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Abstract The functional parameters of lead magnesium niobate PbMg1/3Nb2/3O3 (PMN) and materials based on it make it possible their use 

as elements of precision motion devices. Nevertheless, it is necessary to increase the time stability of these parameters. Here, the ceramic  

(1-x)PMN-xPbTiO3 (PMN-PT) was sintered by the spark plasma sintering method (SPS), which, in contrast to traditional sintering methods, 

allowed to reduce the sintering time and temperature and to obtain fine-grained ceramics with high and stable piezoelectric parameters. The 

preparation technology of ferro-piezoceramic material PСR-1 needs to be improved, in particular, it is necessary to increase the density of 

its ceramics. It is shown that the use of ultrasound as an additional influence on the process of mechanically activating of the initial powders 

on different equipment affects the density, piezo- and dielectric properties of mechanically activated PСR-1 ceramics and allows increasing 

its density by 10% and at the same time to low its sintering temperature. 
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1. Introduction 
The lead magnoniobate PbMg1/3Nb2/3O3 (PMN) and the materials 

based on it have the effective mechanical, dielectric and 

piezoelectric parameters that can provide their wide applications  

[1, 2] as elements of precision movement devices. The PCR-1 

(Piezoceramic Rostov-1) ferropiezoelectric ceramic material has 

found wide application in the radioengineering and electronics 

devices. Nevertheless, their preparation technology needs to be 

improved. Until now, the possibilities and mechanisms of the 

various effects influence on the initial batch during the preparation 

of certain piezoceramic materials have been little studied, 

including, when applying for the above purposes the new and non-

conventional methods of the influence upon the initial batch before 

sintering with its use of the final functional ceramics.  

In particular, it was necessary to achieve a high temporal 

stability of piezoelectric parameters of the ceramic material  

(1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT), and for the PСR-1 

ceramics to increase the ceramics density to improve their 

mechanical, dielectric and piezoelectric parameters. The 

conventional methods, including traditional methods of high-

temperature solid-phase reactions at atmospheric pressure or 

conventional hot pressing with these problems cannot cope. Further, 

in two large parts, it will be described how, with the use of some 

nonconventional methods of processing the initial oxides mixture 

powder in their ceramics synthesis and sintering under various 

conditions, the piezoelectric properties temporal stability of the 

PMN-PT material, and the PСR-1 material ceramics density have 

been increased, what have improved their piezo- and dielectric 

properties as the result. 

 

2. Temporal stability of nanostructured piezoceramics 

PMN-PT 
Preparation of  the qualitative samples of a ceramic material  

(1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) with the piezoelectric 

parameters high stability is associated with a number of difficulties 

[3, 4], which were overcome here. For the sintering of samples of 

nanostructured ceramics from batch with a particle size of up to 100 

nm, the method of spark plasma sintering (SPS) on the spark plasma 

sintering press SPS 515S "DR.Sinter-LABTM Fuji electronic 

industrial" was used. This method, as example, allows sintering in 

ten minutes at the lowered temperatures and at high uniaxial 

pressure to obtain [5] fine-grained ceramics with high mechanical 

and electrophysical parameters.   

2.1. Methods for the PMN-PT ceramic samples 

sintering and studying 
The PMN-PT ceramics were prepared by the non-conventional SPS 

method at various sintering temperatures. To compare the temporal 

stability of its parameters with the temporal stability of the 

parameters of ceramics obtained by two traditional methods, other 

ceramic samples were prepared by conventional solid-phase 

sintering in a chamber furnace at atmospheric pressure (ATM) and 

hot pressing (HP) at temperatures of 1250 and 1180 °C, 

respectively. X-ray diffraction analysis was performed on  an ARL 

X`Tra diffractometer and the ceramics microstructures, prepared by 

different sintering methods at different temperatures, on an 

electronic scanning microscope "JEOL JSM 6390 LA", were 

studied. The electrophysical parameters and their dependence on the 

sintering temperatures by various methods were determined on the 

measuring equipments "Tsenzurka-M" and "D33-meter APC”. 
 

2.2. Structure, microstructure, piezoelectric and 

dielectric properties of PMN-PT ceramics  
X-ray phase analysis of the ceramic samples obtained shows  

(Fig. 1) that every of them is predominantly phase with a perovskite 

structure but with a small admixture of the pyrochlore phase, as is 

often the case with the Pb-containing ceramics synthesis, and only 

ceramics prepared in a chamber furnace at 1250 °C , did not have 

such admixture at all.  

 
Fig.1. X-ray diffraction patterns of PMN-PT ceramics prepared by 

methods:  

ATM at T = 1250 (curve 1), HP at T = 1180 (curve 2) and SPS 

method: at T = 1050 (curve 3); T = 1050 (curve 4); T = 1150 

(curve 5) and T = 1175 (curve 6) 
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a - by SPS at T=1050 C b - by SPS at T= 1110 C 

  

c - by SPS at T=1150 C  d -by SPS at T= 1175 C 

 

 
 

e - by ATM at T=1250 C f - by HP at T= 1180 C 
 

Fig. 2. Microstructure of PMN-PT ceramics obtained by 

different methods and at different temperatures (indicated 

below each photo)  with the same enlargement 

 

Piezoceramic PMN-PT samples sintered in a chamber furnace 

at a temperature of 1250 °C have high density and strength values. 

The size, in comparison with the HP method, of small and uniform 

grains of ceramics (Fig. 2, e) was from 12 to 20 μm. The ceramics 

obtained by hot pressing method at 1180 °C (Fig. 2, f) has high 

density and strength and grains of various sizes, including large 

ones, the occurrence of which can be explained by their secondary 

recrystallization during hot pressing. 

The piezo- and dielectric properties (Table 1) of PMN-PT 

ceramics, obtained by various methods and at different 

temperatures, are investigated. The piezomodulus d33 = 510 at the 

sintering temperature T = 1175 °C is clearly higher for ceramics 

sintered by the method of spark plasma sintering than for ceramics 

obtained by the same method but at any other temperature and, 

moreover, higher than for ceramics obtained by other methods. The 

microstructure of the ceramic with the highest piezomodules 

consists of fairly small and non-uniform grains that are tightly 

pressed together, practically without cracks, but with small pores 

(see Figure 2, d), whereas in ceramics, fine-grained and almost one-

dimensional grains (see Figure 2, e) obtained at atmospheric 

pressure and at the highest temperature T = 1250 °C,  this 

piezomodulus value is somewhat lower, although there is no 

admixture of pyrochlore in it, but its microstructure consists of 

tightly pressed together grains with rather large rare pores. 

Nevertheless, in spite of the comparable values of the piezomodulus 

d33 of ceramic samples obtained by the SPS and HP methods, an 

extremely advantageous SPS method is the ultra short sintering 

time: no more than 10 minutes. The values of tgδ of all PMN-PT 

samples are low (see Table) and did not exceed 1%. Samples of 

ceramics made by the HP method at T = 1180 °C had a 

piezoelectric modulus reduced by 6% in comparison with ceramics 

obtained by the SPS method. 

On the obtained ceramic samples of the ferroelectric material 

PMN-PT, the temporal stability of some electrophysical parameters 

was studied, as one of the most important performance 

characteristics of ceramics, characterizing its quality. It is shown 

(Fig.3) that after the annual period, the values of the piezoelectric 

modulus of the obtained ceramic samples of piezoelectric material 

PMN-PT decreased by 21 ... 22%. The exception was ceramics, 

obtained by the SPS method at a temperature of 1175 ° C, the 

parameters of which decreased by only 16%.  

 

Table 1. Piezoelectric module d33 and dielectric losses, tg δ  

of  PMN-PT ceramics, prepared by different methods at various 

temperatures and pressures  

Piezo- and 

dielectric 

properties, 

pressure 

Ceramics sintering method and temperature, ºС  

SPS  АТМ HP 

1050  1100  1150  1175  1250  1180  

Piezo-

modulus,  

d33, 

pCoul/N 

310 347 420 510 460 480 

Pressure, 

kgf/cm2 
400 400 400 400 

atmo-

spheric  
250 

Dielectric 

loss,  

tg δ,  % 

0,8 0,5 0.4 0,6 0,5 0,7 

 

 

Fig. 3. Temporal stability of piezoelectric module d33 of PMN-PT 

ceramics for the annual period:  

SPS at T = 1150 ºC, decreased on  -21% (line 1); ATM at  

T = 1250ºC, – on -22% (line 2); HP at T = 1180 ºC – on -21% (line 

3); SPS at T = 1175 ºC – on -16% (line 4) 

 

Thus, the best parameters for the properties of PMN-PT 

ceramics and their annual stability were achieved by a non-

traditional method of spark plasma sintering at a temperature T = 

1175 °C. 

 

3. Mechanoactivated under ultrasonic influence 

piezoceramics PCR-1  
A traditional method for the synthesis and sintering of similar PKR-

1 Pb-containing materials is the solid-phase reaction method, where 

an untreated mixture of initial oxides is used as the starting mixture. 

The disadvantage of this method is the need for sufficiently high 

synthesis temperatures in the interval T = 850 ... 900 ° C and its 

duration is up to 20 hours, which together leads to a violation of the 

stoichiometry of the chemical composition of sintered ceramics due 

to the long evaporation of some of the initial oxides, especially lead 

oxide. 

In addition, in this method, due to the duration of the high-

temperature treatment, intensification of the secondary 

recrystallization process takes place during the final sintering of the 

compacted samples, which leads [6 - 7] to a considerable scatter  of 

ferroelectric piezoelectric ceramics of dielectric and piezoelectric 

parameters: dielectric constant, dielectric loss tangent, piezoelectric 

coefficients and others in the finite products. It is necessary to solve 

these problems. 
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3.1. Methods for PCR-1 ceramic samples sintering 

and studying 
Nonconventional methods of the initial batch treating are needed in 

order to intensify diffusion processes that promote the 

crystallization of a given chemical composition in a given crystal 

structure. It is necessary to change and control the granulometric 

composition of the charge, seeking to obtain a sufficiently 

monophase dense initial powder with one-dimensional particles for 

sintering the ceramics, which will help to liquidate or suspend the 

secondary recrystallization of its grains, and thereby increasing the 

density of the ceramics. It is possible to reduce the temperature  

[8 - 10] and the sintering time of the ceramics from this batch 

pressed powder. Thus, the evaporation time of the initial oxides can 

be shortened and the chemical composition stoichiometry of the 

final ceramics should be avoided.  

 

    
a b 

 
c 

  
d e 

Fig. 4. Microstructure of PCR-1 initial powders obtained 

by different methods:  

in ball mill (a); vibration mill (b);  vibration mill and 

ultrasound (c); planetary mill (d) and  planetary mill and 

ultrasound (e) (with the same enlargement) 
 

We applied various nonconventional methods of mechanical 

disintegration and activation of particles of the initial charge. We 

investigated the influence of these different methods of particles 

treatment on the mechanical parameters - the ceramics 

microstructure and density and on some of the electrophysical 

parameters of the final ceramics under preparation various 

conditions. Mechanical disintegration and activation of charge were 

carried out on various technological equipment: a drum ball mill 

"SHLM"; planetary mill Fritsch "Planetary Mill Pulverisette 5"; 

vibratory mill Fritsch vibration mill "Pulverisette 0" and ultrasound 

effect, performed by ultrasonic disintegrator IL10-1.0. And then 

combined any equipment with the ultrasound impact of ultrasound: 

a planetary mill and an ultrasonic disintegrator, as well as a 

vibratory mill and an ultrasonic disintegrator.  

The batch synthesis was carried out in a "Nabertherm" furnace 

at T = 800...900 °C and ceramics sintering – at T = 1150...1250°C 

according to the method described in [11]. The electrophysical 

parameters of the ceramics and their dependence on the sintering 

temperatures for various methods were determined using the " 

Tsenzurka-M" and "D33-meter APC" measuring equipment. The 

particles dispersion of the synthesized batch, as well as the 

microstructure of the sintered ceramic samples, was studied on an 

electronic scanning microscope "JEOL JSM 6390 LA". 

 

3.2. Microstructure, piezoelectric and dielectric 

properties of the PCR-1 ceramics  
It is established, that despite the fact that the microstructure of the 

initial powders (Fig. 4) varies little: it is dense in any case, and the 

grains are small, the state of the microstructure of the final ceramics 

– the size and uniformity of the grains, the packing density – vary 

much (Fig. 5) from the processing of the initial powder and at what 

temperatures. The content of fairly homogeneous agglomerates at 

medium temperatures for all treatment methods (See Fig. 5, b, d, f, 

h and j) leads to a decrease in the density of the ceramics.  

 

а b 

c d 

e f 

g h 

i j 
Fig. 5. Microstructure photos of piezoceramics PCR-1, sintered at 

the temperatures:  

T= 1150 (а, c, e, g, i – left column); 1220 °C (b, d, f, h, j – right 

column) mechanoactivated under different conditions: in ball mill 

(a, b); vibratory mill (c, d); vibratory mill under ultrasound action 

(e, f); planetary mill (g, h) and planetary mill under ultrasound 

action (i, j) 

 

The highest density is possessed by ceramics, obtained from the 

batch, which has been treated in a planetary mill and in a vibratory 

mill, and also in their combination with ultrasound at medium 

temperatures (See Fig. 5, b, d, f, j). 

However, the use of a planetary mill as a mechanism of 

disintegration and activation proves to be preferable because of the 

short exposure time of the ultrasound to the batch (only 2 hours), in 
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contrast to the vibratory mill (almost 24 hours), with comparable 

parameters (Table 2) for the final ceramics.  

Table 2. The temperatures of ceramic PCR-1 sintering from the 

initial powders treated with using of different equipments, its 

density, relative dielectric permittivity and piezomodulus d33 

Equipment 
Тспек, 

°С 

ρ, 

g/cm3 
ε33/ ε0 

d33, 

pCoul/N 

Ball mill 

1150 5,38 580 165 

1220 5,16 550 220 

1250 5,17 420 190 

Planetary mill  

1150 7,64 945 330 

1220 7,57 900 330 

1250 7,51 775 275 

Vibratory mill  

1150 7,65 880 280 

1220 8,04 805 270 

1250 7,43 725 250 

Ultrasound 

disintegrator 

1220 5,42 460 230 

1250 5,29 410 215 

Planetary mill 

under 

ultrasound 

action  

1150 7,67 930 330 

1220 7,65 845 310 

1250 7,45 810 315 

Vibratory mill 

under 

ultrasound 

action 

1150 7,64 870 275 

1220 7,6 780 260 

1250 7,37 725 255 

 

Thus, the use of ultrasonic action in combination with other 

methods of mechanical activation of the material promotes the 

homogeneity of the ceramics grains and increases the density of its 

microstructure, and reduces the sintering temperature and also, 

consequently, prevents the violation of the stoichiometric 

composition by reducing the evaporation at the initial oxides with a 

shorter sintering time. 

 

4. Conclusions 
The undertaken research of an influence on piezoceramics quality 

of different ceramics sintering nonconventional methods, in 

particular, spark plasma sintering method or preliminary initial 

batch treatment methods on different equipments under ultrasound 

action before the ceramics sintering process allows to solve some 

problems.  

First, spark plasma sintering method use increases piezoelectric 

modulus d33 temporal stability of the PMN-PT ceramics for the 

annual period in contrasts with the conventional ceramics sintering 

methods: the usual high temperature solid state synthesis and 

ceramics sintering in which one uses only untreated the a reaction 

initial components batch, or the usual hot pressing method in which 

they use additionally to high temperature the small pressures.  

Second, use of the combination of the initial batch treatment on 

different equipments with the ultrasound integrator before the 

ceramics sintering had allowed increase any mechanical and 

electrophysical properties of the final functional ceramic products. 
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