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Abstract
The ability to control the target physical properties of functional materials without changing stoichiometry and doping is one 
of the tasks of physical materials science. This work is the first to study the influence of structural defects generated under 
a force action combined with shear deformation (mechanical activation) on the crystal structure and physical properties of 
PbZr0.7Ti0.3O3 solid solution. Bridgman’s anvils were used to generate structural defects. The symmetry of PbZr0.7Ti0.3O3 
was best described by the space group R3m. It was found that PbZr0.7Ti0.3O3 is characterized by a non-monotonic change in 
the unit cell parameters (a and α) of the dislocation density (ρD) with an increase in the mechanical activation pressure. By 
measuring the sizes of coherent scattering regions (D) and microstrains (Δd/d), it was found that at a mechanical activation 
pressure of 120 MPa, a recrystallization process develops in mechanically activated powders, leading to the “healing” of the 
crystal structure. It is shown that by choosing the mechanical activation pressure, one can control the temperature Tm of the 
maximum of the dielectric permittivity εm within ΔTm = 11 °C, the Weiss constant CW, and the degree of change in the first-
order phase transition. The microstructure of the compositions was studied using SEM, the dynamics of the crystal lattice 
were studied by X-ray diffraction analysis, optical absorption and FTIR-spectroscopy, where the controlled parameters were 

the root-mean-square static displacements 
√

U
2

s
 , the bandgap Eg and the force constants k . It was found that with a change 

in the pressure of mechanical activation, Eg changes nonmonotonically within the range of 3.21–3.37 eV.
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1  Introduction

Recently, researchers have increased their interest in study-
ing the physicochemical properties of functional materials 
after various impacts on them. Among these impacts, the 
mechanical force action combined with shear deformation 
(mechanical activation) occupies a special place. Mechanical 
activation on a solid is accompanied by changes in various 
structural and physical properties, depending on the applied 
pressure and shear deformation values. What is the activa-
tor of such changes? Regardless of the mechanical activa-
tion methods, there are several relaxation channels supplied 
the mechanical energy to the material. Among them, the 
main ones are heating of the activated body, accumulation 

of structural defects (dislocations, point defects), disper-
sion of the activated body to the nanometer scale, dynamic 
recrystallization, formation of high-pressure phases, etc. 
Among the mechanical activation methods, the most acces-
sible is the mechanical activation using Bridgman anvils. It 
is a “clean” method compared to activation methods using 
planetary ball mills, vibrating mills and other dispersants, in 
which material wear of grinding balls and jars takes place. 
It is also an alternative method for alloying metals such as 
Fe and Cu, etc., which cannot be done with the conventional 
alloying methods. We also note the significant advantage of 
this method is that the stoichiometry of the compositions 
does not change during mechanical activation.

Among the solids, the class of crystalline bodies with 
Ferro-piezoelectric properties is the most susceptible to 
mechanical force action. It was shown in [1–4] that mechani-
cal activation could purposefully change the physical prop-
erties of relaxor ferroelectrics, such as PbIn0.5Nb0.5O3, 
PbSc0.5Ta0.5O3 and PbFe0.5Nb0.5O3. Mechanical activation 
can lead to a change in the crystallite size [5], formation of 
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lattice defects [6, 7], amorphization of crystalline phases [8, 
9], and phase transformations [10, 11].

Among Ferro-piezoelectrics, the solid solution system of 
piezoelectric lead zirconate titanate—[Pb(Zr,Ti)O3, PZT], 
stands out because of its wide range of practical applica-
tions as infrared and ultrasonic sensors, microdrives and 
actuators [12–16], due to the possibility of obtaining it by 
various methods [17–23] and sensitivity to both dopants—
compounds and the concentration of the substituted cations 
in oxygen octahedra [24]. Compositions within a concentra-
tion range called the morphotropic region, or compositions 
adjacent to the boundaries of this region are particularly 
sensitive to external influences [25–28]. Earlier in [26, 29], 
experimental results were published with a detailed analysis 
of the influence of mechanical activation on PZT with the 
concentration x = 0.42 and 0.44. In this work, we chose the 
composition PbZr0.7Ti0.3O3. The interest in this composition 
is because this composition takes us away from the morpho-
tropic region, where two phases coexist but are still far from 
the orthorhombic phase of PbZrO3, which is antiferroelectric 
[30]. Therefore, it is of interest to study the influence of 
mechanical activation on this composition’s structure and 
physical properties.

2 � Experimental details

To obtain the composition of PbZr0.7Ti0.3O3, oxides of PbO, 
TiO2 and ZrO2 (PbO ≥ 99.0%, TiO2 ≥ 99.9%, ZrO2 ≥ 99.9%, 
Sigma-Aldrich) were taken in stoichiometric proportions. 
The synthesis was carried out by the “columbite” method, 
which was divided into 2 stages. At the first stage, ZrO2 and 
TiO2 were mixed and ground in an agate mortar in the pres-
ence of ethanol for 2 h, and then sintered in a thermostated 
muffle furnace at 1150 °C for 2 h. At the second stage, the 
sintered product was mixed with PbO and ground in an agate 
mortar for 2 h in the presence of ethanol. The resulting pow-
der was then pressed into a cylinder, placed in a platinum 
crucible and sintered at 1250 °C for 2 h. To compensate 
for the partial sublimation of PbO during sintering, PbZrO3 
powder was used as the atmosphere-forming composition. 
Then, the furnace was turned off and cooled by inertia to 
room temperature. After cooling the furnace, the composi-
tion was ground in an agate mortar for 0.5 h in the pres-
ence of ethanol. It was the starting (reference) powder for 
mechanical activation.

Equal weight portions of this reference powder were 
placed between the Bridgman’s anvils for mechanical acti-
vation. The lower anvil rotated at a fixed pressure with an 
angular velocity of 0.3 rad/min. The range of applied pres-
sures in this work was 80–320 MPa. Within this pressure 
range, a sufficiently high degree of crystallinity of the acti-
vated powder is still preserved, but structural defects are 

generated and their type and concentration can be varied. 
In all these experiments, the parameter � , characterizing the 
shear deformation was about 12. As in [31], its value was 
determined by the formula:

where � is the angle of rotation in radians (in this work � 
= 12 rad), r is the radius of the anvil, and d is the thick-
ness of the sample. Then, the mechanically activated sam-
ples (which could be in various metastable states) were 
studied by various methods described below. To study the 
electrophysical and optical properties, disks with 10 mm in 
diameter and 1 mm thick were sintered from the powders. 
Each ceramic sample was sintered from seven portions of 
mechanically activated powder at 1150 °C for 2 h. The aver-
age density of these ceramic samples varied depending on 
the mechanical activation pressures in the range 7.76–7.82 g/
cm3. After each synthesis and sintering process, a D2 
PHASER X-ray diffractometer (Bruker) was used to deter-
mine the phase composition and structural parameters of 
each sample, which uses Cu Kα radiation (Kα1 = 1.54060 Å 
and Kα2 = 1.54443 Å), with a 2θ step of 0.01° and acquisition 
time 0.1 s per point. For dielectric measurements, a colloidal 
silver paste was applied to both sides of the ceramic sam-
ples and annealed at T = 750 °C for 10 min. The dielectric 
properties of the samples were analyzed by E7-20 automatic 
immittance meter (MNIPI, Belarus). Optical absorption 
spectra were studied on a Shimadzu UV-2600 double-beam 
spectrophotometer at room temperature. Fourier-transform 
infrared spectra (FTIR) were recorded on an FSM-1202 Fou-
rier spectrometer (Infraspec, Russia) with a resolution of 
2 cm−1. The morphology and microstructure of mechanically 
activated powders were studied using a scanning electron 
microscope (Carl Zeiss EVO 40, Germany).

3 � Results and discussion

3.1 � Structural characterization

Figure 1 shows as an example photomicrographs of the refer-
ence and mechanically activated at a pressure of 240 MPa.

Figure 1b shows that larger particles are covered with 
a loose layer of the smallest particles after mechanical 
activation. This is due to the electrification of particles by 
charges accumulated on the surfaces of crystallites (direct 
piezoelectric effect) during mechanical activation. Almost 
all mechanically activated samples are a collection of parti-
cles ranging in size from tens of nanometers to micrometers. 
The diffraction patterns of the reference and mechanically 
activated compositions (see Fig. 2a) were processed by the 
full-profile Rietveld analysis using the FullProf software 

(1)� = ln
(

�r

d

)
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package. It was found that the reference and mechanically 
activated powders at room temperature are best fitted by the 
space symmetry group R3m.

As shown in Fig. 2b, the mechanical activation leads to a 
broadening and leftward shift in the diffraction angle 2θ of 
the Bragg peaks.

Figure 3a shows the dependencies of the unit cell param-
eters, and Fig. 3b shows the sizes of the coherent scattering 
regions (D) and the microstrains (Δd/d) of powder on the 
applied pressure during mechanical activation. As shown in 
Fig. 3, a sharp increase in the parameter a and microstrains 
at a pressure of 80 MPa is due to dislocations and point 

Fig. 1   Scanning electron microscopy images of reference—(a), and mechanically activated Pb(Zr0.7Ti0.3)O3 under a pressure of 240 MPa—(b)

Fig. 2   a Diffraction patterns of 
the reference and mechanically 
activated powder samples of 
Pb(Zr0.7Ti0.3)O3, b the selected 
angular interval
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defects accumulated in the crystal lattice during mechanical 
activation.

As expected, D and the rhombohedral angle α also 
decrease sharply at this pressure. However, a further increase 
in the applied pressures is accompanied by a non-monotonic 
behavior of these parameters. A small jump in D and α, as 
well as a decrease in a at a processing pressure P = 120 MPa, 
is due to the “healing” of the crystal lattice. Ballistic dif-
fusion processes that develop in mechanically activated 
compositions at a specific mechanical activation pressure 
can lead to recrystallization processes, accompanied by the 
absorption of “weak” defective grains by “healthier” grains 
[30, 32]. This process develops at a pressure of 120 MPa. 
Note that these pressures differ for different compositions.

A further increase in mechanical activation pressure 
leads to an insignificant increase in microstrains. The sizes 
D also stabilize at about 50 nm, which, in our view, is the 
marginal size for this mechanoactivation pressure range for 
PbZr0.7Ti0.3O3. Such processing of the synthesized pow-
ders at different pressures indicates their various metasta-
ble states. Consequently, ceramics sintered under the same 
environment have different starting conditions. Quantitative 
control of point defects in powder samples is practically 
impossible, but they can be qualitatively estimated from 
diffractometric data. Therefore, in this work, we calculated 
only the dislocation densities ρD, which are given in Table 1. 
The calculation of ρD was carried out using the following 
formula:

For n = 1, under the assumption that the network of dis-
locations coincides with the grain boundaries, and large 
distances imply an almost complete absence of interaction 
between these dislocations [33].

As shown in Table 1, an increase in the mechanical acti-
vation pressure to 120 MPa leads, after a sharp increase at 
80 MPa, to a twofold decrease in the dislocation density.

The maximum dislocation density is observed at 
160  MPa, but subsequently, we observe a monotonic 
decrease in �

D
 . A pressure of 160 MPa is a threshold pres-

sure, after which point defects play a predominant role in the 
generated structural defects.

(2)�
D
= 3nD−2

3.2 � Lattice dynamics

3.2.1 � Root‑mean‑square static displacements

As mentioned above, the dissipation of the external mechani-
cal energy supplied to the sample during its deformation is 
carried out through various channels. A significant part of this 
energy is spent on generating static distortion. Static distor-
tions caused by the displacement of atoms from their normal 
positions should have the same effect as the displacement of 
atoms during thermal vibrations. They, like dynamic displace-
ments, lead to a decrease in the integrated intensities of the 
diffractograms, which is caused by an increase in the number 
of ions located in the “dislocated” regions of the crystal lat-
tice [34]. Static distortion cannot exist apart from dynamic 
distortion. Consequently, both factors influence the intensity 
of the X-ray diffraction profiles. Earlier in [35], we studied 
the influence of mechanical activation on the RMS displace-
ment U

2
 and the Debye temperature of the PbZr0.56Ti0.44O3 

solid solution from the morphotropic region. It was found that 
these parameters can be significantly varied by changing the 
concentration of structural defects.

To calculate the RMS static displacements U
2

s
 , we use the 

formula:

where a—the cell parameter,I
ref

 and I
act

—the integrated 
intensities corresponding to the reflecting planes with Miller 
indices (220) of the reference and mechanically activated 
samples. The above formula is valid for the cubic system 
when measured with a sensitive detector and stable X-ray 
radiation. Therefore, the integrated intensities of the selected 
Bragg reflections were measured at 400 °C to exclude the 
anisotropy of thermal vibrations of the crystal lattice. The 
scanning time of each peak from “baseline to baseline” at 
this temperature was 120 s, which practically did not affect 
the diffusion processes in the powders. Figure 4 shows the 

graphs of the dependency of 
√

U
2

s
 on the mechanical activa-

tion pressure.
As shown in Fig. 4, 

√

U
2

s
 of mechanically activated sam-

ples grow with increasing pressure of mechanoactivation. The 

growth of 
√

U
2

s
 should lead to an increase in the linear param-

eter a of the unit cell. With an increase in pressure to 200 MPa, 

we observe a change in a and D correlated with 
√

U
2

s
 . How-

ever, after 240 MPa, we have maximum and stable values of 

(3)U
2

s
=

3a2

4�2
[

h2 + k2 + l2
] ln

[

Iref

Iact

]

Table 1   The dislocation 
densities of PbZr0.7Ti0.3O3

P, MPa 0 80 120 160 200 240 320

ρD, 109 cm−2 5.13 119.5 60.7 150.1 108.0 104.8 97.4
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both 
√

U
2

s
 and a and D, indicating that structural defects have 

reached their saturation.

3.2.2 � Optical spectra

The bandgap (Eg) is a parameter that depends on many fac-
tors, including the structural perfection of the crystalline 
body. Since ceramic samples of PbZr0.7Ti0.3O3 constitute a 
structure obtained from the powders in metastable states, it 
is of interest to study the influence of mechanical activation 
on Eg. For this purpose, the intrinsic optical absorption of 
reference and mechanically activated samples were studied. 
To estimate the bandgap, we used the methods described in 
[36–38] and calculated the Kubelka–Munk function F(R). 
Then, using the Kubelka–Munk function (hν⋅F(R∞))2, the 
(E⋅F(R∞))2 dependencies are plotted as a function of hν. 
The corresponding plots for these two samples are shown 

in Fig. 5, and the absorption characteristics of the reference 
(Fig. 5a) and mechanically activated samples at 240 MPa 
(Fig. 5b) are different.

The calculated bandgaps Eg of the reference and mechani-
cally activated Pb(Zr0.7Ti0.3)O3 ceramic samples at room 
temperature are shown in Table 2. As shown in Fig. 5 and 
Table 2, mechanical activation leads to a non-monotonic 
change in the ceramic samples' bandgaps.

3.2.3 � FTIR‑spectroscopy

Fourier-transform infrared spectroscopy (FTIR) has been 
used for decades to study ferroelectric phase transitions in 
perovskites [39]. This vibrational method was used to reveal 
the influence of mechanical activation on the physical prop-
erties of the PbZr0.7Ti0.3O3 ceramics. Figure 6 shows the 
normalized FTIR spectra of the reference and mechanically 
activated samples in the spectral range of 400–750 cm–1. The 
selected interval is sufficient to describe the vibrational pro-
file of the perovskite unit cell. In the range of 400–750 cm–1, 
an absorption band of a complex shape is observed, consist-
ing of valence modes of the Ti–O and Zr–O bonds in the 
BO6 octahedra. The complex and asymmetric strip profiles 
in Fig. 6 indicate a certain composition of the two isolated 
spectra of PbZrO3 and PbTiO3. PbZrO3 gives a pair of bands 
with maxima at 738 and 554 cm–1, and PbTiO3 gives a pair 
of bands with maxima at 700 and 562 cm–1 [40]. It is known 
that the TiO6 octahedron has four different vibration modes: 
υ1—stretching at higher frequencies, and υ2—torsion, υ3—
bending and υ4—cationic (TiO3) vibration at lower frequen-
cies [41]. The experimental profiles were fitted according 
to the least-square method using three Gaussian curves to 
identify the vibrational components. The fitting results are 
shown in Fig. 6; the maxima of the components are 632, 559, 

0 100 200 300
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Pressure, MPa

(Ū
2 s)

1/
2 , Å

Fig. 4   Dependencies of the RMS static displacements 
(

U
2

s

)1∕2

 on the 
mechanical activation pressures

Fig. 5   Kubelka–Monk 
transformed reflectance 
spectra of the reference (a) 
and mechanically activated 
(b) PbZr0.7Ti0.3O3 ceramics at 
240 MPa
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Table 2   The dependencies of the bandgaps of Pb(Zr0.7Ti0.3)O3 on the mechanical activation pressures
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491 cm−1 for the reference sample, and 642, 572, 498 cm−1 
for the mechanically activated samples. It shows that all 
three components for the mechanically activated samples 
are shifted by 10, 13, and 7 cm−1 to higher frequencies (blue 
shift). Since υ2, υ3, and υ4 are below 400 cm–1 [42], the 
observed vibrational components can be attributed to the 
υ1-stretching modes of Ti–O and Zr–O bonds in the BO6 
octahedron of the ABO3 structure [43].

Next, we studied the dependencies of the force constants 
of the Ti–O and Zr–O bonds on the mechanical activation 
pressures using the formula:

where 𝜐̃—the wavenumber, c—the speed of light, k—the 
average force constant, μ—the reduced mass. The calcula-
tion results are shown in Table 3.

Table 3 shows that the changes of 𝜐̃ and k are non-mono-
tonic; however, these values for the mechanically activated 
samples are higher than those of the reference sample.

3.3 � Dielectric properties

The dielectric properties of perovskite structure oxides 
depend on the presence of various types of defects and exter-
nal factors. Therefore, the dielectric properties can be attrib-
uted to structure-sensitive properties. Let us consider the 

(4)𝜐̃ = (1∕2𝜋c)
√

k∕𝜇

role of structural defects in forming the dielectric properties 
of Pb(Zr0.7Ti0.3)O3, for which, as an example, we present a 
composition obtained from a powder mechanically activated 
at a pressure of 240 MPa. However, there is no fundamental 
difference between it and other samples obtained at other 
pressures.

Figure 7a, aʹ show the temperature dependencies of the 
real part of the dielectric permittivity ɛʹ(T) of the reference 
and mechanically activated Pb(Zr0.7Ti0.3)O3 samples at 
240 MPa, and in Fig. 7b, bʹ the corresponding Cole–Cole 
diagrams of complex quantities of electrical modulus. After 
mechanical activation, the temperature of the maximum 
dielectric permittivity at a frequency of 1 kHz increases 
from Tm = 384 °C to Tm = 389 °C, and the phase transition 
is blurred.

The combination of these effects can be explained using 
the mechanism of depleted Schottky layers, which are the 
characteristic both for the metal-dielectric boundaries and 
crystallite boundaries with their bulk in polycrystals [44, 
45]. The depleted layers formed in polycrystals obtained 
from mechanically activated powders lead to a significant 
difference in dielectric spectra from Debye's ones. Their 
main characteristics are similar to the spectra of static mix-
tures [46].

Figure 7b, bʹ show the Cole–Cole diagrams—the depend-
encies of the imaginary part of the electrical modulus Mʺ(ω) 
on the real part of the electrical modulus Mʹ(ω) of the same 

Fig. 6   FTIR spectra of the 
reference (a) and mechani-
cally activated (b) samples 
(PbZr0.7Ti0.3O3) at 240 MPa
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Table 3   Dependencies of the 
average force constants of the 
Ti–O and Zr–O bonds of the 
PbZr0.7Ti0.3O3 ceramics

Pressure (MPa) Ti–O stretch-
ing-1 (cm−1)

Force Con-
stant (N/m)

Ti–O stretch-
ing-2 (cm−1)

Force Con-
stant (N/m)

Zr–O stretch-
ing (cm−1)

Force 
Constant 
(N/m)

0 632 312.9 560 245.7 491 188.9
80 639 319.9 568 252.7 496 192.7

120 639 319.9 570 254.5 497 193.5
160 637 317.9 569 253.6 498 194.3
200 640 320.9 571 255.4 497 193.5
240 637 317.9 568 252.7 496 192.7
320 642 322.9 573 257.2 498 194.3



Physical properties and structure of mechanically activated solid solution…

1 3

Page 7 of 10  88

samples at different temperatures. The appearance of an 
arc in the spectrum at a certain temperature confirms the 
single-phase nature of the materials. The large value of εs 
is due to charge accumulation on the crystallite–depleted 
Schottky layers of ceramic. The thickness of the weakly 
conductive layers between the more conductive ceramic 
crystallites should be significantly smaller than the sizes of 
the crystallites. Single semicircular arcs in Fig. 7b, bʹ show 
a predominant contribution of grain volume. As seen from 
Fig. 7bʹ, mechanical activation leads to some decrease in the 
contribution of grain volume.

The frequency–temperature dependencies of the electrical 
modulus Mʹ(ω) and M″ (ω) of the reference and mechani-
cally activated PbZr0.7Ti0.3O3 samples are shown in Fig. 8a, 
b and Fig. 8aʹ, bʹ. As shown in Fig. 8a, b, the value of M'(ω) 
increases with increasing frequency but decreases with 
increasing applied pressure. Fig. 8aʹ, bʹ show that the imagi-
nary part of the modulus Mʺ(ω) of PbZr0.7Ti0.3O3, regardless 
of temperature, has a single relaxation time determined by 
the formula:

where fm—the frequency of the maximum of Mʺ(ω).

(5)� =
1

2�f
m

The frequency range to the left of maximum Mʺ(ω) deter-
mines the range in which charge carriers are mobile at large 
distances; to the right of maximum Mʺ(ω), the movement 
of carriers is limited by a potential well, and they are mobile 
at shorter distances [47]. Noted that the observed peak of 
Mʺ(ω) is not symmetric. This indicates a non-Debye type of 
relaxation in the samples. Moreover, increasing temperature 
leads to a shift of the peaks to higher frequencies. Therefore, 
the relaxation is temperature dependent [48]. Moreover, as 
shown in Fig. 8bʹ, mechanical activation leads to a decrease 
in the M″(ω) values and a shift of the peaks toward lower 
frequencies.

Since dielectric permittivity relaxations of the studied 
compositions are thermoactivation processes, we calculated 
the activation energies based on the experimental data of the 
relaxation time using the Arrhenius law [49]:

where τ0—preexponential factor, Ea—activation energy, 
kB—Boltzmann constant, T is the absolute temperature. The 
corresponding diagrams of the dependencies of the activa-
tion energies on temperature for the reference and mechani-
cally activated samples are shown in Fig. 9.

(6)� = �0exp

(

E
a

k
B
T

)

1000

2000

3000

4000

100 200 300 400

1000

2000

3000

4000

 0.025
 0.05
 0.1
 0.5
 1
 10
 50
 100
 500
 1000 kHz

(a) (b)

0.4

0.8

1.2

4321

 243
 282
 327
 396
 408
 437

0

1.6

(a')

T,°C

 0.025
 0.05
 0.1
 0.5
 1
 10
 50
 100
 500
 1000 kHz

(b')

2.0
M',10-3

 243
 282
 327
 396
 408
 437

0 0.4 0.8 1.2 1.6

4

2

6

8
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Figure 9 shows two temperature regions with differ-
ent activation energies Ea. The activation energies of the 
first temperature region are 0.44 eV for the reference and 
0.64 eV for the mechanically activated samples. In titan-
ates, such activation energies are associated with jumps 
of conduction electrons. The second temperature region is 
characterized by the following activation energies: 1.58 eV 
for the reference and 1.65 eV for the mechanically acti-
vated samples. These activation energies are due to the 
movement of oxygen vacancies [50, 51]. As shown in 
Table 4, the mechanical activation leads to non-monotonic 
changes in the activation energies of Pb(Zr0.7Ti0.3)O3.

It was also of interest to study the influence of structural 
defects on the type of phase transition. For this purpose, 
we have studied (f = 1 MHz) the dependencies of the Weiss 
constant Cw and the temperature difference Tm−Tw on the 
mechanical activation pressure. The second quantity can act 
as a “primacy criterion” for phase transitions in PZT solid 
solutions. For the calculation, we used the formula [29, 52]:

where Cw—the Weiss constant, T
w
—the Curie–Weiss tem-

perature, T—the temperature in the linear section of the 
dielectric constant. The dependencies of these parameters 
on the mechanical activation pressures are shown in Fig. 10.

As shown in Fig. 10, the Cw(P) dependency is non-mono-
tonic, and the temperature difference Tm−Tw decreases with 
increasing the mechanical activation pressure. Therefore, 
the phase transition becomes closer to a second-order phase 
transition.

(7)� =
C
w

T − T
w

Fig. 8   Frequency dependencies 
of real Mʹ(ω) and imaginary 
Mʺ(ω) parts of the electric 
modulus of the reference (a), 
(b) and mechanically activated 
(a'), (b') PbZr0.7Ti0.3O3 ceramics 
at 240 MPa
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Fig. 9   Dependencies of the activation energies of the reference (a) 
and mechanically activated (b) PbZr0.7Ti0.3O3 ceramics at 240 MPa

Table 4   Dependencies of 
the activation energies of 
the Pb(Zr0.7Ti0.3)O3 on the 
mechanical activation pressure

P, MPa Ea1, eV Ea2, eV

0 0.443 1.586
80 0.464 1.594

120 0.726 1.530
160 0.820 1.424
200 0.816 1.539
240 0.639 1.650
320 0.789 1.846
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4 � Conclusion

The results obtained in this work: studying the influence 
of mechanical activation on pre-synthesized PbZr0.7Ti0.3O3 
powders shows the possibility of controlling many physical 
properties of the powder and ceramic samples. Although 
the sintering of ceramics from mechanically activated 
powders in various metastable states is a high-temperature 
treatment of densely compacted workpieces, the experi-
mental results and their comparison with the reference 
sample show that during ceramic sintering, some struc-
tural defects disappear, and some remain in the ceramics.

Structural defects have been found to affect different 
physical properties in different ways.

The small size of the coherent scattering regions of 
mechanically activated powders also plays a significant 
role in forming the physical properties of the Pb(Zr0.7Ti0.3)
O3 ceramics. Depending on the crystallite size that enters 
into a chemical reaction during ceramic sintering, the dif-
fusion zone can have a different shape (concave, convex, 
etc.), and the reactions themselves are described by differ-
ent temperature–time laws. All these conclusions and gen-
eralizations given above can be applied to many mechani-
cally activated crystalline bodies.
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