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Abstract: (1 − x)(Na0.5Bi0.5)TiO3–xBi(Mg2/3Nb1/3)O3 ceramics with x = 0.00 mol.% (0BMN), 0.01 mol.%
(1BMN), 0.03 mol.% (3BMN), and 0.05 mol.% (5BMN) were synthesized using a solid-state processing
technique. The thermogravimetric analysis (TGA) of uncalcined samples up to 730 ◦C showed that
the maximum weight loss was observed for 3BMN, whereas the minimum weight loss was attributed
to the 0BMN sample. After that, calcination was performed at 800 ◦C for 4 h. The XRD of calcined
samples showed the successful formation of the perovskite phase with no impurity phases. 1BMN
and 3BMN samples showed some of the lattice strain; however, a morphotropic phase boundary
(MPB) existed around x = 0.03 between the rhombohedral and tetragonal structure. The TGA of the
green pellets showed weight loss up to the sintering temperature (1100 ◦C) and during the 3 h holding
period. 5BMN showed the maximum weight loss up to sintering temperature, as well as during the
holding period, whereas 0BMN displayed the minimum weight loss up to sintering temperature, as
well as some weight gain during the holding period. The relative permittivity (εr) was maximum at
low frequencies, but the addition of BMN improved the εr. The frequency dependence of dielectric
loss (tanδ) showed that the maximum loss was observed for 3BMN at lower frequencies, and 5BMN
showed the maximum loss at higher frequency among all samples.

Keywords: lead-free; NBT–BMN; weight loss; dielectric; piezoelectric ceramics

1. Introduction

Piezoelectric ceramics primarily based on lead oxide (PbO) are commonly used as
piezoelectric actuators, sensors, and transducers for their exceptional piezoelectric prop-
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erties [1]. Nonetheless, evaporation related to the hazardous nature of PbO during high-
temperature sintering not only leads to ecological pollution, but also triggers variability of
the composition and electrical characteristics of material [2,3]. Consequently, researchers
around the world are focused on the synthesis of green lead-free piezoelectric ceramics to
eliminate the hazardous lead oxide-based ceramics [4]. The research on lead-free piezo-
ceramics has already started a new journey to replace lead zirconium titanate (PZT) with
nonharmful choices [5]. Moreover, the European Union (EU) passed legislation on Restric-
tion of Hazardous Substances (RoHS), Waste from Electrical and Electronic Equipment
(WEEE), and End of Life Vehicles (ELV), propelling scientists to take out poisonous sub-
stances from electrical and electronic devices to lessen their effect on the surroundings and
wellbeing of people [6]. Sodium bismuth titanate (Na0.5Bi0.5TiO3 denoted as NBT) is one
of the emerging lead-free ceramics, and it was discovered in 1960 [7,8]. It has a distorted
perovskite structure (ABO3) with rhombohedral R3c symmetry at room temperature (RT). It
exhibits superior dielectric, piezoelectric (d33 = 73 pC/N), and electromechanical properties
and could potentially replace PZT; however, it has some major drawbacks, such as the va-
porization of Na1+ and Bi3+ at high temperatures, the low piezoelectric constant (d33), high
coercive field (Ec), low depolarization temperature (Td), and high conductivity [9,10]. It
has been established that Bi vaporizes at high sintering temperatures (>1150 ◦C). Moreover,
Hiruma et al. revealed that Bi vaporizes when sintered at 1100 ◦C due to the high dielectric
loss of undoped BNT ceramics at T > Td, which makes poling treatment difficult due to high
conductivity and pinning of domains. The difficulties related to bismuth (Bi) volatilization
can be reduced by doping stable oxide-containing compounds in NBT [11]. Kimura et al.
observed that the excess Bi2O3 increased the sintered density because of a decrease in grain
growth. It was reported that excess Bi2O3 enhances texture development and improves
piezoelectric properties [12]. In another study, stoichiometric and nonstoichiometric BNT
ceramics were prepared to clarify the effects of Bi and Na vaporizations on phase transitions
and electrical properties. It was concluded that the dielectric losses were decreased and
d33 increased when the Bi/Na ratio increased. Furthermore, the resistivity was increased
with excess Bi and the leakage current was very small above Td for BNT-Bi(0.01) because of
low conductivity [11]. The CeO2-doped NBT also showed a superior piezoelectric constant
(d33) and other electronic properties [13]. Recently, a new NBT-based relaxor ferroelec-
tric was prepared by combining NBT with Bi1/2(Mg2/3Nb1/3) O3 (BMN), which gave
d33 = 94 pC/N at x = 0.07. Furthermore, the values of dielectric constant and electrome-
chanical coupling factor also increased when BMN was added to NBT [14]. Another study
showed the effects of excess Bi on 0.99Bix (Na0.8K0.2)0.5–0.01SrTiO3 (x = 0.5–0.535). The ex-
cess Bi increased RT strain properties and gave a d33* value of 440 pm/V [15]. Furthermore,
a study on (1 − x) (0.8Bi1/2Na1/2TiO3–0.2Bi1/2K1/2TiO3)–xBiMg2/3Nb1/3O3 (100xBMN)
(BNT–BKT–BMN) ceramics revealed that the introduction of BMN gave rise to strain prop-
erties and aided the transformation from ferroelectric to relaxor phase. The maximum
value of d33* was also found to be 784 pm/V [16]. Another study showed the improve-
ment in ferroelectric and piezoelectric properties of 0.8Bi1/2Na1/2TiO3–0.2Bi1/2K1/2TiO3
(BNT–BKT, BNKT) by doping Bix/3Mgy/3Nbz/3O3 (BMN) [17]. Another study revealed
that the (1−x)[0.85BaTiO3–0.15Bi(Mg2/3Nb1/3)O3]–xNa0.5Bi0.5TiO3 (BT–BMN–NBT) sys-
tem gives an improved dielectric constant and dielectric loss [18]. Therefore, in this study,
we prepared a binary solid solution of (1 − x)Na0.5Bi0.5TiO3-xBi(Mg2/3Nb1/3) ceramics
to observe the effect of BMN on Na and Bi volatility during the calcination and sintering
process. Another goal of this study was to study the effect of different concentrations of
BMN on the dielectric properties of NBT–BMN piezoelectric ceramics.

2. Experimental Procedure

The (1 − x)Na0.5Bi0.5TiO3–xBi(Mg2/3Nb1/3)O3 (NBT–BMN) ceramics with x = 0.00 mol.%
(0BMN), 0.01 mol.% (1BMN), 0.03 mol.% (3BMN), and 0.05 mol.% (5BMN) were prepared
using a conventional solid-state sintering technique. Na2CO3, Bi2O3, TiO2, MgO, and
Nb2O5 were used as raw materials with 99.9% purity (Daejung Chemicals & Metals Co.,
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Ltd, Shiheung-city, Korea) and were stoichiometrically weighed in hot conditions to avoid
any moisture pickup. The powders were subjected to planetary ball milling at 300 rpm
in ethanol solution for 2 h. Zirconia jars and zirconia balls of diameter ranging from 5 to
20 mm were used as grinding media. After the ball milling process, the slurry was dried in
a drying oven at 80 ◦C to let the ethanol evaporate. Then, the mixed powders were crushed
in a mortar and pestle to break the agglomerates. Finally, the powder was passed through
a sieve of mesh size 149 µm. Thermogravimetric analysis (TGA)/differential scanning
calorimetry (DSC) was performed on the sample using an SDT Q600 Thermal Analyzer
(TA instruments, New Castle, DE, USA) to determine the weight losses and perovskite
phase formation temperature. The temperature was raised from 30 ◦C to 950 ◦C at a rate
of 10 ◦C/min. According to the results, the calcination temperature was determined and
finalized. All the compositions were calcined at 800 ◦C for 4 h in an alumina crucible
by a chamber furnace (PLF 130/18, Protherm Furnaces, Ankara, Turkey). Calcination is
an important step to remove the carbonates from the powders and for perovskite phase
formation. The heating rate and cooling rate were set to be 5 ◦C/min. A small sample from
the calcined batch was crushed using a mortar and pestle, and then the X-ray Diffraction
(XRD) of these samples was performed on an X’Pert PRO (PANalytical, Almelo, The
Netherland), to verify the perovskite phase formation. The diffraction patterns were
recorded over the angular range (2θ) from 15◦ to 80◦ at room temperature. The whole batch
of the calcined sample was again ball-milled in ethanol for 1 h, dried, crushed using mortar
and pestle, and sieved over the mesh size 149 µm. The powders were then die-pressed into
discs of 12.8 mm diameter in a pressing machine. Polyvinyl alcohol (PVA) was used as
the binder, and a pressure of 2000 psi (140 bar) was uniaxially applied on the powder for
45–60 s to get the compacted green pellet. The TGA/DSC of green pellets was performed
on an SDT Q600 Thermal Analyzer (TA instruments) to understand the weight loss under
the sintering conditions. The heating rate was set to be 5 ◦C/min and, after reaching
1100 ◦C, the samples were held for 3 h in air at this temperature to complete the sintering
cycle. The green pellets were sintered in an energy-saving box furnace at 1100 ◦C for 3 h.
The pellets were first heated at 600 ◦C at a rate of 5 ◦C/min for 2 h to remove the binder
and other organic materials. Then, the temperature was raised to 1100 ◦C at a heating rate
of 5 ◦C/min. After sintering at 1100 ◦C, the samples were allowed to cool down at a rate
of 5 ◦C/min until 400 ◦C. Below 400 ◦C, the furnace was turned off and the samples were
allowed to furnace cool until room temperature. The dielectric measurements were carried
out using an LCR meter TH2826 by Tonghui (Changzhou Tonghui Electronic Co., Ltd.,
Changzhou, China). The silver coating was applied on the sintered samples to measure
the frequency dependence of relative permittivity (εr). The current was kept constant at
100 mV, and the frequency was increased from 1 kHz to 1 MHz.

3. Results and Discussion
3.1. TGA/DSC of Uncalcined Samples

Figure 1 shows the TGA/DSC results of the uncalcined samples. There were three
distinct/major weight loss steps, as shown in Figure 1b; therefore, the weight loss during
TGA was divided into three stages. Furthermore, the weight losses for all the batches are
summarized in Table 1.

Table 1. Weight loss during TGA of uncalcined samples.

Batch Weight Loss due to
Moisture

Weight Loss during
Crystallization

Weight Loss during
Calcination Total Weight Loss (%)

0BMN 2.03 5.35 7.62 10.57
1BMN 2.52 5 7.76 12.42
3BMN 3.57 7.16 10.68 16.52
5BMN 3.78 3.71 6.83 12.51
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Figure 1. (a) DSC and (b) TGA of uncalcined samples.

Weight loss during stage-1 was associated with the evaporation of moisture [19].
This was confirmed by the first endothermic peaks in the DSC curve, which appeared
around 100 ◦C and are represented inside the dashed square in Figure 1a. Furthermore, the
maximum weight loss due to moisture was observed for the 5BMN sample. In addition, as
the amount of BMN increased, the moisture loss also increased.

Weight loss during stage-2 was due to the decomposition of carbonates and the escape
of CO2 gas [20]. The start of stage-2 was attributed to the first exothermic peak in the DSC
curve, represented by dashed arrows in Figure 1a. However, the starting temperature of
stage-2 was different for all the batches ranging from 287 ◦C for 3BMN to 360 ◦C for 0BMN.
The last weight loss step, i.e., Stage-3, was attributed to the weight loss during perovskite
phase formation and crystallization of (1 − x) NBT–xBMN. In the DSC curve (Figure 1a),
there were two peaks in the temperature range of 500 ◦C and 750 ◦C. The second exothermic
peak marks the start of stage-3 (crystallization) and the second endothermic peak marks its
end. A maximum weight loss of 7.16% was observed for 3BMN during stage-3. No further
significant weight loss was observed beyond 730 ◦C, showing the complete crystallization
of perovskite structure [21].

To evaluate the weight loss during calcination due to the removal of CO and CO2,
the weight loss from the start of stage-2 to the end of stage-3 was considered, as shown in
Figure 1b. The maximum weight loss of 10.68% was observed for the 3BMN sample. 5BMN
displayed the minimum weight loss during calcination (6.83%). The total weight loss was
the total weight reduced from the material from the beginning of stage-1 to the end of
stage-3 (~730 ◦C). The maximum total weight loss was observed for the 3BMN sample,
which was around 16.52%. The reason for this could be the presence of rhombohedral–
tetragonal MPB that exists around x = 0.03, as discussed in the XRD results in the next
section. The distortion in the crystal structure may have been the reason for the high
volatility of the sample as shown in Table 1. The minimum total weight loss of 10.57%
was shown by 0BMN. This shows that the addition of BMN promoted the weight loss in
NBT as compared to pure NBT during calcination. The TGA curve even showed a slight
weight loss beyond stage-3, indicating the volatility of Na and Bi at higher temperatures.
Therefore, to minimize further weight loss, the calcination temperature was set to 800 ◦C.
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3.2. XRD of Calcined Samples

The XRD of calcined samples was performed to assess the perovskite phase formation
and the effect of BMN on the crystal structure of NBT. Figure 2a shows the XRD spectra
in the 2θ range from 15◦ to 75◦ of all the samples calcined at 800 ◦C. A perovskite struc-
ture without any impurity peaks was confirmed for all the samples, showing that BMN
completely diffused into the structure of NBT [16,22].

Figure 2. (a) XRD patterns of calcined (1 − x)NBT–xBMN samples; (b–d) show enlarged XRD
patterns of (111), (200), and (110) diffraction peaks, respectively.

The (111), (200), and (110) peaks are magnified in Figure 2b–d, respectively. In
Figure 2c, the (200) peak started to split, and a new peak started to emerge from the
left in the 3BMN sample. This new (002) peak can be seen in the 5BMN sample. This means
that the structures for 0BMN and 1BMN were rhombohedral with R3c symmetry [15,16];
however, with the increasing amount of BMN, the structure became tetragonal with P4bm
symmetry [23,24]. Consequently, it could be said that there is a rhombohedral–tetragonal
MPB that exists around x = 0.03 for the NBT–BMN system.

As shown in Figure 2d, the height of the (110) peak was low for 0BMN; however,
the height increased for 1BMN and 3BMN samples. This increase in peak intensity indi-
cated a more ordered and highly crystallized structure [25]. Nevertheless, the intensity
sharply decreased in the case of 5BMN, suggesting strain relaxation in the structure as it
transformed from rhombohedral to tetragonal. Since the effective radii of (Mg2/3Nb1/3)3+

and Ti4+ are 0.069 and 0.061 nm respectively, the broadening of the (111) peak in Figure 2b
also indicated the lattice strains in the crystal induced by the addition of BMN due to the
substitution of (Mg2/3Nb1/3)3+ for Ti4+ [26].

3.3. TGA during the Sintering Process

The TGA/DSC of green pellets for all four samples was done to evaluate the weight
loss up to and at the sintering temperature. Figure 3 shows the TGA curves of all the
samples during sintering. The weight loss observations are summarized in Table 2. It
has been established by previous researchers that Na1+ and Bi3+ cations start evaporating
at high sintering temperatures (>1130 ◦C) [24]. This causes vacancies at the A-site in the
crystal lattice, which affects the structural homogeneity, stoichiometry, and properties of
NBT [13].

Figure 3 shows that 5BMN displayed the maximum weight loss of 5.3% and 0BMN
showed the minimum weight loss of 2.88% up until sintering temperature. The major
portion of this weight loss could be attributed to the moisture and binder loss, which
was added during the compaction of green pellets. Moreover, upon holding the samples
at 1100 ◦C for 3 h, there was a notable increase in the weight of 0BMN, whereas 5BMN
displayed further weight loss of 1.18% during the same holding period. Moreover, 1BMN
and 3BMN showed very slight weight loss. 0BMN displayed a weight gain of (+)0.4% until
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the end of the sintering period. It is interesting to note that, at such a high temperature, the
weight increased instead of decreasing.

Figure 3. TGA curves for 0BMN, 1BMN, 3BMN, and 5BMN during sintering at 1100 ◦C for 3 h in the air.

Table 2. Weight loss/gain (+) during sintering.

Batch Weight Loss up until
Sintering Temperature (%)

Weight Loss/Gain (+) during
Sintering (%)

0BMN 2.88 (+)0.4
1BMN 3.61 0.18
3BMN 3.57 0.06
5BMN 5.3 1.18

In order to study the phenomenon behind the weight gain, it is important to determine
the crystal structure changes and/or new compound formation during sintering. For this
purpose, the TGA/DSC curve during sintering was also plotted for 0BMN, as shown in
Figure 4.

Figure 4. TGA/DSC curves of 0BMN sample during sintering at 1100 ◦C for 3 h in the air.
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Nevertheless, there were no visible exothermic and endothermic peaks during the 3 h
holding at 1100 ◦C. This represents no major crystal structure changes. However, sintering
in the air reduced the number of oxygen vacancies and led to the decomposition of the
material to keep charge neutrality. Further research could be done for 0BMN to establish
the reason for weight gain during sintering.

3.4. Frequency Dependence of Relative Permittivity (εr)

Figure 5 shows the frequency dependence of relative permittivity (εr) of 0BMN, 1BMN,
3BMN, and 5BMN samples at room temperature. The εr was maximum at low frequencies
for all four samples. The εr of the 5BMN sample (750) was the maximum among all the
samples, whereas the εr of the undoped sample i.e., 0BMN was the minimum among
all at all frequencies. This showed the increase in εr as BMN increased in NBT [17,18].
Moreover, the εr decreased when measuring frequency increased due to a decrease in
polarization [27]. At low frequencies, all the polarization mechanisms were activated,
whereas, at higher frequencies, polarization mechanisms ceased to function. Therefore,
the net polarization of the material decreased, which led to the decrease in εr. It is proven
that relative permittivity (εr) was a function of frequency and was very prominent in
the above results. The lattice distortions caused by the A or B site disorder caused the
abovementioned behaviors. The Bi3+ ions substituted the A site and (Mg2/3Nb1/3)3+ ions
substituted the B site of the perovskite crystal structure and caused lattice distortions
in the material [10]. The polarization switching required a high dielectric constant as
BMN increased in NBT [16]. Furthermore, the higher εr of 5BMN could be due to better
densification during sintering [22]. The difference in the decrease in relative permittivity
(εr) as the frequency increased was maximum in the 5BMN sample and minimum in the
0BMN sample. This trend shows the difference in the decrease in the rate of relative
permittivity (εr) increase as BMN doping increased.

Figure 5. Frequency dependence of relative permittivity (εr).

3.5. Frequency Dependence of Dielectric Loss (tanδ)

The frequency dependence of dielectric loss (tanδ) for sintered 0BMN, 1BMN, 3BMN,
and 5BMN samples at room temperature was determined, as shown in Figure 6. For 3BMN,
the steep decrease in tanδ in the frequency range of 1 kHz and 100 kHz indicated leakage
current [28]. During polarization (below 10 kHz), 3BMN showed the maximum loss. As the
frequency started to increase, the dielectric loss slightly decreased for 0BMN. For 1BMN, it
started to increase with the increase in frequency, whereas, for 5BMN, it stayed within a
certain range. At lower frequencies, the friction due to dipole rotation increased dielectric



Coatings 2021, 11, 676 8 of 10

losses. There was a slight hump in the losses of all samples in the range of 100 kHz to
1000 kHz, showing relaxor behavior [29]. This could be attributed to the change in the
polarization mechanism due to the increase in frequency [9,30]. At higher frequencies (i.e.,
1000 kHz), 5BMN displayed the highest tanδ, whereas 0BMN displayed the lowest tanδ
among all samples.

Figure 6. Frequency dependence of dielectric loss (tanδ).

4. Conclusions

In this study, (1 − x)Na0.5Bi0.5TiO3–xBi(Mg2/3Nb1/3)O3 ceramics (x = 0 mol.%, 1 mol.%,
3 mol.%, and 5 mol.%) were synthesized by conventional solid-state processing route to
evaluate their thermal behavior during calcination and sintering. The calcination was
performed at 800 ◦C for 4 h, and sintering was performed at 1100 ◦C for 3 h. TGA/DSC
of the as-milled powder was performed to understand the weight loss during calcination.
3BMN displayed the maximum and 5BMN displayed the minimum weight loss during
the calcination process; however, the minimum total weight loss of 10.57% was shown by
0BMN. The XRD spectra showed that all samples had a single-phase perovskite structure,
but there was a structural change from rhombohedral to tetragonal symmetry around
x = 0.03. Moreover, 1BMN and 3BMN samples also showed lattice strain due to the addi-
tion of BMN. TGA of the green pellets was also done to evaluate the weight loss during
sintering. 5BMN showed the maximum weight loss up until sintering temperature, as
well as during the holding period; however, 0BMN displayed the minimum weight loss
up until sintering temperature, along with some weight gain during the holding period.
The DSC curve for 0BMN showed no major peaks that could indicate structural changes
during the holding period. Further research could be done to evaluate the reason behind
this weight gain. The frequency dependence of relative permittivity (εr) showed that the
εr was maximum at low frequencies for all the samples; however, the increase in BMN
content increased εr. Furthermore, increasing the frequency resulted in a decrease in εr due
to the lattice distortions of dopant ions. The frequency dependence of dielectric loss (tanδ)
showed that the maximum loss was observed for 3BMN at lower frequencies (<10 kHz).
However, 5BMN showed the maximum loss at higher frequency among all samples.
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