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Effect of grain size on the dielectric properties of Lanthanum-
doped PbTiO; perovskite ceramics.
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Abstract: Lead lanthanum titanate, (PLT) ceramics were fabricated by conventional combustion technique and
the influence of different sintering temperature (1170, 1200, 1230, 1260 and 1300 °C) at a fixed of sintering
time for 2h on the microstructure and dielectric properties were investigated. The particle size of PLT ceramics
which can be calculated by Scherer formula from XRD (x-ray diffraction) analysis is increased with increasing
sintering temperature. The density of the samples also increases with increasing sintering temperature (Ts),
which can be calculated from XRD pattern and can be observed from SEM (scanning electron microscope)
technique. Dielectric properties of the samples were studied as a function of sintering temperature and
frequency, where the maximum value of dielectric constant (€,,,) increased with increasing Ts, but it decreased
with increasing frequency, but the transition temperature independent on the applied frequency. The versus
imaginary permittivity and dielectric loss with frequency at room temperature were investigated. The diffusion
coefficient (y) of PLT ceramics are decreased with increasing sintering temperature.
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I. Introduction

Lead titanate ceramics undergo a ferroelectric-to-paraelectric transition at 490 °C (Curie point) [1]. The
crystal structure of PT in the paraelectric phase is cubic (space group Pm3m), while the ferroelectric phase
below the Curie point exhibits a tetragonal phase (space group P4Amm). When PT is cooled, across the phase
transition it becomes fragile due to occurrence of significant changes in the unit cell dimensions which cause
large internal stresses [2,3]. By adding suitable isovalent dopants such as (Ca*’, Ba*", Cd*', ...... etc) or off-
valence (Sm”, Gd*, La*", Y*, ... etc) ions into the Pb sites of lead titanate, the lattice anisotropy is reduced
[4,5], resulting in hard and dense ceramics with high mechanical strength. Ravender Tickoo et al [6] had
reported that, the value of dielectric constant at room temperature was increased with increasing La content on
the sample (Pb;La,Ti;,;MoyFe,0; with x=0.02, 0.05, 0.10, 0.15, 0.20 and y=0.02), also they have been
observed that the transition temperature decreases at the rate of 14 °C per mol% of La substitution. Coercive
field and c /a ratio are continuously decreased with increasing in La addition.

Jiang et al [7] studied varying average grain size of PbTiO; nanocrystalline ceramics with sintering
temperature and they observed the dielectric phase transition more diffuse as the particle size decreased.
Buscaglia et al [8], observed a similar behavior when they studied BaTiO3 nanostructured ceramics prepared by
a spark plasma sintering technique (SPS), they observed a shift in the phase transition temperature (Curie
temperature) a shift towards lower values by decreasing the grain size was smaller than 100 nm.

Wei Liu et al [9] had reported that, the bulk density and grain size of porous PZT ceramics is increased
with increasing of sintering temperature, consequently the porosity of the samples will decrease and the samples
become more denser with increasing of sintering temperature which exert remarkable influence on the value of
relative permittivity (g;) and piezoelectric strain coefficient (d3; and ds3).

Ukrit Chaimongkon, et al [10] studied effect of sintering temperature on the phase formation
microstructure and dielectric properties (Pb, Ba,) TiO; PBT ceramics with 0.2< x< 0.8 prepared by the
combustion technique, under various of sintering temperature (1125-1275 °C) for 2 h, they mentioned that, both
of value of average grain size and maximum value of dielectric constant for all the samples are increased when
the firing temperatures is increased, but the Curie temperature is decreased when x is increased. Carreaued et al
[11] studied ceramic samples with a lower density (PbMg;;Nb,;303) and they observed a decrease in the
maximum value of dielectric constant with decreasing the average grain size.

The aim of the present work is to extend our previous investigation to other new material compositions,
and provide an analysis of the effect of particle size on the structure and the dielectric behavior of (PLT20)
ceramics samples.

Another goal was to fabricate these ceramics by conventional solid state reaction in air atmosphere at higher
sintering temperature and time, while improving or at least maintaining the comparable dielectric, ferroelectric and
piezoelectric properties of PLT ceramic.
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II.  Experimental procedure

Commercially available PbO (.99.9% purity, Aldrich, USA), La,05 (.99.9% purity, Aldrich, USA), and
TiO; (.99.9% purity, Aldrich, USA) powders were used as the starting materials. The oxides were weighed in
desired molar proportions according to molecular formula [Pby; Lay,] TiO; and mixed. The mixture was dry
ball milled for 6h using zirconia balls, and then powders were pressed into 7-mm diameter green pellets and
about 1.5 mm thickness using a hardened stainless steel die at 40 MPa. These disks were further sintered at
different sintering temperature [1170, 1200, 1230, 1260 and 1300 °C] for 2h in a conventional furnace. Finally
the disks were polished and coated by applying silver paste on both sides as electrode to study the electrical
properties. Perovskite phase formation was confirmed by X-ray diffraction pattern of the sintered pallets, using
Philips X-ray diffractometer (CuKa radiation A=1.5405 A°) at room temperature. The microstructures of the
sintered samples were analyzed by using (JEOL, JSM-5500LV) scanning electron microscope (SEM). The
density of the PLT ceramics was measured by the Archimede’s method. The dielectric and ferroelectric
properties of the sintered PLT samples were measured using an LCR meter (TH2826) (in the range 20Hz-
SMHz

III.  Results and discussions
3.1. Powder morphology

PLT pellets sintered at (1170, 1230 and 1300 °C) were examined by x-ray diffraction Fig. (1).
According to this figure all samples are single phase and have major peak at (110). The average particle size (D)
of the samples was calculated using Debye-Scherer method from the broadening of the diffraction line using the
expression [12]:

D = 0.94)\/Bcos(0) (1)

Where A is the wave length of the CuKa radiation, B is the full width at half maximum (FWHM) of the
diffraction main peak and 0 is the Bragg diffraction angle at this peak. The average particle size is increased
from 20 nm to 40 nm, when the sintering temperature increased from 1170 to 1300 °C.

The behavior can be explained according to the phenomenological kinetic grain growth equation expressed as
[13]:
log G =(1/n) log t + (1/n) [ log K, — 0.434 (Q/RT)] 2)

Where G is the average grain size at the time sintering, n is the kinetic grain growth exponent, K, a
constant, Q the apparent activation energy, R the gas constant, and T is the absolute temperature. The last
equation shows that, the average grain size is increased with increasing firing temperature and this means that
the porosity of the samples are decreased with increasing sintering temperature. This behavior can be observed
in [14-16].

X-ray density (dy) various of sintering temperature of the PLT ceramic was calculated using the lattice
parameters obtained from XRD patterns by this equation

dy =(Z.M)/ (N.V), (3), where
Z = No. of formula units per unit cell.
M = Molecular weight (gm).
N = Avogadro’s number.
V = Unit cell volume (A°)’.

According to Eq(3), value of density depend only the volume of unit cell which consequently depend
on the lattice parameter, however the sintering temperature increase the volume of unit cell is decreased, so that
the density must be increased.

Fig. 2, shows the particle size and X-ray density versus the sintering temperature, where this fig
indicated that the value both of grain size and density are increased with increasing the sintering temperature.
The increase in density is related to increase the particle size and decreased the dislocation of the samples with
firing temperature.

Fig. 3(a) and (b) shows the lattice constant and lattice anisotropy (c/a) of PLT ceramic with various
firing temperature respectively. This figure shows that both value of the lattice constant c-axis (002), a-axis
(200) are decreases and consequently the volume of the cell is decrease with increasing the sintering
temperature, but the tetragonality (c/a) is increased. This behavior can be observed in [17]. Table 1. Show the
particle size, density and lattice parameters for all the sintered PLT ceramics.

3.2 Microstructure

The microstructure of PT ceramics doped La 20 % with different sintering temperature (1170, 1230
and 1300 °C), were carried out by Scanning electron microscope (SEM) Fig 4(a-c). It can be observed that the
structure of samples is very homogeneous at high firing temperature and diameter of the grain boundary
increased with increasing sintering temperature; this means that the dislocations and porosity are decrease with
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increase sintering temperature and the sample will be denser. So that we can conclude the firing behavior is
optimum the crystal structure for the ceramic samples.

3.3. Room temperature electric parameters

Room temperature dielectric constant measured at 10 kHz increases with increasing sintering
temperature as show in Fig. (5). this is attributed to increasing density and grain size [18].

Fig. 6 shows the variation of dielectric constant at room temperature with frequency of the applied a.c.
field within a range 100 Hz to 1MHz for the samples sintered at (1170, 1230 and 1300 °C) of PLT ceramic.
The decrease in dielectric constant with increasing in frequency can be expressed by Kramers Kronig relation
[1]

&) - £, = A0 (@)

Where £ is the dielectric constant measured at frequency o, (o = 2nf), g, is the dielectric constant
measured at high frequency and exponent s must be in the range 0 < s < 1. The exponent s represents the degree
of interaction between mobile with the lattices around them, and the prefactor exponent A determines the
strength of polarizability. Writing Eq. (4) in the form,

log [¢(®) - &4] = (1-s)log @ + log Al. A plot of log [¢(®) - &,] versus log (@) show the result as shown
in Fig. 7.

The value of parameter s calculated from the slope log [£(®) - &,] vs. log(w) curves is found to be less than
unity and decreases with increase in temperature, where s = 0.75, 0.79 and 0.82 for Ty = 1170, 1230 and 1300
°C.

On other words, the dielectric constant at low frequency is dependent on various polarization effects
(electronic — ionic — orientation polarization), but at high frequencies this value is dependent on the electronic
polarization only, so that the value of dielectric constant are less. This behavior can observe in  [19, 20].

3.4. Phase transition

Variation in dielectric constant for all the sintered samples as a function of temperature under
frequency of electric field 10 kHz is reported in Fig. 8. The value of permittivity is increased with increasing
temperature and reach a maximum value (g,,x) at phase transition (ferro-para transition) (T.), then it is
decreased with increasing temperature. Also this figure shows that the value of phase transition (T.) toward the
higher temperature with increasing sintering temperature where, if the sintering temperature is increased from
1170 to 1300 °C, the T, is increased from 413 to 438 °K. The increase in dielectric constant with the sintering
temperature is due to increasing of density and grain size. According to the space-charge theory from

Okazaki and Nagata [21], there is a specific amount of space charge sites inside grain boundaries and
domain wall, this space charge due to lattice vacancies is responsible for forming electric field which effects the
movement of domain walls. Because the ceramic materials become more denser with increasing sintering
temperature it is expected that the space-charge fields will decrease because this field is eliminated by the space
charge of surrounding grains more easily than in more porous ceramics. When the grain size increases, the
surface area of the space-charge layer will decrease, and consequently the space-charge field will decrease
simultaneously. Hence, the domain walls are quite free in large grains and denser ceramics, as well as dielectric
constant increases for samples with high density and large grains size.
A linear increase of phase of transition temperature with sintering temperature for PLT ceramic is observed in
Fig.9.

3.5. Dielectric loss

The effect of sintering temperature on dielectric loss as a function of frequency in range of 20Hz to
1MHz at room temperature is shown in Fig.10. for the PLT ceramics had sintering temperature (1170, 1230 and
1300 °C). It is to be noted that, the value of dielectric loss is very small for all the samples and this value is
decreased with increase the applied frequency reached to minimum value, then it increased with increase the
frequency. This peak appears when the frequency of electric charge has approximately value equal to the value
of external applied electric field. This peak is noticeable at high sintering temperature and shift toward lower
frequencies. This is attributed to increase in grain size due to high sintering temperature and this behavior can
observed [22-24].

Fig. 11 show the frequency dependence of imaginary part of dielectric constant at room temperature for
PLT ceramics sintered at 1170, 1230 and 1300 °C. for all the range of frequency, behavior of imaginary
dielectric constant is similar to behavior of dielectric loss, where the value of imaginary permittivity is decrease
with increase frequency reached to minimum value, then it increase with increase frequency.
3.5. Sintering temperature effect-induced diffused phase transition

The degree of diffuseness of the transition is studied by using expression [25];
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(1/e — Vema) = V/C(T - T)", (T> To), (5)

Where y and C are assumed to be constants. The value of y determines the degree of diffuseness of the
phase transition which lies in the range of 1 <y <2. The value of y is equal to 1 for a system with a completely
ordered transition while y between 1 and 2 indicates diffused transition. According to Eq (5) the slope of log(1/¢
— 1/emax) versus log(T - T,) gives the value of y.

The graphs of log(1/e-1/gy,x) versus log(T-T.) for the samples (Pby;La,,) TiO; ceramics have sintering
temperature (1170, 1230 and 1300 °C) at an applied field of 10 kHz were plotted, giving the results shown in
Figl2. The value of y is (1.567, 1.824 and 1.956) for (1170, 1230 and 1300 °C), are respectively.

It is evident that the diffuseness on the phase transition of PLT ceramics is decreased with the
increasing of sintering temperature. This behavior can be interpretation due to, in the ferroelectric material the
diffuse phase transition increase with decrease of grain size and this behavior can be observed in [26,29].

Table 1. Particle size, density and lattice parameters for sintered PLT ceramics for all the samples

annealing temperature (°C) 1170 1200 1230 1260 1300
Particle size (nm) 20 26 31 36 40
Density (gm/cm’®) 2.982 3.0022 3.03 3.044 3.056
a (A") 3.9079  3.8921 3.8715 3.8615  3.8505
c (A) 3.9399  3.9287 3.9234 3.9055 3.9005
V (A% 153971 15.2908 151507  15.081 15.0188
c/a 1.0082 1.0094 1.0108 1.0114 1.0129
£ 450 690 878 930 1000
£max(10KH2z) 2154 5500 8187 10230 12910
T. (°K) 413 420 428 433 438
Y 1.567 1.824 1.956

IV.  Conclusion

PLT ceramics have been manufactured by solid state reaction method, and sintering at different
temperature, microstructure and dielectric properties for the samples have been show. When the sintering
temperature increased from 1170 to 1300 °C, the porosity of the samples decreased, and consequently the
density and grain size increased obviously. The maximum value of dielectric constant increased with increasing
sintering temperature attributed to an increased in grain size and density, which can be explained according to
space-charge theory from Okazaki. The maximum value of dielectric constant decreased with increased the
frequency but the phase transition of temperature is independent of frequency. The value of dielectric loss at
room temperature decrease with increase frequency and reached to minimum value, then it increase with
frequency and this peak related to the frequency of electric charge equal to the frequency of applied electric
field, but both of value of real permittivity and imaginary permittivity at room temperature are decrease with
increase frequency without appreciable peak .The diffused of phase transition of PLT ceramics is decreased with
increasing sintering temperature, and this indicated that the quality of the samples is increased with sintering
temperature. In other words, we can conclude that the sintering temperature is considered to be the essential
factor for improving the quality of the ceramics samples.

References

Ravender Tickoo, R.P. Tandon, K.K. Bamzai, P.N. Kotru, Materials Science and Engineering B103 (2003) 145-151.

H,D. Megaw, Proc, J. Phys. Soc. (London) 58 (part 2) (1946) 133.

D. Shirance, S. Hoshino, J. Phys. Soc. Jpn. 6 (1951) 256.

H. Takeuchi, S. Jyomura, E. Yamamoto, Y. Ito, J. Acoust . Soc. Am. 72 (1982) 114.

T.Y. Tien, W. G. Carlron, J. Am. Ceram. Soc. 45 (1962) 567.

Ravender Tickoo, R.P. Tandon, N.C. Mehra, P.N. Kotru, J. Materials Science and Engineering B94 (2002) 1 -7

Q. Jiang, X.F. Cui, M. Zhao, Size effects on Curie temperature of ferroelectric particles, Applied Physics A-Materials Science &

Processing 78 (2004) 703-704.

[8]. V. Buscaglia, M.T. Buscaglia, M. Viviani, L. Mitoseriu, P. Nanni, V. Trefiletti, P. Piaggio, I. Gregora, T. Ostapchuk, J. Pokorny, J.
Petzelt, Grain size and grain boundary-related effects on the properties of nanocrystalline barium titanate ceramics, Journal of the
European Ceramic Society 26 (2006) 2889-2898.

[9]. Wei Liu, Jing Xu, Ruifang Lv, Yanzhong Wang, Hong Xu, Jinlong Yang, J. Ceramics International40(2014)2005-2010.

[10].  Ukrit Chaimongkon, Atthakorn Thongtha, Theerachai Bongkarn, J. Current Applied Physics 11 (2011) 570-576.

[11].  J. Carreaud, P. Gemeiner, J.M. Kiat, B. Dkhil, C. Bogicevic, T. Rojac, B. Malic, Size-driven relaxation and polar states in

PbMg1/3Nb2/303-based system, Physical Review B 72 (2005) 174115.

2] P.Scherrer, Gottinge Nachichten, 2, 98, (1918).

3].  T.Senda, R.C. Bradt, Grain growth in sintered ZnO and ZnO-Bi,Os ceramics, J. Am. Ceram. Soc. 73 (1) (1990) 106-114.

4].  Tao Zeng, Xian Lin Dong, Heng Chen, Yong Lin Wang, J. Materials Science and Engineering B 131 (2006) 181-185.

5]

6]

7]

— e —
~N O\ LB W —
[ i R e R

Xingang Wang, Maolin Wang, Hua Song, Bingjun Ding, J. Materials Letter 60 (2006) 2261-2265.
Te-Yi Chen, Sheng-Yuan Chu, Yung-Der Juang, J. Sensors and Actuators A 102 (2002) 6-10.
Y. Sakabe, N. Wada and Y. Hamayji, J of the Korean Physical Society, 32(1998) 260-264.

www.iosrjournals.org 23 | Page



Effect of grain size on the dielectric properties of Lanthanum- doped PbTiO3 perovskite ceramics.

[18].  R. Thmas, S.Mochizuki, T.Mihara, T. Ishida, Jpn.J.Appl.Phs. 40 (2001) 5511.

[19].  M.K.Gergs, G.A.Gamal, M.A.Massaud. J. Solid, 30(2) (2007) 20-35.

[20].  Sarabjit Singh, Chandra Prakash, K.K. Raina, Journal of Alloys and Compounds 492 (2010) 717-722.

[21]. K. Okazaki, K. Nagata, J. Am. Ceram. Soc. 56 (1973) 82-86.

[22].  Alaeddin A. Saify and P. Poopalan, J. Mater. Sci. Technol., 2011, 27(9), 802-808.

[23].  M.A. Elkestawy, S. Abdelkader and M.A. Amer: Physica B, 2010, 405, 619.

[24]. V. RaghavendraReddy, SanjayKumarUpadhyay, AjayGupta, AnandM.Awasthi, Shamima Hussain, J. Ceramics International
40(2014)8333-8339

[25].  S.M. Piligrim, A.E. Sutherland, S.R. Winzer, J. Am. Ceram. Soc. 73 (1990) 3122.

[26]. K. Prasad, Indian J. Eng. Mater. Sci. 7 (2000) 446.

[27].  C.Fu, F.Pan, W. Cai, X. Deng, Integr. Ferroelectr. 104, 1 (2008).

[28].  F.LH. Rhouma, A. Dhahri, J. Dhahri, M.A. Valente, J. Appl Phys A 13(2013) 7760.

[29].  S.K.S. Parashar, R.N.P. Choudhary, B.S. Murty, Material Science and Engineering B 110 (2004) 58-63.

Caption of figures:
Fig.1. Shows XRD patterns of variation sintering temperature for the sample [(Pby- Lay,)] TiO; ceramics
sintered at (1170, 1230 and 1300 °C).
Fig.2. Effect of sintering temperature of (Pby ;Lag,)TiO; ceramic on grain size and density.
Fig. 3. Dependence of the (a) lattice constant and (b) lattice anisotropy (c/a) of [(Pby;Lag,)] TiO; ceramics on
the sintering temperature.
Fig. 4. SEM analysis of (a), (b) and (c) represented the sample [(Pby;Lay,)] TiO; ceramics sintered (1170, 1230
and 1300 °C) are respectively.

Fig.5. Dielectric constant measured at room temperature of PLT ceramic versus with sintering temperature for
all the samples.

Fig.6. Dielectric constant measured at room temperature versus frequency of PLT ceramic sintered (1170, 1230
and 1300 °C).

Fig.7. log log [£(®) - €,] versus log (®) of PLT ceramic Sintered (1170, 1230 and 1300 °C).

Fig.8. Variation of dielectric constant with temperature for the sample [(Pby;Lag,)] TiO; ceramics sintered
(1170, 1230 and 1300 °C) at 10 kHz.

Fig. 9. Effect of sintering temperature on transition temperature of La doped PT ceramic for all sintered the
samples.

Fig. 12. A plot of log(1/e — 1/gy,x) versus log(T - T.) for PLT ceramics, with sintering temperature (1170, 1230

and 1300 °C).
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Fig.1. Shows XRD patterns of variation sintering temperature for the sample [(Pby 7 Lag,)] TiO; ceramics
sintered at (1170, 1230 and 1300 °C).
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Fig. 4. SEM photographs of (a), (b) and (c) represented the sample [(Pb, ;Lay,)] TiO; ceramics sintered (1170,
1230 and 1300 °C) are respectively.
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Fig.S Dielectric constant measured at room temperature of PLT ceramic versus with sintering temperature for
all the samples.
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