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Bismuth sodium titanate (BNT) piezoelectric ceramic coatings with dense morphology and single 

perovskite phase were fabricated by thermal spray process. The melting and crystallization behaviors 

of BNT near congruent composition and the effect of excess Bi composition were investigated by 

analyzing the heating-melting-cooling cycle for the application in thermal spray process. Crystal 

structure and morphology of the thermal sprayed BNT coatings were examined, and their electrical 

and electromechanical properties were tested. An effective piezoelectric coefficient d33 of 50 pm/V 

was obtained under substrate clamping, measured with laser scanning method. The findings have shed 

light on the design of appropriate compositions for achieving high quality lead-free piezoelectric 

ceramic coatings by the scalable thermal spray process. 
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I. Introduction 

Large area smart electromechanical structures with distributive sensing and signal transduction 

functions are required for realizing the decentralized intelligence as demanded for the future. We are 

thus interested in producing piezoelectric ceramic coatings with scalable process. Thermal spray 

process, with high productivity, ability to coat large area, and less limitation of substrates, has been 

widely used for producing thermal barrier and other protective coatings in aerospace and oil and gas 

industry for decades.1-3 Research efforts have been reported on piezoelectric ceramic coatings by 

thermal spray method. However, most of the reports are about lead zirconate titanate (PZT)-based 

ceramic coatings, but the properties obtained in the thermal sprayed coatings are far below the 

expected from the bulk counterpart, which cannot meet the application requirements.4-8 In addition, 

these ceramics with lead element are harmful and cause serious environmental pollution. With the 

growing awareness of environmental protection and human health, the investigations on development 

of various lead-free piezoelectric ceramic materials as alternatives to PZT have been intensified. In 

the recent years, promising piezoelectric properties of lead-free piezoelectric ceramics have been 

reported.9-20 While many progresses are made on bulk ceramics, fabrication of lead-free piezoelectric 

ceramic coatings at low cost over a large area for broad applications is a challenging issue. Until very 

recently, KNN-based lead-free piezoelectric coatings with a large effective d33 of 112 pm/V had been 

achieved in our study.21 Inspired by the encouraging results and considering the wide application 

prospects of thermal spray ceramic coatings, we are expanding to explore varied compositions and to 

further study crystallization behavior of piezoelectric ceramics in the thermal spray process. 

 

In thermal spray process, powder is melted by high temperature plasma and the melt is accelerated 

toward a substrate, where it rapidly solidifies.22-24 It is known that congruent crystallization materials 

have the same composition in liquid phase and solid phase as crystallized.25 Some congruent melting 
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compositions, such as Bi0.5Na0.5TiO3, LiNbO3, and LiTaO3, are reported to be suitable for single 

crystal growth with proper compensation of the volatile loss to realize congruent crystalliztion.26, 27 

BNT-based system is also one of the most promising lead-free piezoelectric systems due to its high 

remnant polarization and large electromechanical coupling coefficient.28-31 It is thus interesting to 

investigate BNT piezoelectric ceramic coatings by thermal spray process.  

 

In this work, BNT lead-free piezoelectric ceramic coatings were prepared by thermal spray process. 

We systematically investigated the melting and crystallization behaviors of Bi0.5Na0.5TiO3 (BNT). 

The morphology, crystalline structure, electrical and piezoelectric properties of the obtained coatings 

were examined. The crystallization mechanism of BNT perovskite phase in thermal spray process 

was discussed. 

 

II. Experimental Procedure 

BNT ceramic powders were prepared by conventional solid state ceramic processing. Bi2O3 (99.99 %), 

Na2CO3 (99.5 %) and TiO2 (99.90 %) powders (Alfa Aesar, Karlsruhe, Germany) were used as the 

starting materials. As the carbonate powders are moisture sensitive, to avoid errors in weighing, they 

were dried first at 120 °C for 24 h prior to use. All the starting materials were weighed to get 

stoichiometric composition of Bi0.5Na0.5TiO3. 10 mol% bismuth was introduced to compensate the 

volatile loss during the subsequent thermal spray process. The compositions are abbreviated as BNT 

and BNT-10Bi, respectively. The weighed materials were wet-mixed in ethanol for 24 h by a 

planetary ball-mill machine. Then, the slurry was dried and compacted before it was put into an 

alumina crucible and calcined in a furnace at 950 °C for 3 h and then at 1050 °C for 5 h. The feedstock 

powder was prepared by crushing and sieving the calcined coarse agglomerates. The particle size 

distribution of feedstock was between a few micrometers and a hundred micrometers. 
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The BNT-10Bi feedstock were sprayed onto alumina substrates using an Atmospheric Plasma 

Spraying system (9MC, Sulzer Metco Inc., USA). The thermal spray process was conducted at 

ambient pressure using Ar plasma with plasma power of 17.7 kW. Before thermal spray process, 

Pd/Ag (30/70, Gwent Group, UK) layers were screen-printed as bottom electrode on the alumina 

substrates. The as-sprayed BNT-10Bi coatings were heat treated in furnaces at 1150 °C for 30 min. 

 

The crystal structure of samples was analyzed with X-ray diffraction analysis (XRD, D8 ADVANCE, 

Bruker AXS GmbH, Germany). The morphology of the coatings was examined with a field emission 

scanning electron microscope (FESEM, JSM6700F, JEOL, Germany). The coating thickness was ~40 

μm measured by SEM cross-sectional inspection. 

 

Silver paste was brushed on the ceramic coatings as top electrodes. Dielectric properties were 

measured with an impedance analyzer (HP4294A, Agilent Technologies Inc., Japan). The 

ferroelectric properties were studied at room temperature using a ferroelectric testing workstation 

(Premier II, Radiant Technologies, Inc., USA) at a frequency of 10 Hz. The BNT-10Bi coatings were 

poled at 100 °C for 10 min under an electric field of 40 kV/cm. The piezoelectric coefficient (d33) 

was measured using a laser scanning vibrometer (OFV-3001-SF6, PolyTech GmbH, Germany). 

 

The melting and crystallization behaviors of the BNT and BNT-10Bi calcined powders were studied 

by thermogravimetric analysis combined with differential scanning calorimetry, (TG-DSC, STA 449 

F1 Jupiter, Netzsch GmbH, Germany), up to 1400 °C in air in Pt crucibles, with both heating and 

cooling rate of 20 °C/min. In order to identify the phases formed in the cooling process of TG-DSC 

test, cool melt process was introduced for specimen preparation. Ceramic powders were heat up to 
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1400 ˚C on a platinum foil and cooled down to room temperature in a furnace with the same ramping 

rate with the DSC test. XRD test was performed on cool melt specimens to identify their crystalline 

phase constituents.  

 

III. Results and Discussion 

According to the XRD results of the thermal sprayed coating and feedstock, as shown in Fig. 1, 

perovskite phase (JCPDS: 00-036-0340 as shown in Fig. 1) was obtained in the as-spayed BNT-10Bi 

coating, with the presence of minor Bi2O3 (JCPDS: 00-041-1449 as shown in Fig. 1). The Bi2O3 

secondary phase is believed to be due to the excess Bi introduced into the powder, which was also 

detected in BNT-10Bi feedstock. After heat treatment, XRD pattern of the coating showed single 

phase perovskite structure with much stronger diffraction peaks compared to the as-sprayed coating, 

indicating that heat treatment effectively enhanced formation of perovskite phase and eliminated the 

remained excess Bi2O3.  

 

The FESEM micrographs of surface and cross-section morphologies of BNT-10Bi thermal sprayed 

coating are presented in Fig. 2. A mixture of spherical particles and cubic-shaped grains with average 

size of less than 1 m was observed on the surface of the BNT-10Bi as-sprayed coatings, as shown 

in Fig. 2(a). The spherical particles likely formed from the rapid solidification of completely melted 

powders, which indicated that the crystallization was not fully completed in the as-deposited coatings. 

After heat treatment, significant changes in grain size and grain shape were observed. As shown in 

Fig. 2 (b), the grains in heat treated BNT-10Bi coatings were irregular and polygon-shaped with 

average size ~5 m. After heat treatment, the spherical features retained from liquid phase 

disappeared, which resulted in the increased crystallinity. From the cross-section FESEM image, Fig. 
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2(c), no delamination was observed, which indicated the good adhesion between thermal sprayed 

coatings and the Ag/Pd electrode layers. Compared with PZT thick films fabricated by screen 

printing32 and thermal spray,5 all the BNT-10Bi coating exhibited relatively denser morphology. 

 

Heat treatment significantly improved the electrical and piezoelectric properties of BNT-10Bi thermal 

sprayed coatings. Table I provides dielectric and piezoelectric test results of thermal sprayed coatings. 

After heat treatment, the dielectric loss of both BNT-10Bi thermal sprayed coatings decreased 

significantly, with the improved density and crystallinity. Accordingly, ferroelectric hysteresis loops 

of thermal sprayed coatings measured at room temperature and at 10 Hz frequency in Fig. 3 showed 

that the remnant polarization was significantly increased.  

 

The crystal growth with heat treatment significantly improved piezoelectric property. The effective 

piezoelectric coefficient (d33) of BNT-10Bi thermal sprayed coatings after heat treatment reached 

50 pm/V from 7.5 pm/V. The values of effective d33 were measured by laser scanning vibrometer 

(LSV) method over a macroscopic area under the constraint of the substrate.33 Figure 4 presents 

three-dimensional drawing of the instantaneous vibration data when the displacement magnitude of 

the heat-treated BNT-10Bi coating reached the maximum under the electric sine wave driving. 

During the testing, a unipolar AC signal of 20 V was applied to the samples. As the top (covered 

with top electrode) of the 3D drawing of data was uneven, the average value over the top area 

instead of the highest point was used for the calculation of the effective d33. The effective d33 of 

BNT-10Bi thermal sprayed coating was very close to BNT bulk ceramic, which was reported to be 

57-64 pm/V,34 after taking into account the in-plane substrate clamping effect for the sample of 

coating. Compared with other processing methods such as pulsed laser deposition (PLD),35 sol-gel36 

and aerosol deposition (AD)37, thermal sprayed coatings in this work show significantly superior 
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piezoelectric performance property. The d33 value of the films with the same BNT composition as 

reported in the literature is only up to 25 pm/V, in which the film was produced by PLD in vacuum 

chamber35, was and d33 was measured by PFM over a micro-scale area.  

Mechanism of formation of perovskite phase in thermal spray process is different from solid state 

reaction. In solid state reaction, precursor powders react with each other to form the perovskite 

phase.38 In contrast, during thermal spray process, perovskite phase is crystallized from molten/semi-

molten feedstock during solidification process. In order to study the melting and crystallization 

behaviors and the effects of excess Bi on crystallization process from the melt and the resulting 

structure, we did comparison study on BNT and BNT-10Bi calcined ceramic powders, with TG-DSC 

tests conducted with the maximum temperature above the melting point.  

The DSC curves in Fig. 5(a) showed both BNT and BNT-10Bi feedstock melted incongruently at 

1300 C. The stoichiometric BNT is reported to be a congruent melting composition.26, 39 While 

excess Bi2O3 was added in BNT-10Bi feedstock, BNT-10Bi feedstock did not show a congruent 

melting behavior. With the BNT ceramic powder calcined at high temperature up to 1050 C for 5 h 

with volatile loss,40 even the BNT powder did not maintain stoichiometric BNT composition. The 

weight loss increased significantly when temperature reached the melting point, as evident in TG 

curves in Fig. 5(a). Surprisingly, it is noted that the total weight loss of BNT-10Bi was 10.2 % in the 

heating-cooling cycle process, from 200 ˚C to 1400 ˚C and then to 400 ˚C, which is even lower than 

BNT (14.3 %) in the same thermal cycle process. The reason could be that 10 mol% excess Bi in 

BNT-10Bi effectively compensated the loss of Bi, and promoted the formation of perovskite phase 

before melting and the ionic interaction in the melt with coordination close to the perovskite phase 

for suppressing volatile ions loss. It should be noted that the excess 10 mol% Bi corresponds to only 

4.7 % by weight in BNT-10Bi feedstock, which is much lower than the total loss of 10.2 % by weight, 
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even after oxygen as in Bi2O3 is taken into account. By comparing the TG curves for BNT and BNT-

10Bi, weight loss in BNT-10Bi was more than BNT initially before melting, but weight loss became 

lesser than BNT after sometime in the melting process. This analysis clearly indicates there are much 

more volatile loss beyond excess Bi during the heating-melting-cooling thermal process, and justifies 

the validity of appropriately introducing excess Bi could suppress volatile loss during the melting 

process. 

 

Because of the serious weight loss, the composition of the melt substantially changed from the powder, 

and secondary phases formed in the cooling process of the melt, as shown with the multiple 

exothermic peaks in the cooling DSC curves in Fig. 5(b) and the XRD patterns of cool melt in Fig. 6. 

Besides the main BNT perovskite phase, minor Bi-deficient Na2Ti3O7 and Na2Ti6O13 secondary 

phases detected in the cool melt of BNT. This is also the reason that 10 mol% excess Bi was added 

during the thermal spray feedstock preparation. The major peak at 1262 ˚C in the DSC curve for BNT 

in cooling process in Fig. 5(b) was attributed to the BNT perovskite crystallization. From the phase 

diagram of Na2O-TiO2,41 Na2Ti6O13 could be crystallized from 1130 ˚C to 1300 ˚C, and Na2Ti3O7 at 

lower temperature from 985 ˚C to 1130 ˚C.  Thus, the small exothermic peak at 1208 ˚C could be 

attributed to the crystallization of Na2Ti6O13, and another small exothermic peak at 1085 ˚C was to 

Na2Ti3O7 crystallization. In the cool melt BNT-10Bi feedstock, the first major exothermic peak at 

1204 C in the cooling DSC curve could be attributed to the crystallization of BNT perovskite phase, 

in reference to the XRD results.  Minor Bi-rich secondary phases Bi2Ti2O7 and Bi2O3 were detected 

in cool melt BNT-10Bi. From the reported Bi2O3-TiO2 phase diagram,42 the crystallization 

temperature range of Bi2Ti2O7 is from 1000 C to 1210 C, thus the small exothermic peak at 1165 

C in Fig. 5(b) corresponded to minor Bi2Ti2O7 phase formation.  Bi2O3 was detected in both BNT-
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10Bi as-sprayed coating and cool melt of BNT-10Bi powder, which indicated 10 mol% Bi was 

excessive for the compensation of Bi volatile loss in both thermal spray and the cool melt processes. 

It is known that Na also has high volatility in KNN-based lead-free system,43 so the compensation of 

Na may need to be considered besides Bi. Further optimization of compensation of volatile elements 

to realize single perovskite phase and high performance in thermal sprayed coating is necessary in 

the future work.  

 

According to the TG-DSC test results and XRD analysis of cool melt, the reactions during the 

crystallization of cool melt BNT and BNT-10Bi can be formulated with Eqs. (1) - (6) below. The 

crystallization temperature range of the phases can be determined by the corresponding exothermic 

peaks in the DSC curves in Fig. 5(b). In the cooling process of BNT from 1400 C, major phase BNT 

perovskite formed first with peak temperature of 1262 C, as Eq. (1): 

0.5𝐵𝑖3+ + 0.5𝑁𝑎+ + 𝑇𝑖4+ + 3𝑂2−
1255 ~ 1265 ℃
→          𝐵𝑖0.5𝑁𝑎0.5𝑇𝑖𝑂3        (1) 

After BNT perovskite phase crystallization, the residual melt is significantly Bi3+-deficient, the 

remained ions Na+ and Ti4+ reacted to form Na2Ti6O13 and Na2Ti3O7 in the sequence of Eqs. (2) and 

(3): 

2𝑁𝑎+ + 6𝑇𝑖4+ + 13𝑂2−
1202 ~ 1102 ℃
→          𝑁𝑎2𝑇𝑖6𝑂13                               (2) 

2𝑁𝑎+ + 3𝑇𝑖4+ + 7𝑂2−
1079 ~ 1092 ℃
→          𝑁𝑎2𝑇𝑖3𝑂7                                    (3) 

In the cooling process of BNT-10Bi, since the melting point of BNT-10Bi of 1300 C is higher than 

the two secondary phases Bi2Ti2O7 (melting point is 1230 C42) and Bi2O3 (melting point is 817 C42), 

it can be concluded that BNT perovskite phase was the first to precipitate from the melt, according to 

the analysis of DSC test results above. In the cooling process, perovskite phase crystallized at a lower 

temperature in BNT-10Bi than BNT, from 1205 C to 1198 C, as in Eq. (4):  



 10 

0.5𝐵𝑖3+ + 0.5𝑁𝑎+ + 𝑇𝑖4+ + 3𝑂2−
1205 ~ 1198 ℃
→          𝐵𝑖0.5𝑁𝑎0.5𝑇𝑖𝑂3       (4) 

After perovskite phase crystallization, the residual melt was still Bi3+-rich due to the excess Bi added 

in BNT-10Bi. This can also be verified by the subsequent XRD test results in Fig. 6. From the above 

analysis on weight loss with and without access Bi, there should have been significant volatile loss 

of other element during the thermal cycle process. Volatile loss of Na is believed much higher than 

Ti. Thus, there would be rich Ti4+ remained in the melt. Therefore, Bi2Ti2O7 formed from 1166 C 

to1161 C as in Eq. (5): 

2𝐵𝑖3+ + 2𝑇𝑖4+ + 7𝑂2−
1166  ~ 1161 C
→           𝐵𝑖2𝑇𝑖2𝑂7                                 (5) 

From the phase diagram of Bi2O3-TiO,42 Bi2O3 solidifies from 817 C to 790 C. Although there was 

no obvious corresponding exothermic peak in the DSC curve in Fig. 5(b), XRD results show a tiny 

amount of residual Bi3+ in the melt, which was solidified, according to Eq. (6): 

2𝐵𝑖3+ + 3𝑂2−
817 ~ 790 C
→        𝐵𝑖2𝑂3                                                         (6) 

 

For congruent composition, during crystallization from melt, the elements required to grow the crystal 

are always present near the liquid-solid interface, with short-range order atomic rearrangements for 

crystal growth.44 In both cool melts of BNT and BNT-10Bi, even if the whole melt were deviated 

from congruent composition due to the volatile loss, the crystallization of congruent composition is 

still favored and the major BNT perovskite phase was formed from the melt first. From the stronger 

exothermal peak in the DSC curve and perovskite peaks in XRD analysis, it can also be concluded 

that excess Bi promoted the BNT perovskite phase formation as it not only compensated for volatile 

loss of Bi, but also suppressed the total weight loss as shown in TG analysis. 

 

Compared with the cool melt process in furnace, thermal spray process is much faster and the 
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volatilization is much lesser, although the mechanism of crystallization has similarity. Some studies 

on melting and crystal growth behavior of LiNbO3 and KNbO3 perovskite single crystals show [BO6] 

oxygen octahedron, which is the basic unit of perovskite structure are still present in the melt close 

to the crystal-melt interfaces,45 or at the temperature right above the melting point.46, 47 During the 

thermal spray process, feedstock is heated to molten/semi-molten state,22, 23 which is similar to the 

condition of crystal-melt interfaces. Thus [TiO6] oxygen octahedron could also exist in the melt BNT-

10Bi feedstock, and the coordination of ions in the melt is very close to the solid perovskite phase, 

similar to the situation of KNN.21 During thermal spray process, there was a tiny amount of excess 

Bi3+ and O2- left in the melt BNT-10Bi feedstock in this work, but there was no long-range order 

diffusion required in the perovskite phase crystallization process for the major compositions, which 

resulted in the crystallization of BNT perovskite phase from the melt before any other secondary 

phase.  

 

It is known that because of the incongruent melting behavior of PZT, it is difficult to grow single 

crystal from melt because secondary phases limit the size of PZT crystal.48 During the crystallization 

from melt, the precipitation of solid ZrO2 (melting point is 2715 °C) is always prior to the formation 

of PZT (melting point is 1350 °C),21, 49 which means congruent crystallization of PZT cannot be 

realized even with compensation of volatile loss. Thus, it is hard to achieve PZT single perovskite 

phase by crystallization from melt during thermal spray process. Large amount of ZrO2 and PbO 

secondary phases can be detected in PZT thermal sprayed coatings even after heat treatment, and 

there is no piezoelectric coefficient reported from thermal sprayed PZT.4, 49, 50 In contrast, this work 

showed crystallization of BNT perovskite phase was prior to the formation of any secondary phases 

from melt. Single perovskite phase and an effective d33 as expected for a coating subject to substrate 

clamping in reference to the bulk ceramic property were achieved in the thermal sprayed BNT 
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coatings.  

 

IV. Conclusions 

BNT piezoelectric ceramic coatings with dense morphology and single perovskite phase were 

obtained by thermal spray process, followed by post heat treatment to further enhance the 

crystallinity, electrical and electromechanical properties. The effective d33 of the obtained BNT 

coating reached 50 pm/V, measured by LSV over macroscopic area under the substrate clamping 

effect. Close to the congruent composition, major BNT perovskite phase crystallized first from the 

melt as desired prior to any secondary phases. Without excess Bi, the secondary phases formed were 

Bi-deficient, while with 10 mol% excess Bi, the secondary phases were Bi-rich. It was found that 

appropriate excess Bi promoted the BNT perovskite phase formation as it not only compensated for 

volatile loss of Bi, but also surprisingly suppressed the total weight loss during the melting process. 

The findings have shed light on the design of appropriate compositions for achieving high quality 

lead-free piezoelectric ceramic coatings by the scalable thermal spray process. 
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List of figure captions 

Figure 1. XRD patterns of BNT-10Bi feedstock and thermal sprayed coatings. 

Figure 2. FESEM images: (a) surface of as-sprayed BNT-10Bi coating, (b) surface and (c) cross-

section of heat treated BNT-10Bi coating;  

Figure 3. Polarization versus electric field for BNT-10Bi thermal sprayed coating at room 

temperature, at 10 Hz. 

Figure 4. Three-dimensional drawing of instantaneous vibration data with the dilatation of the heat-

treated BNT-10Bi coating excited by electric sine wave driving of 20 V (amplitude) at 1 kHz, 

measured with LSV under substrate clamping condition. 

Figure 5. TG-DSC curves of BNT and BNT-10Bi ceramic powder in (a) heating and (b) cooling 

process. 

Figure 6. XRD patterns of cool melt BNT and BNT-10Bi ceramic powder. 
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Table I. Dielectric and piezoelectric properties of BNT-10Bi coatings measured at room 

temperature (1 kHz) 

 

Thermal sprayed coatings Dielectric constant Dielectric loss d33 (pm/V) 

As-sprayed 627 0.441 7.5 

Heat treated 599 0.130 50 

 
 
 
 

 

Fig. 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 19 

 

 

 

 

 

Fig. 2 

 

 

 

 

 

 

 

Fig. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 20 

Fig. 4 
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