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Abstract— Bismuth Titanate (BIT), BisTizO12, was synthesized using the solid-state reaction process from the oxide
mixture of Bi203COs and TiO2. The characterization analysis of the prepared sample was done by X-ray diffraction
technique. The X-ray diffraction data revealed an orthorhombic perovskite phase that was clearly explained. The Scherrer
method, modified W-H analysis, and the SSP studies were conducted to figure out the crystallite size and micro strain in
BisTisO12. Morphological studies included SEM and TEM analysis. FTIR spectral investigation supports the M-O
coordination of the synthesized BisTisO12 sample. The phase formation patterns of BisTizO12 determined by different

methods are highly connected.
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I.INTRODUCTION
Numerous titanium oxides of the perovskite family

exhibit exceptional qualities, allowing for a wide
range of applications in several industries. Bismuth
Titanate has become a viable material for
piezoelectric applications at high temperatures.
BisTisO12 is a suitable choice for the manufacture of
capacitors and memory storage devices due to the
presence of high Curie temperature. The high
breakdown strength and appreciable dielectric
constant of ferroelectric BisTisO12 ceramics promote
them as a probable staple for device applications.
BisTiz012 has orthorhombic symmetry at room
temperature. It has three oxygen octahedral bounded
by two bismuth oxide layers. The actual symmetry of
ferroelectric  BisTisO1, still encounters diverse
opinions as it has been optically defined to be
monoclinic but it is determined to be orthorhombic
according to diffraction studies. This study has
brought up how close optically determined
monoclinic angles are to 90° [1-4]. In its paraelectric
phase, BisTi;O12 has a tetragonal crystal structure.
According to optical studies, BisTisO12 stands
different in the Aurivillius family compounds to have
a monoclinic ferroelectric structure. Its outstanding
and complex electric and piezoelectric effects are due
to the resultant complex domain wall structure.
Bismuth Titanate in the form of a thin film is highly
useful for electro-optic and ferroelectric devices [5].
The broadening of diffraction peaks is evident by
diffraction investigations, which demonstrate that
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divergence from perfect crystallinity develops in all
directions [6-8]. The pattern produced by the
diffractometer can be used to directly quantify the
broadening of X-ray diffraction peaks [9]. Peak width
analysis aids in the extraction of the strain and
crystallite size of the sample, which depend on the
diffraction order, respectively, and is independent of
one another. The development of polycrystalline
aggregates made the crystallite size distinct from the
particle size [10].

The lattice constants distribution is used to estimate
the imperfections of the crystal. Bragg peaks are
broadened giving evident changes to the 20 peak
positions [11]. Ungar et.al (12) suggested modifying
the W-H method by adding a dislocation contrast
factor to consider the anisotropic distribution of
dislocation effects on the observed Bragg peaks.

This study covers the characterization of Bismuth
Titanate sample produced using a high-energy ball
milling procedure. The synthesized sample (Bismuth
Titanate) under study was characterized by the XRD
technique. The orthorhombic crystalline phase of the
synthesized sample was validated by peak indexing
and Rietveld refinement method.

The crystallite size and the peak broadening are
measured using the Scherrer method, modified
Williamson -Hall plot analysis (UDM, USDM,

UDEDM), and the Size-Strain Analysis.
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Using UDEDM, the strain (g) as a function of energy
density (u) was estimated. The surface morphology of
the sample BisTizO12 revealed a plate-like structure
with a crystallite size of around a few microns.

ILEXPERIMENTAL DETAILS
BisTi3012 sample under study was synthesized by the
solid-state reaction process based on their molecular
formula.

For preparing the sample, the reagent-grade chemicals

of high purity (99%) TiO2 and Bi,O.COs (rutile crystal

form, Carlo Erba p.a 99%) were taken. These raw

materials of high purity were weighed based on the

molecular formula,
2Bi,0,C03+3Ti0,—BisTiz012,+2CO,

1)

The powders were mixed mechanically in the required
stoichiometric ratio. The mechanical mixing was
generally carried out by hand mixing in an agate
mortar. Then the mixture was ball milled with
zirconium balls with a ball speed of 350r/min to
assure homogeneity and milling. The mechanically
activated process was performed in a planetary ball
mill for 0, 60, 120, and 360 min. After the process of
milling, the material was calcinated at a very high
temperature of 950° C in a furnace. The color of the
sample got altered from white to grey at high
temperatures.

The XRD measurements explained in this present
study are carried out using Bruker AXS D8 Advance
X-ray diffractometer with Cu Ko (A= 1.54A°
radiations. The sample is scanned at a pace of 2
degree/minute.

FT-IR spectrum to obtain information for bonding in
the sample BIT is recorded in the wave number range
from 40-4000cm* with a spectral resolution of 0.4cm-
Lusing Perkin-Elmer Thermo Nicolet, Avatar 370.
The morphology studies of activated powders were
obtained from the SEM and TEM analysis(model:
JEOL/JEM 2100). TEM image further confirmed its
regular sheet-shaped structures.

I11. RESULTS
A. LINE PROFILE ANALYSIS
The average size of crystallites in polycrystalline bulk

materials is confirmed by employing X-ray diffraction
studies [12]. According to crystallographic data, the
diffraction peaks of bismuth titanate are totally
resolved from one another in the XRD profile of BIT
at 950 °C, as shown in Fig. 1. This indicates the
production of the orthorhombic perovskite BisTizO12
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phase. Scherrer method is used as the widespread
technique to obtain the size of the crystallite from the
powder diffraction profile. The powder becomes
more active as the milling duration is extended.

Lin (Counts)

2-Theta - Scale

Fig.1: XRD pattern of Bismuth Titanate at 950° C with its
peaks detected.

The high-energy ball milling process reduces the size
of the sample particles but also induces lattice strain.
When the crystallite size is less than 100nm
instrumental broadening also affects the width of the
peaks. So, the X ray diffraction peaks get broadened
instead of giving sharp peaks. The contributions from
the instrumental and strain-induced factors to the peak
broadening cannot be completely obtained by the
Scherrer method. Hence X-ray line profile analysis is
generally adopted as it includes all the factors
affecting the peak broadening.

The diffraction profile with broadened peaks gives a
good chance of micro strain present in the material.
FWHM will have low values for sharp peaks and vice
versa. The XRD pattern of Bismuth Titanate at 950°
C with its peaks detected is given in Fig.1.

The predominant 20 values obtained for Bismuth
Titanate include 16.106°, 21.570°, 23.253°, 29.994°,
and so on. From Fig.1, it can be inferred that
corresponding to each 26 value, there is a unique
FWHM (B(hkl)) and hence a unique crystallite size
depending on the respective peak indices.

The Rietveld refinement using FULLPROF [11] was
carried out to refine crystal structure parameters (Fig
2). Rietveld refinement, the characterization technique
for crystalline materials makes use of the least square
approach to refine the theoretical diffraction profile
till it is in agreement with the measured profile. The
Rietveld analysis confirms the single-phase
orthorhombic structure of BIT.
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Fig.2: XRD diffraction pattern with Rietveld refinement for
BisTi3012 with the orthorhombic structure symmetry.

From the Rietveld analysis, the data obtained as
output matched with the standard peak indexing and
structural identification parameters of BIT (BisTizO12)
confirming the sample under study is Bismuth
Titanate. The Chi-squared value obtained through
Rietveld refinement of the sample is 7.19. The
schematic representation of the Aurivillius layered
BisTizO012 sample is given in Fig.3.

Fig.3. the crystal structure of BisTizO12 sample.

B. PEAK INDEXING
The procedure of peak indexing accomplishes peak
identification, indexing, and structural identification
by comparing the input XRD data with standard
crystallographic databases like Crystallographic Open
Database (COD). The structure identification data of
Bismuth Titanate obtained is given in Table 1.
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Table 1: Structure identification data of Bismuth
Titanate obtained through peak indexing.

Name Bismuth
Titanate
Formula Bi4 TizO12
Space Group Fmmm
Crystal system Orthorhombic,
Cell parameters a=5.4100 A,
b=5.4480 A
Cell volume €=32.8400 A
Calc. density 967.92 A3
1.8.039gcm?

From the peak indexing (COD ID - 1534182), the
sample XRD data matched exactly, confirming that
the sample is Bismuth titanate with orthorhombic
crystal structure and the cell parameters observed are
given in Table 2.

Table 2: depicts the atom information of the sample
Bismuth Titanate.

Atom x/a y/b z/c Biso Occ Mult
Bi2 .0000 .0000 .2107 .0000 .2500 8
Ti2 .0000 .0000 .3648 .0000 .1250 4
Til .0000 .0000 .5000 .0000 .2500 8
04 .0000 .0000 .3080 .0000 .2500 8
01 .2500 .2500 .0000 .0000 .2500 8
03 .0000 .0000 14360 .0000 .2500 8
02 .2500 .2500 .2500 .0000 .2500 8

C. SCHERRER METHOD
The intense reflections X-ray diffraction profile of the
sample BisTiz012(BIT) is studied [12] for determining
the average of the crystallite size as in equation (2),

D =KAa

(B (hkl)cos®) O

where D denotes the crystallite size in nm, K is a
constant equal to 0.9,4 represents the wavelength of
radiation (1.54A° for Cu Ko radiations), S(hkl)
denotes the peak width at half maximum intensity,
and @ is the measured peak position. The results
confirm that the crystallite size has value under 100
nm. Average crystallite size(D) of the sample at 950
C obtained is tabulated in Table 3.
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Table 3: observed FWHM and crystallite size of
Bismuth Titanate calculated using Scherrer formula

Peak position(26) FWHM (Degree) Crystallite size(nm)
23.25 0.202 38.52
29.99 0.22 34.88
32.85 0.408 18.67
39.72 0.358 20.87
51.37 0.327 21.89

D. WILLIAMSON — HALL METHODS
If the crystallite size of the polycrystalline material is
small [less than 100nm] each behaves as parallel
diffracting planes giving broadened diffraction peaks.
The instrumental factors also influence peak
broadening. The diffraction profile with broadened
peaks gives a good chance of strain present in the
material. Crystalline samples show sharp peaks in the
absence of strain while amorphous samples give
humps (diffused halo) in the diffraction profile. The
observed peak broadening £ (hkl) (in radians) in the
diffraction profile will be the sum of the broadening
due to instrumental factors (i) and due to the lattice
strain effect broadening (Br),
B(hkl) =Bi + pr-- (3)
The above equation is true only if the diffracted peak
behavior gives a Cauchy profile but when the
diffracted peak behavior is partly Cauchy and partly
Gaussian, Williamson and Hall proposed the
following equation which is more valid as,

Br = [(B(hkD) —Bi)(B(hkD) — Bi)1/2]1/2  (4)

Scherrer equation considers broadening solely due to
crystallite size while Williamson-Hall equation
reflects the strain induced as well in the material. The
lattice strain due to the broadening of the peaks is
explained as,

Br = 4etand - (5)

where Br is the lattice strain-induced broadening, €
the strain distribution within the sample, and ‘0’ the
Bragg angle of Xray diffraction. Thus, total
broadening /8 (hkl) of diffracted peaks including the
lattice strain is explained as,

B(hkD) = K —2— + 4etan® — (6) or

Dcos6
B(hkDcos 6=K ~+4esin® — (7)

The y-intercept obtained from the plot of (hkl) cos 6
versus siné specifies crystallite size, while the slope
indicates strain induced(e). Fig. 4 depicts the modified
W-H plot applying UDM for BisTizO12. Crystallite
size determined by the Scherrer method is less
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compared to that from the W-H approach since it does
not take into account the strain caused and the
instrumental factors present. The X ray diffraction
studies of the new material open knowledge into the
crystallite size, and the diffraction peaks broaden due
to the micro strains and stacking faults within. From
Fig 4, the strain observed is positive or the peak shift
is to the higher angle side. The ‘0’shift to the greater
angle side confirms a reduction in the lattice constant.
The average crystallite size value obtained is less than
reported in the literature for pure BisTizO12 (~50nm).
1) UDM
In Uniform Deformation Model the strain is assumed
to be uniform (isotropic nature of crystal).
On rearranging Eq. (6),
B (hkl)cos 6= = % +4gsinf (8)
Eqg. (8) denotes UDM where S(hkl)cos® versus 4
sin @ for the diffraction peaks generated through XRD
analysis. The slope and y-intercept of the fitted line
provides strain and crystallite size. From the
calculations, it is proved that the strain is due to the
shrinkage of lattice.
2) USDM
The Uniform Stress Deformation Model (USDM) is
plotted on Hook’s Law maintaining the linearity
between stress and strain present. We assume the
crystals to have anisotropic nature. Hook’s law
applicable for relatively small values of strain and is
given by the equation, ¢ = Y&, where’ ¢’ denotes
stress, ‘Y’ gives Young’s modulus and ‘€’ denotes the
strain [13]. Substituting for @ = Y& gives,

4 g sin@

B(hkDcosb== -+ ©)

In USDM plot, 8 (hkl)cos 6 is plotted against

Yhit
4 sing

Yhil
assuming standard value for Young’s modulus.

The modified W-H plot applying USDM obtained for
Bismuth Titanate is shown in Fig. 5. From the results
obtained, the stress is calculated from the slope and
crystallite size from y-intercept.

3) UDEDM
The energy density (u) of the sample under study is
determined using the Uniform Deformation Energy
Density Model (UDEDM).
Here the crystal is assumed to be homogeneous and
isotropic in all crystallographic orientations. [13].
Hook’s Law is employed to calculate the energy
density (u), as

u= S (q0)
By modifying Eqg. (11) considering energy and strain

relation as;
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2u

_Kr . 22U N142
B(hkDcos®=-+4 sinf (;—) (11)

For UDEDM Model, B(hkl)cos© is plotted against
4 sin@(%)”2 From the slope obtained, the

energy density u can be calculated. The crystallite size
is extracted from the y-intercept. As ¢ = Ye, stress
‘c’can be calculated from energy density ‘u’ by the

relation u = @ .The modified W-H plot applying
UDEDM obtained for Bismuth Titanate (as in Fig. 6).

Energy density (u) of the Bismuth Titanate sample
calculated from UDEDM is 0.008 J/cm?.
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Fig. 4. modified W-H analysis of BisTizO12 assuming
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Fig. 5.modified W-H analysis of BisTi3O12 applying
USDM
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Fig.6: modified W-H analysis of BisTizO12 applying
UDEDM.

IVV. SSP METHOD

The crystallite size of sample BisTizO1 is calculated
by the SSP method as well. Size-strain plots are
drawn omitting the high-angle reflections. The
Gaussian profile is used for the strain profile whereas
the crystallite profile is obtained by the Lorentz
function. A graph plotted with d?(hkl)B(hkl)cos@
versus (d(hkD)B(hkl)cos8) % gives the size-strain
profile of BisTisO12 (Fig 7). The strain is obtained
from the root of the y-intercept and the crystallite size
of the sample under study is calculated from the slope
of linearly fitted data.

SSP
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0.00020 4
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0.00015 4 y =0.00511x + 3.10658E-6

0.00010 4

0.00005

0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055
d? B coso

Fig. 7: Size- Strain plot of BisTizO12.

Table 4 lists the size and strain of the sample as
determined by various analytical methods. All
analytical approaches show that the strain obtained is
positive or tensile strain.
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Table 4: Crystallite size and strain obtained through
various analytical methods.

Paramet  Scherrer modified W-H plots  Size-strain
ers method plot
UDM USD UDE
M DM
D(nm) 27 27.13
27.18 27.02 27.34
strain 0.000 0.000 0.000 0.00352

67 69 70

V. FTIR STUDIES OF BISMUTH TITANATE
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Fig.8: FTIR spectrum of Bismuth Titanate

Fig. 8 depicts the FTIR Spectral patterns for the
synthesized BisTizO12 sample. Within the specified
scan range, FTIR spectra show a molecular vibration
bond for stretching vibrations, as well as symmetric
and asymmetric stretching conditions (400-4000 cm-
1

).

Bi-O bond vibration in synthesized samples is
reported to be around 588 cm, whilst Ti-O bond
linkage is indicated to be around 1000 cm™[12]. The
Ti-O bond is responsible for the stretched band at
around 588cm™.

VI. MORPHOLOGY STUDIES
The morphological analysis of BisTisO1, was carried
out using TEM and SEM techniques (model:
JEOL/JEM 2100). The crystallite size measurement
revealed the plate-like structure of BisTizO12 due to its
anisotropic nature. Morphology studies reveal that
besides plate-like grains, spherical and polygonal
grains also exist. The morphologies of the resulting
crystallites are 5um wide plate-like shaped and 1um
spherical shaped. BisTizO1, surface morphology is
depicted in Fig. 9. The predominant pyramidal
agglomerate shape made the strong powder
agglomeration apparent. It is discovered that the
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results of the TEM and SEM examinations agree with
one another.

15 46 SEI

20KV X10,000 1pm
Fig. 9(b)

200 nm
Fig. 9(c)

Figures 9(a), 9(b) & 9(c) depicts the surface morphology images
of Bismuth Titanate

VIl. CONCLUSION

The structural characterization of the Bismuth
Titanate was successfully studied by the Xray line
profile analysis. The Scherrer method, and modified
W-H analysis and size-strain method with the positive
value of slope obtained points to the presence of
tensile strain arising from the defects and interstitials
within. The orthorhombic phase of Bismuth Titanate
was established by the peak indexing method along
with Rietveld refinement technique. Morphological
studies from SEM and TEM analysis revealed the
plate-like structure of BisTizO12 due to its anisotropic
nature.
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