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Abstract 

The effect of phosphorus additions on the structure, microstructure and dielectrics properties of the Pb0.98Ca0.02 
[(Zr0.52Ti0.48)0,98(Cr3+

0.5, Ta5+
0.5)0,02]1-xPx O3 (x ranged from 0.01 to 0.12) ceramics have been investigated. All of the samples 

were prepared by a high-temperature solid-state reaction technique. AFM analysis of the compounds suggests that the average 
grain size increases with increasing sintering temperature which is characteristic of a ceramic material. Until that it reaches 
maximum values for the simple doped with 4 Wt. % of P2O5 at a sintering temperature of 1050 °C. Dielectric studies of the 
compounds as a function of frequency (from 1 to 200 KHz) sintered at different sintering temperatures (1000, 1050, 1100, 1150 
and 1180 ° C) show that the compounds undergo a phase transition of diffuse type. The transition temperature shifts towards 
higher side with increase in frequency a typical characteristic of a relaxor material.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

Lead zirconate titanate (Pb(Zr1 xTix)O3 or PZT) ferroelectric ceramic and its derivatives are widely used in 
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transducers, actuators, and sensors and other electromechanical devices because of their high dielectric coefficients 
[1,4]. However, the structure of PZT is the point of discussion till today. For many years, the crystal structure of 
PZT was thought to be as indicated by the well known phase diagram published by Jaffe et al. [5]. The morphotropic 
phase boundary (MPB) region mostly defined in the range 0.4 < x < 0.6. Most of the research interest has been 
devoted in this region, because of the extremely high piezoelectric response which has numerous technological 
applications [6, 8]. Commercially available PZT ceramics were modified with either acceptor dopants such as ions 
of K+, Na+, P5+ (at A-site) and Fe3+, Al3+, Mn3+ (at B-site) creating oxygen vacancies in the lattice [9,10] are known 
as hard PZT, or donor such as ions of La3+ (at A-site) and Nb5+, Sb3+ (at B-site) leading to the creation of A-site 
vacancies in the lattice are known as soft PZT. Compared with the undoped composition, hard PZT often shows 
lower but more stable properties after ageing. In contrast, soft PZT shows higher properties and insensitivity to 
ageing. The difference in properties between the soft and hard PZT ceramics is rather large, even though the doping 
level is limited to a very low value (on the order of 1 mole %). The large difference of the physical properties 
between them mainly originates from the contributions from domain wall motion rather than properties of the crystal 
lattice. A hard PZT is usually used for high power applications while a soft PZT is used for sensors or low power 
transmitter applications [11,14]. The present work aims, to synthesize new materials of the formula Pb0.98Ca0.02 
[(Zr0.52Ti0.48)0,98(Cr3+

0.5, Ta5+
0.5)0,02] O 3 and see the effect of P2O5 on the sintering and properties.  

 

2. Experimental procedures 

During the preparation of modified PZT compounds, it is necessary to control the lead oxide content during 
sintering. The loss of lead oxide and the resultant variation in the composition affects greatly the dielectric 
properties. According to D. Wang and S. Zhang [15], when PZT solid solution is fired, lead oxide tends to evaporate 
and its vapor pressure becomes very important in sintering temperature. This volatility of lead oxide often leads to an 
unbalanced stoichiometry. The optimization of the operating conditions concerns the sintering temperature and 
atmosphere. Keeping this in mind, the compounds were synthesized by a conventional oxide mixing technique. The 
compositions used for the present study were Pb0.98Ca0.02 [(Zr0.52Ti0.48)0,98(Cr3+

0.5, Ta5+
0.5)0,02] O 3 added xP2O5 with x 

varying as 0, 2, 4, 6, 8, 10 and 12 Wt.% respectively. The appropriate amounts of Pb3O4 (99.9%), TiO2 (99.9%), 
ZrO2 (99.0%), Ta2O5 (99.9%), CaO (99.9%), Cr2O3 (99.9%) and P2O5 (99.9%) powders were weighed and mixed by 
ball milling with partially stabilized zirconia balls as media in isopropyl alcohol for 6 h. After drying, the mixture 
was calcined in a covered alumina crucible at 800 °C for 4 h. The calcined powders were again mixed by ball milled 
for 4 h. The resulting powders were uniaxially compacted into pellets of 10 mm in diameter at a pressure of 5 MPa, 
followed by isostatically pressing at 150 MPa. To investigate their sintering behavior, the specimens were sintered in 
a sealed alumina crucible at temperatures ranging from 1000°C to 1180 °C for 2 h. Excess PbO (2 wt%) was taken to 
compensate the lead loss during sintering. Microstructural features such as a grain size and pores were characterized 
by means of atomic force microscopy (AFM). The fractured surfaces were used for grain size and morphology 
determination. The size distribution of the grains was measured and the results compared with each other. The size 
distribution of the pores and the total value of porosity were determined on a polished cross-section of the samples 
with an image analyzer. The dielectric response was measured at room temperature by using an automatic LCR 
meter as a function of frequency for all samples with different sintering temperatures. 

  

3. Results and discussion  

3.1. Microstructure and crystallinity 

3.1.1. AFM analysis   

The surface morphology of ceramics was examined by contact mode atomic force microscopy (AFM), which is 
able to detect single tiny crystallites before XRD or SEM detect crystalline phases. The fig. 1 shows the morphology 
of PZT-CCT in two and three dimensions to the different simples doped in phosphorus: a) 4 Wt. %, b) 6 Wt. % and 
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b) 8 Wt. %  sintered at 1000, 1050 and 1100 °C for 2 hours. Analyzes were carried out on surfaces equal 10.14 m ×
10.14 m. The observation of the surface reveals the presence of large grains with boundaries clearly marked. 
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Fig. 1. AFM topographical images left and right 3D of PZT-CCT doped with P2O5: a) 4 Wt. %, b) 6 Wt. % and c) 8 Wt. % sintered at 1000, 1050 
and 1100 ° C. 

 
From these images, we see that the average grain size increases with increasing sintering temperature which is 

characteristic of a ceramic material. Until that it reaches maximum values at a sintering temperature of 1050 °C for 
all the samples a, b and c. Then this size decreases slightly to 1100 º  (Table 1). This evolution can be explained, by 
the coalescence of these nodules and better crystallization, which is generally, accompanied by enlargement of the 
grain size with increasing sintering temperature. All the samples showed an intergranular fracture mechanism 
indicating that the grain boundaries are mechanically weaker than the grains. The values of measured grain size for 
all samples (a, b and c) sintered at 1000, 1050 and 1100 °C are listed in Table 1. 

 
 

                            Table 1. Evolution of the average grain size of PZT-CCT doped by P2O5: 4 Wt.% b) 6 Wt.%  
                                                        c) 8 Wt.% depending on the sintering temperature. 

 
Sample 1000 °C 1050 °C 1100 °C 

A 2,24                ( m) 2,80               ( m) 2,51             ( m) 

B 2,10                ( m) 2,71               ( m) 2,26             ( m) 

C 2,17                ( m)  2,64               ( m) 2,36             ( m) 

 
 

From this table, the simple doped with 4 Wt. % of  P2O5 and sintered at temperature of 1050 ° C become much 
denser (has better crystallization). 
The topographical images (Fig. 1), show the evolution of the average roughness (Rms) depending on the 
composition: the roughness of samples sintered at 1000 ° C increases from 176.9788 nm for the sample doped with 
4 Wt.% P2O5  up to  252.7602 nm for the sample doped with 6 Wt.% P2O5 , then a slight decrease to reaches a value 
of 240.51 nm for the sample doped with 8 Wt.% P2O5. For the samples sintered at 1050 °C , the roughness changes 
from 147.22 nm for the sample doped with 4 Wt.% of P2O5 up to  164.54 nm for the sample doped with 6 Wt.% 
P2O5 , then a slight decrease to a value of 208.07 nm for the sample doped with 8 Wt.% P2O5. The samples sintered 
at 1100 °C , their roughness increases from 205.212 nm for the sample doped with 4 Wt.% P2O5 up to  402.7422 nm 
for the sample doped with 6 Wt.% , then a slight decrease to reach a value of 361.145 nm for the sample doped with 
8 Wt. % P2O5. AFM observations shows that the roughness varies slightly as a function of sintering temperature for 
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the sample doped with 4 Wt.% P2O5 , it reaches a minimum value of 164.54 nm at 1050 ° C, which is consistent 
with the increase of the densification of specimens (the crystallization has reached its limits).  
 

3.2. Dielectrics properties 

3.2.1. Variation of  r as a function of frequency 
 
Fig. 2 show the variation of dielectric permittivity ( r) of all the samples sintered at different sintering temperatures 
(1000, 1050, 1100, 1150 and 1180 ° C) with frequency at room temperature. 
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Fig. 2.  Variation of dielectric permittivity as a function of frequency for all samples with different sintering temperatures. 

It may be noted that in all samples, there is an increase in the dielectric constant with decreasing frequency, which is 
a typical characteristic of normal dielectric [14]. The decrease in dielectric constant arises from the fact that 
polarization does not occurs instantaneously with the application of the electric field because of inertia. The delay in 
response to wards the impressed alternating electric field leads to loss and decline in dielectric constant. At low 
frequencies, all the polarizations contribute. As frequency is increased, those with large relaxation times cease to 
respond and hence the decrease in dielectric constant [16, 20]. From these results, we can consider the PZT-CCT 
ceramic doped with P2O5 as a soft ceramic (depolarizes easily) and it can be used at high frequencies in transmission 
technology. 

 

4. Conclusion 

The crystal structure, microstructure, and dielectrics properties of the Pb0.98Ca0.02 [(Zr0.52Ti0.48)0,98(Cr3+
0.5, 

Ta5+
0.5)0,02]1-xPx O3 (x ranged from 0.01 to 0.12) ceramics have been investigated. The crystal structure and 

microstructure varied with the increase of P2O5 content. It has been found that the sample doped with 4 Wt. P2O5 
and sintered at 1050 °C for 4 h exhibiting better homogeneity and formation of pure perovskite structure. 
Coincidentally, the P2O5 addition gave rise to a lower lead loss, and the dielectric constant increase with decreasing 
frequency, so we can consider the PZT-CCT ceramic doped with P2O5 as a soft ceramic (depolarizes easily). This 
investigation may be useful in the fabrication of electronic/electrical devices which used in transmission technology.  
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