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Abstract  

Lead‑free potassium‑sodium niobate‑based piezoceramics have attracted 

extensive attention owing to their excellent piezoelectric performance and 

environment‑friendly characteristics. The effects of SrZrO3(SZ) doping content on the 

phase structure, microstructure, dielectric, ferroelectric, strain and piezoelectric 

properties of (0.96-x)(K0.48Na0.52)0.96Li0.04Nb0.96Sb0.04O3-0.04Bi0.5Na0.5ZrO3-xSrZrO3 

(KNNS-BNZ-xSZ) ceramics were systematically investigated. X‑ray diffraction 

confirmed pure perovskite phase in all samples, with SZ doping inducing an 

orthorhombic‑tetragonal (O‑T) phase transition. SEM observations revealed gradual 

grain‑size reduction upon increasing SZ content, whereas excessive doping degraded 

ceramic densification. Dielectric‑temperature measurements showed a downward shift 

in Curie temperature after SZ modification. Benefiting from O‑T phase coexistence, the 

x=0.015 ceramic exhibited optimal overall electrical properties: piezoelectric 

coefficient d33=303 pC/N, planar electromechanical coupling factor kp=0.39, 

mechanical quality factor Qm=65, room‑temperature relative permittivity of 2183, 

Curie temperature TC=235 ℃, remnant polarization Pr=14.7 μC/cm2, and a large 

unipolar strain of 0.12%. This work provides an effective reference for performance 

optimization of KNN‑based lead‑free piezoceramics.  

Keywords: Lead-free piezoceramics; KNN; Orthorhombic-tetragonal phase boundary 
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1. Introduction 

Lead-zirconate-titanate (PZT)-based piezoelectric ceramics possess excellent 

electromechanical performance and have been widely applied in actuators, sensors and 

transducers (1–5). Benefiting from their ultra-high piezoelectric coefficient, stable 

electromechanical coupling performance and mature preparation process, PZT 

ceramics have long dominated the commercial piezoelectric material market and are 

indispensable core materials in precision machinery, intelligent sensing, aerospace and 

micro-electronic devices. Nevertheless, the high content of toxic lead element brings 

severe environmental and health concerns, which motivates the continuous exploration 

of lead-free piezoelectric alternatives (6–8). With the increasingly stringent global 

environmental protection regulations and the continuous upgrading of green 

manufacturing standards, the research and industrialization of high-performance lead-

free piezoelectric materials have become an inevitable development trend in the field 

of functional ceramics, aiming to replace traditional lead-based piezoelectric materials 

and eliminate lead‑pollution risks across the full lifecycle of material preparation, 

device operation and waste recycling. Among various lead-free systems, 

potassium-sodium niobate (KNN)-based ceramics are regarded as one of the most 

promising candidates owing to their relatively high Curie temperature and outstanding 

piezoelectric potential(9–15). 

However, pure KNN ceramics suffer from poor sintering activity and 

unsatisfactory piezoelectric properties (16–18). Pure KNN ceramics are prone to 

volatilization of alkali metal elements during high-temperature sintering, resulting in 
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low ceramic densification, abundant internal pores and defective grain boundaries. 

These inherent defects seriously reduce the dielectric, ferroelectric and piezoelectric 

properties of pure KNN ceramics, greatly limiting their practical engineering 

application value(19, 20). Chemical modification, including ion substitution and 

composite doping, has been proven to be an effective strategy to optimize the overall 

performances of KNN-based ceramics(21–23). Constructing polymorphic phase 

boundary (PPB) near room-temperature, especially orthorhombic-tetragonal (O-T) 

phase coexistence, can greatly reduce the energy barrier for domain rotation and 

domain-wall motion, thus improving piezoelectric response(24–26). Wu et al. 

constructed rhombohedral‑tetragonal (R‑T) polymorphic phase boundary in Bi‑Zr 

modified KNN‑Sb‑Li ceramics, and a giant piezoelectric coefficient of 490 pC/N was 

achieved by conventional solid‑state sintering, demonstrating the great potential of 

Bi‑Zr‑containing dopants for optimizing KNN‑based performances(27). Further work 

reported by Liu et al. demonstrated that R‑O‑T tri‑phase co‑existence induced by 

BaZrO₃ doping produced adaptive ferroelectric states with 63 nm nanodomains, 

yielding outstanding properties of  d33=585 pC/N and kp=0.62(28). Numerous studies 

have reported that Zr-containing dopants can effectively tailor phase structure, adjust 

phase transition temperature and enhance electrical properties for KNN-based 

materials(29–31). 

SrZrO₃ (SZ) is an attractive modifier for niobate perovskite ceramics, but the 

influences of SZ doping on phase evolution, microstructure and comprehensive 

electrical behaviors of Bi-modified KNN system still require further investigation(32). 
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Recently, Qi et al. reported KNNS‑BNZ‑SZ ceramics but only investigated one fixed 

SZ doping concentration without compositional gradient research(33). In this work, a 

series of SZ-modified KNN-BNZ lead-free piezoceramics were prepared by 

conventional solid-state reaction. The effects of SZ doping content on crystal structure, 

grain morphology, dielectric, ferroelectric and piezoelectric properties were 

systematically studied. Special attention was paid to the regulation of 

orthorhombic-tetragonal phase boundary as well as the correlation between 

microstructure and macroscopic electrical performances(34). This work is expected to 

provide experimental basis for developing high-performance KNN-based lead-free 

piezoelectric ceramics.  

2. Experimental 

(0.96-x)(K0.48Na0.52)0.96Li0.04Nb0.96Sb0.04O3-0.04Bi0.5Na0.5ZrO3-xSrZrO3 lead-free 

piezoelectric ceramics were fabricated by conventional solid-state reaction method. 

Raw materials including K2CO3(99.8%), Na2CO3(99.8%), Li2CO3(99%), 

Nb2O5(99.9%), Sb2O3(99.9%), Bi2O3(99%), ZrO2(99%), SrCO3(99.9%), with 

analytical purity were weighed according to stoichiometric ratio. The powder was 

mixed with ethanol and ball milled in a planetary ball mill for 12 h. After drying, the 

mixed powder was calcined at 850 ℃ for 6 h to synthesize perovskite precursor powder. 

The calcined powder was ball milled again for 10 h, dried and mixed with 5 wt% PVA 

binder. The powder was pressed into green pellets with a diameter of 12 mm under 

uniaxial pressure. The green pellets were first debinded at 600 °C for 2 h, and then 

sintered at 1080-1120 °C for 3 h in air atmosphere. 
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For electrical testing, silver paste was coated on both sides of sintered ceramics 

and sintered at 800 ℃ to form electrodes. The samples were polarized in silicone oil 

under a direct-current electric field at an appropriate temperature. X-ray diffraction was 

used to characterize crystal structure. Scanning electron microscopy (SEM) was 

employed to observe surface microstructure. Room-temperature dielectric constant and 

dielectric loss were measured by an LCR meter. Dielectric temperature spectra were 

tested from room temperature to 400 ℃ at 1 kHz. Ferroelectric hysteresis loops (P-E), 

strain-electric field (S-E) curves were measured by a ferroelectric test system. 

Piezoelectric constant d33 was tested by a quasi-static d33 tester; planar 

electromechanical coupling coefficient kp and mechanical quality factor Qm were 

calculated via resonance-antiresonance method. 

3. Results and discussion 

Figure 1 displays the XRD patterns of KNN-BNZ-xSZ ceramics with different 

doping concentrations. All samples exhibit typical perovskite diffraction peaks without 

obvious impurity phase, indicating that BNZ-SZ dopants have successfully diffused 

into the KNN crystal lattice and formed a single solid solution. The enlarged view 

around 2θ=43°-47° is presented in Fig. 1(b), which reflects the crystal-structure 

evolution between orthorhombic (O) and tetragonal (T) phases. 

For the undoped sample x=0, two well-separated diffraction peaks can be observed 

in this region, which is the characteristic feature of orthorhombic (O) phase. As the x 

increases, the double peaks gradually merge into a single broad peak. This phenomenon 

demonstrates that SZ doping induces the phase transition from orthorhombic phase 
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toward tetragonal phase. With increasing SZ content, the fraction of tetragonal phase 

increases, and the O-T phase boundary shifts toward room temperature. The 

coexistence of orthorhombic-tetragonal phases appears at moderate doping levels, 

promoting the piezoelectric performance of KNN-based ceramics. At higher x values, 

the feature of tetragonal phase becomes more prominent. The composition-driven O–T 

phase evolution reshapes the free-energy landscape and shifts the polymorphic phase 

boundary toward room temperature, which is an effective strategy to regulate the phase 

structure of KNN-based ceramics(35). 

 

Fig. 1. (a) XRD patterns of the KNNS-BNZ-xSZ ceramics with different x values; (b) 
expanded XRD patterns in the 2θ range of 43.5◦–47.2⸰ of key peaks in the KNNS-BNZ-
xSZ ceramics. 

Figure 2 shows the SEM micrographs of thermally‑etched fractured surfaces for 

KNNS‑BNZ‑xSZ ceramics with different SZ doping contents. Appropriate SZ doping 
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can adjust surface diffusion energy, reduce the grain size and improve sintering density. 

Excessive doping introduces lattice defects, hinders mass transport during sintering, 

resulting in pore generation and poor densification. The difference in microstructure 

directly affects macroscopic electrical properties: high-density ceramics possess fewer 

defects, which is conducive to polarization and reduces leakage current. Since grain 

growth and densification are strongly governed by mass transport and vacancy 

chemistry during sintering, excessive dopant refines the grain size and deteriorates the 

density, thereby degrading the overall electrical properties(36). 

 

Fig. 2. SEM images of thermally etched fractured surfaces for KNNS-BNZ-xSZ 
samples, (a) x=0, (b) x=0.005, (c) x=0.01, (d) x=0.015, (e) x=0.02, and (f) x=0.025. 

Figure 3(a) displays the temperature dependence of relative permittivity and 

dielectric loss for KNNS-BNZ-xSZ ceramics measured upon heating. A prominent 

dielectric anomaly corresponding to the polymorphic phase transition can be clearly 

observed for all compositions. As the SZ doping content increases, the dielectric peak 
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shifts systematically toward lower temperature, demonstrating that SZ incorporation 

effectively modulates the phase transition temperature of the KNNS-BNZ host lattice. 

Meanwhile, the maximum permittivity near the phase transition peak first rises and then 

falls, implying that moderate SZ doping optimizes the polar structural fluctuation in the 

vicinity of phase boundary. 

Notably, all samples maintain relatively low dielectric loss below the phase 

transition temperature. Upon approaching the transition region, dielectric loss increases 

distinctly, which is closely associated with the enhanced mobility of domain walls and 

thermally activated polarization dynamics. At high temperatures beyond the dielectric 

peak, the sharp growth of dielectric loss is mainly attributed to thermally stimulated 

space charge conduction and oxygen vacancy migration. 

Figure 3(b) summarizes the room-temperature relative permittivity and dielectric 

loss as a function of x. The room-temperature permittivity increases continuously with 

rising SZ content and reaches a maximum value at x=0.02, followed by a slight decline 

at x=0.025. This evolution is consistent with the formation of polymorphic phase 

boundary (PPB) induced by appropriate ionic substitution. The coexistence of multiple 

ferroelectric phases provides abundant polarization states, which facilitates domain 

switching and contributes to improved dielectric response. In contrast, excessive doping 

disrupts the optimal phase balance and introduces more lattice defects, leading to the 

degradation of dielectric properties. 

The variation trend of room-temperature dielectric loss exhibits mild fluctuation 

within the investigated doping range. The sample with x=0.02 possesses relatively 
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higher dielectric loss, which can be explained by enhanced domain wall motion under 

the PPB environment. Combined with the aforementioned piezoelectric measurements, 

the evolution of dielectric behavior further verifies that the construction of optimized 

phase boundary is responsible for the superior electrical performance of KNNS-BNZ-

xSZ ceramics with moderate SZ doping. 

 

Fig. 3. (a) The dielectric properties versus temperature of the KNNS-BNZ-xSZ 
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ceramics with different x values; (b) Variations of room‑temperature relative 
permittivity and dielectric loss with x content. 

Figure 4(a) illustrates the compositional dependence of piezoelectric coefficient 

d33, planar electromechanical coupling factor kp and mechanical quality factor Qm for 

KNNS-BNZ-xSZ ceramics measured at room temperature. With increasing SZ doping 

content, d33 and kp exhibit consistent evolutionary trends, both reaching maximum 

values at x=0.015. This synchronized variation reveals the intrinsic correlation between 

piezoelectric activity and electromechanical coupling performance. The optimal 

piezoelectric response observed at moderate doping level originates from the tailored 

PPB. The coexistence of multiple ferroelectric phases reduces the energy barrier for 

polarization rotation and non-180° domain wall motion, which facilitates the generation 

of large piezoelectric strain under external electric field. When the SZ doping content 

exceeds x=0.015, excessive ionic substitution breaks the favorable phase equilibrium. 

The lattice distortion and accumulated defects suppress domain switching dynamics, 

thus inducing the simultaneous degradation of d33 and kp. Distinctly different from d33 

and kp, Qm gradually drops from x=0 to x=0.015, obtaining the minimum value at 

x=0.015, and then rises as x further increases to 0.025. At low doping concentrations, 

the formation of PPB activates abundant domain walls, which enhances piezoelectric 

activity while introducing extra mechanical loss, leading to Qm: the continuous 

reduction of Qm with rising x. At x=0.015, the optimized phase boundary induces the 

most active domain wall motion, bringing maximum mechanical loss and the lowest 

Qm. Further doping beyond x=0.015 disrupts the multi-phase coexistence state; lattice 



11 

 

defects pin domain walls and restrict their reversible movement, reducing internal 

friction and resulting in the recovery of Qm. Such a trade-off between piezoelectric 

activity and mechanical quality factor is common in phase-boundary-engineered KNN 

piezoceramics, and can be rationally balanced by embedding local defect dipoles into 

the O–T phase boundary(37). 

Figure 4(b) presents the unipolar strain curves of KNNS-BNZ-xSZ ceramics under 

identical applied electric field. The maximum strain amplitude first increases with 

increasing SZ doping content and reaches its maximum at x= 0.015. This evolution 

trend is similar to the variation of d33 and kp. The x=0.015 sample achieves the largest 

strain amplitude, indicating that the introduction of SZ facilitates the polarization 

rotation and domain wall motion under electric field. Nevertheless, the increase of 

doping concentration also introduces obvious strain hysteresis, which is unfavorable 

for practical actuator applications. 

Combined with the above dielectric characterization results, the evolution of 

piezoelectric and strain properties unambiguously demonstrates that appropriate SZ 

doping can effectively modulate the phase structure of KNNS-BNZ matrix and 

construct a favorable polymorphic phase boundary, which is responsible for the 

optimized electrical performance of the ceramics. It can be noticed that the 

enhancement of piezoelectric coefficient d33 is relatively limited when comparing the 

x=0.015 sample with the undoped x=0 composition. Since the base KNNS‑BNZ matrix 

has already been optimized by Bi0.5Na0.5ZrO3 modification, the initial piezoelectric 

performance of x=0 is already at a relatively high level, which leaves limited room for 
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further improvement in d33 upon subsequent SrZrO3 doping. Nevertheless, the x=0.015 

ceramic exhibits several prominent merits other than the moderate increment in d33. A 

considerable improvement in unipolar strain from 0.10 % (x=0) to 0.12% (x=0.015) is 

achieved, which is highly desirable for actuator applications. Meanwhile, the 

room‑temperature relative permittivity increases from 1580 to 2183, a feature 

beneficial for device miniaturization.  

Compared with previously reported SrZrO₃‑modified KNN‑based ceramics, the 

x=0.015 sample achieves a competitive comprehensive performance balance. For 

instance, similar SrZrO₃‑doped KNN systems delivered comparable piezoelectric 

coefficients but exhibited lower Curie temperature(30). In the KNNS‑BNZ‑SZ system 

reported by Qi et al.(33), only one fixed SZ concentration was investigated without 

compositional optimization; our composition‑gradient study further demonstrates that 

x=0.015 yields improved unipolar strain while maintaining a decent Curie temperature 

of 235 °C.  
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Fig. 4. (a) d33, kp and Qm of the KNNS-BNZ-xSZ ceramics as a function of x value; (b) 
Strain‑electric field hysteresis loops of KNNS-BNZ-xSZ ceramics with different x 
contents. 

Figure 5(a) shows the P–E hysteresis loops of KNNS-BNZ-xSZ ceramics 

measured at room temperature under a maximum electric field of 30 kV/cm. All 

samples exhibit well-saturated ferroelectric hysteresis curves without obvious leakage 

distortion, which verifies the good compactness and low leakage conductivity of the 

sintered ceramics. The extracted remanent polarization Pr and coercive field Ec as 

functions of SZ doping content are plotted in Figure 5(b). 
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With increasing x, both Pr and Ec display a continuous decreasing trend. The 

undoped KNNS-BNZ ceramic possesses relatively high Pr and large Ec, which 

originates from the single ferroelectric phase with a high energy barrier for domain 

switching. Moderate SZ substitution induces the formation of PPB with coexisting 

multiple ferroelectric phases. The flattened free‑energy landscape originating from 

multi‑phase coexistence facilitates polarization rotation and activates non‑180° 

domain‑wall motion, thus lowering the coercive field Ec. For the x=0.015 sample, Ec is 

greatly reduced from 1.82 kV/mm to 1.10 kV/mm. A lower coercive field enables 

domain switching under weaker applied electric fields, facilitates domain alignment 

during poling and reduces the risk of electrical breakdown for practical industrial 

fabrication.  

Nevertheless, excessive SZ doping introduces considerable lattice disorder and 

aggravates local polar heterogeneity. The weakened long-range ferroelectric ordering 

accounts for the gradual decline of remanent polarization Pr. For the sample with 

x=0.015, the balanced phase structure yields favorable piezoelectric activity, as 

demonstrated in the preceding d33 and kp results. Although Pr is not at its maximum 

value, the lowered Ec enables efficient domain reorientation under applied electric field, 

ultimately contributing to the optimized electromechanical performance. 

Combined with the dielectric and piezoelectric characterization above, the 

evolution of ferroelectric hysteresis parameters further confirms that appropriate SZ 

doping modulates the phase constitution of KNNS-BNZ matrix and tailors the domain 

switching dynamics, which provides fundamental insight into the enhanced electrical 
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properties of the studied ceramics. Defect dipoles and their interaction with 

spontaneous polarization further tailor the field-induced polarization and strain 

behavior, offering additional degrees of freedom to optimize the ferroelectric 

response(38). 

 

Fig. 5. (a) P-E hysteresis loops of ceramics with different x contents; (b) Pr and Ec of 
the ceramics at various x values. 

Figure 6 presents the temperature dependence of piezoelectric coefficient d33 and 

planar electromechanical coupling factor kp for the optimized KNNS-BNZ-xSZ 

ceramic (x=0.015). In the temperature range from room temperature to approximately 

125 °C, both d33 and kp maintain stable and high values without obvious degradation, 

demonstrating favorable thermal stability of piezoelectric performance within this 

temperature interval(39). As the temperature rises above 125 °C, d33 and kp begin to 

decrease gradually. With further heating, the two parameters drop sharply and finally 

approach zero near 250 °C. This remarkable attenuation of piezoelectric activity is 

closely associated with the ferroelectric-to-paraelectric phase transition across the 

Curie temperature TC. Upon approaching TC, long-range ferroelectric ordering 
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gradually collapses, and stable ferroelectric domains transform into dynamic polar 

nanoregions, which drastically suppress the macroscopic piezoelectric response. 

 d33 and kp exhibit nearly synchronous variation over the whole measured 

temperature range, which reflects the inherent correlation between piezoelectric strain 

response and electromechanical coupling effect. The wide temperature window with 

well-preserved piezoelectric properties confirms that the KNNS-BNZ-xSZ ceramics 

with optimized doping possesses acceptable thermal operating stability, making them 

suitable for moderate‑temperature piezoelectric device applications. Combined with the 

dielectric-temperature characteristics discussed above, the temperature-induced 

evolution of piezoelectric parameters is consistent with the dielectric anomaly observed 

near the phase transition temperature, jointly verifying the thermally activated 

ferroelectric phase transition behavior of the ceramics. 

 

Fig. 6. d33 and kp of the KNNS-BNZ-xSZ ceramics with x=0.015 as a function of 
temperature. 
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4. Conclusions 

In summary, KNN-BNZ-xSZ lead-free piezoceramics were synthesized via the 

conventional solid-state reaction. SZ dopant dissolved into the perovskite lattice 

without impurity phases and triggers an orthorhombic-tetragonal (O-T) phase transition. 

SZ addition suppresses grain growth and reduces the Curie temperature TC, while 

excessive doping degrades ceramic densification. O-T phase coexistence is realized at 

moderate SZ content. The x=0.015 sample exhibits optimal comprehensive electrical 

properties: d33=303 pC/N, kp=0.39, Qm=65, room-temperature relative permittivity of 

2183, TC=235 ℃, Pr=14.7 μC/cm2 and unipolar strain of 0.12%. Further increasing SZ 

content deteriorates the overall performances due to grain refinement and poor 

densification. This work demonstrates that SZ modification is an effective strategy to 

tune phase structure and enhance electrical performances for KNN-based ceramics. 
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