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Abstract

(Nag sBig 5)TiO5 lead free ceramics have been synthesised by conventional sol-gel reaction method. The crystalline phase of
calcined ceramics was studied at room temperature using X-ray diffraction. Rietveld refinement of the XRD measurements
by FullProf showed that the samples have a thombohedral structure with a space group R3c. In this study, NBT ceramics
were sintered at different temperatures of 1000 °C, 1050 °C and 1100 °C for a period of 4 h. The sintering temperature was
determined to be 1100 C, and the effect of sintering temperature on grain size was interpreted using dynamic crystal growth
theory and, consequently, the electrical behaviour was also examined. The dielectric properties of these ceramic products
were examined at different temperatures over a wide frequency range using an impedance analyser. It was found that the
dielectric constant and dielectric loss decreased with increasing measurement frequency. The resulting ceramics have a large
maximum dielectric permittivity at 320 °C and a dispersive permittivity at high temperatures. The exposant critique ¥ of the
relationship between the dielectric constant and temperature (emax /Sr) vs (T-Tm)Y) has been calculated with precision for
NBT relaxor ferroelectrics at different frequencies. The (Nag sBijs5)TiO; sample exhibits a diffuse ferroelectric behaviour.
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Highlights

o Lead-free piezoelectric ceramics (NagsBig5)TiO3 are formed using the sol-gel method.
e The ceramics have a pure perovskite structure with the rhombohedral phase.

o Effects of sintering temperature on the electrical properties were investigated.

e The NBT exhibits ferroelectric relaxer behavior.
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1 Introduction

In today’s electronic devices, perovskite materials
occupy a large place, with wide applications. Their
diversity in terms of structure and composition allows
them to benefit from interesting properties such as pie-
zoelectric, ferroelectric, electrostriction, pyroelectric,
dielectric, etc [1-5]. The applications of ferroelectric
materials are wide-ranging in piezoelectric, sensors,
actuators and transducers. There are many applications
for lead-based materials. An excellent example is PbTil-
xZrxO3 (PZT), which has outstanding ferroelectric
properties [6—8]. PbO accounts for 60% of the weight of
PZT. It is potentially toxic, highly volatile, and hazar-
dous to human health and the environment [9, 10].
Global environmental concern resulted in a ban on lead-
based electronic materials in 2008 [11]. As a result,
stringent requirements for developing lead-free ferro-
electric ceramic materials have been established [12-14].
In this regard, significant lead-free materials such as
(Ko.5Big5)TiO3 (KBT) [15], BaTiO3 (BT) [16, 17] and
(Nag sBip5)TiO; (NBT) [18-20] as well as their derived
compositions have been developed for environmental
reasons. Of the lead-free materials, NBT-based ceramics
are particularly promising candidates. (NagsBig5)TiO3
was first discovered by Smolenskii et al. in 1961 [21].
The material is of type ABO; with a disordered/mixed
A-site. Pb2+(652)-02-(2p) hybridisation in PbTiO3-
based ferroelectric materials is analogous [9].
(Nag sBip5)TiO3 is characterised by Bi3+(6s2)—02—(2p)
hybridisation. The Bi** ions are found in an isoelectronic
configuration with Pb>" [22]. Furthermore, Bi*" ions
have greater off-centreing capability than Pb>" ions in a
single unit cell. As a result, (Nag;Big5)TiO3 is a viable
replacement for PZT compounds. With increasing tem-
perature, it undergoes a structural phase transition from
rhombohedral (Ferroelectric, Space group: R3c) to tet-
ragonal (Antiferroelectric, Space group: P4bm) and tet-
ragonal (Antiferroelectric) to cubic (Paraelectric, Space
group: Pm3m) [9, 23, 24]. NaysBiys)TiO; represents a
ferroelectric material with a high remanent polarisation,
Pr~38 C/cm?, a correspondingly high depolarisation
temperature, Td ~200 °C, and a high Curie temperature,
Tc~320 °C. In the vicinity of the Curie temperature (Tc),
the dielectric curves &(T) broaden strongly with fre-
quency, which explains their interest from a scientific
and technical point of view. Furthermore, at Tc =Tm
(the temperature at which the dielectric permittivity is
maximum Ermax), the NBT ceramic exhibits second
order phase transitions, and these products are marked by
the fact that the ¢(T) curves are strongly deviated from
the Curie—Weiss law [25]. The modified Curie-Weiss
law can be used to define the diffusion of the

ferroelectric phase transition. However, it has a high
coercive field of 75 kV/cm a high leakage, which poses a
problem during the polissing process [26, 27]. This
limits the use of this material’s piezoelectric properties
in practical applications. In the recent years, extensive
research has been carried out to develop NBT-based
ceramics by various wet chemical methods, including the
emulsion method [28], the citrate method [29], the solid
state [19, 30], the hydrothermal process [31, 32] and sol-
gel techniques [33, 34]. NBT-based ceramics made from
powders synthesised by alternative methods were found
to have better sintering ability, an improved process for
polishing and better piezoelectric properties. In the pre-
sent study, (Nag sBig5)TiO3 ceramics were produced by
the sol-gel method [35-37], and their structural char-
acteristics were determined using XRD and SEM mea-
surements. Therefore, the aim of this paper is to
investigate the effect of conventional sintering tem-
perature (1000-1100°C) on the phase composition,
density, surface morphology and ferroelectric properties
in order to obtain the best process parameters. The
change in grain size with an increase of sintering tem-
perature was explicated on the basis of dynamic growth
theory of crystal [38]. In addition, the impact of the
microstructure on the electrical properties of NBT cera-
mics was examined in detail. The remarkable electrical
and optical properties of these materials make them ideal
for use in ferroelectric and optical components.

2 Experiment

We, therefore, chose to use a hybrid alkoxide synthesis.
It consists of a titanium alkoxide (titanium isopropoxide-
Ti) associated with sodium hydroxide (NaOH) and bis-
muth salts (bismuth nitrate pentahydrate-Bi(NO3)
3.5H,0). The different synthesis steps are given in the
flowchart in Fig. 1. Three solutions are prepared: Solu-
tion N° (1) is obtained by dissolving sodium hydroxide
in distilled water. Solution N° (2) is obtained by dis-
solving bismuth nitrate in acetic acid.

Each of the above solutions is agitated until the salts
are completely dissolved using a magnetic agitator.
Titanium isopropoxide is formed with lactic acid under
magnetic agitation and the result is solution N° (3). The
two previous solutions (solution N° (1) and solution N°
(2)) are mixed, and then this mixture is added to solution
N° (3) drop by drop, while still maintaining magnetic
agitation. The resulting mixture is then agitated for 2 h.
Finally, a whitish, homogeneous viscous solution (gel)
was obtained. The entire experiment was carried out at
near room temperature. The resulting solution is dried at
80 °C for 24 h and then ground to powder using an agate
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Fig. 1 Flow chart for the
preparation of (Nag sBig5)TiO3
powder by the sol-gel process

Solution N’ (1) : Sodium hydroxide in
distilled water with agitation for 30 minutes

Solution N’ (2) : Bismuth nitrate in
acetic acid with agitation for two hours

o~

/

Mixing the two solutions: solution N’ (1) and solution N’ ?2)

l

Add this mixture drop by drop to solution N’ (3): Titanium
isopropoxide formed with lactic acid under magnetic stirring

!

Mixing the three solutions under agitation for two hours

mortar. Then, the powders were calcined at different
temperatures (700 °C, 800 °C and 900 °C) during 4 h, in
a high-purity alumina crucible using high temperature
heat furnace. The product formed was deagglomerated
by means of an agate mortar in the presence of a few
drops of polyvinyl alcohol (PVA 3%) (binder and plas-
ticizer). The products were compressed under uniaxial
pressure to obtain pellets with a diameter of 12 mm and a
thickness of about 1 mm, and under a pressure of 8 tons
for 5 min, after which these pellets were sintered for 4 h
at various temperatures ranging from 1000°C to
1100 °C. The phase of the materials was analysed by
X-ray diffraction on an X-ray diffractometer (XPERT-
PRO with CuKal radiation A =1.5406) at a low scan
speed of 2° min~! throughout the extended Bragg angle
range of 10°<20 <80°. Using the Rietveld method,
crystallite sizes, weight fractions, lattice constants and
crystalline fractions could be determined. The morphol-
ogy and microstructure of the materials were studied
using a scanning electron microscope (quanta 200, CURI
laboratory in Fez). Dielectric measurements were carried
out in the temperature (ambient —500 °C) and frequency
(1 kHz-2 MHz) ranges by means of an impedance ana-
lyser (Agilent 4284 A). The measurements obtained in
this way led us to determine the values of the capacitance
parameters and to calculate the permittivity (e, =C d/A
eo where A the area of the cross-section of the pellet, C is
the capacitance of the wafer, d is the thickness of the
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Homogeneous solution

!

Heating at 80°C for 24 hours

| Fine powder |

wafer and gy = 8.85 x 10'> F/m is the permittivity of the
vacuum) as well as the dielectric loss of our as-treated
materials. The piezoelectric determination was carried
out using a theoretical calculation of the quasi-static
piezoelectric constant.

3 Results and discussions
3.1 Structural analysis

Figure 2a presents the different X-ray diffractograms of
our (Nag 5Bij5)TiO3 compounds prepared by the sol-gel
route. All the diffractograms relating to this system were
registered under the same operating conditions. The
(Nag sBig 5)TiO3 crystallises from 700 °C during 4 h, at
which temperature all its characteristic peaks appear,
while a low intensity peak at about 31.5° (marked by an
asterisk) of secondary phase is present in the diffracto-
gram which is difficult to identify. The diffractogram
analysis of (Nag sBij5)TiO3; powder calcined at 800 and
900 °C for 4 h shows the formation of a pure perovskite
phase, with no secondary phases present.

In addition, at 800 °C, the intensity and width at the
half maximum of the most intense peak (110) appear to be
narrower compared to the calcination temperature at
900 °C, hence at this temperature some changes (appear-
ance of a shoulder) in the profile of the (111) peak can be
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Fig. 2 a X-ray diffraction . Tio
diagram of the sample NBT calcined at 900°C
(Nag sBig 5)TiO; calcined at d 200
different temperatures 5000 | 1 210
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m — \
000
10004 77\
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= 03 0TS - .
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5 S04 00 /
=
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w0 NBT calcined at 700°C am4 NBT calcined at 700°C
30004 60
200 0
1000 1 * 20
0 1 0 1 1 1
10 Position(°2Theta) ] 3 0 Q
Position(°2Theta)
'(r;blel;' L‘)’frt?coe parameters of Lattice a (A) ¢ (A) (c/a) V (A %) Position (20) of Average Space group
d0.5B10.5) 113 parameters the peak (110) crystallite
size (nm)
700 °C 5.5270 13.5341 2.4487 356.82 3251 169.45 R3c
800 °C 5.5180 13.5292 2.4576 35547 3252 169.21 R3c
900 °C 5.5015 13.5206 2.4518 354.41 32.57 165.23 R3c

observed (Fig. 2b). Therefore, better crystallinity results
are obtained for the sample calcined at 800 °C. For this
purpose we studied the influence of the calcination tem-
perature on the lattice parameters. Table 1 shows the
influence of the calcination temperature on the crystalline
parameters of the (NagsBig5)TiO3; sample after calcina-
tion at different temperatures: 800 °C and 900 °C for 4 h,
as well as the evolution of the position of the strongest
line, the width at half-maximum (FWHM) and the average
size of the crystallites calculated from the Debye-Scherrer
formula by X’pertHighscore software [39]. The calculated
crystal sizes for NBT calcined at (700, 800 and 900 °C)
are 169.45, 169.21 and 165.23 nm, respectively, and

decrease with increasing temperature, while there is a
slight increase in the lattice parameters. This can be
attributed to the fact that the increase in calcination tem-
perature broke down large crystallites with a single
orientation into smaller crystallites with different orien-
tations. There is also a slight difference in the position of
the peaks, indicating the effect of the calcination tem-
perature. We can therefore conclude that the calcination
temperature of 800 °C for 4 h is sufficient for the complete
crystallisation of our material.

In order to calculate the distances and the bond angles,
we are using the Rietveld refinement to obtain the Cif* file
used in the vesta software [40]. The refined XRD diagram
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Fig. 3 Rietveld refinement 21300 F ! T T i ! 3
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Table 2 Refined strgctural Atom Site x y Z B Occupancy Rietveld Parameters X2 Rexp Rwp Rp
parameters along with profile (A) @ (D) (%)
R-factors for prepared samples
Na/Bi 6a O 0 0.248 0.69 0.5/0.5 800 °C 1.20 143 1.72 1.11
Ti 6a O 0 0.006 038 1 900 °C 197 121 239 1.14

O 18b 0.125 0.244 0.069

191 1 - - - - -

for all samples is presented in Fig. 3. This figure presents
different types of lines for each graph.

The observed data is represented by the black line and
the calculated data by the solid red line. The blue line shows
the differences between the two types of data. The refined
parameters of the lattice, R expected (Rg,,), weighted
residual factor (Ry,p), the profile factor (Rp) and the good-
ness of fit x> are shown in Table 2. The refined values of
these parameters are less than 2%, which lies between 1.20
and 1.97 and therefore it can be concluded that the data
provided have an excellent fit. The final atomic parameters
of the lattice sites (X, y, z), B(A) and occupancy rate of atom
were also calculated through the simulation for the NBT
phase formed at the temperature of 800 °C. In this particular
model, Na®, Bi** and Ti*" are situated at sites 6a (0, 0, z),
Ti*" cations also occur at positions 6a (0, 0, z), and oxygen
atoms exist at general positions 18b (X, y, z).

@ Springer

Table 3 Bond angles and bond distance for all the synthesised
products determined from Rietveld refinement

Samples Bond distances (A) Bond angles (degree)

800°C  Na/Bi-O =2.7421, 2.6870,2.6724 Ti-O-Ti=169.2
Ti-O =2.3254, 1.8521

900°C  Na/Bi-O =2.6025, 2.6234, Ti-O-Ti= 156.1

2.61514
Ti-O =2.24325, 1.78532

Table 3 presents the bond distances and angles calculated
using Rietveld refinement, where Na/Bi-O and Ti-O repre-
sent the bond distances of (Nay 5Biy5)TiOj5 site A and B ions
for both samples. Thus, bond lengths average value is cal-
culated to be around 2.70 A for NBT formed at 800 °C. In
addition, a slight decrease in the distance and bond angles is
observed by increasing the calcination temperature. Hence,
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Fig. 4 a, c and e SEM picture of
specimen sintered at 1000 °C for
4h; b, d and f) presents its
grain size

the unit cell of the thombohedral phase decreases and the
crystallite size decreases from 169.21 nm to 165.23 nm for a
temperature of 900 °C, as mentioned in Table 2 Therefore,
increasing the calcination temperature leads to lattice strain,
which may lead to to deficiencies in the sub-lattice that will
affect the stability of the overall system. These results permit
to obtain the confirmation of the internal stresses present in
the structure.

3.2 Scanning electron microscopy study (SEM)
The microstructure of (NagsBigs)TiO5; ceramics prepared

by the sol-gel process was examined using a scanning
electron microscope (SEM). Figure 4a, c, e shows the SEM

Number of grains

200 400 600 800
Particle size (nm)

Number of grains

500 700 900
Particle size (nm)

804

@
o

Number of grains
3
:

204

600 800 1000

Particle size (nm)

images of the sintered NBT samples at different tempera-
tures 1000 °C, 1050 °C and 1100 °C. These samples dis-
play clearly visible grains and grain boundaries, suggesting
the polycrystalline nature of the specimens. The micro-
structure is relatively dense and one can observe spherical
grains and partial intergranular pores. To calculate the
average diameter of the NBT grains, the free image treat-
ment software Image] [41, 42] has been used, through
which the perimeter of each of the NBT grains that can be
visualised in the images was plotted (Fig. 4b, d, f), and with
this computation, the software finds the area of each grain.
Then, the grain diameter is determined. This counts and
draws the histogram of the diameter of the grains that make
up the NBT image, as illustrated in Fig. 4a, c, e. For each
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Table 4 Grain size and apparent activation energy of materials sintered
at 1000-1100 °C

T (°C) 1000 1050 1100
G (nm) 540.61 732.67 835.52
Q (Kj/mol) —114 137 182
Experimental Density (g/cm?) 5.14 5.29 5.98

histogram (the percentage of the number of gains according
to their diameter) presented in figure Fig. 4b, d, f, a
Gaussian distribution has been adjusted, which is displayed
by the black solid line whose maximum position corre-
sponds to the average grain size for every perovskite pic-
ture. The average grain size of the NBT image for all
sintering temperatures are grouped in Table 4. Figure 4a
shows a less compact microstructure with the presence of a
few porosity and Fig. 4b presents the characteristics of the
sample and indicates the grain size distribution in the
sample sintered at 1000 °C for 4 h in the usual way with an
average grain size of about ~ (540.61 nm). The picture 4(c)
illustrates a compact microstructure with a low amount of
porosity and the corresponding size distribution of the
granules is illustrated in Fig. 4d for the sample sintered at
1050 °C for 4h, which is more uniform than the other
sintered samples and the histogram shows that the average
granule size increases ~ (732.67 nm) as against the con-
ventional sample sintered at 1000 °C. Figure 4e exhibits a
microstructure with very low porosity and the grain dis-
tribution reveals a further increase in the average grain size
~ (835.52nm) as illustrated in Fig. 4f for the sample sin-
tered at 1100 °C for 4 h. It can be seen that the average
grain size has significantly increased and that sintering at
temperatures of about 1100°C for 4h accelerates the
growth of the grains in the considered system. The histo-
grams of the grains revealed that the specimen treated with
sintering at 1100 °C for 4h had the most uniform dis-
tribution of grains in the 700 nm to 900 nm range, com-
pared to the specimen sintered at lower temperatures, as
reported in Table 4.

distribution. (¢) SEM picture of a specimen sintered at
1050 °C for 4 h;(d) represents the distribution of grains in
relation to their size. (d) shows the grain size distribution. (e)
SEM picture of a sample sintered at 1100 °C for 4 h; (f) pre-
sents its grain size distribution. The grain size becomes larger
as the sintering temperature rises, which makes it possible to
correlate the coarsening behaviour of the grains. Similarly,
some anomalous grains were observed in the samples sintered
at 1000 °C, 1050°C and 1100°C. The overall changes in
shape, size and surface of the grain boundaries are expected to
influence the transport properties which will be examined in the
next section. The theory of dynamic crystal growth (formula
(1)) also provides an explanation for the variation in particle
size [38, 43]. Appearant activation energy (Q) is the motive
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force for grain growth, so the higher its value, the more rapid
the grain growth. The Qs of the materials (1000-1100 °C) were
determined and reported in Table 4. The positive Q
(10001100 °C) allowed us to follow grain size growth. The
compound sintered at (1100 °C) with Q. has the maximum
energy at the grain boundaries, whereby the grain size of
compound (1100 °C) becomes maximum. The reduction in
grain size of the material (1000 °C) is explained by the negative
Q. Consequently, it is very important to select an adequate
sintering process to yield an excellent NBT compound.

0
G" -G} =Ky —t.exp| —— 1

0 0 p RT ( )
in which G} is the original grain size, G" is the grain size, T
represents the temperature of the reaction, t is reaction time,

R nd K, are considered constant, and n represents the
dynamic grain growth index.

3.3 Dielectric measurements

Dielectric measurements were carried out on sintered
ceramics at different temperatures (1000 °C, 1050 °C and
1100 °C) for 4 h. Figure 5 displays the curve of the relative
permittivity (er) as a function of temperature at various
measured frequencies (5kHz-500kHz). The dielectric con-
stant (€.« = 2100; 5 kHz) reaches the maximum value at
low frequencies, then decreases along with the frequency
and attains constant values with the highest frequencies. At
low frequencies, however, the higher dielectric constant is
mainly due to the existence of all types of polarisation [44].
The transition from the ferroelectric to the paraelectric
phase appears for all NBT sample.

According to Fig. 5, the permittivity increases with the
increase of the temperature; it passes through a maximum
value (&) for T=T, and then decreases. The curves
obtained reveal two dielectric anomalies. These are attrib-
uted to phase transitions:

e An anomaly translated by a shoulder, observed around
200 °C, which corresponds to the intermediate transition
(ferroelectric-antiferroelectric) [45]. The temperature
corresponding to this transition is called the depolarisa-
tion temperature (Td), because at this temperature the
sample is essentially depolarised and loses its piezo-
electric activity. These temperatures were taken as an
indication of the temperature stability of the ferroelectric
domains [46].

e The second anomaly observed near 340 °C; is a broad
peak that corresponds to a maximum of the dielectric
constant. This anomaly corresponds to the antiferro-
electric to paraelectric transition. The temperature that
corresponds to the maximum value of the dielectric
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Fig. 5 Dielectric constant values

of (Nag sBigs)TiO3 compounds 1800 The sintering temperature of 1000°C 1800- The sintering temperature of 1050°C
5B10.5 3 1

prepared sol-gel and sintered at 1600 1600, — SKHz
1000 °C, 1050 °C and 1100 °C _ ——10KHz

. 1400 SKHz 14001 ___ 50KH
for 4h as a function of — 10KHz - \ \
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sl — 500KHz

200

600 / 600
400 / 400

800+

200

0 100 200
Temperature(°C)

300 400 500 0 100 200 300 400 500
Temperature(°C)

constant is called the maximum temperature (T,,) [47].
The maximum of the permittivity around 340 °C is
large; it covers a large temperature range. This anomaly
is normally associated with the transition to the
paraelectric state. The diffusive character of the material
is thus confirmed.

Increasing the sintering temperature leads to an increase in
the dielectric constant of NBT. Dielectric constant values of
NBT, which are measured at a frequency of 5 kHz for sam-
ples at a sintering temperature of 1000 °C, 1050 °C, and
1100 °C were found to be 1605, 1725, and 2100, respectively.
In ferroelectric product polycrystals, there exist domains. The
domain is the area that has polarisation in the same direction.
The domains get larger as the grains size increases, hence, the
polarisation will become stronger. This suggests that the
dielectric constant of NBT is increasing [48, 49].

3.4 Complex impedance study

The complex impedance modelling technique is a highly
efficient technique that aims to distinguish between grain
boundary and grain electrode effects, which are typically
where defects and oxygen vacancies are captured. In addition,
it is interesting to establish a real picture of the polarisation
and relaxation process of space charges by assigning different

The sintering temperature of 1100 °C
2200

—5KHz
2000{ ___ 10KHz
1800 4 50KHz
16004 —100KHz
14004 500KHz

w1200
1000
800 /
600
400
0 100 200 300 400 500 600

Temperature(°C)

measures of capacitance and resistance to boundary and grain
effects to the material concerned. This technique is also used
to reveal the influences of grains (intrinsic), grain boundaries
(extrinsic) and the interface between the electrode and the
sample on the electrical properties (i.e., transport properties)
and to correlate them with the morphology of the samples
examined. The principle of this method is based on the cal-
culation of the AC response of a device to a sinusoidal dis-
turbance. Then the impedance is determined with respect to
the frequency of the perturbation. To distinguish grain effects
from grain boundary effects, the complex impedance curves
made at several temperatures for all compounds. Depending
on the electrical characteristics of the material under exam-
ination, it can be seen that the Nyquist curves are usually
marked with three semicircles, which appeared when the
grain boundary resistance was dominant compared to the
overall resistance. This situation most often occurs because
grain boundaries contain high densities of structural and
chemical defects, for which the charge carriers have difficulty
moving as a function of the external field exerted. It thus
reveals the setting up of a potential barrier preventing the
formation of precipitates or favouring the accumulation of
defects on the surface of the grains.

Therefore, compared to the carriers inside the grains, the
latter have a strong possibility to relax at lower frequencies
(i.e., for a longer time). As a result, the rather large
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Fig. 6 Im Z vs Real Z curve of
specimens sintered at 1000 °C,
1050 °C and 1100 °C for 4 h

i i 0
Sintering temperatures at 1000°C 5010, Sintering temperatures at{050°C
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semicircle that appears at lower frequencies with higher
resistance values is assigned to the boundaries of the grains
that behave as insulators, while the semicircle on the side of
higher frequencies is assigned to the grains with lower
internal resistance that behave as semiconductors. The Cole-
Cole spectra (-Im Z Vs. Real Z) of (Nay;Bij5)TiO3 mate-
rials sintered during 4 h for different temperatures 1000 °C,
1050 °C and 1100 °C in the temperature range 240—400 °C
have been presented in Fig. 6. The curves are in the form of
a semicircle with the centres below the actual Z axis. The
results show an assignment of the relaxation time (i.e.,
® = 2nf,x = 1/t) and highlight a clear deviation from the
Debye type relaxation. The semi-circular arcs were identi-
fied in the temperature range of 240-400 °C, as illustrated in
Fig. 5. For temperatures in the region of 240-400 °C, the
involvement of the inside of the grain could be favoured.
However, as the sintering temperature increases, the grain
strength limits increase, which could be related to the
decrease in defect compactness. This was also validated by
SEM analysis. In the figure (Fig. 6), the Cole-Cole curve at
400 °C with different sintering temperatures has been plot-
ted. In this curve, we observed that the radius of the
semicircle increased with increasing sintering temperature,
which corresponds to an increase in the impedance value.
This phenomenon may be another reason for the decrease in
the conductivity value. Singha et al. mentioned the same
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type of behaviour in materials obtained after long-term
sintering [45, 50]. This result could be attributed to the
predominance of the grain interior resulting in a reduction in
grain boundary participation, which allowed for significant
grain growth, as demonstrated by SEM micrographs.

3.5 Transition diffuseness

The appearance of a ferroelectric phase is the consequence
of structural phase transitions. These transitions take place
within a temperature range, which can reach several tens of
degrees, so both phases coexist in this region. These tran-
sitions are then best described using a critical temperature
distribution. The presence of a diffuse transition is thought
to be related to material defects such as stoichiometry
fluctuations, granularity and structural disorder.

To define the behaviour of the material and to highlight
the diffuse character of the transition, a modification of
Uchino’s law has been proposed by N.S. Echatoui et al. [51]
to describe the diffuse transition by the following relation:

1 (T — T,
i 1
&  Ermax [ * 207
With:

& max: Dielectric constant at the maximum temperature
T

(2)
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Fig. 7 Plot of (ermax /e,).as a function of (T-Tm¥ at 10 kHz for (Nag sBig5)TiO3

Table 5 (Na ;Bij5)TiO3 parameter values (y and §) at 10 kHz

Sintering temperature (°C) y o
1000 1.4 95
1050 1.5 107
1100 1.7 125

y: Constant, between 1 (normal ferroelectric) and 2
(relaxor) whose value reflects the more or less diffuse
character of the transition in the material.

The curve of (e,max /SI)Versus (T-Tm)Y of the (Nag sBigs)
TiO; sample at 10kHz is shown in Fig. 7. A linear
dependence between the two logarithmic quantities is evi-
dent regardless of the sintering temperature. The y values
are systematically calculated from the slope of each curve
and are equal to 1.4, 1.5 and 1.7 for sintering temperatures
of 1000 °C, 1050 °C and 1100 °C respectively. Therefore,
the different compounds studied show a diffuse phase
transition which approaches the relaxor behaviour in the
case of y = 1.7 for the sintering temperature of 1100 °C. The
values of the diffusion factor § are shown in Table 5. It can
clearly be observed that as the sintering temperature
increases, the & factor also increases, which implies that the
transition becomes more and more diffuse, so logically the
variation of y should evolve in the same direction as .

The diffuse behaviour is probably attributed to the ran-
dom distribution of cations within the A-site, which induces
a charge imbalance due to substitution by different charge at
the A-site (Na™/Bi’"). These results support those of
dielectric measurements already reported in the literature
[46, 52-54].

4 Conclusion
(NagsBig5)TiO3 ceramics were developed by the sol-gel

method to study the influence of sintering temperature on
the ferroelectric properties of (Nay 5Big 5)TiO3 samples. The

XRD plot of the obtained samples reveals a unique rthom-
bohedral phase structure with a hexagonally symmetric
R3C space group. The evolution of the position of the
strongest line (110), the width at half maximum (FWHM)
and the average crystallite size decreases with increasing
calcination temperature (from 800 to 900 °C) while there is
a slight increase in lattice parameters. The results of the
microstructure analysis showed that the grain size and
growth were enhanced with increasing sintering tempera-
ture. The results of the grain histogram analysis reveal that
the maximum grain distribution in the range of 700 nm to
900 nm was found in the sample developed from a sintering
temperature of 1100 C for 4 h. The reduced grain size of the
sintered samples at 1000 °C is explained by the diffusion
and fusion of small holes at the grain boundaries. The
increase in the dielectric constant at the highest sintering
temperature (1100 °C) indicates an improvement in the
relaxation property of the ceramics concerned. The Cole-
Cole diagrams obtained are all arcs or semicircles for all
samples. Thus, the centre of the semicircles is below the real
axis, which shows that the relaxation of the materials is not
Debye. A diffusive character study was carried out to
understand the variation of the dielectric behaviour and its
relation to the sintering temperature. The calculated y
coefficient is 1.7, which means that the material has rela-
tively moderate relaxation characteristics.
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