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INTRODUCTION

Sodium bismuth titanate (NBT) (NaysBi,sTiO3) evokes a
great interest due to its high promising dielectric and piezo-
electric properties over a wide temperature range [1]. By owing
to the environmental protection concern, sodium bismuth titanate
is considered as a promising candidate in order to replace lead
zirconate titanate (PZT)-based piezoelectric ceramic material
[2]. Jones and Thomas [3] reported that NBT is included into
the R3c space group symmetry of rhombohedral structure and
shows unusual ferroelectric and dielectric properties. Recently,
many studies by XRD also confirmed that results with (ay =
5.4887 A and CH = 13.5048 A) revealed a random distribution
of Na* and Bi** ions at 12 cubo-octahedral sites [3-5]. Sodium
bismuth titanate is a relaxer perovskite (ABOs) with A-site
being equally occupied by two different cations, knowing that
this specific property is rare in most of ABOs perovskite. The
relaxor behaviour of NBT is suggested to be due to cation disorder
at A-site (Na/Bi) [3,6], as also confirmed by neutron diffraction
experiments [7]. Additionally, using transmission electron
microscopy, several authors [8,9] found that at room tempe-
rature, nano-scale tetragonal (P4bm) platelets exist into a rhom-
bohedral (R3c) matrix. Moreover, single crystal experiments
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by Gorfman and Thomas [10] proposed that the average
structure of NBT single crystals is not compatible with the
rhombohedral system, but would be better represented by the
monoclinic space group Cc. The structure of NaysBiosTiOs
displays anti-phase (a-a-a-) octahedra tilting and shows a spontan-
eous polarization at the room temperature resulting from the
cations displacements along the [111]p (where p denotes pseudo-
cubic) direction with remnant polarization value Pr = 38 uC/
cm’ [11]. In this research, X-ray diffraction measurements of
(1-x)(NagsBios)TiOs-xBaTiO; for the different compositions
(x=0.00, 0.03, 0.05, 0.06, 0.07, 0.08 and 0.1) synthesized by
solid-state reaction route were studied. The objective of this
study is the complementary use of Rietveld method for the
reinvestigation of morphotropic phase boundary in (1-x)(Nao s
Bio,5)TiO3-XBaTiO3.

EXPERIMENTAL

(1-x)(Nay sBig5)TiOs-xBaTiOs; ceramics witch (x =0, 0.03,
0.05, 0.06, 0.07, 0.08 and 0.1) have been prepared by the
conventional solid-state reaction method. It consists of mixing
a stoichiometric amount of oxides (Bi,Os, TiO,) with a high
purity (99.96 %) and carbonates (BaCOs, Na,COs). These elements
were homogenized by milling under acetone according to the
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general chemical equation by respecting the stoichiometric
percentages in order to obtain the desired compositions (1-x)
(NaysBios)TiOs-xBaTiOs. The equation of the solid solution
studied is shown as:

Na,CO; + Bi,O, + 4TIO, ——  4(Na, ;Bi,;) TiO, + CO,T

Ba,CO, + TiIO, —— 4BaTiO, + CO,T

[(1-x)/4]Na,CO, + [(1-x)/4]
Bi,O, + xBaCO, + TiO,

(1-x)(Na, 4Biy ;) TIO;-xBaTiO,

+[(n+3x)/4] CO,T

The calcination of sodium bismuth titanate (Nay sBiosTiO;
or NBT) was carried out in air in a muffle furnace at different
temperatures (800, 900 and 1000 °C) for 4 h, after that, the
powders were dried and grounded with an agate mortar in the
presence of few drops of 2 % poly(vinyl alcohol) (PVA). The
dried powders were pressed under uniaxial pressing so as to
obtain pellets having a diameter of 10 mm and a thickness of
about 1 mm, under a pressure of 10 tons/cm* for 3 min, then
these pellets were sintered for 4 h at 1100 °C, this heat treatment
temperature was selected on the basis of the recommendation
expressed by several authors in order to have a maximum
density [1,12-14]. The crystalline structure of the samples (1-x)
(NaysBios)TiOs-xBaTiOs was characterized by X-ray diffrac-
tion (XPERT-PRO with CuKo radiation where A = 1.5406 A)
and Raman spectroscopy which has been used as an effective
technique to investigate the structural evolution in perovskite
type solid solution ceramics. The lattice parameters were calcu-
lated by using a global refinement of the full diagram, with
the pattern matching process of the Rietveld method (fullprof
software).

RESULTS AND DISCUSSION

XRD characterization of NaysBiosTiO; (NBT) system:
Fig. 1 shows the XRD patterns obtained for the calcined NaysBigs
TiO; compound at various temperatures (800, 900 and 1000
°C) during 4 h. The formation of NBT perovskite phase (ABO3)
start at 800 °C, with the simultaneous appearance of a few
secondary phases impurity. However, the intensity of the peaks
corresponding to these phases decreases approximately at 900
°C and disappears completely at 1000 °C, which justifies the
increases in the degree of crystallinity of the NBT compound.
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Fig. 1. X-ray diffraction pattern of NagsBiosTiO; powder calcined at

different temperatures (800, 900 and 1000 °C)

Fig. 2 shows the refined X-ray diffraction pattern of
NaysBiysTiOs calcined at 1000 °C. This refinement was adjusted
using the Fullprof program and peak shapes which were descri-
bed by pseudo-Voigt profiles. For better overall refinement,
the space group R3c was used, in the calculated patterns and
the difference of patterns showed that this matches the experi-
mental data closely [15,16]. Rietveld refinement revealed the
crystallization of NBT in the rhombohedral phase in R3c space
group and lattice parameters are [a = 5.4917 A, c = 13.4773 A,
o=90,=90,y= 120 and V = 352.004 A®, (hexagonal axes)].
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Fig. 2. Rietveld refinement for the compound NaysBiosTiO; with space

group R3¢

Fig. 3 shows the projection of the rhombohedral structure
in the direction [001] which represents the oxygen octahedral
of NBT structure, the cations A (Na*/Bi**) as well as the cations
B (Ti*), are not situated respectively at the center of cubocta-
hedral and octahedral cavities, this suggests the cationic displace-
ment. Based on the model proposed by Jones and Thomas [3],
these displacements follow the polar axis direction [111], (p
denotes pseudo-cubic) equivalent to the c-axis of hexagonal
structure, combined with opposite rotation of adjacent oxygen
octahedral corresponding to the system of tilts [ 17]. Gorfman and
Thomas [10] confirmed the previous observations by revealing
deformation from the ideal structure R3c. Besides, the theoretical
Goldschmidt factor (t =0.903) plays an essential role in the phase
transition of the system. Given that t < 1, light distortions are
expected in the structure of NBT, it is therefore probable that
this observed local disorder is due to the difference between Na*
ionic radius (r.-= 1.39 A) and (r,»= 1.45 A) causing distortions
of octahedral [NaOg] and [BiO¢] clusters. Table-1 shows the
anisotropic displacement factors Uy, which noticed that the value
of bismuth exhibits a greater anisotropic thermal vibration than
sodium. Also, high anisotropic thermal vibration values were
observed for oxygen. Thus, the anisotropic displacement factors
of anionic lattice are significantly larger than those of cationic
lattice. We concluded from the results that the simultaneous
presence of octahedra tilts and cations displacements, suggested
the existence of a local disorder between Na* and Bi** cations
[3,4,18]. These results are in a good agreement with the work of
several researchers [3,10,19].

TABLE-1
PARAMETERS OF ANISOTROPIC DISPLACEMENT

Alom gy U33 U2 U3l U23
SpeCICS

Na 00217 00108 0000 00217 00359 0000
Bi 00359 00177 0000 00359 00908 0.000
Ti 00108 00060 0000 00108 00088 0.000
O 00309 00140 -0.0108 00060 00430 -0.004
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Fig. 3. Representation of oxygen octahedra of the NBT structure

Influence of additive amount of BaTiO;: Fig. 4(a) shows
the X-ray diffractograms of (1-x)(Nay sBiy 5) TiOs-xBaTiO; ceramics
with (x = 0.00, 0.03, 0.05, 0.06, 0.07, 0.08 and 0.1), sintered
at 1100 °C for 4 h. The XRD patterns indicate the formation of
pure perovskite phase without any trace of secondary phase
peaks, which confirm the complete solid solution formation
between NagsBiys TiO; and Ba-TiO; systems [20]. Fig. 4(b)
shows the XRD peak splitting in the 20 range of 46°-47° for

(1-x)Nay sBi, ;TIO;~BaTiO,
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various compositions. These peaks are indexed as (200)r and
(002)r corresponds to thombohedral and tetragonal phases,
respectively and confirmed the existence of morphotropic
transformation phase (MPB) around x = 0.05 which is in good
agreement with the literature [21,22]. However, increase of
the doping rate up to x = 0.08 causes the fusion of these peaks,
which explains the disappearance of the symmetry (rhombo-
edral + tetragonal) and the emergence of tetragonal phase [18].
Moreover, a slight and low shift of the peak is observed by
increasing BaTiOs, this can be justified by the ionic radii (rs
= 1.45 A) and (r.-= 1.39 A), which are smaller than (r,»=
1.61 A) [23]. Similar changes were also observed by other
researchers also [24-26].

Rietveld refinement analysis: Structural refinement was
carried out for (1-x)(NagsBis)TiO;-xBaTiO; ceramics with
(x=10.00, 0.03, 0.05, 0.06, 0.07, 0.08 and 0.1) using Rietveld
refinement method [27]. Fitted profiles of NBT.BT were ob-
tained using Fullprof software as shown in Fig. 5. Table-2 summ-
arizes the lattice parameters and the fraction phase wt. (%) in two
principal phases observed in these samples. Various symmetries
of spatial groups were tested by increasing compound (x) for
(1-x)NBT-xBT solid-solutions.

(1) For compounds around x = 0 and 0.03, the results
showed that the refined profile corresponds well to the exper-
imental data with only spatial group R3c (thombohedral). Thus,
the value of the lattice parameters (a) and (c) show a slight increase
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Fig. 4. (a) X-ray diffraction pattern of the powder (1-x)(NaysBios)TiOs-xBaTiOs; (b) Zoom of the peak (202) in the 20 range of 46-47°

TABLE-2
STRUCTURAL PARAMETERS OF (1-x)(Na, sBi, 5)TiO;-xBaTiO; OBTAINED FROM THE RIETVELD REFINEMENT
Composition Rp (%) Group spatial Phase fraction (%) a (A) b (A) G (/5\) /Py

X=0 8.67 R3c 100 5.4915 5.4915 13.4756 90/90/120
X =0.03 8.65 R3c 100 5.4960 5.4960 13.5020 90/90/120
X =0.05 3.8 R3c 74.325 5.5080 5.5080 13.5162 90/90/120
P4bm 25.675 5.4975 5.4975 3.9001 90/90/90
X =0.06 317 R3c 70.087 5.5130 5.5130 13.5168 90/90/120
P4bm 29.913 5.5149 5.5149 3.9001 90/90/90
X =007 734 R3c 73.256 5.5182 5.5182 13.5198 90/90/120
P4bm 26.744 5.5154 5.5154 3.9007 90/90/90

X =0.08 8.35 P4bm 100 5.5109 5.5109 3.902 90/90/90
X=0.10 8.75 P4bm 100 5.5223 5.5223 3.8944 90/90/90
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Fig. 5. Rietveld refinement for compounds (1-x)(NaosBi5)TiOs;-xBaTiO; calcined at 1000 °C

by increasing of BaTiO; content (5.4915 A for x =0 to 5.4960
A for x = 0.03), (from 13.4756 A for x = 0 to 13.5020 A for
x = 0.03), respectively (Table-2).

(i1) For compounds around x = 0.05 and 0.07, Rietveld
refinement revealed a mixture of tetragonal (P4bm) and rhombo-
hedral (R3c) crystalline phases. Thus, the refined data did fit well
with the experimental data for this range. The result indicates
that 0.95NBT-0.05BT is composed of 74.325 % rhombohedral
phase and 25.675 % tetragonal phase (Table-2), these results
confirmed the existence of morphotropic transformation phase
(MPB) in the NBT-BT system. Moreover, the values of the
parameters (a) and (c) remain increasing. These results were
consistent with the XRD analysis [28].

(ii1) On further refinement for range (x = 0.08 and x =
0.1), a tetragonal structure with space group P4bm was found
to fit well. Thus, structure phase transition from (rhombohedral
+ tetragonal) to tetragonal takes place with increasing x. The
characteristics of phase structure transition were in good agree-
ment with those reported in the literature [29].

The refined profiles confirm the successful formation of
NBT-BT phase during the calcination process. The refined
lattice parameters indicate good agreement between the experi-
mentally observed and theoretical calculated display (Yobs -
Y.ae). These results are in a good agreement with the reported
work [23,28,29].

Raman spectral studies: Fig. 6 shows the evolution of
the Raman spectra at room temperature of compound (1-x)
(NaysBis)TiO3-xBaTiO; for different compositions (x = 0.00,
0.03, 0.05, 0.06, 0.07, 0.08 and 0.1), performed in the range
from 100 to 1000 cm™. All the Raman bands of NaysBiosTiOs
ceramic have a relatively broad feature, this can be attributed
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Fig. 6. Raman spectra of (1-x)(NaosBios)TiOs;-xBa-TiOs ceramics with
different compositions

to A-site disorder [30]. The NaysBisTiO; system having the
rhombohedral structure with R3¢ symmetry, shows 13 Raman
active optical phonon modes in irreducible representation I'y,
=4A, + 9E [31] and the general irreducible representations
of BaTiOs for tetragonal structure, are as follows: Iy, = 3F,,
+ F,, as per the group theory analysis. Thus, we can observe
four modes in C,, point group, which are: ['csy = 3(A; + E) +
E + B, [32]. The vibration modes were illustrated in Fig. 6, it
can be seen for both NaysBipsTiO; and BaTiO; samples that
Raman peaks appear at 137.47, 280.86, 530, 580 and 866
cm, while for BaTiO; based sample Raman peak appear at
274,306,519 and 720 cm™. These results are in a good agree-
ment with Suchanicz et al. [33] and Lidjici et al. [34]. The
first Raman active A1(TO1) mode located at the frequency
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133.47 cm is related to the vibration of A-O site and to distorted
octahedral [BiOg] and [NaOg] clusters [33]. The second Raman
active E (TO,) mode centered at around 280 cm™ can be decon-
voluted in three Raman peaks at 240.95, 280.52 and 306.21
cm™ and is observed in many perovskite materials [33]. This
band is very sensitive to all structural transitions and is domi-
nated by a stretching correspond to Ti-O bonds due to the
presence of octahedral [TiOs] clusters at short-range. Modes
(TO;) observed at around 520 and 580 cm™ is assigned to
(O-Ti-0O) stretching symmetric vibrations of octahedral [TiO]
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clusters [34]. The latest mode (i.e. at 866 cm-1) can be corre-
lated to the presence of oxygen vacancies [34].

In order to better understand the spectral evolution, we
have carried out deconvolution of pure Na, sBiosTiO; spectrum
with Peakfit software using Gauss and Lorentzian area function
as shown in Fig. 7. Moreover, for a better overall deconvolution,
attempts to use three peaks for the broad feature at 200 to 300
cm’ and four peaks for that of 400 to 600 cm™ in Nay sBiysTiOs
were found.
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Fig. 7. The deconvoluted Raman spectra of (1-x)(NaysBios)TiOs-xBaTiOs ceramics with different compositions
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(1) For the first mode (i.e. at 137 cm™), there is a general
upward shift of Raman frequencies.

(ii) The broadband centered around 280 cm™ is split into
three modes (i.e. at 240,280 and 306 cm™), this is also true
for all samples, the last mode at 306 cm™ E(TO; + LO,) is a
characteristic peak of the tetragonal symmetry of BaTiOs in
Raman spectra. The intensity of this peak has not only increased
but also shifted to the higher wavenumbers and this is well observed
from the composition of x = 0.05. From these observations,
we can inferred the existence of morphotropic phase starting
at x = 0.05.

(iii) The overlapping bands at 400-650 cm™ are split into
four modes (i.e. at 420, 520, 580 and 610 cm™") and presents
two relatively prominent peaks (i.e. at 520 and 580 cm™). The
features clearly demonstrate a change in the phonon behaviour
in the compound (1-x) (NaysBio5)TiOs-xBaTiOs solid solution.

For more thorough study, the overall variation of position
frequency and full width at half maximum (FWHM) of individual
peaks are plotted in Fig. 8. When BaTiO; composition of (x)
is added in NaysBiysTiOs structure, a remarkable changes are
observed in Raman spectra. The position of mode around 137
cm’ assigned to A1(TO;) symmetry, which is associated with
Na—O vibration, displays a shift to the lower frequencies as
the composition (x) increases (up to about 133.2 cm™ for x =
0.06). Moreover, this mode present a minimum around x =
0.06 (Fig. 8a). In addition, the FWHM revealed a sudden drop
in the frequency around the composition of x = 0.05 and then
remains mostly unchanged (Fig. 7b). The broad band centered
at 280 cm presents a shift to the high frequencies as the compo-
sition (x) increases (up to about 286 cm™' for x = 0.06). Moreover,
the FWHM shows an anomaly at x=0.06 and presents a mini-
mum with a further increase in composition (x). The band (TOs)
centered around 534 cm™ shows similar changes to E (TO,)
band and the FWHM starts to widen around the composition

x = 0.05. The position and FWHM band 137 cm™ revealed a
remarkable changes when the (x) composition of BaTiO; increases
for x = 0.06. In addition, with the increase in Ba, the band at
280 cm™ shifted to the higher wavenumber Fig. 8(a), which
was caused by expansion of the unit and reduced Ti—O bond
with Ba®* diffusing into the lattice.

These results were consistent with the XRD analysis.
Finally, we observed that the position and FWHM of all the
modes show a similar type of anomaly at x = 0.06. On the basis
of these considerations, it is possible to conclude that the rhombo-
hedral-tetragonal phase co-exists at x = 0.06, which is also
observed in XRD studies [33,35,36].

Conclusion

The (1-x)(NaysBi5)TiOs;-xBaTiOs lead-free solid solutions
were obtained by solid state reaction technique. All the samples
exhibited perovskite phase with no secondary impurity. A
gradual change in crystalline structure with bismuth titanate
concentration was observed. The morphotropic phase boun-
dary was investigated by Rietveld refinement method, which
confirmed the existence of structural change around of the
composition x, between 0.05 and 0.07. Rietveld refinement
revealed a gradual structural distortion that was related to
cations (Na'/Bi*") in A-site. The characteristic bands in the
Raman spectra were observed and discussed in accordance
with the structural changes in terms of the peaks frequency,
intensity and FWHM as BaTiOs; concentration increased.
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