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Abstract  

The microstructure of Bi0.5(Na0.70K0.20Li0.10)0.5TiO3 (BNKLT) coatings fabricated by thermal 

spray method was closely examined by TEM, revealing the coexistence of rhombohedral and 

tetragonal perovskite main phases, and very minor secondary phases, while all amorphous 

phase was crystallized after heat treatment. Obtaining coexisting rhombohedral and tetragonal 

perovskite phases after the thermal spray process involving the melting-recrystallization and 

heat treatment process resulted in piezoelectric ceramic coating with excellent electrical and 

electromechanical properties. The effective piezoelectric coefficient d33 of the heat-treated 

BNKLT coating reached 86 pm/V with substrate clamping, measured over macroscale by laser 

scanning vibrometer. 
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1. Instruction 

Directly producing ultrasonic sensors and transducers on the structures and parts to be 

monitored demands scalable piezoelectric ceramic coatings. Thermal spray process has been 

applied for producing structural and thermal barrier ceramic coatings with the advantages of 

high productivity, large area coating ability, and low cost, but not established for producing 

piezoelectric ceramic coatings with perovskite structure. Efforts have been made to fabricate 

piezoelectric ceramic coating with Pb(ZrxTi1−x)O3 (PZT) composition by thermal spray method 

[1-3]. However, not only the toxic lead composition highly volatile at the high temperature 

during thermal spray process generates serious environment concern, but also no satisfactory 

piezoelectric performance properties can be obtained from the thermal sprayed PZT coatings. 

The awareness of lead hazard leads to development of lead-free piezoelectric ceramic 

compositions [4-12], in which superior piezoelectric performance properties are obtained 

around morphotropic phase boundary (MPB) with co-existence of multiple phases, similar to 

that optimal properties are achieved at MPB composition in PZT [13-17]. Among the lead-free 

piezoelectric ceramics, bismuth sodium titanate (BNT)-based piezoelectric ceramic, with 

composition of Bi0.5(Na1-x-yKxLiy)0.5TiO3, is considered as one of the most promising 

alternatives to replace PZT. The BNKLT ceramic shows a large piezoelectric coefficient d33 = 

231 pC/N, and a relatively low coercive field Ec = 24.7 kV/cm, when x = 0.2 and y = 0.1, 

corresponding to its MPB between rhombohedral and tetragonal (R-T) phases [18]. In the recent 

years, our team has demonstrated the method for producing promising potassium sodium 

niobate (KNN)-based and BNT-based piezoelectric ceramic coatings by thermal spray process 
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[19-23]. In this letter, we present the microstructural feature of BNKLT coatings derived from 

the thermal spray method involving melting-recrystallization and heat treatment process as 

revealed by transmission electron microscopy (TEM), and the resulting superior electrical 

properties.  

2. Experimental procedure  

The fabrication process of thermal sprayed Bi0.5(Na0.70K0.20Li0.10)0.5TiO3 ceramic coating was 

described in our previous publication [21]. 10 mol% excess Bi was added to the feedstock to 

compensate its volatile loss during high temperature thermal spray process. The as-sprayed 

coatings were heat-treated in air atmosphere in a furnace at 1100°C for 30 minutes. A field 

emission scanning electron microscope (FESEM, JSM6700F, JEOL, Ltd., Germany) was used 

to examine the morphology of the coatings. Microstructure of the thermal sprayed coatings was 

studied using a TEM (JSM-6100F, JEOL, Ltd., Japan). An impedance analyzer (HP4194A, 

Agilent Technologies Inc., Japan) was used for dielectric property testing. Electric polarization 

property was characterized with a standard ferroelectric testing system (Premier II, Radiant 

Technologies, Inc., USA). The piezoelectric coefficient (d33) was determined by a laser 

scanning vibrometer (LSV, PolyTech OFV-5000, PolyTech GmbH, Germany). BNKLT bulk 

ceramic samples were prepared [18] for comparison. The piezoelectric coefficient d33 of the 

bulk BNKLT ceramic was tested using a piezo-d33 meter (ZJ-4B, Institute of Acoustics, China). 

3. Results and discussion  

Small cubic-shaped grains with size less than 1 μm and large spherical particles up to several 

micrometers were observed at the surface of as-deposited BNKLT coating from thermal spray 
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process, as shown in the FESEM image in Fig. 1(a). TEM study of as-sprayed BNKLT coating 

revealed a mixture of crystalline phase and amorphous phase, as shown in a bright field (BF) 

TEM image presented in Fig. 1(b). The selected area electron diffraction (SAED) shown in Fig. 

1(c) was acquired along [100] zone axis from the circled region in Fig. 1(b). The ½{ooe} (o 

and e denote odd and even Miller indices, respectively) superlattice reflections was observed 

and marked with the white arrow. BNT has rhombohedral perovskite phase with R3c lattice 

group at room temperature and tetragonal phase with P4bm lattice group over ~200C [24, 25], 

while bismuth potassium titanate (BKT) has tetragonal phase with P4mm lattice group [26]. 

Hence, perovskite phases with R3c (rhombohedral phase), P4bm and P4mm (tetragonal phase) 

symmetries are considered in BNT-BKT system at room temperature. The presence of 

superlattice reflections due to the rotations of the oxygen octahedrons are used to distinguish 

each symmetry [27]. The in-phase (a0a0c+) tilting of oxygen octahedrons in P4bm phase 

contributed to the presence of ½{ooe} superlattice reflections along [100] direction in Fig. 1(b). 

This indicates the tetragonal perovskite phase with P4bm symmetry existed in the as-sprayed 

BNKLT coating.  

 

FESEM image of thermal sprayed BNKLT coating after heat treatment is presented in Fig. 2(a). 

Cubic-shaped grains of ~2 μm were observed, which are significantly larger than the grains in 

as-sprayed BNKLT coating. Clear grainy contrast in BF TEM image of heat-treated BNKLT 

coating is visible in Fig. 2(b). Figures 2(c) and 2(d) are the SAED patterns acquired along [111] 

and [110] zone axes, respectively. The SAED patterns were obtained at the two circled regions 

in the same grain in Fig. 2(b). The ½{ooe} superlattice reflections in the SAED of [111] 

direction besides the fundamental perovskite reflections, denoted by the oxygen octahedrons 
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in-phase (a0a0c+) tilting in P4bm phase [25, 27, 28], indicated the perovskite phase had a 

tetragonal characteristic. The ½{ooo} superlattice spots indicate the antiphase (a-a-a-) oxygen 

octahedral tilting in R3c phase, which is not visible in P4mm and P4bm phases [17, 25, 27, 28]. 

So the ½{ooo} superlattice spots highlighted with white arrow reveal the R3c rhombohedral 

perovskite phase existing in the thermal sprayed BNKLT. The superlattice reflections in the 

SAED patterns acquired along [110] and [111] zone axes are the solid evidence to confirm the 

coexistence of R-T phase in the same grain in thermal sprayed BNKLT coatings. This is the 

first direct observation with SAED patterns of the coexistence of R-T perovskite phases in a 

thermal sprayed piezoelectric ceramic coating derived from the recrystallization process from 

melt, which is believed to enhance the resulting electrical properties. 

 

Previous XRD study showed both as-sprayed and heat-treated BNKLT coating had single 

perovskite phase, and heat treatment significantly improved the crystallinity [21]. In contrast, 

scanning transmission electron microscopy (STEM) image in Fig. 3(a) revealed secondary 

phases present even in heat-treated BNKLT coating, besides the main BNKLT perovskite 

phase. Energy dispersive x-ray spectroscopy (EDS) line scan in Fig. 3(b) clearly presented the 

elements Bi, Na, K, and Ti intensity change along the line direction (Li is not detectable; O is 

not presented here). Minor Bi-deficient secondary phases including titanium oxide and 

potassium sodium titanate were identified, which were not detectable by XRD. BNKLT is 

incongruent, of which the recrystallized phase during the thermal spray process can deviate 

from the stoichiometric composition in the melt. The thermal analysis on the cool melt of 

BNKLT in our previous study, with much slower cooling rate than the thermal spray process, 

showed much larger amount of various secondary phases, including Li2TiO3, NaBiTi6O14, and 
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Bi2O3 formed after recrystallization, due to the decomposition and serious volatile loss [21]. 

Both Bi-deficient and Bi-rich secondary phases were detected in the cool melt of BNKLT, 

which indicated excess Bi cannot effectively suppress the secondary phases formation when 

cooling rate was slow. However, with the same amount of excess Bi, only a tiny amount of 

secondary phases were detected in thermal sprayed BNKLT coatings by TEM, which could be 

attributed to the high-speed cooling and solidification with fast passing through the temperature 

range of the serious volatile loss and decomposition. Hence, thermal spray technique is 

promising for fabricating some piezoelectric ceramic coatings even with incongruent melting 

and volatile compositions. 

 

Dielectric and ferroelectric properties of as-sprayed and heat-treated BNKLT coatings in 

comparison with bulk ceramic are presented in Fig. 4. The heat treatment significantly increased 

the dielectric constant and lowered the dielectric loss of thermal sprayed BNKLT coatings. 

While the dielectric constant of the heat-treated BNKLT coatings was still marginally lower, it 

exhibited even lower dielectric loss than that of bulk ceramic (Fig. 4(a)). The remnant 

polarization of BNKLT coating was also significantly improved after heat treatment, close to 

the bulk ceramic (Fig. 4(b)). 

 

After poled at room temperature under 55 kV/cm for 10 min, the effective piezoelectric 

coefficient d33 of the BNKLT coatings were measured by LSV method [29]. Figure 5 presents 

the displacement magnitude of heat-treated and as-sprayed (the inset of Fig. 5) BNKLT coating, 

under sine wave of 10 V in amplitude at 1 kHz. After heat treatment, the effective piezoelectric 

coefficient d33 significantly increased to 86 pm/V from 8 pm/V over macroscale, under the 
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mechanical constraint of the substrate. The effective d33 of heat-treated BNKLT coating was 

substantially higher than 64 pm/V reported for the BNKLT film fabricated by pulsed laser 

deposition (PLD) [30], measured in microscale by piezoresponse force microscopy (PFM), and 

62 pm/V of [001]-oriented BaTiO3-doped BNKLT thick film by electrophoretic deposition 

method [31]. It is also substantially higher than 50-52 pm/V of our previously obtained thermal 

sprayed BNT coatings with single perovskite phase.[20, 23]  

 

 

4. Conclusions 

A close examination by TEM on the microstructure revealed the coexistence of rhombohedral 

and tetragonal perovskite main phases in thermal sprayed BNKLT coatings after heat treatment, 

of which the composition was selected at morphotropic phase boundary. Very minor secondary 

phases including titanium oxide, potassium sodium titanate, not detectable by XRD, were 

identified with TEM. Tetragonal perovskite phase and amorphous phase were observed in as-

sprayed BNKLT coating, while all amorphous phase was crystallized after heat treatment. 

Obtaining coexisting rhombohedral and tetragonal perovskite phases in the thermal sprayed 

piezoelectric ceramic coating resulted in excellent electrical and electromechanical properties. 

The effective piezoelectric coefficient d33 of heat-treated BNKLT coating reached 86 pm/V with 

substrate clamping, which was measured over macroscale by laser scanning vibrometer. 
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List of figure captions 

Fig. 1. As-sprayed BNKLT coating: (a) FESEM image of surface, (b) BF TEM image, and (c) 

SAED pattern acquired along [100] zone axis from the circled region in (b). The ½{ooe} 

superlattice spot, is marked with white arrow. 

Fig. 2. Heat-treated BNKLT coating: (a) FESEM image of surface; (b) BF TEM image, (c) 

SAED pattern acquired from (b) in [111] zone axis with ½{ooe} superlattice spot highlighted 

with white arrow, and (d) SAED pattern acquired from (b) in [110] zone axis with ½{ooo} 

superlattice spot highlighted with while arrow.  

Fig. 3. (a) STEM image BNKLT thermal sprayed coating after heat treatment and (b) EDS line 

profile acquired along the line highlighted in (a).  

Fig. 4. Electric properties of thermal sprayed BNKLT coating in comparison with bulk ceramic: 

(a) dielectric constant and dielectric loss versus frequency, and (b) polarization versus electric 

field. 

Fig. 5. 3D drawing of instantaneous vibration data of heat-treated BNKLT coating excited by 

electric sine wave of 10 V (amplitude) at 1 kHz. The inset shows the result for the as-sprayed 

BNKLT coating. 
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