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Abstract

Lead-free barium-calcium titanate (BCT) ceramics were prepared via the solid-state method and sintering
at different temperatures. The influence of BCT powder grinding on particle morphology, porosity and parti-
cle size distribution was investigated. The effect of sintering temperature on microstructure and mechanical
properties of the BCT ceramics was also analysed. BCT material sintering optimization was connected with
providing high density and ensuring the smallest grain sizes. The sintered BCT material with the optimized
parameters had apparent density of 5.49 g/cm3 and homogeneous, densely packed microstructure consisting of
grains ranging from 1 to 5 µm, as well as bending strength reaching 147 MPa, hardness of the level of 4.83 GPa
and fracture toughness equal to 1.86 MPa·m0.5. The developed BCT material in this paper possesses favourable
functional properties that allow its use in multilayer actuators.
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I. Introduction

Lead-based ferroelectrics (PZT and PT) are substan-

tially employed as piezoelectric sensors, actuators and

transducers due to their superior piezoelectric properties

[1–3]. At the same time, evaporation of toxic PbO in the

sintering process pollutes the environment and changes

product composition, forming ceramics with unstable

electrical qualities.

Presently, intensive work has led to the development

of the lead-free piezoelectric materials (BCT, BZT,

NBT, KBT) for applications in sensors, actuators and

energy storage devices. These studies are highly im-

portant because most of the used piezoelectrics contain

harmful lead and this element should be eliminated from

the European market in the near future [4–8].

Barium titanate-based perovskite materials, which

exhibit ferroelectric and piezoelectric properties, are

very attractive for use in the fields of microelectronics

and medicine. Among many available piezoelectric ma-

terials, barium-calcium titanate Ba0.8Ca0.2TiO3 (BCT)

has been widely studied because its properties are sim-

ilar to those of lead-containing PZT materials [9,10].
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The synthesis and characterization of barium- calcium

titanate have been the subject of several publications,

which show that the properties of powders and sintered

materials depend on the synthesis procedure and sin-

tering conditions. Usually, very complicated and labo-

rious methods were used for producing this material:

modified Pechini method, sol-gel method, hydrother-

mal method and co-precipitation [9,11–13]. Several re-

search papers are devoted to piezoelectric materials syn-

thesised by mechanical activation and solid state re-

action. These methods can be easily upscaled, enable

strict stoichiometry control and bring economic benefit

[6,10,14,15].

The use of piezoelectric materials for multilayer actu-

ators requires a high density of sintered material, a high

dielectric constant and a low dielectric loss factor. The

electrical properties of ceramics are closely related to

their microstructure. Thus, the most advantageous ma-

terials are characterised by small grains of a few mi-

crometres in size, which are well separated by intergran-

ular boundaries without pores [16,17]. Researchers have

tried to optimize the microstructure of PZT-type mate-

rials by intensifying the mechanical activation process-

ing of powders and reducing sintering temperature due

to the lower calcination temperature of the internal elec-
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trodes in multilayer actuators, but this can lead to the de-

terioration of other properties of the materials [18–21].

Presently, many articles are dedicated to the synthesis

methods and determination of the properties of BaTiO3

material or Ca-doped barium titanate. Feliksiak et al.

[22] underlined the significant impact of sintering tem-

perature on the microstructure and dielectric proper-

ties of Ba0.75Ca0.25TiO3 and structural and functional

properties of this material. Khedhri et al. [23] analysed

the structural, spectroscopic and optical properties of

Ba1-xCaxTiO3 ceramics with x < 0.2 prepared by sol-

gel method at low temperature. Borkar et al. [24] inves-

tigated the influence of calcium substitution on struc-

tural, dielectric, ferroelectric, piezoelectric and energy

storage properties of BaTiO3 material. Basumatary et al.

[25] studied the structural, microstructural, dielectric,

optical, ferroelectric and magnetic properties of cobalt

doped barium calcium titanate (Ba0.80Ca0.20Ti1-xCoxO3

with x = 0, 0.005, 0.010, 0.015 and 0.020) material.

Dhahri et al. [26] synthesised Ba0.95Ca0.05Ti0.97Y0.04O3

powder by solid state method and investigated its phys-

ical properties.

The aim of this work is to investigate the effect of

mechanical activation of Ba0.8Ca0.2TiO3 (BCT) powder

on particle and pore size distribution, morphology and

porosity. In addition, the influence of milling time and

sintering temperature on the microstructure and other

functional parameters was also analysed.

II. Experimental

2.1. Sample preparation

Barium-calcium titanate with a Ba0.8Ca0.2TiO3

(BCT) composition was synthesized via the solid-state

method with the use of titanium oxide (TiO2 99%, Kro-

nos), barium carbonate (BaCO3 99.5%, Chempur) and

calcium carbonate (CaCO3 99%, Chempur). The set of

raw materials was mixed in a polyethylene beaker with

isopropyl alcohol at a ratio of 1:1 and then poured into

an attritor with the working chamber �135 × 180 mm.

The components were mechanically activated for 2 h at

280 rpm with zirconia grinding balls with a diameter of

3 mm and a weight of 4.5 kg. The obtained suspension

was dried at 70 °C and the dried powder was calcined at

1100 °C for 4 h with the heating rate of 100 °C/h (named

the as-prepared BCT powder). The selected tempera-

ture was determined experimentally taking into account

phase compositions of the samples calcined at 900, 1000

and 1100 °C. The four hours dwell time at the maximal

temperature ensured sufficient time for temperature pen-

etration inside the sample and complete synthesis.

Additional milling of the BCT powder was per-

formed to decrease particle size and carried out in an

attritor at 560 rpm with zirconia grinding balls with a

diameter of 3 mm and a weight of 4.5 kg. Three differ-

ent milling times were used: 30 min, 2 h and 4 h and the

corresponding samples (named the milled BCT powder)

were designated as BCT-1, BCT-2 and BCT-3, respec-

tively. In the next step, for the pellet fabrication, it was

necessary to make granulates to improve the pressing

properties. Thus, the BCT-1, BCT-2 and BCT-3 powders

were dispersed in deionized water at a ratio of 1:1 to-

gether with the following additives: 0.2% Dispex, 0.2%

oil emulsion and 1% polyvinyl alcohol. Granulates were

formed in a spray dryer (Niro atomizer) with a 372A

peristaltic pump (ELPIN-PLUS s.c.). Air atomization

was used through an air nozzle, and the following drying

conditions were applied: inlet temperature of 220 °C,

outlet temperature of 80 °C and spray pressure of 40 mm

in the water column. After that, a pressing mould with

an internal diameter of �11.5 mm was filled with 1.5 g

of the BCT-1, BCT-2 and BCT-3 granulates and the cor-

responding pellets were obtained by uniaxial pressing

at 2 MPa and then isostatic pressing at 150 MPa. The

rectangular samples were shaped via a truncated circular

mould on a TPA 15/4 press (Dorst) under the pressure

of 10 MPa and then isostatically pressed at 150 MPa, as

in the case of the pellets.

2.2. Characterization

Phase composition analysis of the BCT powder

was performed on a Miniflex II X-ray diffractometer

(Rigaku). The measurements were carried out via CuKα

radiation in an angular range of 2θ = 20°–80° with a step

of 0.02° and a counting time of 3 s. The phase compo-

sition was determined using the Powder Diffraction File

(PDF) database developed by ICDD (The International

Centre for Diffraction Data). The phase components

were identified by matching the profile of the obtained

diffraction pattern - the calculated distances between the

dhkl planes for individual reflections and their intensi-

ties to the data contained in the PDF database. The parti-

cle size distribution of the prepared powders was deter-

mined via laser diffraction on a Mastersizer 2000 granu-

lometer (Malvern). The morphology of the powders and

microstructure of the sintered ceramics were studied us-

ing a Zeiss Crossbeam 350 SEM. ImageJ Fiji software

was used to find the particle size from SEM images. The

pore size distribution and pore volume of the BCT pow-

der was determined with an AUTOPORE 4 9500 (Mi-

cromeritics) via mercury porosimetry method.

The dilatometric analysis of the BCT-1, BCT-2 and

BCT-3 green bodies, not presented here, was used to se-

lect appropriate thermal treatments for sintering, as fol-

lowing: the maximal sintering temperatures were 1250,

1300 and 1350 °C, the heating and cooling rates were

100 °C/h and the dwell time was 4 h.

Apparent density and open porosity of the prepared

samples were determined via Archimedes’ principle and

the boiling method to saturate the samples with water.

The hardness and fracture toughness (KIC) were mea-

sured using a 430/450SVD Vickers hardness tester. The

samples were first embedded in acrylic resin and then

ground on #500 and #1200 diamond discs. The final

processing was performed using a polishing cloth with

a diamond suspension of grain size equal to 3 and 1 µm.
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The bending strength was determined by the three-point

method on sintered not polished beams with flattened

circular cross-section via a ZDM-5 testing machine.

III. Results and discussion

3.1. As-prepared BCT powder

Figure 1 shows X-ray diffraction pattern of the as-

prepared BCT powder after mechanical activation and

calcination at 1100 °C, which indicates the presence

of an ideal perovskite structure of the BCT material.

The spectrum is free of noise and the peaks are per-

fectly matched to those of the standard. The quantita-

tive analysis of the powder phase composition revealed

the presence of the Ba0.8Ca0.2TiO3 phase with a tetrago-

nal structure. However, a small amount less than 3% of

Ba0.128Ca0.872TiO3 phase with a cubic structure is also

visible in XRD spectrum and one minor peak originat-

ing from CaO oxide.

Figure 1. XRD spectrum of BCT powder calcined at 1100 °C

Figure 2. SEM image of BCT powder

SEM image the as-prepared BCT powder calcined at

1100 °C (Fig. 2) confirmed the presence of large, porous

particles of up to 50 µm in size, composed of smaller,

tightly bonded grains of up to 0.3 µm.

Figure 3 presents the particle size distribution of the

BCT powder after mechanical activation and calcination

Figure 3. Particle size distribution of BCT powder after
calcination at 1100 °C

Figure 4. Differential and cumulative curves of the pore size
distribution of the BCT powder

at 1100 °C. The distribution of particle sizes is very wide

and ranges from 0.3 to 120 µm with the calculated av-

erage particle size of 11.6µm. The bimodal distribution

of the BCT powder indicates that the grains are agglom-

erated, which is confirmed by BCT powder morphology

result presented in Fig. 2.

Figure 4 presents the differential and cumulative

curves of the pore size distribution of the as-prepared

BCT powder. The peak abscissa of the differential curve

indicates the average pore size, which is 1.21µm. The

cumulative pore volume was 684 mm3/g, the apparent

density reached 5.06 g/cm3 and the porosity was 77.6%.

Therefore, the BCT powder is characterized by porous

particles with larger pore sizes, which is consistent with

the SEM images of the powder morphology shown in

Fig. 2.

3.2. Milled BCT powders

The particle size distributions of the BCT-1, BCT-2

and BCT-3 powders are shown in Fig. 5 and indicate that

with the increase of the milling time curves shifted more

towards smaller particles than for the as-prepared BCT

powder (Fig. 2). The average particle size decreased to

2.39, 1.44 and 1.22µm for the BCT-1, BCT-2 and BCT-

3 powders, respectively. Furthermore, all distributions

are narrower and almost unimodal with particle sizes

78



M. Gromada / Processing and Application of Ceramics 19 [1] (2025) 76–83

Figure 5. Particle size distributions of milled powders
(BCT-1, BCT-2 and BCT-3)

varying from 0.2 to 40 µm and with a distinct shoulder

in the range of larger particles, which indicates that the

tendency to form agglomerates still exists.

SEM images of the milled powders (Fig. 6) clearly

indicate that this process disrupted the connected pow-

der grains, thus the average pore size and porosity were

reduced and the cumulative pore volume was increased.

Thus, for the BCT-1 powder milled for 30 min (Fig. 6a),

clusters of tightly connected particles are visible, but

large particles have already been disrupted. The average

grain size of the BCT-1 powder did not change signifi-

cantly and it is equal to 0.3µm, but much smaller grains

are also visible.

In the micrograph of the BCT-2 powder milled for

2 h (Fig. 6b) greater powder packing, resulting from bet-

ter disruption of the connected grains, is clearly visible.

The average grain size of the BCT-2 powder decreased

to 0.2µm and there were also many smaller grains. Even

greater fragmentation and, consequently, denser pack-

ing characterize the BCT-3 powder (Fig. 6c). Most of

the grains are up to 0.2 µm in size, but many smaller

grains are also visible. The results of powder morphol-

ogy are in accordance with the particle size distribution

presented in Fig. 5, porosity shown in Fig. 7 and data in

Table 1.

Differential pore size distributions and cumulative

pore size distributions of the BCT-1, BCT-2 and BCT-

3 powders are shown in Figs. 7a and 7b respectively.

The average pore sizes of the BCT-1, BCT-2 and BCT-3

powders are 0.71, 0.86 and 0.62µm, respectively. These

values take into account an additional peak of the dif-

ferential curve in the area of pore sizes ranging from 10

to 100 µm (Fig. 7a). On the other hand, in the region of

pore sizes occurring in powder particles, with increas-

ing of the milling time, the average pore size decreases.

Moreover, the increase of milling time caused an in-

crease in the cumulative pore volume and, to a small

extent, porosity and a decrease in the apparent density

of the BCT powders. Thus, the increased milling time

of the powders resulted in the formation of particles

with smaller but more numerous pores, which is con-

sistent with the SEM images of the powder morphology

presented in Fig. 6. This observation is confirmed by

Figure 6. SEM images of milled powders: a) BCT-1, b) BCT-2 and c) BCT-3

Figure 7. Differential (a) and cumulative (b) pore size distribution curves for the BCT-1, BCT-2 and BCT-3 powders
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Table 1. Porosity parameters of the milled BCT-1, BCT-2 and BCT-3 powders

Powder
Average pore Cumulative pore Apparent Porosity

diameter [µm] volume [mm3/g] density [g/cm3] [%]

BCT-1 0.71 542.5 5.04 73.22

BCT-2 0.86 586.5 4.80 73.82

BCT-3 0.62 614.6 4.75 74.51

the results of the characteristic quantities describing the

porosity of the BCT powders, which are summarized in

Table 1.

3.3. Sintered samples

SEM surface analyses of the sintered BCT pellets are

shown in Figs. 8–10. The microstructure of the BCT-

1 pellet sintered at 1250 °C (Fig. 8a) is homogeneous,

densely packed and consists of small, angular grains

ranging from 1 to 5 µm. However, small pores between

the grain boundaries are clearly visible. The SEM im-

age of the BCT-2 pellet sintered at 1250 °C (Fig. 8b)

reveals bimodal grain size distribution, fine ones rang-

ing from 1 to 2 µm together with a significant number

of large grains quite evenly distributed over the entire

surface with a size of up to 20µm. The microstructure

of the BCT-3 pellet sintered at 1250 °C (Fig. 8c) consists

of fine grains with sizes reaching 1–2µm. Moreover, the

surface of the ceramics is very homogeneous, but some

pores between the grains can be seen.

Increasing the maximum sintering temperature by

50 °C resulted in a significant increase in the grain size,

especially for the BCT-1 and BCT-2 materials sintered

at 1300 °C. In the case of the BCT-1 pellets sintered

at 1300 °C (Fig. 9a), fine grains of 2–5µm and larger

grains of up to 20 µm can be distinguished on the sur-

face. Together with larger grains, fine grains constitute

a well-packed structure. The surface of the BCT-2 pellet

sintered at 1300 °C (Fig. 9b) is characterized by an even

greater number of large grains reaching up to 30 µm,

and only in their corners there are a few single small

grains. The effect of grain growth is also visible in the

case of the BCT-3 ceramics sintered at 1300 °C (Fig.

9c). Grains of up to 2 µm predominate, but there are also

single grains of up to 5–6µm.

Another increase in the maximum sintering tempera-

ture of 50 °C caused additional structure coarsening but

the grain size distribution became more uniform (Fig.

10). In the case of the BCT-1 pellet sintered at 1350 °C

(Fig. 10a), the most of grains are with sizes of up to 8–

10 µm and few grains exceeding 15 µm. The SEM mi-

crographs of the BCT-2 pellet sintered at 1350 °C (Fig.

10b) show grains with sizes of 15–20µm together with

some smaller grains situated only in the corners. On the

other hand, the surface microstructure of the BCT-3 pel-

let sintered at 1350 °C (Fig. 10c) gives impression of be-

ing clearly burnt. The grain boundaries are surrounded

by melted grains, the grain surface is uneven and non-

uniform, and the grain sizes range from 2–30µm. For

this reason, the porosity is not visible and their bending

strength is very high (Table 2). However, a material with

this type of microstructure cannot be used for multilayer

actuators.

Properties of the prepared ceramics sintered at tem-

peratures ranging from 1250 to 1350 °C are given in

Table 2. For the ceramics sintered at 1250 °C the appar-

Figure 8. SEM micrographs of: a) BCT-1, b) BCT-2 and c) BCT-3 material sintered at 1250 °C

Figure 9. SEM micrographs of: a) BCT-1, b) BCT-2 and c) BCT-3 material sintered at 1300 °C
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Figure 10. SEM micrographs of: a) BCT-1, b) BCT-2 and c) BCT-3 material sintered at 1350 °C

Table 2. Properties of BCT materials sintered at 1250, 1300 and 1350 °C

Material ρA [g/cm3] PO [%] HV [GPa] KIC [MPa·m0.5] σ [MPa]

BCT-1 1250 °C 5.49 0.07 4.83 1.86 147

BCT-2 1250 °C 5.42 0.10 4.51 2.01 146

BCT-3 1250 °C 5.22 3.88 4.32 1.93 109

BCT-1 1300 °C 5.45 0.60 4.50 1.84 141

BCT-2 1300 °C 5.41 1.32 4.28 1.92 145

BCT-3 1300 °C 5.42 0.26 5.41 1.75 141

BCT-1 1350 °C 5.43 0.86 4.70 1.72 144

BCT-2 1350 °C 5.40 1.48 3.85 1.66 136

BCT-3 1350 °C 5.52 0.05 4.34 1.86 142

ent density decreases and open porosity increases with

increasing milling time. The same relationship for the

hardness and bending strength can be noticed. Along

with increasing milling time of the powders, the hard-

ness and bending strength of the sintered ceramics de-

creased. What is interesting, such trend is not visible for

the fracture toughness. The highest fracture toughness is

noticed for the material BCT-2 originated from powder

milled for 2 h.

In the case of the ceramics sintered at 1300 and

1350 °C, the apparent density and hardness decrease for

the BCT-2 and increase for the BCT-3 sample. The op-

posite connection occurs for open porosity of these ma-

terials. Quite different tendency occurs in the case of the

fracture toughness and bending strength of the materials

sintered at 1300 and 1350 °C. For the materials sintered

at 1300 °C, fracture toughness and strength increase for

the sample obtained from the powder milled for 2 h and

decrease for the sample BCT-3 obtained from the pow-

der milled for 4 h. However, for the materials sintered

at 1350 °C, fracture toughness and bending strength de-

crease for the sample BCT-2 and then increase for the

sample BCT-3.

In the case of the material BCT-1 obtained from

the powder milled for 30 min, the apparent density and

fracture toughness decrease with sintering temperature.

Hardness and bending strength decrease at 1300 °C and

then increase at 1350 °C, but these parameters did not

reach the level as for the material sintered at 1250 °C.

For the material BCT-2 apparent density, hardness, frac-

ture toughness and bending strength decrease with the

increasing sintering temperature. In the case of the BCT-

3 material, the apparent density and bending strength

increase with increasing the maximal sintering tempera-

ture. The hardness of the BCT-3 ceramics was increased

at 1300 °C, but decreased when sintered at 1350 °C.

The opposite tendency was also noticed for the fracture

toughness.

The data given in Table 2 shows that the BCT-3 sin-

tered at 1350 °C reveals the highest apparent density

equal to 5.52 g/cm3, which is 96% of the theoretical den-

sity. Exactly such level of the theoretical density was

achieved by Feliksik et al. [10]. The highest hardness

equal to 5.41 GPa was obtained for the BCT-3 sintered

at 1300 °C, which is 22% lower in comparison with re-

sults given by Hwang et al. [27]. The highest fracture

toughness reaching 2.01 MPa·m0.5 was obtained for the

BCT-2 sintered at 1250 °C. This result is almost two

and half time better in comparison with result reported

by Hwang et al. [27] and 25% better than the one ob-

tained by Chen et al. [28]. The highest bending strength

equal to 147 MPa was obtained for the BCT-1 sintered

at 1250 °C, which is 84% of value obtained by Hwang et

al. [27] and makes almost three times better result than

reported by Chen et al. [28].

Taking into account the above presented analysis, the

BCT-1 ceramics sintered at 1250 °C has the most advan-

tageous parameters. This material is characterized by al-

most the highest apparent density, quite high hardness

and one of the highest fracture toughness values. In ad-

dition, the BCT-1 material sintered at 1250 °C has the

highest bending strength among all the materials.

IV. Conclusions

Lead-free Ba0.8Ca0.2TiO3 (BCT) ceramics were pre-

pared via the solid-state method and sintering at dif-

ferent temperatures. The influence of milling time and
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sintering temperature on the structure and mechanical

properties was investigated. The BCT ceramics of the

most favourable properties originated from the BCT-1

powder, which was milled for 30 min. This powder re-

vealed an average particle size of 2.39µm characterized

by agglomerated particles composed of small grains (up

to 0.3µm). The apparent density of the BCT ceramics

obtained from BCT-1 powder and sintered at 1250 °C

is equal to 5.49 g/cm3. The surface of the BCT ma-

terial was homogeneous and densely packed and con-

sisted of small, angular grains with a size of 1 to 5 µm

and small amount of pores. The BCT-1 ceramics sin-

tered at 1250 °C has a high mechanical strength equal

to 147 MPa, hardness reaching 4.83 GPa and fracture

toughness of 1.86 MPa·m0.5.
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