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Study of the fatigue endurance and mechanical strength of solid solutions of the PZT-PZN-PMN system, modified with Ba and

Sr, corresponding to the formula (Pb,_,

-

St Ba, ) [Ti,Zr,(NbyZn, ) (NbysMg ) ., ]Os, with o = 0.02 + 0123 Aay = 0.02,

a, =0.0036 + 0.073; x = 0.385 + 0.430, y = 0.402 + 0.447 is presented. It is shown that the evolution of the polarization charac-
teristics with an increase in the number of repolarization cycles, n, is characterized by two sections: slow fatigue and logarithmic
evolution. It was found that an increase in the strontium content shifts the beginning of the logarithmic stage towards to the large n.
It is shown that an increase in the average grain size decreases the mechanical strength. A conclusion is made about the expediency
of using the obtained data in the development of devices operating in power modes.
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1. Introduction

The basis of the most common solid solutions (SS) used in
the production of ferroactive components for filters, sensors,
ultrasonic motors, etc. is the system of lead zirconate titanate
PbZrO;-PbTiO;, PZT.'-¢ This is due to the high Curie tem-
perature and piezoelectric constants of SS in the morphotro-
pic region (MR) (the region of the structural phase transition,
accompanied by extrema of the electrophysical characteris-
tics). However, despite the obvious advantages of the PZT
system, its capabilities were practically exhausted by the
70s of the last century. To overcome the difficulties that have
arisen, the transition to multicomponent systems was carried
out, in which the dimensionality of the MR increases, which
significantly expands the range of compositions with various
properties, the possibility of choosing SS with a given com-
bination of parameters, and also increases their efficiency and
manufacturability.”-!”7

One of such system is the PZT-PZN-PMN!8-2! designed
for low frequency applications. Earlier, for a number of the
specified composition, the structure, microstructure, electrical

$Corresponding author.

properties were investigated in a wide range of temperatures
and external electric fields.

It should be noted that in the development of such mate-
rials, the main attention was paid to the study of their dielec-
tric, piezoelectric, and ferroelastic properties. The results of
studies of fatigue degradation caused by a constant direct/
alternating electric field are often contradictory and ambig-
uous.2224 At the same time, it should be noted that the lat-
ter determines the reliability of the piezoelectric component
used in various devices.

The mechanical properties of the indicated SS are also
practically not studied. Considering their attractiveness for
use in low-power linear and step motors, as well as medical
diagnostic devices, it is relevant to dwell on this issue as well.

Taking into account the above, it is advisable to investi-
gate the effect of electrical fatigue generated by an ac field
on degradation properties, as well as to establish correlations
between composition, structure, microstructure, mechanical
strength of multicomponent ferroactive SS of the PZT-PZN-
PMN system.!”
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2. Materials and Methods
2.1. Fabrication of samples

The objects of study were SS of the PZT-PZN-PMN sys-
tem modified by Ba and Sr, corresponding to the formula
(Pby_ 0,51, Ba, ) [Ti,Zr,{(Nb,3Zn,;3) (Nby3sMg;13)}1,,103,
with o; = 0.02 + 0.12; Ae; = 0.02, o, = 0.0036 + 0.073;
x =0.385 + 0.430, y = 0.402 + 0.447. The most thoroughly
studied SS with o, =0.02, o; =0.10, o = 0.12. The procedure
for obtaining experimental samples is described in detail in

Ref. 19.

2.2. Methods of studying samples

The study of the P—FE dielectric hysteresis loops was carried
out using the Sawyer—Tower circuit at f= 50 Hz, T'= 300 K.
The amplitude of the alternating voltage was set at the begin-
ning of the study and then did not change during the entire
experiment.

Compression strength tests were carried out on samples
of various compositions in the form of disks. Sizes ranged
from 10 to 12 mm. The loading of the thin disk occurred
when it was fixed on an even base by a punch. The punch
diameter was 5 mm. Loading took place on a special test-
ing machine brand SHIMADZU. A special device provided
coaxial axisymmetric application of forces along the axis of
the cylinder. The loading speed of the sample was the same
throughout the test time and was taken equal to 0.5 mm/min.
The compressive stresses at the moment of fracture of the
specimen, which are fixed by an abrupt increase in the strain
of the specimen, in some cases, with the appearance of crack-
ing (fragmentation), were taken as the strength value.

As a result of the tests, the characteristic forms of fracture
of the samples were established: fragmentation into several
fragments, spattering corresponding to samples with low
strength, and separation of the sample by one crack passing
through the center of fixation of the punch into two frag-
ments. The latter type of failure corresponds to samples with
high strength.

The ultimate stress during compression of thin samples
was calculated by the formula o = (P k/S), where P is the
force of punch loading, S is the area of the loading punch, & is
the scale factor (by default, k= 1).

3. Experimental Results and Discussion

Figure 1, as an example, shows the P—E loops of SS with
oy =0.02 and x = 0.425 at different numbers of repolarization
cycles (n). It was found that all P—E loops have a form char-
acteristic of classical ferroelectrics. An increase in n causes
an expansion of the loops along the abscissa and a significant
narrowing (almost twofold) along the ordinate.

Figure 2 shows the calculated parameters P, P,, E,. from
n. It was found that as n increases, the studied dependences
have an almost linear form up to n~10*. A subsequent increase
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Fig. 1. P-Eloops of SS with o; =0.12, x =0.390 at 7 = 300 K.
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Fig. 2. Dependences of (P, P,, E.) on n of investigated SS with
a; =0.02.

in n causes a slight increase in E. and a decrease in P and P.,.
For n > 5 x 103, all x studied at o, = 0.02 are characterized
by a sharp increase in E. and a decrease in P, P, up to n ~
1.5 x 109,

Figure 3 shows the P-E loops of SS with a; = 0.10 for
different n. It is shown that the P—E loops have the form

P, uC/cm2
20k 2.=0.10 1 ' ' ]
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Fig. 3. P-E loops of SS with o, =0.10, x = 0.390 at 7= 300 K.
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Fig. 4. Dependences of (P, P,, E.) on n of investigated SS with
a; =0.10.

characteristic of classical ferroelectrics at small n. An
increase in n led to a significant expansion of the loop along
the abscissa axis and contraction along the ordinate axis for
n>10°.

Figure 4 shows the dependences of the parameters P, P,,
E_on n obtained in the SS with ; =0.10. It was revealed that,
in the SS data, P, P, practically do not change at x < 0.410 up
to n = 10°, deviating by several percent relative to the values
obtained at n < 10%. A decrease in the polarization parameters
is observed at n > 5 x 10°.

At x =0.410, these characteristics demonstrate stability at
small numbers of repolarization cycles. A gradual increase in
n leads to a decrease in P,, P, almost twofold, up to n = 106.
For E, in all investigated SS, at a given «;, on the contrary,
nonmonotonic behavior with the formation of extrema at n <
5 x 10° is characteristic. Exceeding the specified n causes an
increase in the specified characteristic.

Figure 5 shows the P—FE loops of SS with «; = 0.12 for
different n. An increase in the Sr content in the investigated
SS does not cause a qualitative change in the studied loops,
the shape of which is also, as before, characteristic of classi-
cal ferroelectrics. It should be noted that at the indicated Sr
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Fig. 5. P-E loops of SS with o = 0.12, x = 0.390 at 7= 300 K.

J. Adv. Dielect. 11, 2160001 (2021)

7.5 _ FA—x=0385
0(1 0.12 B x=0.390
= - x=0.395
R3] —__ @ x=0.400
>0
A
S

n

Fig. 6. Dependences of (P,, P,, E,) on n of investigated SS with
a; =0.12.

content, P, P, increase with Ti, in contrast to the investigated
SS with o <0.12.

Another distinctive feature is an increase in n as the Sr
content increases, at which P, decreases by about 50% and
P, by 25% (Fig. 6). The behavior of E. is characterized by a
decrease to ~3 x 10%, after which a plateau-like section of the
E (n) dependence is formed to n ~ 2 x 103. A further increase
in n leads to a significant increase in the coercive fields with
the formation of extrema at n ~ 3 x 10°.

The obtained dependences (P, P,) (n) are in good agree-
ment with the usually shown graph of the evolution of polar-
ization versus the number of bipolar fatigue cycles in Fig. 7%
and, probably, are caused either by the agglomeration of
charges on internal barriers or domain walls, which causes
an increase in the internal displacement field; or defective
dipoles that reorient with respect to spontaneous polarization
and, thereby, clamping the preferred orientation.

The analysis presented in Fig. 8 dependences of the
mechanical strength, o, and the average grain size, D) SS of

(a) (b) (©

Polarization

Number of Cycles

Fig. 7. Evolution of polarization with the number of bipolar fatigue
cycles: (a) slow fatigue stage, (b) logarithmic stage, and (c) saturated
stage.
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Fig. 8. Phase patterns and dependences of mechanical strength,
o average grain size, D*, SS of composition (Pby_, 4,51, Ba,)
[Ti,Zr ((Nby;Zn;;3) (NbysMgs3));-,,]O5, from the concentration
of Ti (x) in the PZT-PZN-PMN system with different content of

Sr (o)) (*-by data®).

the composition on the concentration of Ti (x) in the PZT—
PZN-PMN system showed a complete correlation of the
“behavior” of o with the change in D:SS with a smaller size
has a higher mechanical strength grains, characterized by a
larger area of intergranular boundaries and, naturally, a larger
area of grain contacts.

The latter is responsible for the greater hardening of
fine-grained ceramics. We also note that, as in the case of
the electrophysical characteristics,' the mechanical strength
demonstrate some anomalies in the vicinity of structural
instabilities accompanied by phase transitions.

4. Conclusion

The electrical fatigue and mechanical strength of SS of the
PZT-PZN-PMN system, modified with Ba and Sr, correspon-
ding to the formula (Pbl_al_QZSralBaa])[Tier),((mean)-
(NbysMg )1, ]O;. It is shown that the evolution of
polarization characteristics with an increase in the number
of cycles is consistent with the data presented in the litera-
ture and is characterized by two sections: the stage of slow
fatigue and the logarithmic stage. An increase in the strontium

J. Adv. Dielect. 11, 2160001 (2021)

content shifts the beginning of the logarithmic stage towards
large n. The study of mechanical strength showed a decrease
in o with an increase in the average grain size. It is advisable
to use the obtained data in the development of devices operat-
ing in power modes.
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