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Abstract 
The influence of the sintering temperature on the structure and on the hysteresis loops of Fe3+ doped 
Pb(ZrxTi1-x)O3 system has been investigated. Three compositions have been selected in the following 
mode: one in rhombohedral region, one in MPB region and one in tetragonal region have been obtained 
by solid state reaction technique. Sintering has been carried out at 12000C and 12500C respectively. 
The nature of the phases has been investigated in detail using X-ray diffraction analysis (XRD). All the 
sintered samples reveal a perovskite type structure. The surfaces have been lapped and metalized in 
order to obtaine the hysteresis loops at room temperature. The results showed a similar behaviour with 
“hard” PZT ceramics. 
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1. Introduction 

Doped Pb(ZrxTi1-x)O3 (PZT) ceramics due to their 
piezoelectric properties show a very large interest for 
applications such as sensors [1], actuators [2], 
transducers [3] and structural health monitoring [4]. 
The final piezoelectric properties depend on the: (i) 
value of Zr4+/Ti4+ ratio, (ii) nature of dopants and (iii) 
doping into A2+ or/and B4+ site of AIIBIVO3 perovskit 

structure. The piezoelectric properties of doped PZT 
ceramics can be significantly modified by the addition 
of a small quantities of dopants. Using the donor 
dopants leads to obtaining so called “soft” PZT 
ceramics and using the acceptor dopants leads to 
obtaining so called “hard” materials [5]. If used 
dopants (ions) of higher valence for the A site (like 
Nb5+, La3+) obtained lead vacancies and if used lower 
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valense for B site (like Fe3+) obtained oxygen 
vacancies [6]. The lead vacancies influence the 
mechanism of internal stress because of the reduction 
of cell parameter ratio, c/a and increase the mobility of 
the domain walls [7]. The oxygen vacancies lead to 
realization of complex defects that have an electrical 
dipole moment. These defects can be re-oriented by 
spontaneous polarization [8]. The PZT ceramic doped 
with iron presents lower constants like dielectric 
constant and loss constant [9]. Therefore, according to 
Kumar and Mishra [10] addition of Fe2O3 in PZNT 
system brings structural changes in the material and 
according to Rai et.al.[11] in PLZT doped with Fe 
increase the transition temperature. Addition of Fe3+ in 
the PZT structure form defect dipoles with partially 
charge-compensating oxygen vacancies (Fe′ Zr,Ti− 
V••

O)• if the doping level is below his solubility limit 
[12]. 

In the present research paper, Fe3+ modified 
Pb(ZrxTi1-x)O3 ceramics with a general formula of 
Pb(Zr1-xTix)0.99Fe0.01O3   for different ratio Zr4+/Ti4+ 
(where x = 0.42, 0.48, 0.58) have been synthesized. 
The structural and ferroelectric properties of the 
materials have been investigated in order to check their 
applicability as transducer. 

2. Materials and Methods

The conventional mixed oxide process have been
used to prepare Fe3+ doped Pb(Zr1−xTix)O3 
ceramics, with x = 0.42, 0.48 and 0.58. The amount of 
dopant used was 1 wt.% of Fe2O3. The obtained 
compositions have been labelled as PZT-Fe1 (x=0.48), 
PZT-Fe2 (x=0.58) and PZT-Fe3 (x=0.42). The raw 
materials, consisting in high purity oxides, have been 
mixed in a ball mill, dried and calcined at 870°C for 
4h. After being uniaxial pressed into discs form with a 
diameter of 11 mm and a thickness of 2 mm the 
samples were sintered for 2h at 1200 and 1250°C in a 
close alumina crucible. Then, after lapping, the silver 
electrodes were applied on both sides of the discs and 
heat treated at 600°C for 30 min. The densities of the 
sintered samples have been measured by Archimedes 
method. To determine the crystalline structure of the 
sintered samples, X-ray diffractometer (BRUKER 
AXS D8 Advance) with CuKα radiation and Ni filter 
has been used. In order to determine the piezoelectric 
properties all the samples have been polarized at 
160°C in a silicon oil under 3-6 kV/mm for 30 min. 
The densities of the sintered samples have been 
measured by Archimedes method.    The P-E hysteresis 
loops of the un-poled samples have been measured 
using the TF analyser 2000 (Aixact System). After 72 
h of poling the piezoelectric properties have been 
determined with an impedance analyser 4294A 
(Agilent type) [5]. The piezoelectric properties 
(electromechanical coupling factor kp) have been 

determined by the resonance-anti-resonance method 
[13]. 

3. Results and discussion

Structural anaysis
     The XRD patterns of the Fe3+ doped PZT sintered at 
1200 and 1250°C are shown in Figure 1-3. XRD 
measurements pointed out that all the compositions 
sintered at 1250°C have a single perovskite phase, 
indicating a formation of a solid solution. At 1200°C 
for PZT-Fe2 and PZT-Fe3 as secondary phase appears 
and directly observable in the XRD patterns.  

(a)

(b) 
Fig.1: XRD patterns of PZT-Fe1 sintered 2h at (a)1200°C 

and (b) 1250°C 

(a) 

(b) 
Fig.2: XRD patterns of PZT-Fe2 sintered 2h at (a)1200°C 

and (b) 1250°C 

(a) 

(b) 
Fig.3: XRD patterns of PZT-Fe3 sintered 2h at (a)1200°C 

and (b) 1250°C 
It is known that for the tetragonal structure the (111) is 
a single and (200) is a doublet, whereas for the 
rhombohedral structure (111) is a doublet and (200) is 
a single [10].   

 For all the compositions the crystallinity of the 
structure increases as temperature increases. 
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Study of the sinterability 
   Table 1 shows the densities of the PZT-Fe1, PZT-Fe2 
and PZT-Fe3 sintered at 1200 and 1250°C. The 
densities of the samples sintered at 1200°C are in the 
range of 7.21 and 7.40 g/cm3. As the sintering 
temperature increases to 1250°C the density of all 
samples increases and the results seems to be 
dependent of the composition. The high density values 
can be considered as a good indication that all samples 
can be submitted to electrical characterization. 

Table 1: Apparent density and porosity of the all 
compositions as a function of the sintering temperature 
Samples Sintering 

temperature 
[°C] 

Apparent 
density 
[g/cm3] 

Porosity 
 [%] 

PZT-Fe1 1200 7.40 0.87 
1250 7.41 0.86 

PZT-Fe2 1200 7.21 0.78 
1250 7.34 0.65 

PZT-Fe3 1200 7.24 1.12 
1250 7.40 1.06 

Piezoelectric properties 
   Table 2 reports the obtained values for the 
piezoelectric factor (the planar coupling factor kp) at 
room temperature as a function of the sintering 
temperature for PZT-Fe1, PZT-Fe2 and PZT-Fe3 
compositions. Some compositions (PZT-Fe2 and PZT-
Fe3) could not be polarized due to the structural 
inhomogeneity being the determining factor in this 
process. It can be observed that the values for the kp
depend on the Zr4+/Ti4+ ratio.  
PZT-Fe2 and PZT-Fe3 sintered at 1200°C were could 
not be poled because of the type of structure which 
depends on the Zr4+/Ti4+ ratio. The data are reliable 
with the values obtained for density and porosity. 

Table 2: The piezoelectric properties for the all 
compositions as a function of sintering temperature 

Samples Sintering 
temperature [°C] 

fr 
[MHz] 

fa 
[MHz] 

kp 

PZT-Fe1 1200 1.9 2.1 0.51 
1250 1.3 1.4 0.44 

PZT-Fe2 1200 - - - 
1250 1.3 1.5 0.62 

PZT-Fe3 1200 - - - 
1250 1.4 1.5 0.42 

Feroelectric properties 
   Figure 4 shows the dependence of the hysteresis 
loops on the sintering temperature for un-poled 
compositions. In each phase region the hard ceramics 
characteristics are observed [14, 15]. The shape of the 
hysteresis loops depends on the nature of the phases 
obtained in the crystalline structure and it is influenced 
by the sintering conditions and by the amount of the 
tetragonal phase. Some P–E loop obtained for the 
compositions sintered in the air is lossy and not 
saturated [16]. If the sintering is carried out in air the 
reorientations of the domains become difficult and 
development of an unsaturated P–E loop [17] is 
observed.    

The values obtained for the remanent polarisation (Pr) 
and for the coercitive field (Ec) for all the sintered 
compositions are presented in Table 3.  
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Fig.4:  Hysteresis loops obtained for un-poled 
compositions sintered at 1200ºC and 1250ºC: (a) 

PZT-Fe1, (b) PZT-Fe2 and (c) PZT-Fe3 
Table 3: The values for the remanent polarisation (Pr) and 

the coercitive field (Ec) obtained for the  PZT-Fe1, PZT-Fe2 
and PZT-Fe3 compositions function of sintering 

temperature 
Samples Sintering 

temperature 
[°C] 

Ec 
[V] 

Pr 
[µC/cm2] 

PZT-Fe1 1200 346.17 0.45 
1250 808.85 0.05 

PZT-Fe2 1200 251.21 0.13 
1250 407.46 0.09 

PZT-Fe3 1200 1496.9 0.30 
1250 506.86 0.14 
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It can be observed that the values obtained for the 
remanent polarization Pr and the coercitive field Ec 
increases with increasing of the sintering temperature 
for the PZT-Fe1 and PZT-Fe2 and decreases with 
increasing of the sintering temperature for the PZT-Fe3 
[16]. The results are in line with the Zr4+/Ti4+ ratio. 

5. Conclusions

In this research paper, the effect of the manufacturing 
method, in particular one of the most important 
parameter like the sintering temperature (12000C and 
12500C), on the hysteresis loops of Fe3+ doped 
Pb(ZrxTi1-x)O3 structure was studied. Three 
compositions, with different crystalline structure, 
were considered during the investigation. X-ray 
diffraction analysis results make an evidence that all 
the sintered samples reveal a perovskite crystalline 
structure. As for the hysteresis loops concern, 
measured at room temperature, it comes out that the 
values obtained for the remanent polarization Pr and 
the coercitive field Ec increases sintering temperature 
increases for the PZT-Fe1 and PZT-Fe2 samples and 
decreases as sintering temperature increases for the 
PZT-Fe3 samples, in line with the Zr4+/Ti4+ ratio and 
according to the studies reported in [16].  

Acknowledgement 
   The authors acknowledge the financial support of the 
Ministry of Research and Innovation, through PN 
16110209/2016 and PN 19310103/ 2019 for making 
possible the dissemination of these results.                                                                                                  

References 

[1] Deng, J., Zhu, W., Tan, O. ., & Yao, X.
(2001). Amorphous Pb(Zr, Ti)O3 thin film hydrogen
gas sensor. Sensors and Actuators B: Chemical, 77(1-
2), 416–420. doi:10.1016/s0925-4005(01)00707-9
[2] Sun, F. P., Chaudhry, Z., Liang, C., & Rogers, C.
A. (1995). Truss Structure Integrity Identification
Using PZT Sensor-Actuator. Journal of Intelligent
Material Systems and Structures, 6(1), 134–139.
[3] Xu, Q. C., Yoshikawa, S., Belsick, J. R., &
Newnham, R. E. (1991). Piezoelectric composites with
high sensitivity and high capacitance for use at high
pressures. IEEE Transactions on Ultrasonics,
Ferroelectrics and Frequency Control, 38(6), 634–
639.
[4] Duan, W. H., Wang, Q., & Quek, S. T.
(2010). Applications of Piezoelectric Materials in
Structural Health Monitoring and Repair: Selected
Research Examples. Materials, 3(12), 5169–5194.
[5] Dumitru, A. I., Velciu, G., Patroi, D., Pintea, J.,
Marinescu, V., Clicinschi, F., Matekovits, L., Peter, I.
(2020). Investigations on the Doping Effects on the
Properties of Piezoelectric Ceramics. Advanced

Materials Research, 1158, 105–
114. doi:10.4028/www.scientific.net/amr.1158.105
[6] Garcia, J. E., Pérez, R., Albareda, A., & Eiras, J. A.
(2007). Non-linear dielectric and piezoelectric
response in undoped and Nb5+ or Fe3+ doped PZT
ceramic system. Journal of the European Ceramic
Society, 27(13-15), 4029–
4032.  doi:10.1016/j.jeurceramsoc.2007.02.086
[7] Pojucan, M. M. S., Santos, M. C. C., Pereira, F. R.,
Pinheiro, M. A. S., & Andrade, M. C.
(2010). Piezoelectric properties of pure and
(Nb5++Fe3+) doped PZT ceramics. Ceramics
International, 36(6), 1851–
1855.  doi:10.1016/j.ceramint.2010.03.025
[8] Jaffe, B., Cook, W. J. and Jaffe, H., Piezoelectric
Ceramics. Academic, New York, 1971
[9] J.F. Fernandez, C. Moure, M. Villegas, P. Dura´n,
M. Kosec, G. Drazic, Compositional fluctuations and
properties of fine-grained acceptor-doped PZT
Ceramics, Journal of the European Ceramic Society 18
(12) (1998) 1695–1705
[10] Kumar, A., & K. Mishra, S. (2014). Structural
And Dielectric Properties Of Nb And Fe Co-doped PZT 
Ceramic Prepared By A Semi-wet Route. Advanced
Materials Letters, 5(8), 479–484.
[11] Rai, R., Sharma, S., & Choudhary, R. N. P.
(2005). Dielectric and piezoelectric studies of Fe
doped PLZT ceramics. Materials Letters, 59(29-30),
3921–3925.  doi: 10.1016/ j.matlet. 2005. 07.034
[12] Kleebe, H.-J., Lauterbach, S., Silvestroni, L.,
Kungl, H., Hoffmann, M. J., Erdem, E., & Eichel, R.-
A. (2009). Formation of magnetic grains in
ferroelectric Pb[Zr0.6Ti0.4]O3 ceramics doped with
Fe3+ above the solubility limit. Applied Physics Letters,
94(14), 142901.  [13] X. Yao, Z. L. Yin and  L. E.
Cross, Polarization and  depolarization behavior of hot
pressed lead lanthanum zirconate titanate , J. Appl.
Phys. 54 (1983) 3399-403
[14] M. Morozov, Softening and hardening transitions
in ferroelectric Pb(Zr,Ti)O3  ceramics. PhD thesis,
Swiss Federal Institute of Technology, Lausanne, 2005
[15] Jin, L., (2011). Broadband Dielectric Response in
Hard and Soft PZT: Understanding Softening and
Hardening Mechanisms, DOI: 10.5075/epfl-thesis-
4988
[16] Puthucheri, S., Pandey, P. K., Gajbhiye, N. S.,
Gupta, A., Singh, A., Chatterjee, R., & Date, S. K.
(2011). Microstructural, Electrical, and Magnetic
Properties of Acceptor-Doped Nanostructured Lead
Zirconate Titanate. Journal of the American Ceramic
Society, 94(11), 3941–3947.
[17] Jiménez, R., Amorín, H., Ricote, J., Carreaud, J.,

Kiat, J. M., Dkhil, B., Holc, J., Kosec, M., Algueró, M.
(2008). Effect of grain size on the transition between
ferroelectric and relaxor states in
0.8Pb(Mg1/3Nb2/3)O3−0.2PbTiO3 ceramics. Physical
Review B, 78(9).




