using FT analyzer 2000 E of aixACCT systems GmbH. The sample 32 

holder was connected with FT analyser 2000 E and high voltage trek amplifier to apply a strong electric field to the 33 

sample. Triangular voltage excitation signals were used to carry out the measurements. Displacements of samples 34 

due to the inverse piezoelectric effect were determined using double beam laser interferometer (aixDBLI) which was 35 

Figure 1: Schematic diagram of setup for 
direct piezoelectric measurements by 
dynamic method. 
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also connected with the sample holder. Data of displacement and current density (J)-electric field characteristic 1 

curves were traced by aixPlorer software (aixACCT systems GmbH). The values of d33+* and d33-* were computed by 2 

linear regression slope of displacement versus electric field from maximum values of positive and negative electric 3 

field to zero electric field (non-switching), respectively. 4 

3. Results 5 

3.1. High energy X-ray diffraction 6 

 7 

HEXRD patterns were integrated into 5° azimuthal steps and all patterns were processed by Rietveld refinement [37] 8 

using the program MAUD [38, 39]. The experimental, fitted, and differential patterns of the calcined CaTiO3 powder, 9 

the conventionally and the FAST sintered samples are presented in Figure 2 with the Bragg positions of the 10 

corresponding phase. In all patterns, orthorhombic (pbnm) phase of CaTiO3 is present. The crystallite sizes (CS) of the 11 

calcined powder, the conventionally and the FAST sintered CaTiO3 are presented in Table 1. It is determined that the 12 

crystallite size of the FAST sintered CaTiO3 increased significantly as compared to calcined powder, due to the 13 

recrystallization process during sintering [24]. The conventionally sintered sample showed even larger crystallite size, 14 

as a result of the longer sintering time. It is also possible that small fraction of amorphous phase was present in the 15 

calcined power which was crystalline during sintering. Small amounts of other phases, such as brookite (γ-TiO2), 16 

rutile (α-TiO2) and calcium oxide (CaO), were found in the calcined powder. However, after conventional and also 17 

after FAST sintering, only α-TiO2 phase was present in the samples. This indicates that TiO2 and CaO form CaTiO3 18 

phase upon the sintering process. It is also possible that excessive amounts of γ-TiO2 transformed into α-TiO2, which 19 

is more stable than γ-TiO2. γ-TiO2 transforms to α-TiO2 when heated [40]. The weight fractions of the corresponding 20 

phases, as well as Rw and Rb values from the Rietveld refinement, are also presented in Table 1.  21 

Figure 2: HEXRD patterns of the calcined powder (left), the conventionally and the FAST sintered CaTiO3 (right). Black 
dots – experimental pattern and red line – fitted pattern. Below each diffractogram the differential pattern is 
presented as a black line. Furthermore, corresponding Bragg positions of all contributed phases are shown. 
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 1 

 2 

 3 

 4 

 5 

Table 1: Determined crystallite sizes (CS) of the calcined powder, the conventionally and the FAST sintered CaTiO3, 6 
weight fractions (wt%) of contributing phases, and Rw and Rb values from Rietveld refinement are given. 7 

3.2. Scanning electron microscopy 8 

 9 

Figure 3: Exemplary SEM images of (a) the calcined powder, (b) the conventionally and (c) the FAST sintered CaTiO3. 10 

Figures 3a, b and c show the exemplary SEM images of the calcined powder, the polished surfaces of the 11 

conventionally and the FAST sintered CaTiO3, respectively. The particle size of the powder and grain sizes of sintered 12 

samples were determined using ImageJ software [41], and the average particle and grain sizes were estimated 13 

assuming a log-normal distribution (see supplementary). It can be seen in Figure 3a that most of the particles having 14 

the average particle size of (2.3±0.1) µm are spherical in shape and significantly larger than the determined 15 

crystallite size. The grain shapes of the FAST sintered sample are spherical having the average grain size of (2.5±0.1) 16 

µm but the one of conventionally sintered sample (7.2±0.3) µm have ambiguous shape, probably due to abnormal 17 

Ostwald ripening which also causes irregular elongation of grains [24]. Additionally, the pores can be observed in the 18 

SEM images as dark areas between the brighter grains. These pores may be beneficial for osteogenesis. 19 

3.3. X-ray photoelectron spectroscopy 20 

High-resolution measurements of Ti-2p, Ca-2p and O-1s peaks of the calcined powder, the conventionally sintered 21 

and the FAST sintered samples were investigated using XPS. Figures 4a and 4b present the fitted spectra of Ti-2p3/2 22 

and Ca-2p3/2 species in FAST sintered CaTiO3, respectively. The spectra of Ti-2p3/2 in Figure 4a is plotted in the square 23 

root scale to achieve the same statistical derivation on the maxima and the background compared to Ca-2p3/2 in 24 

Figure 4b [42].  25 

 
CaTiO3 

 
CS 

[nm] 

 Phases [wt%] Rw [%] Rb [%] 
CaTiO3 α-TiO2 

 
γ-TiO2 

 
CaO 

Calcined powder 98±3 83.8±0.5 4.2±0.3 6.7±0.4 5.4±0.6 6.77 4.61 

Conventionally 
sintered 

406±4 94.6±0.3 5.4±0.1 - - 6.46 4.24 

FAST  
sintered 

200±1 94.4±0.2 5.6±0.6 - - 5.08 3.32 
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 1 

Figure 4: High-resolution spectra of (a) T i−2p3/2 and (b) Ca-2p3/2 peaks of the FAST sintered CaTiO3 after background 2 
subtraction. Experimental (black dots) and fitted curves (black line) with corresponding species are presented. 3 

Three types of titanium species, i.e. Tia, Tib and Tic, can be seen in Figure 4a. Tia specie corresponds to the normal 4 

structure of TiO6 octahedral. Whereas, Tib and Tic are newly formed species detected in bulk CaTiO3 after FAST 5 

sintering. In Figure 4b, two different types of calcium species, i.e. Caa and Cab, can also be identified. Additionally, it 6 

was also observed that the spectral peaks of Ti-2p3/2 and Ca-2p3/2 and O-1s of FAST sintered CaTiO3 are broadened 7 

compared to the spectral peaks of the calcined powder and the conventionally sintered CaTiO3 (see supplementary). 8 

This fact indicates different chemical environments in the FAST sintered sample, which is a result of the FAST 9 

sintering process [43, 44], and discussed in section 4.3. The full width half maximum (fwhm) and quantities of 10 

particular species are presented in the supplementary. 11 

3.4. Piezoelectric measurements  12 

Both direct and inverse piezoelectric measurements were carried 13 

out for the conventionally and the FAST sintered CaTiO3 samples. 14 

The results of the direct piezoelectric measurements are presented 15 

in Figure 5. The shown alternating input voltage (black line) is the 16 

voltage applied to the piezo-actuator for its oscillation. It can be 17 

seen that a small alternating output voltage (green line) is produced 18 

by NPM (VNPM) without electrodes. This is interpreted as the 19 

maximum noise produced by the setup. The signal (𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3) of the 20 

conventionally sintered CaTiO3 (blue line) is very close to the 21 

maximal noise of the setup. However, the alternating output 22 

voltage (𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3) of the FAST sintered CaTiO3 (red line) [25], is 23 

significantly larger than the ones of the other tested samples. This 24 

significant increase in 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3  is the first evidence that FAST sintered CaTiO3 showing piezoelectric behaviour. The 25 

charge (Q) produced through the direct piezoelectric effect is calculated by Equation 1 and presented in Table 2:  26 

 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 =
𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3

𝐺𝐺𝐶𝐶𝐶𝐶𝐺𝐺
− 𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁

𝐺𝐺𝐶𝐶𝐶𝐶𝐺𝐺
 (1) 27 

Figure 5: Time dependent voltage 
measurement of the NPM (green line), the 
conventionally (blue line) and the FAST 
sintered (red line) CaTiO3 measured with the 
direct piezoelectric effect. Additionally, the 
input voltage of the piezo-actuator is 
presented (black line). 
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Measurements to investigate the inverse piezoelectric effect of the 1 

conventionally and the FAST sintered CaTiO3 are presented in Figure 6. 2 

It can be seen that no measurable displacement occurred in 1st and 2nd 3 

cycles of conventionally sintered CaTiO3. Moreover, there is no flow of 4 

electric current in both cycles. However, in the FAST sintered CaTiO3, a 5 

butterfly-shaped hysteresis curve can be seen. During the 1st cycle of 6 

electric field [25], the displacement is observed, when the electric field 7 

was increased from 0 kV/cm to +10 kV/cm. This displacement then 8 

decreases, when electric field goes from +10 kV/cm to 0 kV/cm. The 9 

same kind of displacement is also observed on the negative side of the 10 

electric field. Finally, it goes approximately back to its initial position 11 

when the electric field is again reduced to 0 kV/cm. This observation is 12 

the second evidence of piezoelectricity in FAST sintered CaTiO3. The 13 

same process is repeated during the 2nd cycle, and the displacement is 14 

observed again, but this time the conductivity increases slightly in the 15 

direction of the positive electric field as compared to the 1st cycle. In 16 

addition, there is an overflow of electric current in the negative 17 

electric field direction which was beyond the limitations of the 18 

experimental setup. The constant displacement of sample during the 19 

overflow of electric current can also be seen. This behaviour is 20 

observed because the current reached the maximum driving current. 21 

As a result, the amplifier reduced the voltage and kept it on a constant 22 

level (see supplementary). This constant voltage also kept constant the displacement generated by the sample. 23 

However, current goes back to a measurable value when the electric field is reduced to approximately -2 kV/cm and 24 

then returns to 0 kV/cm. Similarly, normal displacement behaviour can also be seen again. The values of d33+* and 25 

d33−* computed by Figure 6 are presented in Table 2. In this work, only d33+* value for the 2nd cycle of FAST sintered 26 

CaTiO3 is reported, because of the overflow in negative electric field direction. 27 

It is worth mentioning that CaTiO3 is known as electrostrictive material, but the observed effects are strong evidence 28 

for the piezoelectric behaviour generated in FAST sintered CaTiO3. In electrostrictive materials, no direct 29 

piezoelectric effect can be observed because a mechanical deformation does not produce surface charges. 30 

Moreover, the reverse of the electric field does not reverse the direction of deformation, meaning that no hysteresis 31 

curve can be observed in electrostrictive materials. However, the typical butterfly displacement curve due to the 32 

inverse piezoelectric effect is detectable for the FAST sintered nanostructured CaTiO3.   33 

 34 

 35 

Figure 6: Displacement (red colour) and J-
electric field (black colour) characteristic 
curves with a maximal electric field of ±10 
kV/cm (1st cycle – line) and ±15 kV/cm (2nd 
cycle – dots) applied to the conventionally 
sintered as well as (1st cycle) maximal ±10 
kV/cm and (2nd cycle) maximal ±11 kV/cm to 
the FAST sintered CaTiO3, determined at 
room temperature and with a frequency of 1 
Hz. 
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CaTiO3 

Q [pC] 
2.1±0.3 

Piezoelectric constants [pm/V] 
 

1st cycle 
d33+* ∼ 7.13±0.4 
d33-* ∼ -5.95±0.3 

2nd cycle d33+* ∼ 7.19±0.3 
Table 2: The determined charge of the FAST sintered CaTiO3 and the piezoelectric constant values are given. 1 

4. Discussion 2 

4.1. Lattice parameters 3 

Lattice distortions in any material result in the change of lattice 4 

parameters [45]. Therefore, lattice parameters of the CaTiO3 5 

orthorhombic phases of the calcined powder, the 6 

conventionally and the FAST sintered CaTiO3 are compared and 7 

presented along with literature values (dotted lines) [46] in 8 

Figure 7. In the calcined powder, the lattice parameter b is very 9 

close to the corresponding literature value, but a and c are 10 

significantly larger. This may be caused by defects being 11 

present on well-defined lattice sites [47]. A significant decrease 12 

in the lattice parameters a and c is noticed, while b remains 13 

approximately constant for the conventional sintered sample. 14 

This decrease in lattice parameters can be interpreted as the 15 

removal of oxygen vacancies from lattice sites [48] (in the absence of oxygen atom, Ti-Ti atoms can repel each other 16 

due to Coulomb effect which can cause the increase in lattice parameters). For example, if oxygen vacancies were 17 

present in the calcined powder, they could cure themselves during conventional sintering in air. As a result, the 18 

lattice parameters of conventionally sintered CaTiO3 are comparable to literature values. For the FAST sintered 19 

sample, the lattice parameters b and c decrease slightly, and a remains approximately constant compared to the 20 

calcined powder. The lattice parameters a and c are still significantly larger than the literature values, but b 21 

decreases significantly. The lattice parameters differ from literature values probably caused by a large amount of 22 

oxygen lattice vacancies and distortions produced by defects inside the lattice. These defects can be produced 23 

during the FAST sintering process in reducing atmosphere and in the presence of graphite, similar to those observed 24 

in BaTiO3 under reducing sintering conditions [31].  25 

4.2. Lattice strain 26 

Apart from the integration of complete Debye-Scherrer rings, HEXRD patterns were also partially integrated every 27 

85° azimuthal steps with a step width of 5°. These individual azimuthal sectors 0° (180°) and 90° (270°) are parallel 28 

and perpendicular to the sintering field (SF), respectively, which was applied during FAST sintering process by the 29 

direct current pulses (see supplementary).  30 

Figure 7: Lattice parameters of the calcined 
powder, the conventionally and the FAST sintered 
CaTiO3. The literature values of lattice parameters 
are also presented as dotted lines. 
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The lattice parameters of the individual azimuthal sector, i.e. 0°, 90°, 180° 1 

and 270°, were extracted by Rietveld refinement [37], and then the strain 2 

(ɛ) was calculated by using Equation 2: 3 

ɛ = 𝑞𝑞−𝑞𝑞𝑜𝑜
𝑞𝑞𝑜𝑜

 (2) 4 

where q denotes the value of lattice parameters of the azimuthal sector 5 

when taking it as a starting point, i.e. 0°, 90°, 180° and 270°, and qo is the 6 

value of lattice parameters of the azimuthal sector when taking it as an 7 

ending point, i.e. 90°, 180°, 270° and 0°. 8 

The lattice strain in lattice parameters a, b and c as a function of initial to 9 

final azimuthal sectors is presented in Figure 8. It can be seen that no 10 

significant lattice strain (blue colour) is present in lattice parameters a, b 11 

and c in the conventionally sintered sample. In the FAST sintered sample, 12 

maximum lattice strain (red colour) is present in the lattice parameter c. 13 

Furthermore, lattice strain for a and b is also observed. This suggests that 14 

the maximum lattice strain induced by FAST sintering is in c direction. In a 15 

and b direction, the strain is induced by a lattice redistribution, which is 16 

originated by the distortion produced by c. It is also worth mentioning that if lattice strain in a and c is positive, then 17 

in b it is negative, and if lattice strain in a and c is negative, then it is positive in b. This means that the Debye-18 

Scherrer rings of FAST sintered CaTiO3 are not circular but elliptical in shape due to structural distortions which 19 

ultimately generated electric dipole moments by the shifting of negative and positive charges [25]. 20 

4.3. Lattice point defects 21 

Lattice distortions can have significantly different binding energies compared to non-distorted structures, and 22 

therefore, these can be detected by XPS [49]. Tia specie, shown in Figure 4a, corresponds to the non-distorted 23 

(normal) structure of TiO6 octahedral. Whereas, it is suggested that newly formed Tib specie can be related to a 24 

distorted structure of the TiO6 octahedra [50]. Additionally, a small amount of reduced Tic specie located in the low 25 

energy shoulder of the Ti−2p3/2 is likely to be caused by oxygen vacancies produced by FAST sintering in reducing 26 

atmosphere [24]. This reducing atmosphere can be a reason to a shift of binding energy of Ti−2P3/2 indicating the 27 

presence of TiO5 octahedra, due to the reduction of Ti4+ specie to Ti3+ [22]. A broadening in the fwhm of O-1s 28 

spectrum of FAST sintered sample is another indication of the formation of oxygen vacancy which is larger compared 29 

to the calcined powder or the conventionally sintered sample (see supplementary). This reduction of normal TiO6 30 

octahedra can be associated with the generation of electric dipoles. Moreover, it is likely that Caa specie in Figure 4b 31 

is attributed to Tia specie, referring to domains with non-distorted unit cells, and Cab is attributed to Tib, referring to 32 

domains with distorted unit cells. This shows that there are two different chemical environments present in the FAST 33 

Figure 8: Lattice strain in lattice 
parameters a, b and c of the 
conventionally (blue colour) and the 
FAST sintered (red colour) CaTiO3 vs 
azimuthal sector. 
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sintered CaTiO3. These two types of chemical environments could be interpreted as one originated by stress 1 

(distorted structure) and another one without induced stress (non-distorted structure). 2 

4.4. Structural defects in FAST sintered CaTiO3 3 

The 3D graphical representation of CaTiO3 unit cell is presented in Figure 9 to visualize its defective structure. There 4 

are two defect sites which can be present in the octahedron, i.e. top-to-top (O1) or in-plane (O2). Oxygen is an anion 5 

which attracts Ti cation. If an oxygen vacancy is formed, the repulsion between Ti-Ti atoms is created due to identical 6 

charges. This means that it can change the charge configuration similar to SrTiO3 [51]. This is interpreted as the 7 

elongation of lattice parameter c (due to repulsion between Ti-Ti atoms) causing slight straightening of bond angles. 8 

This straightening of bond angles was analysed by using the VESTA program [52]. The Rietveld refined parameters at 9 

0° azimuthal sector (parallel to SF) and 90° azimuthal sector (perpendicular to SF) were extracted. This data, i.e. 10 

individual unit cell model, was then visualized, and bond lengths and bond angles were compared. 11 

It was noticed that average bond angle O1-O1-12 

O1 connected in-between Ti atoms at 0° 13 

azimuthal sector is slightly decreased relative 14 

to 90° azimuthal sector (see supplementary), 15 

which also influenced the bond lengths 16 

between atoms. It is possible that while 17 

current flew inside the material due to 18 

sintering current pulses, electrons might have 19 

been trapped at sites of oxygen vacancies in 20 

parallel SF direction. This trapping of electrons 21 

can cause the compression of lattice parameter 22 

c. It can be interpreted that O1, O2 and Ti 23 

atoms are displaced mainly along with the 24 

lattice parameter c by forming unequal bond 25 

distances which also affects the lattice 26 

parameters a and b. This unequal distance of bonds generates electric dipole moments by the displacements of 27 

cations and anions from their equilibrium positions [18]. Whereas, the average bond angle O1-O1-O1 of the 28 

conventionally sintered sample remained same in both (0° and 90°) azimuthal sectors (see supplementary). 29 

Moreover, these angles are slightly greater as compare to the FAST sintered sample, indicating no elongation of 30 

lattice parameter c because of non-straightening of bond angles.  31 

4.5. Pseudo-piezoelectricity in FAST sintered CaTiO3 32 

As presented in Section 3.4, FAST sintered CaTiO3 shows a response for both the direct and inverse piezoelectric 33 

effect. This observation is referred as a pseudo-piezoelectric effect [25], due to the fact that the space group CaTiO3 34 

Figure 9: 3D Graphical representation of CaTiO3 unit cell. Two 
oxygen vacancies cite (yellow circles) and bond angle O1-O1-O1 
are also presented. 
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belongs to is centro-symmetric and does not show piezoelectric behaviour. The observed piezoelectric effect is most 1 

likely a result of the defective structure of CaTiO3. Oxygen vacancies generate lattice distortions in CaTiO3 at elevated 2 

temperature during the FAST sintering. This process can be described by the following equilibrium [53], using the 3 

Kröger-Vink notation [54]:  4 

𝐶𝐶𝐶𝐶 ↔ 𝑉𝑉𝐶𝐶 + 1
2

𝐶𝐶2 + 2𝑒𝑒  (4) 5 

Here Oo is lattice oxygen, Vo is a lattice oxygen vacancy and e is an electron.  6 

The experimental results suggest the presence of defects due to oxygen vacancies as well as lattice distortion in FAST 7 

sintered CaTiO3. In general, the defects can be distinguished into lattice point defects such as Ti3+ states or oxygen 8 

vacancies, line defects such as grain boundaries or crystallographic shear planes [55]. The oxygen vacancy, for 9 

example, can be at the surface or in the bulk area [56, 57]. The unit cells which connect these areas include the 10 

bridging oxygen which is a well defined oxygen position on the border of a domain [58, 59]. It is possible that these 11 

defects create local instability of the normal TiO6 octahedra, which results in a slight shift of the geometrical 12 

midpoint. Since the observed Debye-Scherrer rings are elliptical, which is likely due to the distortions in the crystal 13 

structure of FAST sintered CaTiO3. It means that there is a shift of the charges and therefore electric dipoles are 14 

created [25]. If local electric dipoles are present so are local domains. These domains are only present where the 15 

distortions are, in other words where the shift of the charges occurred due to strain influenced by oxygen vacancies 16 

or/and reduction of TI4+ to Ti3+. This type of geometrical configurations can lead to piezoelectric behaviour [23, 60]. 17 

Presuming that local domains are present due to localized defects, there are two possibilities that might have 18 

fulfilled this condition. The first possibility is by suppressing the grain growth and increasing grain boundary areas as 19 

pinning points. These grain boundaries can act like blocking positions for migration and prevent diffusion of defects 20 

causing permanent electric dipoles [61-63]. The second possibility is preventing the migration of  defects into their 21 

equilibrium configuration through significantly increasing mobility of domain walls [23]. This can be achieved by 22 

rapid cooling from elevated temperature, which freezes the distribution of the defects. Both requirements were 23 

probably accomplished by the FAST sintering process. It has an advantage of short heating and cooling times, while 24 

applying a pressure, which allows fast densification, limited grain growth and increased grain boundary areas as well 25 

as the freezing of the distribution of defects [32, 64]. It has been shown that oxygen vacancies of CaTiO3 prefer to 26 

reside within twin boundary walls being energetically favourable, which results pinning of the walls [58]. 27 

Furthermore, oxygen vacancies can preferably exist near grain boundaries as in SrTiO3 [65]. 28 

Another reason for lattice distortions in the investigated sample can be the flow of direct current pulses inside the 29 

sample during FAST sintering. Since powder inside the die is not completely homogenous or dense. This feature of 30 

the powder creates a complicated network of current. The fluctuating hot spots formed in the path of current due to 31 

Joule heating may lead to lattice distortions, which freeze themselves due to rapid heating and cooling rates [24]. 32 

Therefore, the observed pseudo-piezoelectricity of FAST sintered CaTiO3 is most likely a direct result of lattice 33 

distortions originated by the formation of localized defects during the sintering process. 34 
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It is also worth mentioning that the FAST sintered CaTiO3 showed a piezoelectric response using the direct 1 

piezoelectric method without a poling treatment. The reason is likely that some of the electric dipoles already 2 

aligned themselves during the FAST sintering process due to the huge pulsed direct current. However, the 3 

conventionally sintered sample did not exhibit a piezoelectric effect even after poling treatment.  4 

The displacement observed using the inverse piezoelectric method occurred due to the polarization. It leads to an 5 

alignment of more electric dipoles (domains switching) by applying a strong electric field. When an electric field is 6 

applied, electrons (due to trapping) can reduce the metal cations, i.e. Ti+4 to Ti+3. This effect is observed in the J-7 

electric field characteristic curve during the 2nd cycle (see Figure 6), which shows relatively high conductivity in the 8 

range of +11 kV/cm to 0 kV/cm as compared to 0 kV/cm to +11 kV/cm. This reveals the change in the concentration 9 

of defects, because more electrons come from the external source (closed electrical circuit) which influence the flow 10 

of electrons in an electric field [22]. As a result, it also influences the strength of electric dipoles due to non-11 

equilibrium domains with trapped charges and the alignment of electric dipole moments due to the electric field 12 

[23]. The alignment of electric dipoles becomes stronger in every cycle as more defects are produced. Eventually, the 13 

material has enough defects and electric dipole density that it opens conducting channels causing an overflow as for 14 

example in SrTiO3 [66]. It is also important to mention that electrical conductivity is a defect sensitive property as 15 

defects are electrically charged [53]. At a certain limit, defects’ concentration can overcome the enthalpy of the 16 

motion for charge carriers, leading to their diffusion in strong electric field. Therefore, there should be enough 17 

defects to create electric dipoles with significant strength, but not too many defects to open conducting channels 18 

causing overflow. This overflow is observed during the 2nd cycle in Figure 6 in the negative electric field direction, 19 

which indicates the disappearance of the pseudo-piezoelectric behaviour.  20 

In addition, HEXRD results showed the α-TiO2 phase impurity of (5.6±0.6) wt%, which could also contribute to an 21 

increasing conductivity, as TiO2 can significantly reduce resistivity even in low electric field [22]. Nevertheless, the 22 

presence of restoring force upon reducing the electric field in every cycle can be seen, which could arise from the 23 

contribution of stress-induced instability of the ferroelastic domain wall switching. It is also important to mention 24 

that previously in-situ HEXRD investigations showed that the structural changes occurred only in CaTiO3 but not in α-25 

TiO2 phase [25]. Hence, the observed pseudo-piezoelectric behaviour is purely generated by CaTiO3.  26 

4.6. Piezoelectric constant 27 

A complete set of dij can be represented by a matrix [67]. This matrix can be deduced based on non-centro-28 

symmetric point groups of the crystal. The orthorhombic crystal structure of CaTiO3 belongs to centro-symmetric 29 

point group (mmm). This implies that all of its dij values are zero. However, in the defective nanostructure of FAST 30 

sintered CaTiO3, the d33+* and d33-* (Table 2) values are not zero. These values are relatively small as compare to 31 

well-known perovskite piezoelectric ceramics. The reason for having small d33+* and d33-* values could be due to low 32 

electric dipole density and stability. FAST sintered CaTiO3 is possibly showing pseudo-piezoelectric behaviour due to 33 

localized defects with lattice distortions, but not from its normal crystal structure like other perovskite piezoelectric 34 

ceramics, e.g. PZT, BaTiO3 or SrTiO3. Using FAST sintered or similar CaTiO3 ceramics as an implant material could be 35 
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advantageous over commonly used materials due to the pseudo-piezoelectric behaviour, which may increase 1 

osseointegration. 2 

5. Conclusions 3 

CaTiO3 powder was successfully prepared by sol-gel synthesis and densified using FAST and conventional sintering. 4 

The sintered samples are a characteristic of nanostructured orthorhombic (pbnm) CaTiO3 phase containing a small 5 

amount of α-TiO2. The data confirms that defects like oxygen vacancies as well as lattice strain and distortions are 6 

present in FAST sintered CaTiO3 which are not observed in the conventionally sintered sample. These defects and 7 

lattice distortions are mainly produced during the FAST sintering process in a reduced atmosphere. The rapid heating 8 

and cooling rates in FAST sintering freeze the distorted state of the sample. Moreover, the FAST sintered CaTiO3 has 9 

smaller grain sizes compared to the conventionally sintered CaTiO3 resulting in a larger amount of grain boundary 10 

areas. These grain boundary areas can act as pinning points, as well as blocking positions for migrations and diffusion 11 

of defects until a strong electric field is applied repeatedly. The defects in the FAST sintered CaTiO3 are highly 12 

localized and lead to permanent electric dipoles. Hence, a pseudo-piezoelectric response is generated only in the 13 

FAST sintered sample, since it is generated by a distorted structure. The effect was measured by both the direct and 14 

inverse piezoelectric methods. The charge produced on the FAST sintered sample is (2.1±0.3) pC and typical 15 

displacement hysteresis curve is also detected. However, no charge is produced in the conventionally sintered 16 

sample, and displacement hysteresis curve is also not observed. These observations confirmed that pseudo-17 

piezoelectric behaviour is triggered by FAST sintering due to defective structure and not by conventional sintering. 18 

These findings are promising for CaTiO3 to be used as a bone implant material to facilitate cell-materials interaction 19 

and improve osseointegration. 20 
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