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Internal stresses arise during poling of piezoelectric transducers as
a result of reorientation of the domain structure. If the grain size exceeds
a certain critical limit, the internal stresses cause cracking at the grain
boundaries. An expression for the critical grain size ts derived in the
present study. The formation of cracks by poling is determined in coarse-
-grained ceramics Pb(Mgi/3Nbz/3)0.44T%0.44470.1203 , doped with 1 wt. % MnO:.
The presence of cracks is revealed by tmpaired mechanical strength and in-
creased internal friction of the piezoelectric transducers.

INTRODUCTION

Piezoelectric transducers and resonators are made of substances exhibiting ferro-
electric properties. Cooling of sintered ferroelectric ceramics from the high-tempe-
rature paraelectric phase to the low-temperature ferroelectric phase brings about
formation, in the individual grains, of domains, that is regions showing mutual
differences in the orientation of the spontaneous polarization vector.

The domain structure is formed in a way ensuring minimum internal stresses
during the transition from the paraelectric phase to the ferroelectric one.

Changes in the domain structure occur, the domain walls being displaced, under
the effect of the external DC electric field during poling. The domain structure
is reoriented so as to align the directions of spontaneous polarization, allowed by the
crystal symmetry, as closely as possible with the direction of the electric field
introduced. Following discontinuation of the field, the domain structure does not
regain reversibly its original arrangement, remaining partially reoriented. The
poled specimen then shows piezoelectric properties.

The present study is concerned with the properties of piezoceramics in the
ternary system Pb(Mg,;/3sNb;/3)0;—PbTiO;—PbZrO;. The composition chosen was
44 mol %, Pb(Mg1/3Nb;/3)03, 44 mol %, PbTiO; and 12 mol %, PbZrO; doped with
1 wt. %, MnO,. Piezoceramic transducers of this composition exhibit superior values
of the mechanical quality factor @y and high temperature stability of the resonance
frequency, fr [1].

In the phase diagram of the given system (Fig. 1), the composition of the solid
solution in question is designated by the point #. This composition, close to the
phase boundary between the tetragonal and the pseudocubic phases, has been chosen
primarily with respect to attaining the required temperature stability fr [1, 2].
In ceramics of the given composition, the cubic paraelectric phase is converted
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to the tetragonal ferroelectric one at temperatures of about 220 °C. In the ferroelect-
ric phase, the individual grains contain domains which are mutually separated
by 180-degree and 90-degree walls.

Pb (M., Ny ) O

PbTiOy 950 PbZrO,

Fig. 1. Phase diagram of the system Pb(Mg;3Nbz/3)03—PbTiOs—PbZrOs; T — tetragonal phase,
? — rhombohedral phase, PC — pseudocubic phase. The composition of the solid solution used
: in the present study is designated F'.

Using small variations in the content of the initial components, it was possible
to prepare the piezoceramic material in question either in coarse-grained or
fine-grained forms. The properties of piezoceramic transducers of close compositions
but with various grain sizes are compared in the present study. It was shown
that if the grain size exceeds a certain critical value, cracks are formed at the
grain boundaries as a result of internal stresses brought about by reorientation
of the domain structure.

EXPERIMENTAL

The piezoceramic material of the given composition was prepared in the conventio-
nal way, i.e. by grinding the initial mixture of oxides, subsequent calcination and
sintering. The differences in the grain sizes of the sintered transducers were achieved
by varying the content of lead oxide in the raw material mixture. Two types of
this ceramic material were prepared:

a) Fine-grained ceramics from a mixture of PbO, MgO, Nb,Os, TiO; and ZrO,
corresponding to the stoichiometric composition Pb(Mgi/3Nbz/s)o.44Tlo.442r0.1203
and with an addition of 1 wt. % MnO,.

b) Coarse-grained ceramics was prepared from a mixture of the oxides in which
the PbO content was raised by 3 mol %, compared to the stoichiometric composition.

The weighed mixtures of oxides were wet-ground and homogenized, and after
drying calcined at 900 °C. The calcined material was wet-ground, dried, grenulated
and press-moulded into platelets 16 X6 2.5 mm in size.

The specimens of both compositions were sintered at 1220 °C for 1 hour, placed
separately in platinum containers. The sintering was carried out in PbO atmosphere
so as to suppress volatilization of this oxide from the mouldings.

The sintered specimens were ground to the dimensions of 14 X4 X1 mm, and
over an area of 14 X4 mm metal-plated with silver-plating suspension. The trans-
ducers prepared in this way were then poled with a DC field of 0.8 to 3.2 kV/mm
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intensity for 30 minutes at 100 °C. In the course of poling the transducers were
kept in silicone oil. Both the poled and unpoled specimens were tested for bending
strength using a three-point fixture in the Instron 1122 tester.

According to the IRE standard [3], the frequency characteristics of the poled
transducers were determined in the frequency region of the basic longitudinal
oscillation. The mechanical quality factor Qn was determined with the transducers
in the 7 circuit.

The structure of fracture surfaces of transducers after the bending strength tests
was studied by means of the scanning electron microscope. Optical microscopy
was used in evaluating the polished sections of both poled and unpoled trans-
ducers. The mean grain size in both types of the ceramic material was determined
on micrographs of etched polished sections by Miiller’s method [4] which is based
on finding the number of grains intersected by a system of parallel lines and
establishing the mean length of secants ds. The mean grain size was defined as
d = 1.5 X ds. The mean grain sizes established for the fine- and coarse-grained
ceramics were 6 and 16 pm respectively.

Analysis of internal stresses in piezoelectric ceramics

Before discussing the experimental results, an evaluation will be made of the
effect of internal stresses on the mechanical properties of the materials.

Internal stresses in ceramic materials can arise as a result of an anisotropy of
thermal expansion during their cooling down from the sintering temperature. Howe-
ver, the piezoceramics in question is cubic above Curie temperature, its thermal
expansion is isotropic, so that no internal thermal stresses can occur.

The cooling to Curie temperature brings about transition to the ferroelectric
tetragonal phase. Permanent elongation amounting to er;, = (¢/a) — 1 ~ 1.8 X 10-2
takes place in the direction of spontaneous polarization i.e. in the direction of axis
¢ of the crystal lattice. In view of the small change in the volume involved,
permanent contraction erp ,=ep,~ —9 X 10~3 occurs in the directions perpendi-
cular to axis ¢. Such deformations would not bring about any internal stresses in
a one-domain free grain. However, certain internal stresses arise in polycrystalline
ceramnics as a result of interactions with the neighbouring grains.

If the transition of the paraelectric phase into the ferroelectric one takes place
on cooling down and without the effect of an external electric field, the con-
siderable variability in the formation of the domain structure will play its part.
The variability is due to the existence of three type <001 directions and thus six
possible directions of the spontaneous polarization vector in each grain. The
formation of the domain structure will thus facilitate mutual adjustment of the
grain shapes mostly through free deformation, without bringing about any major
additional elastic deformation which would result in internal stresses. The piezoce-
ramics in question did not exhibit any distinct impairing of mechanical properties
due to transition from the paraelectric phase to the ferroelectric one. The in-
ternal stresses can therefore be considered negligible.

However, this does not apply to the poled piezoceramic material whose domain
structure has reoriented under the effect of the electric field. The domain structure
in its initial state, showing minimum internal stresses, becomes forcefully reoriented
to align the direction of spontaneous polarization in the domains with the direction
of type (001> containing the smallest angle with the direction of the external
electric field.
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In the case of low-intensity electric fields, the displacement affects primarily the
180-degree domain walls. Their displacements are not associated with any creation of
internal stresses, as they do not involve changes in the orientation of the tetragonal
crystal lattice; the shapes of the grains are not affected by this reorientation of the
domain structure.

In high-intensity electric fields, which also cause 90-degree domain walls to
displace, the spatial orientation of the tetragonal lattice will change and the
individual grains will adjust their shape. The mutual effects of grains bring about
additional elastic deformation in each grain and thus also internal stresses o.

The resulting elastic deformation is difficult to determine. According to [5], po-
ling can cause such deformations in ceramics with tetragonal structure that the
mean value would amount to 0.368¢r; in an ideal case. It may therefore be assumed
that even elastic deformation, which varies with the individual grains, can attain
the maximum values of elongation and contraction of that size. At a number of
points of the polycrystalline material there thus arise elastic elongations ¢ per-
pendicularly to the grain boundaries; on the basis of data given in [5], the elonga-
tion should amount to ¢ ~ 1/3ep,, i.e. € = 6 X 1073,

According to the isotropic theory of elasticity, the maximum tensile stress acting
perpendicularly to the grain boundaries is given by the equation

c=Fe¢, (1)

where E is Young’s modulus of elasticity.

Using Young’s modulus of elasticity for piezoceramics, £ = 80 GPa [6] and
e = 6 X 1073, one obtains ¢ = 480 MPa for maximum tensile stresses perpendicular
to the grain boundaries. The value of these internal stresses does not depend on grain
size. Under certain conditions the internal stresses can cause cracking along the
grain boundaries. However, the actual process by which. the cracks are formed,
depends on grain size d and it appears that there exists a critical grain size d; such
that cracks will form at grain sizes d > d; as a result of poling which will cause
no cracking at grain sizesd < d..

To determine d,, it is possible to use suitably modified relationships that have
been derived for the formation of cracks in polycrystalline materials due to anisotropy
of thermal expansion [7, 8, 9, 10].

Let us consider cube-shaped grains with edges d in length. If tensile stress o
acts in a certain grain, the grain will exhibit the following density of elastic
energy:

o?
_ e 2
w 7 (2)
The total elastic energy in the grain is thus
0-2
= ——d3
w 5% ds. 3)

A part of this energy, AW, is released when a crack forms along the boundary
with the neighbouring grain, in the direction perpendicular to the tensile stress.
It therefore holds that AW = kW, where 0 < k < 1.

Energy y, is required for creating a unit area of crack along the grain boundary
(1 is the energy of intercrystalline fracture). The energy necessary for producing
a crack of area d2 between two grains is

W1 = ‘yldz. (4)
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The crack can form along the grain boundary only when the loss in the elastic
energy of the grain, AW, is capable of supplying energy W, required for the crack
formation, i.e. when AW > W,. From the condition AW = W, it is possible to
calculate the critical grain size value, dg:

2 ‘ylE
de— 12 - (5)

The ratio of the relaxed energy, AW, to the total elastic energy of the grain W
can be estimated as k =~ 1/5.

Using equation (1), one obtains

do= K 2 (6)

where K = g ~ 10.
k

The derivation of equation (6) involves a number of simplifying assumptions.
Primarily, it is based only on energy considerations and assumes that creation of the
crack is possible if adequate energy for the final state is available. Actually, there
must be a nucleus of the crack, from which it can propagate if adequate concentra-
ted stresses arise at the crack front. However, ceramics made by sintering always
contain a number of pores at the grain boundaries as well as microcracks at the
points of contact of three grains, so that there are actually conditions for crack
propagation over the entire grain boundary area, if d > dc. If, however, the grain
boundaries are perfectly bound, no crack need form even at d > d., as the crack
nucleation is generally a process much less readily occurring than crack propagation.

The assumption of a cube-shaped form of the grains was another simplification.
The grain boundary facets have in fact areas smaller than d2. None the less, the
detailed theories employed in the derivation of d for anisotropy of thermal expansion
[7, 8, 9, 10] also lead to a relationship similar to equation (6) where the constant K
has values between 10 and 15 [7].

The value of fracture energy along the grain boundaries is difficult to determine.
However, it can be assumed to lie between the minimum possible value y;gin =
= 2y9 — yaB (Where 7y, is surface energy and ygp is the energy of the grain
boundary), and the maximum possible value Y1 = Yet, Where yper is the effective
fracture energy of a macroscopic specimen where, of course, the crack encounters
additional obstacles when passing from one grain to another.

" For piezoceramics of the type PbTiO;—PbZrO;, the effective fracture energy,
e, found on macroscopic specimens with a mean grain size d = 5 pm, was about
5 J/m2 [6]. Let us take the probable value of fracture energy along the grain

1
boundaries y, = 5 Vet X 2.5J/m2. On taking the constant K in equation (6)

as being equal to12, as the most probable value, and substituting the given values of ¢,
E, y1and K into equation (6), one obtains an estimate of the critical size d. = 10 pm.
This estimate shows a relatively low accuracy, above all in view of the inaccuracy
in the determination of y; and e.

However, the theoretical estimate makes it possible to predict that poling of
the given fine-grained piezoceramics with a mean grain size of d = 6 um will not
lead to cracking. Large number of cracks will form in a coarse-grained material with
a mean grain size d = 16 um, particularly along the boundaries of grains larger
than the mean grain size.
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RESULTS AND THEIR EVALUATION

According to Fig. 2, the bending strength of the fine-grained ceramics
(d = 6 pm) is Ry = 135 - 25 MPa in the non-poled state. The value remains
virtually unchanged or shows a mild increase as a result of poling over the
entire intensity range of the DC electrical field. The fractographic examination
(Fig. 3a, b, c) shows a roughly identical pattern of fracture in the poled and
non-poled state, the shares of intercrystalline and transcrystalline fracture being
approximately the same. This agrees with the conclusion that no cracking along
grain boundaries occurs in the fine-grained specimens as a result of poling.
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Fig. 2. Bending strength R of the transducers in dependence on poling electric field:
a) fine-grained ceramics, b) coarse-grained ceramics.

The bending strength of the coarse-grainéd material (@ = 16 pm) in non-
poled state was Ry = 90 4 10 MPa, i.e. lower than of the fine-grained material. This
corresponds to the well known indirect dependence of strength on grain size in
ceramics (e.g. [7]). The fracture surface of the non-poled specimen (Fig. 4a)
shows also transcrystalline fracture apart from intercrystalline fracture. Poling
in an electrical field of 1 kV/mm intensity virtually does not change bending strength
(Fig. 2) nor the character of fracture (Fig. 4b), which conforms to the theoretical
conception of the movement of the 180-degree domain walls, which does not bring
about creation of internal stresses. (For Figs. 3—6 see Appendix.)

The transducers poled in a 3.2 kV/mm field showed a low bending strength and
the fracture surface exhibited only intercrystalline fracture (Fig. 4c). According
to the analysis given above, this corresponds to the effect of internal stresses arising
during movement of the 90-degree walls and causing formation of cracks along the
grain boundaries. In such a material, the crack propagation proceeds readily through
gradual joining of cracks formed in the course of poling.
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The analysis also conforms to the gradual decrease of bending strength with
increasing intensity of the poling field. The state attained at such field inten-
sities which already cause the 90-degree domains to reorient but do not yet bring
about the saturated mean deformation ¢ = (1/3)er, corresponds to the larger critical
dimension d. according to equation (6). In specimens with a certain grain size
distribution, the cracks arise only at the boundaries of the larger grains. The
density of the cracks is therefore lower, and the bending strength higher than with
the material which has been poled to the saturated state.

The cracks arising due to poling of coarse-grained piezoceramic materials were
well visible on polished sections under an optical microscope. Fig. 5a shows
a micrograph of a non-poled fine-grained specimen. The micrographs of the ma-
terial poled in electric fields of 1.0 kV/mm and 3.2 kV/mm intensity respectively
are shown in Fig. 5b, c. There is no discernible difference between the micrographs.
The analogous micrographs of specimens of coarse-grained ceramics are shown in
Fig. 6a, b, c.

The polished sections of the non-poled material and that poled in the 1kV/mm
field have the same character, being free of discernible cracks. The micrograph
of the material poled in the 3.2 kV/mm field already shows well visible cracks
due to poling (Fig. 6c¢).

The presence of cracks affects significantly the oscillations of poled coarse-grained
transducers. Fig. 7 shows the factors of mechanical quality in terms of the intensity
of the poling field. The diagram indicates that the mechanical quality factor of
coarse-grained piezoceramics decreases strongly with the formation of cracks during
poling. With coarse-grained materials poled at electric field intensities higher than
2 kV/mm the {u values were so low that they could not be determined from cha-
racteristic frequency measurements.

Oscillation of transducers containing cracks involves mild opening of the cracks,
absorption of energy at the points of stress concentration in the crack fronts,
friction of the crack areas and dispersion of elastic waves at the cracks. All these
factors contribute to damping the elastic waves and thus to decreasing ¢;.

A decrease of the Qu values with increasing poling electric field was observed
by Yamashita [11] on transducers of the PbTiO; ceramics, and by Wersing [12]
on piezoceramics based on Pb (Mg;/z W1/2) TiZrO; solid solutions. These authors
did not compare the properties of fine- and coarse-grained ceramics in the given
systems and did not determine the mechanical properties. Wersing [12] attributes
the low @um values to viscoelastic phenomena at the grain boundaries of the poled
transducers. We suggest that the formation of cracks due to poling of coarse-
grained ceramics of the system Pb(Mg;;3Nb,/3)TiZrO; provides a satisfactory expla-
nation of the low () values observed.

CONCLUSION

Poling of piezoelectric transducers brings about reorientation of their domain
structure. If the intensity of the electric field is so high that the 90-degree domain
walls move in a ceramic material with a tetragonal structure, internal stresses will
arise in the transducers and lead to the formation of cracks if a certain critical
grain size of the material has been exceeded.

Piezoelectric transducers of the solid solution Pb(Mg;;3Nby3)0.44Ti0.44Z10.1203,
doped with 1 wt9, MnO,, were prepared in fine-grained and coarse-grained forms by
changing the initial PbO content. The critical grain size has been exceeded with the
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coarse-grained materials. Their poling resulted in the formation of cracks which
in turn reduced the bending strength, and the mechanical quality factor of
the oscillating transducers.

From the derived equation for the critical grain size it follows that this size
decreases with increasing distortion of the ferroelectric phase in relation to the
high-temperature paraelectric phase. With coarse-grained piezoceramics based on
Pb(Ti, Zr)O; solid solutions, cracking due to poling can therefore be expected
particularly in the case of PbTiO; ceramics or those with a tetragonal structure
and an elevated content of lead titanate.
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VLIV VELIKOSTI ZRN NA VLASTNOSTI PIEZOKERAMIKY
ZE SYSTEMU Pb(Mg,;5Nb,;3)0;—PbTiO;—PbZrO;

Karel Nejezchleb¥), an(iéek Kroupa**)

*) Vyzkumny ustav elektrotechnické keramiky, 500 64 Hradec Kradlové
**) Ustav fyziky plazmatu CSAV, 182 11 Praha 8-Liber;

Piezoelektrické ménice z pevného roztoku Pb(Mg1/3Nb2/3)0,4sTi0,44Zr0,1203 (obr. 1) dopovaného
1% hmotn. MnO, bylo mozno zménou obsahu PbO ve vychozi smési surovin pfipravit
jednak v jemnozrnném, jednak v hrubozrnném stavu. Jemnozrnna keramika (obr. 3) o stredni
velikosti zrn 6 um byla pripravena ze smési oxidi odpovidajicich stechiometrickému slozeni
pevného roztoku. Hrubozrnnd keramika o stiedni velikosti zrn 16 um byla ziskdna ze smési
oxidu, ve které byl obsah PbO zvysen o 3% hmotn. (obr. 4). Pfipravené ménice maji tetra-
gonalni strukturu.

Pri polarizaci téchto ménica dochazi k pohybu stoosmdesatistupfiovych a devadesati-
stupfiovych doménovych stén. Pohyb devadesatistupfiovych stén je spojen se vznikem vnitinich
pnuti. Tato pnuti mohou vést ke vzniku trhlin, jestlize rozméry zrn piezokeramického ménice
prekracuji uréitou kritickou hodnotu (rov. (6)). Vyraz pro kriticky rozmér zrn byl ziskdn modifi-
kaci vztahi odvozenych pro kriticky rozmér zrn keramického materidlu, v né&mz vznikaji
trhliny vlivem anizotropie teplotni roztaznosti [7, 8, 9, 10].

U pripravenych hrubozrnnych méni¢u velikosti zrn tento kriticky rozmér pfekracuji.
Pri polarizaci elektrickym polem vysoké intenzity, které vyvolava posuny devadesatistupfiovych
doménovych stén, ke vzniku trhlin skuteéné& dochazi. Tyto trhliny bylo mozno pozorovat v op-
tickém mikroskopu na lesténych nédbrusech polarizovanych ménicu (obr. 6¢).

Trhliny vzniklé pfi polarizaci hrubozrnnych méniéu jsou pfi¢inou zhorseni pevnosti v ohybu
(obr. 2). U kmitajicich méniéa pfitomnost trhlin zvysuje tlumeni elastickych vin, coz se proje-
vuje snizenim Cinitele mechanické jakosti (obr. 7).
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Fiq. 7. Mechanical quality factor Qum vs. the intensity of electric field during poling;
a) fine-grained ceramics, b) coarse-grained ceramics.

. Stavovy diagram systému Pb(Mgi/3Nb2/3)03—PbTiO;—PbZrO;: T — tetragondini faze,

R — romboedricke fize, PC — pseudokubickd fdze. Slofeni pevného roztoku pFipravenych
ménici je vyznadeno bodem F.

. Zavislost pevnostt v ohybu R meéniéu na intenzité elektrického pole p¥i polarizaci;

a) jemnozrnnd, b) hrubozrnnad keramika.

. Lomovd plocha ménide z jemnozrnné keramiky;

a) nepolarizovany ménié, b) meénié polarizovan el. polem 1kV|mm, c) ménié polarizovan
el. polem 3,2 kV [mm.

. Lomovd plocha ménice z hrubozrnné keramiky;

a) mepolarizovany ménié, b) ménié polarizovan el. polem 1kV|mm, c) ménié polarizovin
el. polem 3,2 kV |[mm.

. Ledtény ndbrus ménide z jemnozrnné keramiky;

a) nepolarizovany ménié, b) ménié polarizovan el. polem 1 kV|[mm, c) ménié polarizovin
el. polem 3,2 kV [mm.

. Le$tény nabrus ménice z hrubozrnné keramiky;

a) mepolarizovany ménié, b) ménié polarizovdn el. polem 1 kV [mm, c) ménié polarizovin el.
polem 3,2 kV|mm.

Zavislost &initele mechanické jakosti méniéu na intenzité el. pole pFi polarizaci:

a) jemnozrnnd, b) hrbozrnnd keramika.

BJIUAHUE PABMEPA 3EPEH HA CBOWCTBA IMUE3O0KEPAMURKH,

HOJYUYEHHON M3 Pb(Mg/3Nb,/3)0s—PbTiO;—PbZrO;
Hapea Heeax:re6*), Dpanruniex Kpoyma**),

*YH ayuro-uccaedosameabckuti WHCIMWIMYM. IAEKIMPOMETHUNECKOU KePAMUKU,
30064 I'padey Kpaaose,
**\Hncmumym gusuru naasmer YCAH, 18211 Ilpaea 8

[TuesooiiekTpnueckne oOMEHHMKM U3 TBep1o1o pacTBopa Pb(Mgi/3ND2/3)o,44Tio,44Z 10,1203
(puc. 1) ¢ ;ob6aBroit 1 % mo Becy MnO. MoxHO u3MmeHeHueMm cojlepmanna PbO B mc-
XO#HOH cMecH CHIPbA INOJIYYaTh K4K B TOHKO3ePHHCTOM, Tak M rpyGosepHmcTOM BHIC.
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ToHKO3epHMCTYIO KepaMURY (pHc. 3) cpeJHMM pa3MepOM 3epHa 6 uM ro.Iyya M u3 cMech
OKCHJOB, OTBEYAIONIUX CTEXHOMETPHUECKOMY ¢OCTaBY TBepjloro pacTBepa. I'pybusep-
HUCTYI0 KEPAMHMKY C.peJHUM pa3MepoM 3epHa 16 M mosryua,in U3 cMecH OKCHIOB, B KOTOPOHR
cofiep#anne Pb@® roBeimacin Ha 3 % mo Becy (puc. 4). llosryyeHHLIC OOMCHHHKH HMEIOT
TeTpParoHaJIkHYI0 CTPYKTYPY.

ITpu momsApu3aluu NPHBO;IMMBIX OOMEHHMKOB IMPOMCXOMMT MiBIKeHMe 180-rpaayc-
HbiX U 90-rpa;lycHbIX ;lOMeHHBIX cTeH. [BmixeHue 90-rpajlycHHX ¢TeH CBA3aHO ¢ 00paso-
BaHMeM BHYTpPeHHHX HanpsikeHui. [[aHHble HampsKeHMA MOI'YT BbI3LIBATL O00PAa30BaHME
TPellMH B TOM Cilyuae, KOI;ld pa3Mepbl 3epeH IMe30KepaMHyecKoI'o 0OMEHHMKA IpeBLL-
UIAIOT Ompe;lejleHHbI KpuUTuuecKMi mpeges (ypaBHeHne 6). DBpipameHHe JJas KpHUTH-
Ue¢KOTO pa3Mepa 3epeH IOJyua.ay Mo \MMKanved OTHOIIEHMI, BBIBEJJeHHBIX IJIS KPHTII-
YeCKOFO pa3Mepa 3epPeH KepaMMUCCKOIrO MaTepHuajla, B KOTODOM O0Opa3yIOTCA TPCTINHLI
110j\ BJIMAHMEM AHM30TPOIIMH Tem;I0BOI0 pacmupenus [7, 8 9, 10].

Y 10:IyUeHHLIX I'PYOO3CPHICTLIX OSMCHHMKOB pa3Mepbl 3€PCH [AHHLII KPUTHHEC KT
pasMep TIpeBLITAIOT. 11pu IMOSAPH3AIMH I;IeKTPHUeC KUM IOJeM BHICOKOH HHTeHCMBHOCTH,
KOTOpOe BbI3hiBaeT c¢memieHusa Y0-1pa:yceHbLIX [IOMEHHbIX ¢TeH, 00pas3oBaHMEe TPCIHH
AeilcTBUTE;ILHO TPOHcXO;iMT. IIpHBOAMMBIE TPEIMHLI MOMKHO HAOJMI0JaTh ¢ IOMOIIKIO
MMKPOCKONIa HAa OTMO.IMPOBAHHAIX AHULIHQAX [M0JIADH3OBAHHBIX O®MeHHHKOB (puc. Gc).

TpemuHpl, 00pa3oBaBIIMecs 1IPH [10TAPA3ANIM I'PyO03€PHIICTHIX O8MEHHUKOB ABIATCH
NPAYMHOR ITOHMIKEHHS ITPOMYHOCTH HpH u3rude (puc. 2). ¥ kosedinomuxcss o0MEeHHNKOB
NPHUCYTCTBHE TPelIMH IIOBLINACT yallleHHe JJIacTHUECKMX BOJH, UTO INPOABIIHETCH B 110-
HWKeHUN KO3Q(PUIMeHTa MeXaHIuecKoIro KavecTBa (puc. 7).

Puc. 1. Juazpavma cocmosiusn cucnemn Pb(MgysNbz,3)03—PbTiO3—PbZrOs: T — mem-
pazonarbHaa Pasa, B -— pombosdpuxeckana ¢gaza, PC — ncesdorybuuecran ¢Ppaaa.
Cocmas meepdozo pacmeopa NoayueHHHIT 06MEHHUKOS 0603Haver wepea mouky F.

Puc. 2. 3asucumocms npourocmu npu uzeube R obmenruros om unmencusnocmu saesmpu-
eCK020 NOAA NPU NOAAPUIAYUL; 0) MOHKO3EDHUCMAA Kepamuka, b) epyboaeprucmas
Kepamuxa.

Puc. 3. IToseprrocmb U3a0ma 0OMEHHIUEA U3 MOHKO3EPHUCMOU KePAMUKU; a) HENOARAPUZ0-
6aHHMbLIL 0OMEHHUK, D) 06MEHHUE, N0AAPUB0EAHHBIL saeKkmpUeCKUM Nnoaes I keliw,
€) 06MEHHUK, NOARPUB0BAHHBIU darEmpPULECEUM Nosem 3,2 ke[mm.

Puc. 4. IToseprrocmsd uszaoma obmenHura uz epybo3epHUCMOl KEPAMUKU; Q) HENOAKPUIG-
6AHHBIU 0OMEHHUK, b) 06MEHHUE, NOARPUBOEAHHBLIL daekmpuneckum noaest 1 relma,
C) 06MEHHUE, NOARPUIEAHKBLE daekmpuneckum noaem 3,2 ke|mm.

Puc. 5. Omnoauposarrviii anwaud 06MEHHUKA U3 MOHKOZPEHUCMOL KEPAMUKU. @) HENOAI-
puaosanmblic 06menHur, b) o6MeHHUE, NOAAPUIEAHHBIL IAEKMPUUECKEUM NOICM
1 kg|mm, c) 06MeRHUK, NoAAPUB0SAHHBLLE JaeEmpuneckum noaem 3,2 k6|mm.

Puc. 6. Omnoauposannslii anwaug obmeHRUKAG U3 2pybo3epHUCOL KEPAMUKU, @) HENOAA-
pUu3osammblit 06MeHHUK, b) O0OMEHHUEK, NOAAPUB0EAHHbLU IAEKNMPUMECKUM NOLCM
1 k8|mm, ¢) 06MEHHUE, NOAAPUIOEAHKbLIL dnekmpuuecEum nosem 3,2 K6[muu.

Puc. 7. 3asucumocmv kosuyuenma MeraHUNECK020 Kauecmea O6MEHHUK08 om UHMEH-
CUBHOCIU IAEEMPUNECEO0 NOAL RPU NOAAPUBAYUU; Q) MOKEOIEPIHUCILAL KePAMUKQ,
b) epyboseprucman repamura.
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Fig. 3. Fracture surface of the fine-grained transducer; a) mon-poled transducer, b) transducer
poled in a 1kV|mm field, c) transducer poled in a 3.2 kV |[mm field.
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Fig. 3¢
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Fig. 4. Fracture surface of the coarse-grained piezoceramics; a) non-poled transducer, b) trans-

>

ducer poled in a 1 kV|mm field, c) transducer poledin a 3.2 kV |mm field.
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Fig. 4b

Fig. 4c
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Fig. 5. Polished section of the fine-grained ceramic transducer; a) non-poled transducer b) trans-
ducer poled in a 1 kV|mm field, c) transducer poled in a 3.2 kV |mm field.
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Fig. 6. Polished section of the coarse-grained ceramic transducer: a) non-poled transducer,
b) tranducer poled in a 1 kV[mm field, c) transducer poled in a 3.2 kV[mm field.
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Fig. 6c
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