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Abstract 

The present work is devoted to the synthesis of 0.94 (Na0.5Bi0.5)TiO3 – 0.06 (BaTiO3) 
powders by solid-state reaction, suitable for Aerosol Deposition method (AD). The powders 
were synthetized using Na2CO3, Bi2O3, BaCO3 and TiO2. The raw powders were 
simultaneously milled / mixed by attrition milling in water. Two routes were studied, differing by 
the order of introduction of the raw materials, for three calcination temperatures. The first route 
(S1) led to the occurrence of Bi2Ti2O7 pyrochlore secondary phase. Attempts to suppress this 
phase by annealing were unsuccessful. The second route (S2) gave no secondary phase. The 
large grain size obtained at 950°C and 1050°C are not suitable for sintering or AD. However, 
the process carried out at 850°C resulted in powders suitable for both sintering and AD method. 
The ferroelectric and piezoelectric properties of the ceramic samples obtained using these 
powders are similar to the best-reported ones. Finally, we successfully used these powders for 
AD. 
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1 Introduction 

Currently, piezoelectric ceramic materials are used in a large range of sensors or 
actuators. We can, for example, mention everyday life devices, such as car parking aid and 
motor fuel injectors, piezoelectric lighters, piezoelectric microphones and loudspeakers… or 
industrial and medical ultrasonic applications like non-destructive testing, underwater sonar 
systems or medical echography… Most of these applications need piezoelectric materials in 
ceramic form. However, some of them, like piezoelectric sensors or energy-harvesting devices, 
require thick film shape (1 - 100 µm). Only a few elaboration methods are available for this 
shaping: screen-printing and aerosol deposition method (AD) [1]. Introduced around year 2000 
by Dr J. Akedo [1–3], AD appears now as an interesting emerging process in ceramic 
technologies, currently co-developed in France by the Center for Transfer of Ceramic 
Technologies (CTTC) and the Institute of Research on Ceramics (IRCER) since 2010 [4,5]. In 



AD, a dry aerosol of ceramic powder, sent by a carrier gas, is projected onto a substrate using 
a suitable supersonic nozzle. By fragmentation and rearrangement of the ceramic grains, this 
process leads directly to a consolidated ceramic film [3]. Unlike bulk ceramics, the main 
advantage of AD is that it does not require sintering. However, one of the key point of this 
process is the quality of the ceramic powder. Among the necessary conditions, AD use 
submicronic or micronic powders, generally between 0.8 µm and 10 µm [3]. Therefore, the 
elaboration of piezoelectric devices by AD associated to our studies requires a controlled 
powder. 

Nowadays, the most widely used piezoelectric materials are PbZr(1-x)TixO3 (PZT) 
ceramics [6–9]. Indeed, PZT are easy to synthesize and to sinter. Moreover, their 
electromechanical properties can be easily modulated by doping, allowing a large range of 
properties and applications, from soft to hard piezoelectric materials. However, due to 
environmental and health concerns, lead-based materials should be avoided in the future 
[10,11]. Thus, it is necessary to search for lead-free piezoelectric materials suitable for the 
substitution of PZT, at least for some applications. The most actively investigated lead-free 
piezoelectric materials currently considered as potential substitutes for PZT are: (i) Aurivillius 
phases, such as Bi4Ti3O12, (ii) barium titanate BaTiO3 (BT) and its derivatives such as (Ba, 
Ca)(Ti, Zr)O3 (BCTZ), (iii) alkali-bismuth titanates (Na0.5Bi0.5)TiO3 (NBT) or (K0.5Bi0.5)TiO3 (KBT) 
and (iv) alkali niobates (K, Na)NbO3 (KNN) and their derivatives [12–16]. Currently, none of 
these materials achieves the performance of PZT. However, despite this handicap, some of 
these lead-free materials have interesting and sufficient electrical properties for applications. 

Among them, sodium bismuth titanate is considered as a potential candidate to the 
substitution of PZT. NBT is easily synthesized, either by the conventional solid-state route [17–
19], by the hydrothermal / solvothermal route [20,21] or by the sol-gel route [22,23]. However, 
NBT is difficult to pole due to its large coercive field (Ec=7.5 kV/mm [24]). Furthermore, NBT 
presents some shortcomings like narrow sintering temperature range and high conductivity at 
room temperature, connected to significant dielectric losses [18,25,26]. These result from the 
vaporization of bismuth and/or sodium during synthesis and sintering and therefore from the 
creation of oxygen vacancies which fix the domain walls [27]. The reported piezoelectric 
properties are d33=78 pC/N, d31=15 pC/N, d15=87 pC/N [19]. Therefore, the applications of pure 
NBT ceramics are also limited because of moderate values of piezoelectric charge coefficients, 
despite the interesting value of coupling coefficient k33=0.47 [19].  

Fortunately, like other perovskite ferroelectric compounds, the properties of NBT can 
be easily modified by the formation of solid solutions [18,28–34]. For the (1-x) (Na0.5Bi0.5)TiO3 
– x(BaTiO3) system, hereafter called NBT-xBT, the structural situation is similar to PZT. 
Indeed, PZT and NBT-xBT are solid solutions between a rhombohedral (PbZrO3 or NBT) and 
a tetragonal (PbTiO3 or BT) compound. In both case, structural studies evidenced a 
morphotropic phase boundary (MPB) at the border between these domains, where properties 
are enhanced. For NBT-xBT, the published results report a MPB composition around x=0.06-
0.07 [35–39] where the piezoelectric properties are improved: d33=125 pC/N, d31=40 pC/N, 
d15=194 pC/N and k33=0.55 [35]. Thus, we retained the NBT-6BT composition for our work on 
the elaboration of lead-free piezoelectric thick films by AD. Indeed, this material has interesting 
electrical properties for piezoelectric applications and microelectronics. 

The literature reports several methods for synthesizing NBT-6BT powder, in particular 
the sol-gel route, the hydrothermal route and the solid-state route. Nevertheless, the two first 
routes are expensive and chemically complicated. Only the solid-state route appears suitable 
for the synthesis of large amounts of ceramic powders needed for AD. For reasons of cost and 
simplicity, we retained co-attrition milling of the different raw materials rather than separate 



milling. Indeed, such process allows a one-step reduction of their grain sizes, with 
simultaneous homogenization of the mix. For the same reason, we selected water as solvent 
for attrition because of its low cost and low environmental imprint.  

Unfortunately, if many papers devoted to the properties of NBT-6BT are available [35–
47], none of them reports a systematic study of the synthesis. Therefore, the aim of the present 
work is to study the impact of the milling and calcination processes (i) on secondary phases, 
(ii) on grain size, powder morphology and sintering ability of NBT-6BT powders processed by 
classical solid-state route and (iii) to test their suitability for the elaboration of films by AD. 

2 Materials and methods 

2.1 Powder synthesis 

Powders of 0.94 Na0.5Bi0.5TiO3 - 0.06 BaTiO3 composition were elaborated through 
solid-state reaction. The selected precursors are Na2CO3 (Aldrich 99.5%), Bi2O3 (Alfa-Aesar 
99.9995%), BaCO3 (Alfa-Aesar 99.8%) and TiO2 (Alfa-Aesar 99.8%). The powders were 
weighed in stoichiometric amount and then homogenized by attrition milling in water, using a 
polymethacrylate dispersant. The process was carried out at 1000 rpm with 1 mm diameter 
yttria doped zirconia beads. Two different milling / mixing processes were used, hereafter 
called S1 and S2, differing in the order of addition of the precursors. 

For S1, the idea was to introduce the carbonates first, since Na2CO3 have a coarser 
particle size than the oxides. Barium carbonate is introduced first and treated for 30 min, 
followed by Na2CO3, then milled for the same time. After 1 hour, Bi2O3 and TiO2 are added 
simultaneously to the mix and the whole is further treated for 2 hours. Thus, the order of 
introduction is BaCO3 → Na2CO3 → [Bi2O3 + TiO2]. 

For S2 route, the idea was to introduce the precursors according to their average 
particle size (D50) in decreasing order. However, since Na2CO3 is soluble in water, we therefore 
chose to insert chronologically Bi2O3 → BaCO3 → [Na2CO3 + TiO2]. Bi2O3 powder is introduced 
first and attrition milled for 30 min. Then, BaCO3 is introduced and the milling continues for 30 
min. After 1 hour milling, the combination [Na2CO3 + TiO2] is added to the mix. The attrition 
treatment continues for another 2 hours. 

The obtained raw powders were dried overnight at 100°C and then calcined for 10 
hours at three different temperatures: 850°C, 950°C and 1050°C (heating rate 5°C/min). These 
values were selected using results obtained from the literature. The aim was to determine the 
lowest possible temperature to obtain suitable powders, in order to limit the grain growth, the 
bismuth evaporation and the energetic cost. After synthesis and characterization, we also 
examined the effect of annealing on the powders for 1 hour at the same temperature, in order 
to estimate the influence of such thermal treatment on phase purity and grain growth. Before 
annealing, the powders were attrition-milled for one hour at 1000 rpm in order to decrease the 
grain size and the amount of agglomerates. 

2.2 Characterization techniques 

The grain size distribution of the powders was determined using a laser particle size 
analyzer (Horiba LA 950 V2 Pratica). The measurements were carried out in water. The grain 
size distribution was extracted from the measurements considering the Fraunhofer 
approximations. From the literature, the refractive index of NBT-6BT is estimated to be 
between 2.35 and 2.55. The same device was used to follow the grain size evolution during 
attrition milling and also after synthesis and annealing of the powders. D10, D50 and D90 are the 
mean diameters associated respectively to 10%, 50% and 90% of the statistical population.  



The morphology of the powders was examined by scanning electron microscopy (SEM, 
LEO 1530 VP). The structural characterization of the powders and phase identification was 
performed by X-ray diffraction (XRD), using a θ / 2θ diffractometer (Bruker D8) with Cu Kα1 
wavelength (λ = 1.5406 Å). The crystalline phases were determined from XRD patterns 
recorded for 60 min, for 2θ values ranging from 20° to 80° with a step of 0.02°.  

The density of the powders was determined at room temperature using a pycnometer 
(Accupyc II 1340, Micrometrics). For the best obtained powders, dilatometric measurements 
were performed up to 1160°C (5 min dwell time), with 5°C/min heating and cooling rate 
(Setaram, TMA setsys evo 1600).  

The ferroelectric cycles of the ceramic samples were obtained at room temperature 
using the aixACCT device fitted with piezo sample holder unit (PSHU, Aixacct, Germany). The 
converse d33* piezoelectric coefficient was determined using the slope of the piezoelectric 
strain cycle. The dielectric properties and resonance curves of the ceramic samples after poling 
were measured using an impedance meter (Agilent 4294A) between 10 kHz and 5 MHz. The 
piezoelectric coupling coefficients kp and kt were calculated by the IEEE standard method using 
the resonance / antiresonance frequencies determined by impedance curves.  

3 Results and discussions 

3.1 Characterization of the precursors 

The particle size measurements and the morphology of raw precursors obtained by 
SEM are represented in Fig. 1. The results evidence that Na2CO3 present very large grain size 
(484 µm) with single mode distribution. For BaCO3, the grains present irregular morphology 
with a mean diameter around 1.6 µm. Bi2O3 powder is associated to a bimodal distribution, 
showing both faceted large grains (3.3 µm) and irregular small particles (0.3 - 0.4 µm). Finally, 
TiO2 grains are smaller (0.4 µm) than all the other raw materials. The large difference of the 
measured grain size (D50) confirms the requirement of milling in order to decrease grain size 
and thus increase reactivity before calcination. 

3.2 Processing of the NBT-6BT mixture before calcination 

3.2.1 Attrition milling and evolution of particle size during attrition-milling 

As mentioned hereabove, the synthesis route S1 differs from S2 in the order of addition 
of the precursors in the attrition system. During the process, samples were drawn from the mix 
every 15 min, in order to measure the grain size distribution. Each time a precursor is added, 
a sample was drawn just before the addition (T0 + 30, T1 + 30) and just after (T1, T2). The 
grain size evolution for S1 and S2 routes (D10, D50 and D90) is presented in Fig. 2 and Fig. 3. 
For S1, the results evidence an increase of the grain size after the introduction of Na2CO3 (D50 
and D90). Since Na2CO3 presents high solubility in water while BaCO3 is only weakly soluble, 
this grain size increase can be attributed to the precipitation of sodium carbonate, probably 
onto the surface of barium carbonate. Thus, this phenomenon is detrimental to the chemical 
homogeneity of the powder. We did not observed a similar phenomenon for S2 after the 
introduction of [Na2CO3 + TiO2]. Therefore, S2 route will probably induce better chemical 
homogeneity than S1. 

However, for both S1 and S2 routes and after 3 hours of attrition milling, an average 
grain size (D50) around 1 μm is obtained. The large particles observed before milling, especially 
for Na2CO3 (D50 around 480 µm) are no more present. At this stage of the powder processing, 
there is no obvious difference in grain size between the S1 and S2 routes and the D50 is similar. 



This result evidences that both routes allow a reduction in the grain size toward the desired 
value, around 1 µm, as expected from attrition milling.  

3.2.2 XRD and densities of calcined and annealed powders 

The XRD patterns of the powders calcined at 850°C, 950°C and 1050°C for 10h are 
presented in Fig. 4, together with the patterns of the 1 hour annealed powders. As expected, 
all XRD patterns reveal a perovskite phase, similar to the one reported for NBT-6BT (PDF4 
00-063-0299). We also detected a pyrochlore Bi2Ti2O7 secondary phase in different amounts, 
depending of the processing parameters. For S1 route, the amount of pyrochlore phase is 
large after the calcination at 850°C and decrease with increasing synthesis temperature (Fig 
4.a). Further annealing at the same temperature for one hour did not succeed in the elimination 
of this secondary phase (Fig 4.b). This result confirms that S1 route did not succeed in the 
chemical homogenization of the precursors. For S2 route, we obtained only a minor amount of 
Bi2Ti2O7 secondary phase after the calcination at 850°C, without secondary phase for the other 
temperatures (Fig 4.c). A one hour annealing easily eliminates this secondary phase (Fig 4.d). 

The densities of powders resulting from S1 and S2 routes are reported in table 1. The 
relative values are only indicatives and were calculated considering a theoretical density of 
5.95±0.01 g/cm3 (reference file: PDF4 00-063-0299). Globally, the densities are higher for S1 
route (5.86 – 5.96) than for S2 route (5.66 – 5.77). This reflects the occurrence of pyrochlore 
secondary phase, since Bi2Ti2O7 presents a higher density of 7.43 g/cm3 (ISCD #99437) than 
NBT-6BT. For S1 route, the densities globally increase while increasing calcination 
temperature (5.87 → 5.94). The annealing globally does not change the density values, apart 
at 1050°C (5.94 → 5.86). This last result probably comes from bismuth evaporation, since 
bismuth volatility at high temperature is well known for Bi-containing compounds. For S2, the 
obtained densities (5.67) are lower than for S1. This result agrees well with the absence of 
secondary phase observed by XRD (only a small amount of this phase was detected at 
850°C/10h). The measurements reveal an almost constant density (5.67) whatever the 
calcination temperature. Annealing increases the density values, probably indicating a better 
crystalline order after this further thermal treatment. Contrary to S1, annealing performed at 
1050°C improves the density (5.67 → 5.72), probably indicating that bismuth losses are higher 
for the pyrochlore phase than for perovskite phase.  

To sum up, S2 route leads to better results than S1, since no secondary phase appears 
from 950°C. A short annealing (1h) slightly increases the density, indicating a better crystalline 
order after annealing. Therefore, these results evidence that S2 route is favorable for obtaining 
the expected perovskite phase. Study of grain size and morphology will allow determination of 
the best calcination temperature. 

3.2.3 Grain size and grain morphology of the calcined and annealed powders 

Figure 5 represents the particle size distribution of the powders after calcination and 
annealing for both S1 and S2 routes and Figure 6 the corresponding SEM pictures. The 
analyses reveal a multimodal distribution of grain size for all samples. We remind that before 
annealing, the powders were attrition milled for one hour at 1000 rpm in order to decrease the 
amount of agglomerates. 

The measurements of S1 powders (Fig. 5.a.) present micrometer-sized particles (1.2 - 
1.5 µm) together with larger grains (30 - 45 µm) and very large ones assimilated to 
agglomerates (100 – 200 µm). The syntheses at the two lowest calcination temperatures, 
850°C and 950°C, lead to a high volume fraction of fine particles. The synthesis at 1050°C 
gives an equivalent volume of fine particles and larger grains. The corresponding SEM pictures 



(Fig.6 a, b, c) confirm the particle distribution results. Indeed, the powder synthetized at 
850C°/10h presents small grains, around 1 µm, associated to larger agglomerates composed 
of these grains. For 950°C, the elementary particles have a size with the same order of 
magnitude (1 µm), but their agglomeration degree increases. For the powders processed at 
1050°C, the elementary grains are a little bit larger. Moreover, the grains are not only 
agglomerated, but a large degree of coalescence is noticed. In addition, we observe 
agglomerated round-shaped very large grains. This result clearly indicates that sintering has 
begun for this temperature (1050°C) and to some lower extent for 950°C. 

The grain size of S1 annealed powders (Fig. 5.b) still presents a bimodal distribution. 
For 850°C, two populations are observed (0.45 and 1.5 µm), in agreement with the SEM picture 
(Fig. 6.d). For 950°C, most of the grain are measured around 1.5 µm, composed of smaller 
particles partly agglomerated (Fig. 6.e). Logically, for 1050°C (Fig. 6.f), the intermediate milling 
did not succeed in breaking the large and partly sintered grains observed after calcination.  

For S2, the grain-size distribution curves (Fig. 5.c) present particles around 1 µm for 
calcinations at 850°C and 950°C. For 1050°C, the smallest population is around 13 µm. For 
all the temperatures, another population larger than 30 µm is also observable. For 850°C (Fig. 
6.g), the grain size observed by SEM is around 1 µm, with only low agglomeration degree. For 
950°C (Fig. 6.h) and 1050°C (Fig. 6.i), the increasing temperature induces an increase of the 
coalescence degree of the elementary grains. The bridging between these grains changes and 
bottleneck grain boundaries appear, as usually reported in the sintering process.  

For the S2 sample annealed at 850°C (Fig. 5.d.), the short milling before thermal 
treatment allowed to reduce the grain size, since a new population is observed around 0.3 µm, 
while the second one remains around micrometer size (2.6 µm). The population at 77 µm is 
attributed to agglomerates, according to SEM picture (Fig. 6.j). For 950°C and 1050°C (Fig. 
5.d.), the annealing lead to an increase of the grain size with two populations, at 13 µm and 
~100 µm for 950°C, and around ~80 µm and 200 µm for 1050°C. These measurements agree 
well with the SEM pictures (Fig. 6.k and 6.l) which also show that annealing increases the 
coalescence degree compared to unannealed samples.  

To summarize, the results of both grain size measurements and SEM pictures evidence 
that synthesis at 850°C leads to a grain size around 1µm. The intermediate milling followed by 
annealing keeps the same grain size, with low degree of agglomeration. As the AD process 
requires micronic powders, the process with 850°C calcination without annealing, seems to be 
the most appropriate for powders suitable for the deposition tests. For 950°C and 1050°C, the 
increase of the temperature lead to larger grain size, with a coalescence degree more and 
more pronounced with higher temperatures. The SEM pictures evidence bottleneck grain 
boundaries between rounded grains, showing that sintering has already begun. In addition, the 
rounded grain shape could suggest the occurrence of a liquid phase. Indeed, the TiO2 - Bi2O3 
phase diagram indicates an eutectic point at 835°C for 97 mol% Bi2O3. Thus, it is likely that a 
transient liquid phase occurs during calcination. 

3.3 Dilatometric study of the powders and sintering 

As only the S2 route gave the NBT-6BT perovskite compound without secondary 
phase, dilatometric measurements were performed for the S2 powders calcined at 850°C, 
950°C and 1050°C (Fig. 7). For these powders, the shrinkage associated to sintering begins 
around 950°C. Then, its rate increases around 1000°C, giving a maximum rate around 1100°C. 
However, the final shrinkage is different and depends on the calcination temperature of the 
powder. The final values are 18.8%, 15.9% and 7.2% respectively for 850°C, 950°C and 
1050°C samples. They confirm the previous conclusion obtained by characterizations of 



powders. Indeed, since shrinkage begin around 950°C (Fig. 7), sintering already occurred 
during calcination for the 950°C/10h and 1050°C powders. Furthermore, for the 1050°C 
powder, the calcination led to rounded and large grains (10 - 100 µm), with high degree of 
grain coalescence. Thus, this powder is unsuitable for sintering, as demonstrated by the low 
value of final shrinkage (7.2%). The coalescence degree of 950°C powders is lower, leading 
to a higher final shrinkage (15.9%). However, both 950°C and 1050°C powders give lower 
sintering results than the 850°C ones, as supposed with the previous characterizations. 
Therefore, only 850°C powders appear to be suitable for sintering, with a final shrinkage value 
compatible with ceramic densification (18.8%). 

3.4 Electrical properties of ceramics 

In order to evaluate the ferroelectric/piezoelectric properties of ceramics obtained by 
these powders, ceramic samples were sintered using the S2 850°C/10h powder. Before 
sintering, the powder was treated by planetary milling (300 rpm, 2x15 min). The powder was 
then pressed into pellets of 25 mm in diameter and around 1 mm in thickness with a uniaxial 
pressure of 125 MPa. The sintering was then performed at 1150°C for 10 h. After surface 
polishing, silver was deposited on the pellets by sputtering. The poling of the ceramic samples 
was performed in silicon oil at 80°C for 4 kV/mm electric field. 

Figure 8 (a) shows a typical ferroelectric / piezoelectric cycle hysteresis loop for the NBT-
6BT pellet. The remnant polarization (Pr) and the coercive electric field (Ec) obtained from the 
P(E) hysteresis loops are 53.5 µC/cm2 and 2.5 kV/mm, respectively. The Pr value is slightly 
higher than reported values, Ec≈30-40 µC.cm-2 [48–50], while Ec value have the same order 

of magnitude Pr≈3 kV.mm-1 [48,49]. Thus, these measured values are characteristics of a well-
prepared powder and a well-densified ceramic. However, the polarization loop (Fig. 8 a) 
appears “rounded” for high fields. The saturation polarization is not fully reached, thus 
indicating a lossy behavior. This could be due to chemical defects induced by sintering, like 
oxygen vacancies. Indeed, the Bi-based materials are known as highly sensitive to bismuth 
losses during calcination and sintering. They induce oxygen vacancies which result in leakage 
current and pinning of the domain walls, associated to difficulty in poling process [51–53]. 
Further experiments are in progress in order to improve the sintering and obtain better 
polarization loops.  

Figure 8 (b) represents the S(E) strain – field unipolar response of the NBT-6BT pellet. A 
maximum strain of 0.11% was obtained for a 2.6 kV.mm-1 field (2500 V). This value makes 

them similar to the strain of ≈0.1% obtained for PZT ceramic materials [54] and for undoped 
NBT-BT [55,56]. The d33* converse piezoelectric coefficient, obtained from the piezoelectric 
cycle, is 358 pm.V-1, very close to the best-reported values for undoped NBT-6BT ceramics 
(240-380 pm.V-1) [55,56]. 

The measurements of the impedance curves around the resonances associated radial 
mode and thickness mode allowed the calculation of the coupling coefficients kp and kt. The 
calculated values are kp=0.22 and kt=0.37. These results agree well with the ones previously 
reported for NBT-6BT ceramic samples: kp=0.29 and kt=0.40 [35]. These results confirm the 
high quality of the powder obtain by the S2 route, which appears thus suitable for AD. 

3.5 Aerosol Deposition tests 

Finally, we used the obtained powders for AD tests, using the apparatus reported in a 
previous paper [4]. For these purpose, we retained a metallic Kovar substrate (thickness 0.125 



mm) for their use in the future elaboration of piezoelectric devices. The XRD pattern of the 
NBT-6BT film is presented in Fig.9. As a matter of comparison, the XRD patterns of the powder 
and of the kovar substrate are also presented, as well as the JCPDS card of NBT-6BT. The 
main XRD peak of NBT-6BT, observed around 32.5°, indicates that the film deposited by AD 
has the same perovskite structure as the powder. However, the XRD pattern of the AD film 
presents low diffracted intensity compared to that of the powder, together with a widening of 
the diffraction peaks. These phenomena clearly indicate a low grain size for the AD film 
compared to the powder. There is indeed a reduction in the grain size of the film linked to their 
distortion during deposition. The SEM top view (Fig. 9 b) evidences a rough surface, with 
occurrence of craters, one of the characteristic of the AD films. The SEM cross section 
obtained for a film prepared by Focused Ion Beam (Fig. 9. b) reveals a thickness of 38 µm. 
Despite the presence of micro porosities, the film presents a high density. These results 
indicate that we successfully obtained a NBT-6BT thick film by AD using our powder. The study 
of the properties of such films is under investigation and will be reported latter. 
4 Conclusion 

The aim of the present work was the study of the synthesis process of ceramic powders 
of lead-free piezoelectric material, devoted to the elaboration of piezoelectric thick films by 
aerosol deposition method (AD). For this purpose, we selected the 0.94 (Na0.5Bi0.5)TiO3 – 0.06 
(BaTiO3) (NBT-6BT) lead-free composition because of its piezoelectric properties. Since AD 
requires large batches of powder, we selected the classical solid-state route for the synthesis. 
Indeed, this method is the easiest and cheapest one in order to obtain large quantities of 
powder (100–500 g). The selected precursors are Na2CO3, Bi2O3, BaCO3 and TiO2 because 
of their low cost compared to precursors required by other methods. 

Before calcination, stoichiometric amounts of powders were homogenized / milled by 
attrition milling. For the same reason of simplicity and cost, we retained a one-step milling in 
water, rather than separate milling of the precursors and a more expensive solvent. We studied 
two different routes for the milling, which differ by the order of introduction of the precursors. 
The best results were obtained using the S2 route, which corresponds chronologically to Bi2O3 
→ BaCO3 → [Na2CO3 + TiO2]. Indeed, this route gave better chemical homogeneity of the 
precursors mix before calcination. Moreover, it avoids the occurrence of the Bi2Ti2O7 
pyrochlore secondary phase (at 950°C and 1050°C) or limits it at 850°C.  

These powders were calcined at three different temperatures for 10h: 850°C, 950°C 
and 1050°C. We also studied the influence of a post-calcination milling followed by a short 
annealing (1h) at the same temperature, in order to reduce the amount of secondary phase. 
The results evidenced that this elimination cannot be obtained when the chemical homogeneity 
is poor before calcination (S1 route) whereas this post treatment is efficient for S2 powders. 
The calcination and annealing at the highest temperature, 950°C/10h and 1050°C/10h, led to 
large grain size, with high coalescence of the grains. As demonstrated by the dilatometric 
measurements, this phenomenon comes from the pre-sintering of the NBT-6BT powder during 
calcination. Indeed, the shrinkage starts around 950°C with a maximum rate around 1100°C. 
Therefore, the best powders are the ones calcined at 850°C, lower that the starting sintering 
temperature.  

In order to test the ability of the powders for ceramic elaboration and their ability for AD 
method, ceramic samples were sintered using these powders. The results of the ferroelectric 
/ piezoelectric measurements, d33*=358 pm/V, kp=0.22 and kt=0.37 are similar to the best 
reported values for NBT-6BT. Because of these electrical properties, and since the grain size 
of this powder is around 1 µm, this synthesis process appears suitable for its use in aerosol 



deposition. Finally, we used these powders for AD test and obtained successfully NBT-6BT 
dense films with a thickness of tens of micrometers. The properties of these films are under 
investigation and will be reported latter. 
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  process Density (g/cm3) Relative density (%) 
(Typical error ± 0.5%) 

S1 

Calcination 

850°C/10h 5,870 ± 0,001 98,6 

950°C/10h 5,860 ± 0,009 98,5 

1050°C/10h 5,943 ± 0,001 99,8 

Annealing  

850°C/1h 5,960 ± 0,003 100 

950°C/1h 5,932 ± 0,001 99,7 

1050°C/1h 5,864 ± 0,001 98,5 

 

S2 

Calcination 

850°C/10h 5,671 ± 0,001 95,3 

950°C/10h 5,660 ± 0,001 95,1 

1050°C/10h 5,667 ± 0,001 95,2 

Annealing 

850°C/1h 5,765 ± 0,003 96,9 

950°C/1h 5,745 ± 0,001 96,6 

1050°C/1h 5,719 ± 0,002 96,1 

 
Table 1: Densities of the powders elaborated by S1 and S2 routes after calcination and 

annealing. The relative densities were calculated with a reference value of 5.95 ± 0.01 g/cm3 
(reference file: PDF4 00-063-0299) 

 
  



 

 
Fig. 1 : Particle size distribution and SEM pictures of a) Bi2O3, b) BaCO3 c) Na2CO3 and d) 

TiO2 (color online)  



 
 

 
Fig. 2: Evolution of grain size distribution during S1 route attrition milling process. T0, T1 and 
T2 are the times of introduction into the mix of respectively BaCO3, Na2CO3 and [Bi2O3+TiO2] 

(color online) 
  



 

 
 
Fig. 3 : Evolution of grain size distribution during S2 route attrition milling process. T0, T1 and 

T2 are the times of introduction into the mix of respectively Bi2O3, BaCO3 and [Na2CO3 + 
TiO2] (color online) 

 
  



 

 
Fig. 4 : XRD patterns of the powders coming from: (a) S1 route after calcination, (b) S1 route 
after annealing, (c) S2 route after calcination and (d) S2 route after annealing (XRD patterns 

are normalized to unity using the main pic of NBT-6BT) (color online) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Fig. 5 : Grain size distribution of NBT-6BT powders coming from: (a) S1 route after 

calcination, (b) S1 route after annealing, (c) S2 route after calcination and (d) S2 route after 
annealing (color online) 

 
 
  



 

 
Fig. 6 : SEM pictures of the NBT-6BT powders coming from S1 route after calcination: (a) 

850°C/10h, (b) 950°C/10h, (c) 1050°C/10h, S1 route after annealing (d) 850°C/1h, (e) 
950°C/1h, (f) 1050°C/1h, S2 route after calcination; (g) 850°C/10h, (h) 950°C/10h, (i) 

1050°C/10h, S2 route after annealing (j) 850°C/1h, (k) 950°C/1h, (l) 1050°C/1h 
  



 

 
Fig. 7: Dilatometric study of the powders coming from S2 route (color online) 

 
 
  



 
 

 
Figure 8 : (a) P(E) and strain hysteresis cycles and (b) unipolar strain cycle for different 

values of maximum voltage for NBT-6BT poled sample sintered at 1150°C for 10h (color 
online) 

  



 
Figure 9 : (a) XRD patterns for kovar substrate, NBT-6BT powder and NBT-6BT film 

obtained by AD, (b) SEM top view and (c) SEM cross section of the NBT-6BT AD film 
 
 


