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Abstract

In this paper, phase composition, microstructure, dielectric, ferroelectric and failure behaviour of lead-free
(1-x)(Bi0.5Na0.5TiO3-BaTiO3)-xLiNbO3 (BNT-BT-LN, x = 0.01, 0.03, 0.05, 0.07 and 0.10) ceramics were inves-
tigated. The introduction of LiNbO3 did not change the original perovskite crystal structure of the ceramics
with the coexistence of rhombohedral and tetragonal phases. However, with the increase of x (i.e. LN content),
the characteristic split XRD peaks became more and more symmetrical. It was observed by scanning electron
microscopy that the growth of ceramic grain size was promoted with the increase of LN content. The dielec-
tric temperature stability was also effectively improved with addition of LN. When x = 0.07, the temperature
coefficient of capacitance (TCC150 °C) was below ±15% in temperature range of 35–400 °C with moderate per-
mittivity (εr150 °C = 2050) and low dielectric loss (tan δ150 °C = 0.005). The RC time constant of this sample
was higher than 19.3 s at temperatures up to 245 °C. The mean time to failure (TTF) empirical formula for the
BNT-BT-LN dielectrics was established through highly accelerated life test. As predicted, the TTF could reach
4.67 × 106 h under the applied electric field of 7 kV/mm at room temperature.
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I. Introduction

In recent years, the miniaturization and lightweight

design concept of electronic components and their di-

versification of application fields put forward more

stringent requirements for the high temperature elec-

trical performance and resistance stability of dielec-

tric materials [1]. It has become clear that electronic

components that can operate at environment tempera-

tures above 150–200 °C without external cooling sup-

port a series of important applications, such as power

modules in drilling equipment and engines [2]. A va-

riety of dielectric ceramic systems have been reported

for high temperature dielectric capacitors, including

BaTiO3 [3,4], (K0.5Na0.5)NbO3 [5] and PbZrO3 based

systems [6–9]. Among them, lead-free Bi0.5Na0.5TiO3-

BaTiO3 (BNT-BT) multi-component solid solution di-

electric ceramics are considered as one of the new and
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promising candidates because of their large dielectric

constant and wide operating temperature window [10].

The resistance degradation of dielectrics or capaci-

tors is a process in which the leakage current of dielec-

tric material changes with time under the action of ap-

plied electric field [11]. Traditionally, the dielectrics are

applied under the voltage and temperature conditions

close to the actual application until they fail, and then

the mean time to failure (TTF) is recorded. This ap-

proach is extremely time-consuming, taking weeks to

months to complete a set of tests. It takes even longer

to evaluate the effects of different experimental condi-

tions on the lifetime of capacitors. HALT (highly accel-

erated life test) technology overcomes the above short-

comings. High temperature and high voltage are applied

on the sample to greatly shorten the failure time. Then,

through establishing empirical formula, the TTF under

any condition can be predicted.

In this work, a series of BNT-BT ceramics modified

with LiNbO3 (LN) were fabricated using high tempera-
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Table 1. Composition, sintering temperature and density of BNT-BT-LN ceramic samples

Composition
Sintering

temperature [°C]

Bulk density

[g/cm3]

Relative

density [%TD]
Sample name Proportion of BNT-BT Proportion of LN

[mol%] [mol%]

LN-1 99 1 1140 5.83 97.3

LN-2 97 3 1080 5.84 97.9

LN-3 95 5 1080 5.78 97.4

LN-4 93 7 1080 5.72 97.3

LN-5 90 10 1080 5.64 96.7

ture solid state reaction method. We focused on the ef-

fects of LiNbO3 addition on dielectric properties and

temperature stability in the range from room tempera-

ture to 400 °C. The degradation of the insulation resis-

tance of BNT-BT-LN dielectrics was also analysed by

HALT.

II. Experimental

(1-x)(0.92Bi0.5Na0.5TiO3-0.08BaTiO3)-xLiNbO3 (x

= 0.01, 0.03, 0.05, 0.07 and 0.10 with sample notation

L1, L2, L3, L4 and L5, respectively) ceramics were

synthesized by high-temperature solid state reaction

method. Firstly, the reagent grade powders TiO2

(98.5%), Bi2O3 (99.0%), BaCO3 (99.0%), Na2CO3

(99.8%), Nb2O5 (99.5%) and Li2CO3 (98.0%) were

weighed according to the designed compositions. After

ball milling for 24 h in nylon jars, the mixed raw

materials were calcined at 800 °C for 2 h, pressed into

round blocks and sintered at 1080–1140 °C for 2 h.

X-ray powder diffraction with Cu Kα radiation

(PANalytical X’Pert PRO, Holland) and laser Raman

spectrometer (Horiba HR Evolution, France) were used

to determine the phase purity and crystal structure.

Densities of the samples were measured by the princi-

ple of Archimedes’ method. The scanning electron mi-

croscopy (Quanta 450 FEG, USA) and energy disper-

sive X-ray spectroscopy were used to characterize the

morphology of the grains and the elemental distribu-

Figure 1. XRD patterns of prepared BNT-BT-LN ceramics
(a) and schematic diagram of the corresponding crystal

structure (b)

tion. The impedance analyser (Agilent E4980A, USA)

was used to measure the dielectric properties. The fer-

roelectric workstation (HVI0403-239, Radiant Technol-

ogy, USA) was used to measure the ferroelectric prop-

erties. The discharge energy-storage density (Wr) and

the charge energy-storage density (W ′) were evaluated

according to the following equation:

W =

E
∫

0

E dP (1)

where E is applied electric field and P is polarization.

The energy-storage efficiency (η) can be calculated by:

η =
Wr

W ′
(2)

III. Results and discussion

3.1. Structure characterization

All the BNT-BT-LN ceramic samples can be well sin-

tered at 1080–1140 °C with the relative density above

96.7 %TD, as listed in Table 1.

XRD patterns (2θ = 20°–80°) of the BNT-BT-LN

ceramics, presented in Fig. 1a, confirm that only a

pure perovskite structure can be identified and no sec-

ondary impurity was found. It is indicated that in the

studied composition range, BT and LN completely dif-

fused into BNT lattice to form solid solutions. From the

enlarged diffraction patterns (2θ = 38°–48°), the split

peaks (003)/(021) at 2θ = 39°–41° and (002)/(200) at

2θ = 46°–47° could be observed in the sample LN-1.

The result corresponded to the coexistence of rhom-

bohedral and tetragonal phases, which was similar to

other reported BNT-based ceramic systems [12]. With

the increase of x (i.e. LN content), the (003)/(021) and

(002)/(200) split peaks became more and more sym-

metrical. For the composition LN-5, the peaks grad-

ually merged into single peak, exhibiting pseudo cu-

bic structure. The crystal lattice structures were illus-

trated in Fig. 1b. The “rhombohedral + tetragonal →

pseudo cubic” phase structure transition behaviour in

BNT-based ceramics with the introduction of a second

or third solid solution end-member has been extensively

reported [13,14]. It is considered to be caused by the

decline of the polar rhombohedral phase and the weakly

polar tetragonal phase.
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Figure 2. Raman spectra of BNT-BT-LN ceramics (a) and fitting of LN-5 Raman spectra with Gaussian function (b)

To further identify the local structure evolution with

varying LN content, the Raman spectroscopy for the

BNT-BT-LN ceramics was measured at ambient tem-

perature and fitted using Gaussian function, (Fig. 2).

All Raman modes showed broad spectra due to the re-

laxor ferroelectric nature of BNT-BT-LN ceramics. Four

peak regions can be observed in each sample. The first

mode was located below 200 cm−1, which was related

to the A-site vibration of perovskite [15], including

Bi3+, Na+, Ba2+ and Li+ ions in BNT-BT-LN ceram-

ics. The second mode was approximately in the range

of 200–450 cm−1. It is believed that it is associated with

the Ti–O bonds vibration [16]. The third peak region

from 450 to 700 cm−1 was related to the BO6 octahedra

vibration [17] and the fourth mode region >700 cm−1

was connected to the A1 (longitudinal optical) and E

(longitudinal optical) overlapping bands [18]. To ob-

serve the spectra more intuitively, they were decon-

Figure 3. Cross-section SEM images and the corresponding grain size distribution (a-e) and average grain sizes (f) of
BNT-BT-LN ceramics; element mapping images and elemental composition (g,h) of 0.93(BNT-BT)-0.07LN (LN-4) ceramics
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Figure 4. Temperature dependent permittivity of BNT-BT-LN ceramic samples at different frequencies (a-e) and the variation
of Tm, Ts, εm, εs with LN content (f)

voluted into seven peaks based on the Gaussian func-

tion. All R-square coefficients of the fitted data were

higher than 99.9%. With increasing LN content, there

was no significant difference in the Raman spectra of

the high-frequency overlapping bands in the range 450–

1000 cm−1, while the Ti–O bond vibration peak shifted

slightly downward. In addition, the peaks revealed a ten-

dency towards broadening with LN addition due to the

formation of weak polarity unit cell in the pseudo-cubic

matrix. This is thought to be related to the augmenta-

tion of structure disorder caused by the introduction of

elements (Ba, Li, Nb) at A- and B-sites [19]. As a re-

sult, the long-range ferroelectric orders in BNT-BT-LN

ceramics were broken and the polar regions with a de-

creased size were induced by LN incorporation.

All prepared BNT-BT-LN ceramic samples exhib-

ited low porosity and compact microstructure (Fig. 3).

The introduction of LiNbO3 promoted the grain growth.

Thus, with the increase of LiNbO3 content from 1 to

5 mol%, the average grain size of the BNT-BT-LN ce-

ramics gradually increased from 0.78 to 1.75µm. De-

tailed grain size distribution was presented in the in-

sets of Figs. 3a-e and Fig. 3f. It is believed that the

grain growth in BNT-BT based ceramics with the ad-

dition of the third component is closely related to the

formation of oxygen vacancies [20]. It is known that

Bi and Na elements volatilize easily during sintering in

BNT based ceramic system, leading to the presence of

V ′
Na

and V ′′′
Bi

being negatively charged. According to the

principle of electrical neutrality, oxygen vacancies V••
O

with positive charges appear [21], which facilitates the

mass transfer during ceramic sintering, thus promoting

grain growth. The element mapping and elemental com-

position of the 0.93(BNT-BT)-0.07LN (LN-4) ceramics

were illustrated in Figs. 3g,h. It can be seen that Na, Bi,

Ba, Ti, Nb and O elements were uniformly distributed

in the selected region without evident component segre-

gation.

3.2. High-temperature dielectric properties

Permittivity at room temperature for all the composi-

tions was around 1497–1739 (Fig. 4 a-e) and dielectric

loss was lower than 0.072 (Table 2). The frequency dis-

persion phenomenon and diffuse peak behaviour could

be observed, which was regarded as the typical charac-

teristics of relaxor ferroelectrics. Two dielectric peaks

at Ts and Tm were clearly observed in the εr-T spec-

tra. The subscript s stands for “shoulder”, while the sub-

script m stands for “maximum”. The permittivity at Ts

and Tm were indicated as εs and εm, respectively. The

double dielectric anomalies phenomenon was generally

recognized in BNT based ceramic systems, which were

identified as the thermal evolution and mutual transfor-

mation of two kinds of polar nanoregions with different

symmetry [22]. It can be seen from Fig. 4f that with the

increasing amount of LN, the two characteristic temper-

Table 2. Dielectric properties of BNT-BT-LN ceramics at 1 kHz

Sample
εr tan δ εr tan δ

(at 25 °C) (at 150 °C) (at 25 °C) (at 150 °C)

LN-1 1739 0.054 3562 0.003

LN-2 1647 0.058 2825 0.003

LN-3 1711 0.052 2433 0.002

LN-4 1601 0.048 2050 0.005

LN-5 1497 0.072 1970 0.019
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Figure 5. Plots of ln(1/ε − 1/εm) versus ln(T − Tm) at 1 kHz (a-e) and the values of γ with LN (f)

atures Ts and Tm moved towards the direction of low

temperature and high temperature, respectively. Mean-

while, both εs and εm gradually decreased and the di-

electric peak became more diffusive, indicating the in-

crease of dielectric relaxation.

The modified Curie-Weiss law has been applied to

evaluate the degree of dielectric dispersion:

1

εr

−
1

εm

=
(T − Tm)γ

C
(at T > Tm) (3)

where C is the Curie-Weiss constant, εr is the permittiv-

ity, εm is the maximum permittivity and γ is the diffu-

sion parameter. For ideal ferroelectrics and relaxors, the

diffusion parameter equals to 1 and 2, respectively. Fig-

ures 5a-e show the linear fitting plot of ln(1/εr − 1/εm)

vs. ln(T − Tm) of the BNT-BT-LN ceramics while the

diffusion parameters are given in Fig. 5f. The results

revealed that the γ values of all prepared BNT-BT-LN

compositions were >1.45, demonstrating that the BNT-

BT-LN system had intense relaxor behaviour. At the

same time, the flat dielectric platform could guarantee

much wider working temperature range.

To investigate the dielectric stability of the BNT-BT-

LN ceramics, the temperature coefficient of capacitance

(TCC) was calculated by the following equation:

TCC =
∆C

C150 °C

=
C − C150 °C

C150 °C

(4)

where C and C150 °C are capacitances at measured tem-

perature and 150 °C, respectively. The capacitance at

150 °C was set as the reference and the corresponding

plot was depicted in Fig. 6a. The dashed pink rectan-

gle box indicates the operating temperature range where

the variation of TCC value is lower than ±15%. It is

worth noting that the compositions with x = 7% (LN-

4) and x = 10% (LN-5) exhibited stable permittivity

value within a quite wide temperature range from 35

to 400 °C and from 40 to 400 °C. The introduction of

LiNbO3 was benefit to the dielectric stability of BNT-

BT ceramics, which may be related to the interruption

of the long-range ferroelectric order, resulting from the

differences in the cation radii and valences at the A- and

B-sites of LN and BNT. Additionally, the dielectric loss

should be controlled below 0.02 in practical applica-

Figure 6. TCC150 °C ≤ ±15% window (a); temperature stability of εr and tan δ (b); RC time constant as a function of
temperature for LN-4 and LN-5 samples
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Figure 7. P-E loops at 7 kV/mm (a) and schematic representation of ferroelectric order change in BNT-BT-LN ceramics (b)

tions. For the LN-4 and LN-5 samples, the tan δ value

at 1 kHz was less than 0.05 in the range 22–357 °C and

71–370 °C, respectively (Fig. 6b), showing great advan-

tages over other materials. Significantly, the dielectric

constants for the LN-4 sample at 25 °C and 150 °C are

1601 and 2050, respectively. The dielectric constants for

the LN-5 ceramics at 25 °C and 150 °C are 1497 and

1970, respectively. These results show that the BNT-BT-

LN ceramics possess great potential for the application

in the high temperature systems.

In addition to TCC, the RC time constant (the product

of resistance R and capacitance C) is also an important

parameter in high-temperature capacitors, which mea-

sures the ability of dielectrics to maintain charge [23].

From Fig. 6a, it can be obtained that the LN-4 and LN-5

ceramics possess good high temperature stability. Thus,

we further characterized their high temperature insula-

tion resistance properties using RC constants as shown

in Fig. 6c. For the samples LN-4 and LN-5, RC con-

stant was higher than 19.3 s and 3.6 s, respectively, in

temperature range up to 245 °C. With the further rise

of temperature to 330 °C, the value decreased to 0.23–

0.66 s, which was related to the drop in resistivity of the

ceramics at higher temperatures.

3.3. Ferroelectric properties

Figure 7a presents the ferroelectric hysteresis loops

of the BNT-BT-LN ceramic samples at the electric field

of 7 kV/mm. With the increase of LN content, the P-E

loops became narrower and Pr was close to zero, which

revealed the enhancement of the relaxor behaviour. By

the introduction of chemical modifier LN, the polar

nanoregions dominated in BNT-BT-LN ceramics in-

stead of the long-range ferroelectric orders, as shown

in Fig. 7b.

Figure 8a-b shows the P-E loops and energy-storage

densities of the LN-4 ceramics at 7 kV/mm in frequency

range from 1 to 100 Hz. With increasing frequencies,

neither Pr nor Pmax changes significantly, giving rise

to stable energy-storage density of 0.58–0.73 J/cm3 and

energy-storage efficiency of 72.4–76.5%. Figure 8c

shows the energy-storage characteristics of the BNT-

BT-LN ceramics under the critical electric field (Ec).

The polarization reduction revealed that more ferro-

electric long-range orders were interrupted by LN ad-

dition, which confirmed the enhancement of the re-

laxor behaviour. With the addition of LiNbO3 from

1 to 7 mol%, Ec gradually increased from 10.1 to

12.7 kV/mm. Thus, the maximum effective energy-

storage density was largely improved. For the samples

LN-2–LN-4, Wr was larger than 1.2 J/cm3, indicating

that the BNT-BT-LN system can obtain a better energy-

storage density under medium intensity electric field.

Meanwhile, with the increase of LN content, the energy-

storage efficiency gradually increased due to the re-

duction of Pr. Synthetically considering Wr and η, the

0.93(BNT-BT)-0.07LN composition exhibited a maxi-

mum energy-storage density of 1.5 J/cm3 with an effi-

ciency of 70% at 12.7 kV/mm, indicating great potential

for ceramic dielectric capacitor applications.

3.4. Degradation of resistance behaviour analysis

Highly accelerated life testing (HALT) system con-

sists of four parts, as shown in Fig. 9a, including the

power supply providing high voltage, the oven contain-

ing sample stage, the HALT electronics for measuring

Figure 8. Frequency stability (a) and energy-storage densities and efficiencies (b) of the composition LN-4; energy-storage
densities and efficiencies at critical electric field of BNT-BT-LN ceramics (c)
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Figure 9. Schematic illustration of HALT testing system (a), pristine samples (b) and failed samples (c)

current and the computer for logging data. The original

data collected is the leakage current over time, which is

used to determine whether the device or material fails.

Up to now, there is no uniform standard for determining

the failure time. Currently, it is generally accepted that

the failure of devices is judged when the insulation re-

sistance of the device decreases by 30% compared with

the initial value. In this work we adopt the criteria that

the time when the leakage current increases to one thou-

sand times of the initial value is determined to be the

time to failure (TTF) [24]. The photos of pristine and

failed samples are presented in Figs. 9b,c. Black lines

from the electrode edge to the sample edge can be ob-

served on the surface of the ceramic disk after failure.

The empirical formula proposed by Prokopowicz and

Vaskas [25] is widely used to characterize HALT analy-

sis:
t1

t2
=

(

V2

V1

)n

exp

[

EA

kB

(

1

T1

−
1

T2

)]

(5)

where t represents the determined TTF, V is the test

voltage, n represents voltage acceleration factor, EA rep-

resents the failure activation energy, also known as tem-

perature acceleration factor, kB is Boltzmann constant

and T is the testing temperature, the subscripts 1 and

2 indicate two different testing conditions. Among the

above parameters, n and EA are intrinsic factors being

determined by the characteristics of the dielectric or ca-

pacitor.

According to the available experimental results, the

LN-4 sample possesses the best energy storage perfor-

mance and high temperature dielectric stability. Thus,

the composition LN-4 was selected for the HALT anal-

ysis. Figures 10a,b show TTF tested at different temper-

atures from 220 to 280 °C and different voltages from

500 to 900 V. From the data, TTF value of the sam-

ple declined with the increase of both temperature and

voltage. TTF of the LN-4 ceramics was linear vs. the

reciprocal of temperature at the same voltage of 500 V

and different temperatures (Fig. 10c). According to the

equation:

ln t2 − ln t1 =
EA

kB

(

1

T1

−
1

T2

)

(6)

the failure activation energy EA was calculated to be

1.14 eV. TTF of the LN-4 ceramics was linear vs. the

logarithm of the voltage at the same temperature of

250 °C and different voltages (Fig. 10d). According to

the equation:

ln t2 − ln t1 = −n(ln V2 − ln V1) (7)

the voltage acceleration factor n was calculated to be

2.64.

Generally, capacitors have two failure modes, one

is avalanche breakdown (ABD) and the other is ther-

mal runaway (TRA) [26]. The ABD failure mode is

when the leakage current increases sharply at a cer-

tain moment leading to a sudden breakdown, while

the leakage current in the TRA failure mode increases

slowly with the increase of time and gradually fails.

Obviously, the failure mode of BNT-BT-LN dielectrics

should be TRA mode, while the ions or defects involved

in TRA can be judged by the failure activation energy.

Shih et al. [24] reported that in BaNd2Ti4O12 + ZnO-

B2O3 ceramic capacitors, the diffusion of Ag ions led

to the final failure of capacitors and its failure activa-

tion energy reached 1.8 eV. In BaTiO3-based [27–29]

and Ca(Zr,Ti)O3-based [2] ceramics, the failure activa-

tion energy is generally in the range of 1.1–1.5 eV and

the failure mechanism is related to the migration of oxy-

gen vacancy under the action of DC electric field. In

this study, the activation energy of the LN-4 sample was

calculated to be 1.14 eV as we analysed above. It was

believed that the failure process was caused by the elec-

tromigration of oxygen vacancies.

Oxygen vacancy is one of the most common defects

in dielectric ceramics sintered at high temperature. In

HALT test, the positively charged oxygen vacancies V••
O

migrate towards the negative electrode under the action

of DC electric field. Although the grain boundary has
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Figure 10. TTF at different temperatures and voltages (a,b); calculation of degradation activation energy EA and acceleration
factor n (c,d) for LN-4 ceramic samples

a certain barrier effect, some oxygen vacancies can still

move across the grain boundary. With the increase of

testing time, a greater concentration of oxygen vacan-

cies accumulates near the negative electrode. It leads to

a sharp increase in the leakage current and the final fail-

ure of the capacitor [29], as shown in Fig. 11.

According to the calculated EA and n values for the

BNT-BT-LN ceramics, TTF under any other conditions

can be predicted with the following empirical formula:

t1

t2
=

(

V2

V1

)2.64

exp

[

1.92 · 10−19

kB

(

1

T1

−
1

T2

)]

(8)

Figure 12 represents the predicted TTF values of the

0.93(BNT-BT)-0.07LN ceramics under some common

electric fields and temperatures. At 7 kV/mm and room

temperature, TTF can reach 4.67 × 106 h. With increas-

ing electric field and temperature, the time to failure

Figure 11. Schematic diagram of oxygen vacancy migration in the degraded BNT-BT-LN ceramics
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Figure 12. The prediction of mean time to failure for
0.93(BNT-BT)-0.07LN ceramics

keeps decreasing. It is predicted that under the criti-

cal electric field of 12.7 kV/mm and at 150 °C, TTF

drops to 3.05 h. Lee et al. [2] studied the degradation

behaviour of Ca(Zr0.80Ti0.20)O3 monolayer ceramic ca-

pacitors with dielectric layer thickness of 50 µm. They

predicted that TTF was close to 12300 h under the con-

ditions of 1.5 MV/cm and 150 °C. Obviously, the time

to failure of the BNT-BT-LN in this study is still lower

than that in literature reports, which is mainly caused by

the thickness of dielectrics. The degradation behaviour

of micron scale dielectrics will be further investigated

in our future work.

IV. Conclusions

Dense (1-x)(Bi0.5Na0.5TiO3-BaTiO3)-xLiNbO3

(BNT-BT-LN, x = 0.01, 0.03, 0.05, 0.07 and 0.10)

ceramics with pure perovskite phase were fabricated

by solid-state reaction method. The coexistence of

rhombohedral and tetragonal phases was observed, but

with the increase of LN content, the characteristic split-

ting XRD peaks became more and more symmetrical.

The average grain size of the BNT-BT-LN ceramic

samples gradually increased from 0.78 to 1.75µm with

LN content. For the composition LN-4, the time to

failure TCC150 °C ≤ ±15% in the temperature range

from 35 to 400 °C. Ferroelectric long-range orders were

interrupted by LN, which confirmed the enhancement

of the relaxor behaviour. Highly accelerated life testing

(HALT) analysis indicated that the failure process

of the BNT-BT-LN dielectrics was caused by the

electromigration of oxygen vacancies.
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