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Abstract
In this study, by replacing the B-site element in  BaTiO3, a ferroelectric material, with an element with a larger ionic radius, 
a ferroelectric material with high permittivity at room temperature was synthesized. The powders were prepared by solid-
state reaction to perform lattice substitution with  Zr4+ (0.72 Å), which has a larger ionic radius than  Ti4+ (0.605 Å). To 
perform effective solid-state reaction and better understand the correlation between variables, this study introduced a design 
of experiment (DOE) based on the orthogonal array (OA) method included in the PIAno software. By substituting 0.222 mol 
of Zr, which has a large ionic radius, the crystal structure was deformed through an effective diffuse phase transition (DPT), 
and this resulted in the largest improvement in permittivity at room temperature. In addition, the powder, which underwent 
solid-state reaction at 1300 °C, formed the densest structure during sintering, which established the conditions for realizing 
the best dielectric properties. These results can be utilized as a key material for improving the properties of passive devices 
used in high-voltage industrial systems in societies undergoing the fourth industrial revolution.
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1 Introduction

BaTiO3 is a ferroelectric ceramic material with a high rela-
tive permittivity at room temperature and an  ABO3 per-
ovskite structure.  Ba2+ ions and  O2− ions are located at the 
unit cell edges and face centers of  BaTiO3, and  Ti4+ ions 

are detached at the unit lattice center to form a tetragonal 
structure at room temperature. When the A  (Ba2+) and 
B  (Ti4+) site elements of pure  BaTiO3, which has a per-
ovskite structure, are partially substituted with transition 
metals and rare-earth elements, the dielectric properties, 
electrical properties, reliability, and temperature proper-
ties are improved [1]. In particular, when Zr is added to 
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the B-site, the material becomes chemically stable, and 
good dielectric properties can be achieved [2, 3], Moreo-
ver, substitution with  Zr4+ (0.72 Å), which has a larger 
ionic radius than  Ti4+ (0.605 Å), causes lattice expan-
sion, which increases the dielectric constant and reduces 
the Curie temperature (Tc) [4]. Due to these phenomena, 
compositionally optimized Ba–Zr–TiO3 dielectric material 
is used in capacitors that are capable of providing excel-
lent dielectric properties [5, 6]. Currently, electronics in 
internal combustion engine automobiles are rapidly devel-
oping and becoming more high voltage, and the industry 
is switching from 12- to 24-V electrical systems to 48-V 
systems [7, 8]. In addition, eco-friendly electrical vehicles 
are adding various features, such as Direct Current-Direct 
Current (DC–DC) converters, inverters, advanced driver 
assistance systems (ADAS), engine control units (ECU), 
and autonomous driving systems, which are increasing the 
demand for capacitors that can easily drive high-voltage 
systems of more than 400 V [9–11].

Therefore, in this study, we investigated dielectric mate-
rials that can realize high permittivity at room tempera-
ture for high-voltage systems. In particular, we studied the 
substitution of Zr ions to induce lattice expansion at the 
B-site in the perovskite structure. To develop an optimal 
Ba(ZrxTi1-x)O3 composition for providing excellent dielec-
tric properties at room temperature, a design of experi-
ment (DOE) based on the orthogonal array (OA) method 
[12] was applied to effectively conduct the composition 
development study. These are the applications of statis-
tics aimed at designing efficient experimental methods and 
properly analyzing results. These were applied to plan how 
to conduct the experiment to obtain maximum information 
with the minimum number of experiments. These were 
able to determine the optimal experimental conditions 
and shorten the composition development cycle. In addi-
tion, based on the results of each experimental condition, 
we identified the correlation between dielectric proper-
ties, microstructures, crystal structures, and temperature 
properties.

2  Experiment

2.1  Precursors

In this study,  BaCO3 with a Brunauer, Emmett, Teller (BET) 
size of 11.2  m2/g was used as the A-site element in solid-
state reaction,  TiO2 with a BET size of 8.6  m2/g was used as 
the B-site element, and  ZrO2 with a BET size of 48.6  m2/g 
was used as the B-site substitution element for controlling 
properties (Fig. 1a ~ c).

2.2  Solid‑state reaction

To perform experiments on the composition of Ba(ZrxTi1-x)
O3, which has a high permittivity at room temperature, pow-
ders were prepared via solid-state reaction. The procedure 
for solid-state reaction is as follows: (1) precursor dispersion, 
(2) mixing for solid-state reaction, and (3) high-temperature 
heat treatment of the mixed powders. During synthesis, the 
molar ratio of the A-site element,  BaCO3, was fixed at 1 mol, 
and various molar ratio combinations of  ZrO2 and  TiO2 were 
used at the B-site to form the Ba(ZrxTi1-x)O3 mixture. The 
various mixtures were each held at 1000–1400 °C for 4 h by 
increasing the temperature at a rate of 1 °C/min to obtain 
a solid-state-reacted powder after furnace cooling (Fig. 2).

2.3  Properties evaluation

To observe the dielectric properties and microstructures of 
each of the powders, uniaxial pressing was performed at 127 
MPa. The pressed samples were put through a firing process 
in an air condition at a temperature of 1000–1300 °C for 2 h 
to produce sintered samples. The sintered samples’ dielec-
tric property behaviors were analyzed and evaluated accord-
ing to their (1) sintered densities, (2) dielectric properties, 
(3) microstructures, and (4) dielectric properties behaviors 
according to temperature changes. Furthermore, to identify 
the causes of changes in each sintered material’s proper-
ties, the solid phase synthesized powders were analyzed and 

Fig. 1  Precursors for Ba(ZrxTi1-x)O3 solid-state reaction a  BaCO3, b  TiO2, and c  ZrO2
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evaluated by performing (5) crystal analysis, and (6) micro-
structure analysis in parallel.

3  Results and discussion

To reduce the number of experiments and better under-
stand the correlation between variables, this study used a 
DOE based on the OA method included in the PIAno soft-
ware. To explore the composition variables more closely, 
10 levels were considered, and five levels were considered 
for the process variables. Here, the saturated points were 
determined using a full quadratic polynomial model among 
the experiment variables, and the corresponding number of 

experiments (sampling points) was set to 60, which is more 
than 1.5 times the number of saturated points, L

60

(

10
1
× 53

)

 . 
Moreover, additional experimental variables were further 
tested using the Argument Latic Hypercube Design (ALHD) 
method to maximize the orthogonality between the existing 
sampling points (Fig. 3).

To optimize the composition conditions for Ba(ZrxTi1-x)
O3, which provides excellent dielectric properties at room 
temperature, solid-state reaction was performed after par-
tially substituting the B-site element Ti with Zr. Mixing and 
solid-state reaction were performed after primary dispersion 
of each starting material, which allowed the solid-state reac-
tion to proceed easily [13]. To replace the B-site element 
Ti, 0.055–0.222 mol of Zr was added in controlled amounts 

Fig. 2  Ba(ZrxTi1-x)O3 powder solid-state reaction and evaluation equipment

Fig. 3  Solid-state reaction composition design experiment for synthesizing Ba(ZrxTi1-x)O3 powder
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to create the mixtures. Subsequently, a heat treatment was 
performed for 4 h at 1000 °C to synthesize the ceramic pow-
ders. The structures of the synthesized powders were ana-
lyzed, and the results showed that no major changes in the 
crystal structure were observed when 0.055 mol of Zr was 
substituted in the B site. However, when 0.111 mol or more 
was added, it was found that the cubic structure of  BaZrO3 
and  BaZr0.25Ti0.75O3 and the orthorhombic structure of 
 BaZr0.05Ti0.95O3 crystal phases were mixed (Fig. 4a). When 
calcination was performed after heating to a temperature of 
1100 °C, the results showed that the Ba–Zr–TiO3 crystal 
phases with cubic and orthorhombic structures mixed only 
at a substitution level of 0.222 mol (Fig. 4b). When calci-
nation was performed at 1200 and 1300 °C, it was found 
that the material was calcinated into cubic structure of 
 BaZr0.25Ti0.75O3 powder in all mixing conditions (Fig. 4c, d).

In this study, we analyzed the lattice parameter crystal lat-
tice changes that occurred along the unit cell a and c axes of 
the powders that were synthesized under various conditions. 

At a calcination temperature of 1000 °C, no crystal lattice 
changes were observed. However, at a calcination tempera-
ture of 1100 °C, crystal lattice changes were observed, and 
increases in the crystal lattice were observed as the tem-
perature was increased to 1200 and 1300 °C and the amount 
of added Zr was increased (Fig. 5a –d). This is because the 
B-site lattice substitution amount increases according to the 
increase in the amount of Zr additive, which has a large ionic 
radius. As the  Zr4+ ions, which have a larger ionic radius 
than  Ti4+, replace the B-site element  Ti4+ ions, the oxygen 
ions of the oxygen octahedron containing the  Zr4+ ions are 
pushed in the < 100 > direction. The space decreases in 
the < 100 > direction of the  Ti4+ ions located in the adjacent 
oxygen octahedron, and a diffuse phase transition (DPT) 
phenomenon occurs, suppressing the  Ti4+ ion oscillation. 
As a result of the DPT, the tetragonal  BaTiO3 ferroelectric 
phase changes to a cubic state [14–17].

We observed the synthesized microstructures of the pow-
ders calcinated at a temperature of 1000 °C, in which the 

Fig. 4  Crystal structure analysis results for solid-state-reacted powder 
under various calcination temperature conditions. a Calcination tem-
perature of 1000 °C × 4 h b Calcination temperature of 1100 °C × 4 h 

c Calcination temperature of 1200  °C × 4 h, and d Calcination tem-
perature of 1300 °C × 4 h



395Journal of the Korean Ceramic Society (2024) 61:391–401 

Ba–Zr–TiO3 phase and the  BaZrO3 phase with cubic and 
orthorhombic crystal structures were mixed. The results of 
the microstructure analysis showed that grain growth did not 
occur, because there was not enough thermal energy to allow 
the solid-state reaction to proceed sufficiently (Fig. 6a–f). 
Based on the results of the crystal analysis and the micro-
structure analysis, it was found that the addition of 0.166 and 
0.222 mol of Zr at 1000 °C did not provide suitable synthesis 
temperature conditions for BZT synthesis.

The powder microstructure was observed after calcinat-
ing the Ba(ZrxTi1-x)O3 mixture at 1200 °C for 4 h, and the 
results showed that grain growth occurred throughout the 
material (Fig. 7a–f). When 0.055 and 0.111 mol of Zr was 
substituted, powders with some coarse-sized abnormal grain 
growths were observed (Fig. 7a –c). These powders with 
abnormal grain growth generally caused the deterioration of 
sintered density, permittivity, and loss properties after firing 
[18]. However, the powders that were synthesized by sub-
stituting 0.166 mol of Zr or more had uniform, fine-grained 
shapes with sizes of 424 and 277 nm (Fig. 7d, f).

Observing the microstructures of the powders synthe-
sized at a calcination temperature of 1300 °C for 4 h showed 
that abnormal grain growth occurred when 0–0.111 mol of 
Zr was added. However, the XRD analysis and SEM micro-
structure analysis results showed that a uniform Ba(ZrxTi1-x)

O3 powder with a size of roughly 400 nm was synthesized 
when 0.222 mol of Zr was added (Fig. 8a –f).

In general, when the Zr element is added to  BaTiO3, 
stress occurs due to B-site substitution by  Zr4+ (0.72 Å), 
which has a larger ionic radius than  Ti4+ (0.605 Å). Lattice 
substitution stress leads to interactions between solid-state 
reacted powders, and grain refinement occurs to control 
these interactions and alleviate the stress [19]. Therefore, 
grain refinement occurred when 0.166 and 0.222 mol of Zr 
was added. To find the firing conditions in which sinter-
ing densification occurs, sintered specimens were created 
by applying 127 MPa of pressure to powders synthesized 
through calcination at 1000 °C for 4 h. Next, property evalu-
ations were performed after sintering at a firing temperature 
of 1000–1300 °C. At firing temperatures of 1000–1200 °C, 
the sintered density was found to be generally low, but at a 
temperature of 1300 °C, it was found that the sintered den-
sity value generally improved to 5.5 g/cc or more (Fig. 9).

In addition, it was found that the highest increase in per-
mittivity and the lowest dielectric loss value occurred in the 
specimen that was calcinated with 0.222 mol of Zr added 
and sintered at 1300 °C (Fig. 10a, b).

Refinement to a size of 0.35 μm occurred when mate-
rial composed of Ba(Zr0.05Ti0.995)O3 was calcinated at 
1000 °C for 4 h and sintered at 1300 °C for 2 h (Fig. 11a–d). 

Fig. 5  Results of analyzing the lattice parameters and tetragonality of the Ba(ZrxTi1-x)O3 powder calcinated with 0–0.222 mol of Zr additive 
(calcination at a 1000 °C, b 1100 °C, c 1,200 °C, and d 1300 °C)
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However, when the amount of Zr additive was increased to 
0.222 mol, grain growth to a size of 1.13 μm was observed 
(Fig. 11e, f). As a result of this grain growth, permittivity 
increased [20–22]. In addition, the growth of coarse grains, 
as in the case of  BaTiO3, considerably increases the proba-
bility of various flaws within the crystal, which act as defects 
that suppress domain motion. As a result, the dielectric 

loss value increases considerably [23–25]. Moreover, even 
when the grain size is very small, parts with insufficient 
grain growth act to suppress domain motion, which increases 
dielectric loss, as shown in Fig. 11d [26]. However, when 
suitable grain growth occurs together with sintering den-
sification, the permittivity and dielectric loss properties 
improve significantly.

Fig. 6  Results of microstructure observations of powders that were solid state reacted with the Ba(ZrxTi1-x)O3 mixture at 1000  °C for 4  h  
a Zr = 0, b Zr = 0.055, c Zr = 0.111, d Zr = 0.166, e Zr = 0.222 mol, and f results of particle size distribution analysis of synthesized powders

Fig. 7  Results of microstructure observations of powders that were solid state reacted with the Ba(ZrxTi1-x)O3 mixture at 1,200  °C for 4  h  
a Zr = 0, b Zr = 0.055, c Zr = 0.111, d Zr = 0.166, e Zr = 0.222 mol, and f results of particle size distribution analysis of synthesized powders
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In this study, we measured changes in permittivity 
according to temperature changes (-55–160℃) in the speci-
mens calcinated at 1000 °C and sintered at 1300 °C after 
0–0.222 mol of Zr additive was mixed at the B-site (Fig. 12a, 
b). The analysis results showed that the permittivity peak 
gradually moved toward room temperature as the B-site ele-
ment Ti was partially replaced by Zr. When 0.166 mol of Zr 
was added, a high permittivity value was observed at around 
55 °C, but at the room temperature interval, the permittivity 

value was lower than when 0.222 mol was added. When Zr 
was added and B-site Ti substitution occurred, lattice expan-
sion and lattice structure changes occurred due to the large 
ionic radius of Zr, which increases permittivity [27].

In addition, the results of the dielectric constant change 
rate with temperature change showed that the small-
est change rate at room temperature was observed when 
0.222 mol was added. Extremely high permittivity occurred 
around room temperature when 0.166 mol was added; fur-
thermore, the permittivity change value was also very high. 
However, when 0.222 mol of Zr was added, the permittiv-
ity was extremely stable even when temperature changes 
occurred at room temperature.

To optimize the calcination conditions for the 
Ba(Zr0.222Ti0.778)O3 composition, the powders that 
were solid-state reacted within a calcination range of 
1000–1400 °C were sintered at 1300 °C for 2 h, which is 
the optimal firing condition. The density values of the speci-
mens that were sintered in each of the conditions were evalu-
ated and analyzed, and the results showed that as the calci-
nation temperature increased, the sintered density increased 
gradually. However, the sintered density decreased when sin-
tering was performed on the powders calcinated at 1300 °C 
and above (Fig. 13).

In the case of the powder calcinated at 1300 °C, the 
microstructure observation results showed that the mate-
rial was solid-state reacted into a fine and uniform powder 
with a size of 365 ± 86 nm (Fig. 14a). However, when the 
calcination temperature was increased to 1350 °C, abnor-
mal grain growth was observed (Fig. 14b). At a calcination 

Fig. 8  Results of microstructure observations of powders that were solid state reacted with the Ba(ZrxTi1-x)O3 mixture at 1300  °C for 4  h  
a Zr = 0, b Zr = 0.055, c Zr = 0.111, d Zr = 0.166, e Zr = 0.222 mol, and f results of particle size distribution analysis of synthesized powders
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temperature of 1400 °C, abnormal grain growth occurred 
with overall coarse grain growth at 508 ± 233 nm, as shown 
in Fig. 14c. These powders with abnormal grain growth 
acted as the main cause of the decrease in sintered density.

The specimens that were created under the various con-
ditions were used to evaluate dielectric properties, and the 
permittivity measurement results showed that when the cal-
cination temperature was increased to 1000–1300 °C, the 
permittivity values increased continuously. However, the 
permittivity values started to decrease, starting at a calcina-
tion temperature of 1350 °C at which abnormal grain growth 
occurred, and the sintered density decreased. Moreover, the 

dielectric loss increased rapidly in the powders that were 
calcinated at 1350 °C and above (Fig. 15a, b).

The fracture surface microstructures of the specimens that 
were sintered under various conditions were observed, and 
the results showed densely filled microstructures of around 
27 μm when using the powder that was calcinated at 1300 °C 
(Fig. 16a, b), showing the best-sintered density and permit-
tivity values. However, when firing was performed using 
the powder that was calcinated at 1350 °C, where many 
abnormal grain growths were present, defects such as large 
grain size and pores were generated. These defects caused 
the permittivity to drop sharply (Fig. 16c).

Fig. 10  Results of evaluating dielectric properties of specimens from Ba(ZrxTi1-x)O3 mixture calcinated at 1000 °C for 4 h and sintered at 1000–
1300 °C for 2 h

Fig. 11  Results of analyzing the fracture surface microstructure of specimens from Ba(ZrxTi1-x)O3 mixture with 0, 0.055, and 0.222 mol of Zr 
calcinated at 1000 °C for 4 h and sintered at 1300 °C for 2 h (Zr added at a, b 0 mol, c, d 0.055 mol, and e, f 0.222 mol)
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4  Conclusion

In this study, we attempted to control dielectric properties 
using Zr, which has a large ionic radius, as a substitute for 
Ti, the B-site element of  BaTiO3 ferroelectric material. The 
results showed that when 0.222 mol of Zr was added, high 
permittivity occurred at room temperature due to changes 
in lattice volume caused by the DPT phenomenon. In addi-
tion, mixing Ba(Zr0.222Ti0.778)O3 and performing synthesis 
at 1300 °C produced the best results with a permittivity 
value of 21,700. However, from the synthesis temperature 
of 1350 °C, the sintering density and dielectric properties 
decreased rapidly due to coarse grain growth.

Fig. 12  Analysis results of permittivity changes according to temperature changes in specimens calcinated at 1000 °C and sintered at 1300 °C  
(a changes in dielectric constant according to temperature changes, b rate of change in dielectric constant according to temperature changes)
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Fig. 13  Sintered density analysis results for Ba(Zr0.222Ti0.778)O3 spec-
imens sintered at 1300 °C after calcination at temperatures of 1000–
1400 °C

Fig. 14  Results of microstructure analysis of Ba(Zr0.222Ti0.778)O3 powder calcinated at temperatures of 1300–1400  °C (a 1300  °C × 4  h,  
b 1350 °C × 4 h, and c 1400 °C × 4 h)
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