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ABSTRACT

A model has been suggested to explein the observed nature of
enisotropy of PZT- and barium titanete-based piezoceramics,
based on an assumption of pressure-induced occurrence of a do-
main reorientation zone near the crack tip.
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INTRODUCTION

B.Jaffe, Cook and H.Jaffe (1971) discovered that piezoelectric
ceramics feastures a transversal-isotropic symmetry of elastic
properties. Fracture toughness of materials of such a symmetry
class depends,; according to results of 3ih, Paris and Irwin
(1965), upon the crack propagation direction and is characte-~
rized by two fracture energy values: » in the plane contain-
ing the symmetry axis and [z in the pergendicular plane. The

i fracture toughness of piezoceramics has been determined by

&l ; Freuman, LicKinnev and Smith (1974) and Bruce, Gerberich and Ko-
W epke (1978) by means of itraditional fracture mechanics, suitable
i ! for isotropic ceramic materials, without taking into sccount

i the nature of the anisotropy and also a feasible influence of
it the piezoelectric effect. Because of that, this data on frac-
: ture toughness are contradictory. Also there is no common opi-
| nion ebout the microstructural mechanism, responsible for the
fracture toughness anisotropy of the piezoceramics.

katerials, Experimental Procedure and Results

Two lead zirconate-titanate solid solutions-based (composition
I) being barium-doped, and the other niobium- and tungsten~
doped (composition II), and also a titanate barium-based com-
il position doped with calcium (composition III), were taken for
o : examination,
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All the compositions are tetragonal below the Curie point, but
feature different ferroelectric rigidities: composition it is
ferroelectrically soft while compositions I and III are of an
intermediate ferroelectric rigidity.

Since enisotropy of elastic properties snd coupling of electri-

cal and mechsnical fields are typical for piezoceramics, they
were accounted for in stress intensity factor (SIF) calcula-
tions in order to obtain & correct value for the fracture
toughness. The presence of piezoeffect lowers the SIF value
for both directions of crack propesgation as compared to its

value for an elastic medium. However, this lowering is insigni-

ficant and may be neglected in the SIF calculations for double
torsion specimen.

Experiments on determining the piezoceramic fracture toughness
by double ?orsion method were conducted on the "Instron TT-k
1126" testing set. For every crack propsgation direction the
critical SIF velue was determined on 5 to 7 specimens. The
tests were conducted in air at t° = 19 to 21°C end relative
humidity of 70 to 80%.

In determining the fracture toughness by the indentation of
the Vickers diamond pyramid formulass were used which relate
the load applied to the indenter and the length of radial

cracks at the impression with Kc a8 was done by Evans and Char-

ley (1976).

The results of K;, measurements by both methods ar i .
the Table. Ic ¥ e given in

TABLE 1 hResults of SIF Measurement

:Double torsion:Indentetion: Fracture_ener-
Material :_liPe x m'/2 :MPa x m¥}2 igy, J/m2

T gre T g2r tgTz gar ¢ :

: Ic : Ic ie c g N Z
Composition I 1.35 - 1.50 0.70 10.7 3.8
Composition II - - 1.82 O©O.77 22.2 6.4
Composition IIT 1.52 1.38 - - - -

DISCUSSION

The results of fracture toughness measurements for cracks di-
rgcteq parallel and perpendicular to the axis of residual pola-
rization, obtained by both double torsion and indentation me-—
thqu, coincide. keanwhile the fracture toughness data ob-
teined by Bruce, Gerberich and Koepke (1978)are contrary to
those obtained in the present study. The cause of this discre-
pency is the use of an incorrect formula for SIF calculations.
The dependence of the piezoceramic fracture toughness upon the
direction of crack propagetion with respect to the axis of re-
sidual peolarization can be attributed to two possible mecha-
nisms. The investigation mentioned above used the traditional
approach which consists in a direct influence on KIC of inter-

nal stresses arising from 90° domain reorientations during
polerization. In this case the true fracture toughness is as-
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sumed as being constant and the deviations are explained as
the result of the internal stress field effect upon the crack.
Rice and others (1978) found that & similar mechanism results
in & change of the fracture energy of ferroelectric ceramics
in a ferroelectric phase as compared to that in a peraselectric
phase. However, the deformation of piezoelectric grains at po-
larization of ferroelectric ceramics in contrast to that at a
phase transition, is of & directional nature. Polarization re-
sults in an elongation of the piezoceramic element in the
field direction %z—axis) which should give rise to compressive
internal stresses along this exis and suppress the crack deve-
lopment along the perpendicular direction (r-asxis) as compared
to that along the z-—axis. As our experiment gives an opposite
result the interpretation of the observed character of frac-
ture toughness anisotropy on the basis of a simplified analy-
gis of the internal stress distribution is unacceptable. An
interaction between the crack and the predominantly polariza-
tion-oriented 90° domain walls may be regarded as another fea-
gible mechanism. The domain wall, being a twin boundary, forms
an obstacle for crack development and inhibits its propagation
in the z-direction on the one hand, whereas, being & defect
concentrator it promotes the crack movement in the perpendicu-
lar direction on the other one. Such & mechanism explains cor-
rectly the observed anisotropy of the critical SIF of piezoce-
ramics, but is opposed by at least two facts indicating against
it., PFirstly, asccording to the data of investigators mentioned
above, no essentisl difference between the structures of frac-
ture surfaces salong and across the axis of residual poleriza-
tion has been found. These results of LTZ piezoceramics micro-
structure studies indicate only the decrease in concentration
of domain walls in the material, but not a change in their
preferential orientation. Secondly, the character of the Kig
anisotropy observed by Kovalev (1981) occurs both at intragra-
nual and at intergranular types of fracture (PZI-based composi-
tion). In the last cese the interaction with the grein sub-
structure cannot be used to explain the difference in the Kig
values for r- and z- directions of crack development. Both
above mechanisms are one-sided whereas, in ferroelectric cera-
mics the internal stress mechanisms and the interaction with
the substructure are closely related with each other and their
influence cannot be separated.

The response of ferroelectric ceramics to external effects is
determined by the mobility of domein structure of greins. It
is well known that deformation in this case occurs through do-
main processes, namely through displacement of S0° domain
walls under stress. Near the tip of the propagating crack a
region of high stress concentration exists, where pressure-
induced structural transitions of the twinning type are fea-
gible. Consider a model of structursel transition of a piezo-
ceramic grain under a stress near the crack tip. For sigplici-
ty, we will neglect the temperature dependence and relexation
nature of the domain process-induced deformation and also the
agsociated electroelastic effects.

Suppose that after the polarization process some piezoceramic
grains are oriented along the field direction by a total eli-
mination of 90° domain walls, i.e. they are monodomain ones.
The rest of the greins, where no 90° domain switching occurred,

AFE VOL 4-M%
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can be in following states: (a) field direction-oriented before
the polarization; %b) reoriented by a 180° switching without
deformation; (c) remain in the previous randomly oriented posi-
tions. Thus (in the first approximation) the polarized ceramics
may be treated as & composite materisl where grains not deform-
ed by polarization form a matrix, whereas monodomain grains,
field-direction-oriented by elimination of 90° domain walls,
are metastable inclusions. Assuming the domain processes ini-
tiated by the crack to be the cause of origination of the frac-
ture toughness anisotropy of the ferroelectric ceramics in a
polarized state, we consider a model of a feasible structural
transition of a polarization direction-oriented monodomain
grain, The feasibility of such a stress-induced process and

the assessment of its influence upon the fracture toughness
magnitude may be calculeted adopting the procedure used by
Evens and Heuer (1980) for modeling a phase transition of meta—
stable zirconium oxide inclusions near the crack tip.

Since the strains associated with the displacement of a 90°
domain wall are a twinning shear, they can be calculated
eccording to a simple scheme of Esaklul, Gerberich and Koepke
(1980). For a plaene-strain cese we obtain that grain strains
in a structural transition from a metastable (monodomain) to
a stable (polydomain) state are

E”"O, Exz"o, &ra Y Cc+a (1)

Considering the thermodynamical condition of a structural
trensition of & single grain, we have

AG =-A4G,+AlUW =0 (2)
where 4 & 1is the change in free energy of the "inclusion-mat-
rix" system and alU,=al +W is the deformation energy, ac-

cumulated in the structursl transition, which includes the in-
ternal stress energy AUl caused by strains (1) because of
grein constraint in the matrix and the work W of external
crack-promoted stresses on strains accompanying the structural
transition. Apart from the deformation energy formula (2) in-
cludes also a parameter AGo>0 which corregponds to the energy
absorbed by the structural transition of the grain in a free
state. While 4 Go at a phase transition is the difference of
chemical free energies of the phases, here we take a4 Go as
equivalent to the grain twinning energy. The magnitude ofd Ge
depends upon the ferroelectric rigidity of the composition. In
the absence of external stresses we obtain from inequality (2)
that Al = AG, 3y

This is the condition for a sponteneous structural transition
which shows that for grains satisfying condition (3) the
structural transition from & monodomain polarized state to a
polydomein depolarized state will ocecur in the absence of ex-
ternal stresses. This is observed by Jaffe, Cook and Jaffe
(1971) in practice directly after polarization. For other me-
tastable grains the @G value lies within the range

O << 4G, = a« (4)

Considering the terms in (2) reduced to & unit volume, we ob-
tain the limiting condition of a structural transition as

a(lf!<1\ﬁ/0ﬂ =‘A‘¥o (5)
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=Ur-2 = ol are specific energies of defor-
g&%i‘gd({mggo 'indtgrnéldgtr;-esses and og twinning, respectively;
\M?p)=VW}/K1P‘2 is the specific work of external stres-
ses from & crack with Ky = 1, situated at a @igta?ce‘ﬁ rgrgg
the centre of the grain undergoing the transition; %ﬂ Ll
the grain radius. Solving (5) for P Swe obtain in e fir :
approximation the assessment of the size of the zone o£ %ge as-
tic deformation ceused by domain processes at the crac D

6] U for ferroelectric ceramics of specific compo-
g?iigilgg wgi% es the form of the (_p) function can betgéé—
culated by & numerical procedure of the'flnltg elemen@ ne 10 .
To this end,we make use of a classical inclusion-matrix cae iu—
lation scheme. The stressed state in_the vicinity ?f an inclu-
sion is cesused_by the assignment inside the V4 region og 1;;—
tial strains &¢; corresponding to a twinning shear (1). e
work W of crack stresses in the structurel transition proggss
is readily celculated by the following scheme. In calcula qun—
the V region by meens of isoparametric finite elements ag‘ ie
kiewicz suggested (1971) we assign in the region integration
points singular initiel stresses caused by the crack presence
at & distance p from the inclusion centre:

G ~Kafi(es) (6)
OLj (P )=Vt oy

i tion
and 8 are polar coordinates of the integra
ﬁggig $s with r;gpect o the crack tip and Ff¢/ are deter-
mined via trigonometrical functions. Then the deformqtlonie?er—
gy of the finite element model cen be found by numerical integ-
ration of the expression

U=z ‘5'9‘(59"59'12"*!5"‘3' £4dvy .

i ¥st and the second terms are a U end VW respective-
???rga{gglgigng the deformation energy of the finite element

i initi 1 h variable
del with initial stresses (6) by means of (7) wit I
ggstance { .,we obtain discrete values of the V\?( P) function.
To gimplify the further procedure_ we select the function as

Wepy = o= R
P YP /s .
i i btained by
hich adequately approximates the discrete values o
ﬂh;cfinitg elemintpmethod. The form of the function calculated
for two cases of crack propagation in a piezoceramic specimen
relative to the direction of residual polarization o i=s
shown in Fig.1. It follows from equations (5) and (8) that

C Ke (9)
Yp-pe =wa(g-1] _ e
emeter F=4 o and, according to (4), =
g?eig ggﬁn that {;e gigier is the graip to the spontaneous
transition (§-—=1) the longer is the distance @ . The analy-
ais (9) inditates that the structural transition of the grain
at the crack tip is possible only at W << o, when the defor-
mation energy Ui decreases because of the work of initial
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stresses (6) caused by the crack presence.

10 20 7

Fig. 1. Variation of work W of crack stresses
at structural transition of grain
vs )/ ratio for two directions of
crack propagaetion a) across P
b) along P, for composition I( r=2.%ﬂm)

From Fig.1 it follows that the supposed trensition of the grain
is favored only by that crack which propagated along the di-
rection of residual polarization. In the vicinity of its tip,
a zone of an additional energy dissipation due to stress—in-—
duced structural transitions is formed. The crack movement in
the perpendiculardirection will, on the contrary, inhibit the
domain processes in the nearest ains, and the fracture will
occur without additional energy gissipation. The size of the
inelastic deformation (twinning) zone in the first case can be
celculated by formulae (9). No such zone will appear in the se-
cond case. Thus, qualitative result predicted v the model -
rees with that observed experimentally. The use of formula ?%)
for numerical calculation of the width of the domsin reorien—
tation zone restricts the region of a correct determination
within the framework of the model, adopted here. As Evans and
Heuer (1980) indicate, the use of formula (6) is valid for

<= d. where @ is the cractk length. Since in experimen-
tal fracture toughness determinations by the traditional me-
thods of fracture mechanics (as in the present peper) the
crack length greatly exceeds the characteristic dimension of
the microstructure this condition is fulfilled. On the other
hand, the finite element calculation of the work of crack
stresses O/ on the structure trensition strains &£,/ for
P> F may lead to an incresse of the numerical integration
error because of high G¢, gradients. Therefore, 2 can cor-
rectly enough be determingd in the © <2 <<dainterval.

The fracture energy rise due to the formation of additional
energy dissipation zone at the crack tip cen be calculated
by a simple technique, similar to that used by Evans and
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i in the ab-
Heuer (1980). Denoting by fﬂz the fracture energy
sence of this zone, in our case for the plane perpendicular to
the axis of residusl relaxation, we can write (10)

c lr=z+alt*p-p ) "

here (r is the fracture energy for the polarization plane.
¥hzrenerqu¢U’ absorbed in & single event of the structural
trensition of a grain of rasdius I is

AU*=alr?(4-S) (11)
i i ics
If denotes the share of unstable grains in piezo eramj& $
then:r = 0.385 f/r¢ for hexesgonal grains. Since K;f X { o yo
we obtain {

[;*/B 2-'71"?? (12)

0.77£:¢c?
P= 0 (d-€)5 (13)

The ; value can be chosen as & part of pogsible polarization-
promoted 90° domain switchings.

I

Mz
25|

where

f-08

20}

15}
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Fig. 2. Ratio of fracture ener r erlz
ve parameters g and for PiT.

ig i ates dependence (12) for different '5 and
The Tack of aote o the 4 §o velus marcs it difficult to comf
pare quantitatively the model-predicted behavior with ?hat ob-
served. Anelysing (12) with an account for (12) mekes it pos-
sible to determine the degree of various factors upon f}//[;
ratio. It is obvious that for ferrocelectrically softer compo-
gitions with a relatively high parametf; S values the diffe-
rence between the fracture energies ~ and [ will be
more pronounced. This fact corresponds to the results of frac-
ture energy measurements by the indentation method for compo-
sitions I and II. A similer conclusion can be made also forof,
namely, the more polerization-promoted reorientations of 90
domains occur, the stronger will show up the anisotropy of
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fracture toughness.

CONCLUSIONS

The measurements of fracture toughness of polarized ferroelec—
trical ceramics were conducted by double torsion end Vickers
pyramid indentation methods with account for the anisotropy
of elastic properties. The finite element calculations showed
that in determining K1; by conventional methods of fracture
mechanics the piezoeffect may be neglected with an insignifi-
cant error. However, the disregard of elastic anigotropy leads
to quelitatively wrong results. The polarization process is
shown to lead to different values of fracture toughness with
respect to the axis residual polarization of a piezoceramic
element. The fracture toughness along the axis of residual po-
larization is higher than thet in the perpendicular plane. To
explain the observed differences a model is suggested, based
on an assumption of the occurrence of a stress—~induced domain
reorientation zone near the crack tip.

ACKNOWLEDGEMENT

The suthor wishes to express his gratitude to Prof.V.A.Kuz men—
ko for his support and to Dr.S.P.Kovalev and Dr.V.li.Chushko
for their participation in this work. ’

REFERENCES
Bruce,d.G., V.d.Gerberich and B.G.Koegke (1918). In R.C.Bradt,
3 c

D.r.H.Hasselman and F.J'.Lange (Eds. Fracture l.echanics of
Ceramics, Vol.4. Plenum, New York. pp.687-709.

Lsaklul, K.A., W.i.Gerverich and B.G.EKcepke (1880). Stress
Relaxation in PZT, J.iner.Cer.Soc., 63, 25-30.

Evans, A.G. and E.A.Charles (1976). Fracture Toughness Deter—
mination by Indentation, J.Amer.Cer.Soc., 59, %7—8), 371=-372.

Bvens, A.G. and A.H.Heuer (1980). Review-Transformation Toughn-
ing in Ceremics: lartensitic Transformations in Crack-Tip

Stress Iields, 63, (5-6), 241-248.

Freuman, 5.W., K.R.McKinney end H.L.Smith (1974). In R.C.Bradt,
D.P.H.Hasselman and F.F.Lange (Eds.) Fracture liechanics of
Ceramics. Vol.2. Plenum, New York.

Jaffe,B., W.R.Cook end H,Jaffe (1971). Piezoelectric Ceramics,
Academic Press, New York.

Kovalev, 8.F. and others (1980). Construction of a Numerical
Solution of Yroblems of Electroelasticity, Strength of liate-
rials, (Translated from Russian Problemy Prochnosty), N4,
900-904.

Kovalev, S.P. (1984). The Analysis of Defects of Structures
Lefine Strength of Ferroelectric Ceramics. In V.A.Kuz'menko
(Ed.), Strgn%th of materials and congtruction's parts under
sonic end ultresonic loading hussian) Accepted for pub-
lication.

Ricea %.W. end others (1978). In R.C.Bradt, D.P.H.Hasselman

an .F.Lange, (Eds. ), IFracture liechanics of Ceramics,Vol,.4.
FPlenum, New York. pp.845-876.

2719

i Wachtman, J.B. (1974). Determination of Elastic Constants Re-

uired for Application of Fracture liechanics to Ceramics. In
%.C.Bradt, D?g.H.Hasselman and F.F.lange (Eds.) Fracture
llechanics of Ceramics, Vol.1. Plenum, New York, Dpp.49-68.

Williams, D.P., and A.G.Evens (1973). A Simple Method for Stu-

Nldy%ig 510w Crack Growth. J.Tlesting and Eveluation.1(4) 264-
271.

Zienkiewicz 0.C. The Finite Element IMethod in Engineering
Science (1971). NcGrew-Hill, Londom.




