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Particle and Crystallite Size Characterization of Lead
Titanate Derived from Solid-State Reaction Method

Abstract: Lead Titanate (PbTiO3) ceramics was produced by solid state reaction via a vibratory ball milling machine and
subsequent heat treatment. The effect of milling time on the particle and crystallte size of PbTiO3 powder was investigated.
Powder samples were studied using particle size analyze (PSA). The annealing process was up to 1000°C and the products were
examined by X-Ray Diffractometer (XRD) to analyze qualitative, quantitative phase and crystallite size. It was found that the
average particle’s size of powder initially increased due to laminated layers formation and then decreased to an asymptotic value
of ~0,8 um as the milling time extended even to a relatively longer time. Single-phase PbTiOs were succesfully achieved at
600°C for 1 h holding time of annealing temperature. The crystallite size of PbTiO3 were annealed at 1000°C for 1 h holding time
is 64 nm. The crystallite size of PbTiOs increases as function of temperature of annealing process.

Keywords: lead titatane, particle size, crystallite size, solid state reaction, annealing

1. INTRODUCTION

Ferroeletrics are the materials with reversible spontaneous polarization [1-4]. Lead titatane (PbTiOs) is one of the
fundamental ferroelectris materials with an ABO3; compound structure called perovskite and the highest spontaneous
polarization among all the ferroelectric perovskites [5-14]. According to the first principle calculations on
ferroelectric perovskites, hybridization between the electronic states of A or B atoms and the oxygen atoms is
essential for ferroelectricity. PbTiOs has highest tetragonal distortion (c/a =~ 1.063) among all the members of the
perovskite’s family. This tetragonal distortion corresponds to the highest spontaneous polarization among all the
ferroelectric perovskites. Perovskite-type PbTiOs; has a high spontaneous polarization of 86 uC/cm?[5], Curie
temperature of 364°C[15] - 490°C[10,16], a relatively low permittivity, a large pyroelectric coefficient (250 uC.cm?
K-H[17] and small dielectric constant. The dielectric constant increased in the annealing range of 450-750°C. This
trend is due to the increased grain size and higher crystallinity with annealing temperatures [18]. The values of
saturation polarization (Py), remanent polarization (P,), and coercive field (E.) PbTiO; are 13.1 pC/em?, 3.2 uC/cm?
and 5.1 kV/cm, respectively. Because of its character, ferroelectrics are widely used in many applications: the
ferroelectric random access memory field, pyroelectric infrared sensor, electro-optic devices, insulator gates in
metal-insulator-semiconductor diodes, capacitors, transistor, piezoelectric actuators, high frequency ultrasonic
transducers and so on [19-22].

The PbTiO3 property within its applications depends on several aspects: the purity of materials indicated in
stoichiometry number; and microstructure that consists of phase, particle’s size and then crystallite’s size. To obtain
stoichiometry, particle and crystallite size PbTiO; different preparation methods have been introduced, such as co-
precipitation [9], emulsion [10] or hydrothermal treatment [20, 23, 24], so-gel [4, 6, 12, 16, 25], spark plasma
sintering [26], sonochemical [27] and besides the conventional solid-state reaction of mixed oxides or mechanical
alloying [28-35]. All of the methods will produced vary microstructure, processes and then manufactures
temperature. The processing time must be determined for quick process and the better quality of final product,- has
the higher purity in single phase, also the particle and crystallite formed in nanometer size. Chattopadhyay et al. [36]
conducted a detailed study on the influence of particle size on the ferroelectric properties of lead titanate. Studies
revealed that size effects are important only below 100 nm. The usual method for producing the fine nanocrystalline
materials is mechanical alloying and milling by a ball-milling technique, which has also being adapted to the
preparation of lead titanate. The technique is considered simple and less costly for producing very fine particles. In
this study, mechanical alloying and milling method has been developed to produce the fine nanocrystalline materials
of PbTiO3 ceramics, finally the quality result was judged on material characterization that consist of particle and
crystallite size.

2. EXPERIMENTAL METHOD

PbTiO; (coded PTO) were obtained from the mixture of lead (II) carbonate (PbCO3) and titanium (IV) oxide
(TiO2) powders, by using high-energy ball milling and heat treatment processes. Stoichiometric quantities of the
analytical-graded precursors PbCOs and TiO with purity better than 98 % were mixed and milled in a vibratory ball
mill up to 60 hours. The weight ratio of balls to milled material was 1:10. After milling process the diameter sizes of
examined powder particles were determined using Particle Size Analyzer (PSA) Malvern ZS nanoseries. Phase
analysis and crystallite size of milled powders were carried out using the X-ray Philips diffractometer equipped with



Cu K a radiation. The X-ray diffraction patterns were recorded by “step-scanning” method. The powders were
annealed in the electric chamber furnace (Nabertherm N31/H) at 500, 600, 700, 800, 900 and 1000°C in the air
under atmosphere pressure up to 1 hours. The Rietveld analysis was performed applying High Score Plus program
that is an update version for Rietveld refinement with PC and mainframe computers. The pseudo-Voigt function was
used in the describing of diffraction line profiles at Rietveld refinement. The crystallite sizes for PbCO; and TiO;
also PbTiOs phases were estimated using Williamson-Hall method [37]. Intensity data during scanning 2 seconds
taken for each step of the diffraction angle 0.005°. Diffraction peak width (B) is given by equation 1 and the mean
crystallite size (D) obtained from equation 2.

092
= Dcosﬂ+ y tanf (1)
0.92
B cos@ = —5 1 sin6 2)

Where, A is the X-ray wavelength, # is the strain in the materials and @ is the Bragg angle, while the peak width B
obtained after the correction due to instrument broadening according to equation 3.

B= |B}- B} 3

Where, B, is the Full Width at Half Maximum (FWHM) of the test sample. Bs is the FWHM standard samples that
used an in silicon (Si).

3. RESULTS AND DISCUSSION

The diffraction patterns of TiO, and PbCOs precursors (Fig.1) which these were matched diffraction patterns of
TiOs and PbCOs in data base Inorganic Crystal Structure Database (ICSD) number 98-009-6946 and 98-016-6089
respectively. Based on the Rietveld analysis was performed applying High Score Plus program that the crystal
system of TiO, and PbCO; is tetragonal dan orthorhombic respectively.
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Fig.1. X-ray diffraction patterns of TiO, and PbCO; precursors

Fig.2 are showing results of evaluation for mean particle size of TiO, and PbCO; mixture up to 60 hours of
milling. All the sample powders go through the four stages of the mechanical alloying process, namely: (a) initial
stage; (b) intermediate stage; (c) final stage; (d) completion stage [38]. It shows that mean particle sizes of
mechanically milled for TiO, and PbCO3 mixture in initial or early stages of milling are characterized by the
increase in the mean particle size due to incorporation of particles of component compounds. The mean particle size
of the material increased from4.2to 17um at the 1-10 hour mixing. The core compounds experienced
cold weld, namely the integration of the two particles of the basic compounds to form a close bond between the
particles as a consequence of the ball mill impact. The process of impact between ball mills continuously occurred.
The largest mean particle size were achieved after 15 hours milling times, that the mean particle size of TiO, and
PbCO3 mixture is ~19 pm. Extention of milling time beyond 15 hours have decreased progressively the mean size
towards a settle value. Long terms of mechanical treatment during advanced stages of mechanical alloying have
caused particles experiencing embitterment due to accumulation of internal stresses [39]. Continuous plastic
deformations to the brittle particles should caused further reduction in particle size towards an average value of ~
0.8 um and eventually settle down to that value even if the deformation continues to grow after the duration of 60
hours milling time at completion stage.
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In Fig.3, the comparison of diffraction patterns of TiO, and PbCO; mixture after 1, 5, 10, 25, 40 and 60 hours of
milling process is shown. Identification of the diffraction peaks ensured that the all peaks are matched with that of
TiO; and PbCOs phase.

10000
5000 [
8 o
10000 F— v - -
[
5000 ¢
10008 F . ' : : : :
= | [—25n]
Q. 5000 ¢
)
%
g
@ ——10h
2 5000
=
10008 E : : : :
. v [—5h]
5000

to00d ==

5000 |- ¢

v v v v
| 1 | e L ]
0 -“’“.““"F"‘“‘. "‘“J‘rw;:&%“’ﬁ“‘“}“f“k o4 i, st s
10 20 30 40 5 60 70 80
20 (Deg.)

Fig.3. X-ray diffraction patterns of TiO, and PbCO; mixture up to 60 hours of milling

Fig. 4 is results of the evaluation of mean crystallite size in milled particles after milling process based on XRD
patterns using Williamson-Hall method. In Fig.4, shows the ball milling process for 60 hours in a mixture of TiO,
and PbCO; lead to a decline in the value of the average crystallite size. The average size of the TiO, crystallites
decreased not so significantly exponentially with time. In contrast to TiO», after mechanical alloying for 60 hours,
the crystallite size of PbCOs; decreased significantly, which is about 1.5 times smaller. It shows that
the process of milling up to 60 hours resulted in a more brittle and easily shattered PbCO3; when compared with
TiO2. The mechanical milling process causes decrease of the crystallite size of tested phases and leads to
homogenizing the milled mixture. The mean crystallite size of TiO, and PbCO3 phases diminishes to 87 nm and 80
nm, respectively of the milling time up to 60 hours.
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The X-ray diffraction investigations of TiO, and PbCOs powder mixture milled for 60 hours and after different
temperature and times of annealing treatment up to 1000°C (Fig.5).
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Fig.5. X-ray diffraction profile of TiO, and PbCO; mixture after annealing up to 1000°C.

At 500°C with aholding time 1 hour, the single phase PbTiOs has not yet been formed where there is still
another phase that is present, PbsC3H2O12. Single phase PbTiO; with tetragonal perovskite crystal structure was
formed after annealing at 600°C up to 1000°C for 1 hour. X-ray diffraction pattern of the sample which has
undergone annealing process at 600°C for 1 hour matched with the data based on the diffraction pattern on Inorganic
Crystal Structure Database (ICSD) number 98-009-0693. The lattice constant calculated from the XRD dataisa = b
=3.9116 A and ¢ = 4.0943 A. The structure matches with the PbTiOj; that can be used in various applications. Based
on the x-ray diffraction patterns in Figure 5, the average size of crystallites of each phase can be found, where the
result is shown in Figure 6.
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To know for sure, temperature and time of the most optimum is achieved in the transformation process into a

single phase PbTiOs phase in full, then it should be tested thermal analysis. The intensity and sharpness of the X-ray
diffraction (XRD) peaks of PbTiO3 phase were found to increase with annealing temperature at 600°C up to 1000°C.
Based on Figure 6, it can be concluded that the average size of crystallites PbTiOs increased exponentially as the
rising of annealing temperature. The increase in intensity and sharpness of the XRD peaks with annealing
temperature may be attributed to the increase in the grain or crystallite size thereby increasing packing density of the
samples annealed at higher temperature.

4.

CONCLUSION

Tests on a mixture of TiO; and PbCO;3 as a piezoelectric material, PbTiO3, after undergoing a process of milling

and sintering resulted in several conclusions, which are:

L.

S.

10.

11.

Mechanical alloying process for 60 hours in a mixture of TiO, + PbCO; caused the mixture of the two
compounds decreased their average particle size to 0.8 pm and a crystallite size of 87 nm and 80 nm,
respectively. The reduction of the size of particle and crystallite was the result of the continuous collision
between sample powder and ball mill. As a consequence, the samples underwent embrittlement and deformation.
Heating of the particles results in the mechanical integration of the annealing temperature of 600 °C up to 900 °C
promote the formation of crystallites with nanometer-scale size and material make the integration of mechanical
and annealing the material with a particle containing nanocrystallite.

PbTiO; ceramic has been prepared by conventional solid-state reaction processing technique. The as fired
powder was found to be amorphous and crystallized to tetragonal PbTiO; after annealing at 600 °C up to 900 °C
for one hour. Dense ceramic samples were obtained by annealing at different temperatures and holding times.
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