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Abstract: This study investigated crystal structures, microstructures, and electric-field-induced strain (EFIS) properties of Bi-

based lead-free ferroelectric/relaxor composites. Bi1/2(Na0.82K0.18)1/2TiO3 (BNKT) as a ferroelectric material and 

0.78Bi1/2(Na0.78K0.22)1/2TiO3-0.02LaFeO3 (BNKT2LF) as a relaxor material were synthesized using a conventional solid-state 

reaction method, and the resulting BNKT2LF powders were subjected to high-energy ball milling (HEBM) after calcination. As 

a result, HEBM proved a larger average grain size of sintered samples compared to conventional ball milling (CBM). In addition, 

the increased sintering time led to grain growth. Furthermore, HEBM treatment and sintering time demonstrated a significant 

effect on EFIS of BNKT/BNKT2LF composites. At 6 kV/mm, 0.35% of the maximum strain (Smax) was observed in the HEBM 

sample sintered for 12 h. The unipolar strain curves of CBM samples were almost linear, indicating almost no phase transitions, 

while HEBM samples displayed phase transitions at 5~6 kV/mm for all sintering time levels, showing the highest Smax/Emax value 

of 700 pm/V. These results indicated that HEBM treatment with a long sintering time might significantly enhance the 

electromechanical strain properties of BNT-based ceramics. 
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Piezoelectric ceramics have become increasingly important 

in micro-controllable sensor and actuator applications, as they 

can convert mechanical energy into electrical energy and vice 

versa. One of the most widely used materials in piezoelectric 

ceramics is lead zirconate titanate (PZT), which has been 

employed since the 1950s [1]. However, concerns over the 

health and environmental impacts of the harmful lead content 

in PZT have driven the search for lead-free materials as a 

promising alternative that has been very interested in the last 

20 years [1-3]. Unfortunately, replacing lead-based materials 

with lead-free alternatives is still challenging because lead-

free alternatives exhibited comparatively poor piezoelectric 

properties [3,4]. This limitation has arisen from lower 
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electromechanical coupling coefficients, phase transitions, 

and restricted material choices. However, ongoing efforts in 

material composition adjustments, structural modifications, 

and advanced processing techniques have been offering 

promising prospects for enhancing the performance of lead-

free piezoelectric materials in the future.  

In recent years, (Bi, Na)TiO3 (BNT)-based solid solutions 

have emerged as highly promising lead-free ceramics due to 

their abnormally large electromechanical strain properties [5-

7]. In the study conducted by Zhang et al. [5], a giant EFIS 

was reported in BNT–BT–KNN system, reaching a 

normalized strain Smax/Emax of 560 pm/V. It was clarified 

that the abnormally large electromechanical strain in BNT-

based ceramics originated from the electric-field-induced 

phase transition from ergodic relaxor (ER) to ferroelectric 

(FE) as incipient piezoelectrics [6-8]. However, achieving 

large strain in BNT-based ceramics often requires a high 

electric field (generally, 6~8 kV/mm). Hence, this work 

focused on conducting research studies to investigate 

strategies aimed at reducing the electric field magnitude and 

achieving a significant increase in strain.  

Two commonly employed approaches for enhancing the 

electrical properties of lead-free ceramics are through the 

utilization of advanced synthesis methods and the 

incorporation of treatments during the synthesis process. A 

promising advanced synthesis method has been proposed for 

achieving significant electric-field-induced-strain (EFIS) at 

low-driving fields is the use of ferroelectric/relaxor (FE-RE) 

ceramic composites. For incipient piezoceramics, a composite 

method consisting of a relaxor (matrix) and a ferroelectric 

phase (seed) has been shown to be effective in inducing a 

phase transformation to obtain a giant strain at the low electric 

field [5,9-12]. Dinh et al. [10] reported that a maximum 

Smax/Emax of 761 pm/V at 4 kV/mm when 30 wt.% ferroelectric 

BNKT seed material was added in the relaxor BNKLTT 

matrix, which was higher than that of the single ferroelectric 

or relaxor phase. Strain of 0.27% and 0.29%, for 0.94BNKT-

0.06BA with 10% BNT and 0.93BNKT-0.07BA with 20% 

BNT at 4 kV/mm, are given in the report of Lee et al. [11].  

As a second promising approach, treatments have been 

utilized to enhance the electrical properties of lead-free 

ceramics. Traditionally, ceramic powders prepared using 

conventional ball milling (CBM) as a solid-state reaction. 

However, a more recent treatment called high-energy ball 

milling (HEBM) has been explored as a promising technique 

to improve the sinterability and electromechanical strain 

properties of lead-free piezoelectric ceramics [13-17]. In the 

research of Han et al. [15], HEBM showed a reduction in 

particle size of Bi1/2(Na0.82K0.18)1/2TiO3/0.78Bi1/2(Na0.78K0.22)1/2 

TiO3-0.02LaFeO3 (BNKT/BNKT2LF) ceramic composites in 

comparison to CBM, also the highest Smax/Emax of 600 pm/V at 

4 kV/mm was obtained with a 30 min treated HEBM sample, 

which is comparable to a single BNKT2LF ceramics. Miclea 

et al. [16] reported that the average grain size of soft PZT 

powder prepared by CBM was in micro-size, while powder 

prepared by HEBM was in nano-size, and showed good 

piezoelectric characteristics: a planar coupling factor of 0.66, 

a displacement constant d33 of 550 pm/V, a mechanical quality 

factor of 85, and a relative dielectric constant of 3800. HEBM 

led to microstructures of PZT-based ceramics that were 

smaller-grained than CBM in the report of Lee et al. [17]. The 

planar piezoelectric coupling coefficient and piezoelectric 

constant of Pb(Zr0.475Ti0.525)-O3-Pb(Mg1/3Nb2/3)O3-Pb(Fe1/2Nb1/2)O3 

(PFMNZT) ceramics sintered at 850℃ for 2 h were 0.64 and 

511 pC/N, respectively [17]. The explanation for the above 

results could be that HEBM has a higher mechanical stress 

level than CBM which leads to a decrease in the particle size 

and thus an increase in the sinterability of ceramics. In 

addition, the sintering time also played a crucial role in 

achieving high density and improving electrical properties of 

lead-free ceramic composites [18,19]. 

Therefore, this study investigated the effects of HEBM 

treatment on microstructures and electromechanical strain 

properties of BNKT/BNKT2LF composites with various 

sintering times (1, 2, 6, 12 h at 1,150℃ and 0 h at 1,175℃). For 

preparing BNKT/BNKT2LF composites, Bi1/2(Na0.82K0.18)1/2TiO3 

(BNKT) as FE phase and 0.78Bi1/2(Na0.78K0.22)1/2TiO3-

0.02LaFeO3 (BNKT2LF) as RE matrix were selected in this 

work. 

Ceramic powders conforming to the chemical formula 

Bi1/2(Na0.82K0.18)1/2TiO3 (BNKT) and 0.78Bi1/2(Na0.78K0.22)1/2 

TiO3-0.02LaFeO3 (BNKT2LF) were synthesized by using a 

conventional solid-state reaction route. Reagent grade Bi2O3, 

Na2CO3, K2CO3, La2CO3, Fe2O3, and TiO2 (99.9%, High 

Purity Chemicals, Japan) powders were used as raw materials. 

These raw materials were first put in a drying oven at 100℃ 

for 24 h to remove moisture and then weighed according to the 

stoichiometric formula as BNKT and BNKT2LF, 
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respectively. The powders were ball-milled in ethanol with 

zirconia balls for 24 h, dried at 80℃ for 24 h, and calcined at 

850℃ for 2 h in a covered alumina crucible. After calcination, 

BNKT2LF powders as relaxor (RE) materials were high 

energy ball-milled (Planetary Mills, Fritsch GmbH, Germany) 

in ethanol with steel balls for 30 minutes. After that BNKT 

powders as 10 wt% ratio was mixed in conventional ball 

milling (CBM)-/or were high energy ball milling (HEBM)-

derived BNKT2LF powders with polyvinyl alcohol (PVA) as 

a binder and then pressed into green discs with a diameter of 

12 mm under a uniaxial pressure of 98 MPa. These green 

pellets were sintered in a covered alumina crucible at 1,175℃ 

for 0 h and at 1,150℃ for 1, 2, 6, and 12 h in air, respectively. 

The thermally etched surface micrographs of samples were 

imaged by using field-emission scanning electron microscopy 

(FE-SEM, JEOL JSM-65OFF, USA), and density of sintered 

samples was measured by the Archimedes method. The crystal 

structure was characterized by X-ray diffractometer (XRD, 

RAD III, Rigaku, Japan). For electrical measurements, a silver 

paste was screen printed on both sides of specimens and 

subsequently burnt at 700℃ for 30 min. The ferroelectric 

hysteresis loops and electric-field-induced strain was 

measured in a silicon oil bath using a modified Sawyer-Tower 

circuit and a linear variable differential transducer (LVDT), 

respectively. 

Figures 1(a) and (b) illustrate the morphology of BNKT2LF 

ceramic powders, which was obtained via conventional ball 

milling (CBM) and high-energy ball milling (HEBM), 

respectively. CBM-derived powders as Fig. 1(a) displayed 

spherical particles with size of range from 0.5 to 1 μm. 

Conversely, HEBM-derived powders in Fig. 1(b) were 

indicated as a bimodal distribution that consisted of the 

spherical-shaped and nano-size of the irregular-shaped 

particles [as indicated in Fig. 1(b) with yellow arrow]. It is 

evident that the HEBM treatment can significantly reduce 

particle size and might result in a heterogeneous distribution 

of particle size in comparison to the CBM-derived powders. 

Similar findings were reported [15-17]. The sintering 

behaviors of CBM- and HEBM-derived BNKT/BNKT2LF 

composites with various sintering time are presented in Fig. 

1(c). As the sintering time increased, the linear shrinkage of 

the composites was significantly raised. Comparing the 

sintering times of 0 h, 1 h, and 2 h, the HEBM-derived 

composites exhibited slightly higher shrinkage compared to 

the CBM-derived composites. However, when sintering time 

was extended to 6 h and 12 h, higher shrinkage values were 

                   

Fig. 1. Morphology of (a) CBM-derived and (b) HEBM-derived BNKT2LF ceramic powders; (c) sinterability, and (d) dielectric properties of 

BNKT/BNKT2LF composites as a function of sintering time. 
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observed at the CBM-derived composites. HEBM-derived 

composites experienced a rapid shrinkage of 14% within a 2 

h, which then remained relatively stable during extended 

sintering time. In contrast, CBM-derived composites exhibited 

a shrinkage of 16% and underwent minimal changes after 6 h 

of sintering. This observation highlighted the significant 

impact of nano-sized particles in HEBM-derived powders has 

been shown to influence sintering behavior to quickly achieve 

a saturation of shrinkage. Consequently, the implementation 

of HEBM treatment allowed for a reduction in the optimal 

sintering temperature from 1,175℃ to 1,150℃ while a 

satisfactory sinterability was still ensuring. Similar results 

were observed by Kong et al. [13,20] in HEBM-treated PZT 

ceramics and Micelea et al. [16]. Figure 1(d) demonstrates 

dielectric properties of BNKT/BNKT2LF composites as a 

function of sintering time. At all sintering times, the dielectric 

constants of CBM-derived composites were slightly higher 

than that of HEBM-derived composites. The dielectric loss of 

HEBM-derived composites remained approximately constant 

at over 5.5% for all sintering times. In contrast, CBM-derived 

composites exhibited a significant change in dielectric loss. 

Initially, when sintering time was 0 h, dielectric loss of CBM-

derived composites was approximately one and a half times 

higher than that of HEBM-derived composites, exceeding 8%. 

However, as sintering time increased to 1 h and then 2 h, 

dielectric loss of CBM-derived composites showed a rapid 

decrease. At this point, dielectric loss values of the CBM-

derived composites became slightly smaller than those of 

HEBM-derived composites, measuring less than 5.5%. 

Subsequently, these values remained nearly unchanged when 

sintering time was increased to 6 h and 12 h. 

Figure 2 presents microstructures of the polished and 

thermally-etched surfaces for CBM (top)- and HEBM 

(bottom)-derived BNKT/BNKT2LF composites with respect 

to sintering time. As sintering time increased, both CBM- and 

HEBM-derived composites demonstrated the enhanced 

densification and an increase in average grain size with 

decreasing the number of visible pores. These observations 

were further supported by Fig. 3(a). Additionally, it is noted 

that average grain size of the HEBM-derived samples was 

 

Fig. 2. Thermally-etched surface morphologies of CBM (top)- and HEBM (bottom)-derived BNKT/BNKT2LF composites as a function of 

sintering time. 

 

 

                         
Fig. 3. (a) Average grain size as a function of sintering time and (b) X-ray diffraction patterns of CBM- and HEBM-derived BNKT/BNKT2LF 

composites (samples were sintered at 1,150℃ for 2 h). 
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larger in comparison with the CBM-derived samples. It is 

suggested that this different average grain size between 

HEBM- and CBM-derived samples is originated from the 

existence of nano-sized particles (the mechanically crashed 

poeders) in HEBM-derived powders [21]. 

Figure 3(b) displays X-ray diffraction patterns of CBM- and 

HEBM-derived BNKT/BNKT2LF composites. It is revealed 

that the dominant structure in all samples was the perovskite 

structure, with no presence of secondary phases. The sharp and 

narrow peak profiles indicated a well-developed crystalline 

structure. According to the detailed diffraction patterns 

corresponding to (111) and (002), there was no significant 

peak splitting except for the presence of Kα2. This result was 

consistently observed in the sintered samples with different 

time. These observed features were also documented in BNT 

ceramics [22-24]. 

Figure 4(a) displays bipolar strain (S-E) curves of CBM- 

and HEBM-derived BNKT/BNKT2LF composites, highlighting 

influence of sintering time and applied electric fields. Figure 

4(b) presents the extracted parameters as the maximum strain 

(Smax) and negative strain (Sneg) from Fig. 4(a). Bipolar strain 

curves for HEBM-derived composites exhibited a feature of 

the large strain curve with neglectable Sneg regardless of 

sintering time, while those of CBM-derived composites were 

significantly changed by sintering time. In the case of bipolar 

strain for 1 h sintered CBM-derived composites, low strain 

performances in all the applied electric fields were revealed. It 

can assume that poor sinterability (in Fig. 1) for 1 h sintered 

CBM-derived composites was responsible for low strain 

performances. As the sintering time increased to 6 h or 12 h, 

strain of CBM-derived composites was drastically increased 

with significantly expending Sneg except for 3 kV/mm as an 

applied electric field. These results imply that an electric field 

of at least 4 kV/mm was required for large strain based on the 

electric-field-induced phase transition in 6 h or 12 h sintered 

CBM-derived composites. On the other hand, bipolar strain 

properties for 1 h sintered HEBM-derived composites were 

larger than that of CBM-derived composites, which steadily 

increased by the applied electric field. Upon increasing 

sintering time to 6 h, strain of HEBM-derived composites 

 

Fig. 4. (a) Bipolar strain curves as a function of sintering time and (b) the extracted parameters as maximum strain (Smax) and negative strain 

(Sneg) with different sintering time and applied electric fields of CBM- and HEBM-derived BNKT/BNKT2LF composites. 
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reached a highly stable state at all electric fields. This stability 

was maintained even when the sintering time was further 

increased to 12 h, as strain values remained nearly unchanged. 

Interestingly, the drastic increases in strain properties were 

obtained by applying electric fields of 5~6 kV/mm in 6 h and 

12 h sintered HEBM-derived composites. It implies that an 

electric field of at least 4 kV/mm was needed to induce large 

strain in 6 h and 12 h sintered HEBM-derived composites. 

These changes in strain properties are compared in Fig. 4(b). 

To clarify the differences in strain properties between 

CBM- and HEBM-derived BNKT/BNKT2LF composites, 

unipolar strain curves as a function of sintering time are 

illustrated in Fig. 5(a). Subsequently, Smax/Emax values 

(maximum strain to maximum electric field) were calculated 

with varying sintering times and applied electric fields, which 

were plotted in Fig. 5(b). For HEBM-derived composites, the 

features of large strain properties (with large hysteresis) were 

revealed and the drastic increases in strain properties were 

observed at 5~6 kV/mm for all sintering times [5-7]. As 

discussed in Fig. 4, it implies that HEBM-derived composites 

can be categorized as ergodic relaxor (ER) [6,7]. Furthermore, 

5~6 kV/mm as an applied electric field is needed to induce 

phase transition from ER to ferroelectrics (FE) in HEBM-

derived composites. In contrast, 1 h sintered CBM-derived 

composites exhibited nearly linear unipolar strain curves, 

indicating no phase transitions. With increasing sintering 

times of 6 h and 12 h, unipolar strain was drastically increased. 

Interestingly, the highest unipolar strain was obtained at 4 

kV/mm. With increasing the applied electric field to 5 kV/mm 

or 6 kV/mm, unipolar strain was rapidly decreased with 

declining strain hysteresis. It can be assumed that the 

degradation of unipolar strain properties with increasing 

electric field is originated from the polarized ferroelectricity 

in CBM-derived composites. Besides, this assumption can be 

strongly supported by the observed Sneg in bipolar strain curves 

(in Fig. 4) of 6 h and 12 h sintered CBM-derived composites. 

Accordingly, at low electric fields of 3~4 kV/mm, Smax/Emax 

values of CBM-derived composites were higher than those of 

HEBM-derived composites. However, at high electric fields 

of 5~6 kV/mm, Smax/Emax values of HEBM-derived composites 

were higher than those of CBM-derived composites. HEBM-

derived samples exhibited a maximum Smax/Emax value of 

approximately 700 pm/V, which was achieved at 5 kV/mm 

after 12 h of sintering time. On the other hand, CBM-derived 

samples attained a similar Smax/Emax value of approximately 

700 pm/V at 4 kV/mm after 12 h of sintering time.  

 

Fig. 5. (a) Unipolar strain curves as a function of sintering time and (b) Smax/Emax values with different sintering time and applied electric fields 

of CBM- and HEBM-derived BNKT/BNKT2LF composites. 
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Accordingly, we successfully demonstrated that the 

different strain behaviors between HEBM-derived samples 

and CBM-derived samples are originated from the different 

state of stabilized relaxor based on initial powders. For better 

understanding of the exact mechanism on these strain 

behaviors, it is suggested that the advanced analyses are 

needed further. 

As conclusions, this study investigated the effects of HEBM 

treatment and sintering time on the strain properties of 

BNKT/BNKT2LF composites. HEBM treatment resulted in a 

larger average grain size compared to CBM. Moreover, 

increasing the sintering time promoted grain growth in 

BNKT/BNKT2LF composites. These findings indicated that 

combining HEBM treatment with a longer sintering time 

significantly enhances the strain properties of 

BNKT/BNKT2LF composites. Specifically, CBM-derived 

samples exhibited a large strain under low electric fields and 

long sintering times. On the other hand, the improved strain 

properties were observed in HEBM-derived samples under 

high electric fields. These results suggest that the combination 

of HEBM treatment and a long sintering time holds great 

potential for controlling electromechanical strain properties of 

lead-free BNT-based ceramics. 
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