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Abstract

The piezoelectric constants of d;, electrically depo-
larized (remanent polarization P=0) piezoceramics
are calculated from the constants of single-domain
crystallite with the aid of the effective medium
approximation. © 1999 Elsevier Science Limited.
All rights reserved
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1 Introduction

The possibility of the existence of ferroelectric
ceramic piezoelectrics of polar groups of symmetry
and not possessing macroscopic polarization was
substantiated in previous papers.'*?> Such piezo-
electrics as well as crystals of acentric (non-
centrosymmetric) nonpolar classes do not exhibit
effects linked with the macroscopic polarization
(pyroeffect, piezoeffect produced by hydrostatic
pressure) and in this respect may be named non-
polar. Depolarized piezoceramics with zero rema-
nent polarization (P=0) are also examples of
nonpolar piezoelectrics.

In this work we have calculated the piezomoduli
d; (and also dielectric constants &}/ and elastic
compliance coefficients s3f) of ferroceramics from
the constants of single-domain crystallite at the
arbitrary poling field with the aid of the effective
medium approximation.?

2 Mathematical Development

Let us assume that the polarized state in the sample
is caused by 180° reorientations. The relations
between the internal electrical field (mechanical
stress) in a spherical monodomain crystallite and the
electrical field (mechanical stress) in the surrounding
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ceramic matrix (which is assumed to be isotropic)
are determined by the equations.? To carry out the
calculation, let us transform these equations to the
following equivalent form:

(0}, + @)Dy — hysSs = E) 4 aDY,

(%, + @)Dy — h1sSa = ES + aDj,

(n3; + @)D3 — h31 Sy — h31S2 — h33S3 = ES + oD,
(P + B1)S1+ (¢ + B2)S2 + (cfy + Ba)

x 83— h3 D3 = T\ + 1S} + 2SS + S5,
(D + B2)S1 + (¢ + B1)S2 + (¢ + Bo)

x S5 —h31D3 = T9 + BoS) + 1SS + BaS5,
(¢ + B2) St + (¢ + B2)Sa + (5 + i)

x 83— h33D3 = T3 + oS} + 2SS + B1SY,
(s + Ba)Ss — hisDy = T4 + BaSy.

(s + Ba)Ss — hisDy = T2 + B4SY,

(Cé)6+:84)S6: 7—2+,34SO, (1)

where hy, 13, ¢ are the crystallite piezoelectric-
stress constants, dielectric impermeability at con-
stant strain and elastic stiffness at constant electric
displacement; Ex, Dy, Tk, Sk, EY, DY, T?, S?, are
the electric field, the electric displacement, the
mechanical stress and the mechanical strain inside
and outside the crystallite, respectively; « is the
depolarising factor; g is the destressing factor. The
factors (describing the crystallite interaction) « and
B can be represented in following form:

* T 2ex
B, = 5(s1) + s1a) ’
S1aSty = 5873 +4sit
357, + 357, 2)
B =

K ok *2 *2Y) ?
2(s7,87) — 573 +4577)

Ba :%(Igl - B2)
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where ¢* is the dielectric permittivity, and s}, s},
are the elastic compliance coefficients of unpolar-
ized ceramics. The system of linear eqn (1) in the
variables D,, S, has the symmetric matrix. Let us
denote this matrix by A. The components Ay can
be written as:

A =An=n +a Az =n3+a,
Ay = Ayg = —his, Asg = Azs = —hsy,
Az = —hs3, Aag = Ass = cf) + Bi,
Ass = cDy + Bo, Aug = Asg = ¢y + Pa,
Ags = 5y + B1, A77 = Ags = ¢y + P,
Agg = cgp + Pa
The other components of the matrix A are equal to
zero. From the system (1) Dy, S, can be solved as
functions E%, S°, D° and T°. Then, transforming
components D, and Sj to the ceramics coordinate
system and averaging them over orientations, we

obtain the system of the equations for the ceramics
material constants dj, e;{ and s}*

] = u(l +aej]) +§)~31ﬁ1(1 — b)dys,

ey = (14 ae3]) + Bil(3b — 1) a1 + Aa3]dys

+ Bi[(3b+ 1) 131 + (35 — 1) As3 + Asz]dy,,

dyy = A1 (1 + aey) + (2ds; + 33y )b — dyy — dy,
diy = J53(1 + oe3y) + (di + 4ds, )b — 240,

dis = Js(1 +aei]) + (1 = b)dys,

SiT = darady + (2575 + 2515 + 517)b — 515 — 575 + 51,
sy = Amsadyy + (4573 +533)b — 2575 + 51,
siy = Zaradsy + (2577 + 2575 + 13)b — 575 — ST + 2,
§i¥ = Iyads;; + (35’1‘3E + 2533 )b st — 55 4 s,
555 = Jisadys + (1= b)sis + sa, (4)
in which the following notations used:
b 2,32 = B1 + 68>
T3p 3B1(B1 +2B2)” (s)
L — 28, — B L= 4
3B1(B1 +2B2)° 3B

If R is the matrix inverse of A, then for depolarized
piezoceramics with zero remanent polarization
P = Py(cosf) =0 (P is the spontaneous polariza-
tion) the coefficients w, 433, 431, and 4;5 in the eqn
(4) are expressed in terms of Ry as

u==(Rj; + Ry + Rs3),

1
g(

1
A3 = 5(2R36 — Ry7 — Ryy — Rig — Ris){cos’d), (6)

1
/31 = —5/133, Als = —433,

where the angle 6 is the angle between the direction
of the spontaneous polarization of a crystallite and
the direction of the field applied for poling the
ceramics. The angular brackets mean that the cor-
responding expressions are averaged over the var-
ious orientations.

The tensor dj can be calculated by analytical
solution of (4). This solution can be written as

12733
27api(b—1)23, +8b° o
12233
9y, (b— 1)/ +8b

d§3 - _2d§1 -

The series expansion of the expressions (7), with
respect to the variable 33 (about the point A33=0,
up to order 3) yields

3

=7 /33

d§3 = _26’»;1 = _‘ffs 25 (8)

— 1) 433

9, .
:Zﬁl(sn

For the dielectric and elastic constants by the series
expansion of the solutions (4) we obtain the fol-
lowing expressions:

3
Z,Blb(l — b)d;3,

9
&5 =€ +4ﬂlb( b)ds3,

*T %
& =¢ +

*E *_*
511—511+ dﬁlv 33—511WL d§3’

«E _ x % (02 )
512 —S12+ 3 d>3k1’s13 =512 — g‘fg]v
2o
«E % 2
855 = Sa4 +?d>1k5 9)

In eqn (9) the piezoelectric terms (the crystallite
clamping effect) are usually much less than the
constants of unpolarized ceramics. The anisotropy
in depolarized piezoceramics is very small, and due
to the crystallite (and domain) clamping effect. The
crystallites and 180° domains in ferroelectric ceramics
show similar behavior. The ‘parallel’ orientation of
the crystallite polar axes produced by 180° -reversals
remove the crystallite clamping effects.

The results of the calculations of physical con-
stants of BaTiO5 ceramics for monodomain (Cal-
culation A) and polydomain (Calculation B)
crystallite are shown in Table 1 together with our
experimental results. As consistent with Ref.4 we
considered (Calculation B) that the each crystallite
in ceramics is split into 90° domains of two types
having equal volume concentrations. The constants
of polydomain crystallite were calculated by the
method which was proposed in Ref.5.
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Table 1. Dielectric, piezoelectric (dj,, 10712 m V~!) and elastic (s;F, 10712 m? N~!) constants of electrically depolarized piezo-
ceramics BaTiO5 at 25°C

e"11/e0 eT33/e0 dy, di3 djs sit 535 515 513 55§
Calculation A 1310 1310 —-12 24 —-24 6-33 6-34 —2.23 —-2.24 17-1
Calculation B 1020 1021 3.9 -7-8 77 6-56 6-56 —-2-29 —-2-29 17-7
Experiment 1360 1340 7 —14 85 9.0 2.5 —2.7

-40 0 40 80 120
d:. 10" m/v

Fig. 1. Calculated relationships between the piezomoduli of

polarized and depolarized ceramics BaTiO3. The plot demon-

strates that the calculated values with the aid of the effective

medium approximation (solid curve) are in good agreement

with calculated ones by averaging the components of the
crystal piezomoduli tensor’ (dotted curve).

As is seen from Table 1, the evaluations taking
into account the domain structure of crystallite are
in better agreement with the experiment.

The improved model® is also used here for cal-
culation of the constants ;. of depolarized cera-
mics. The results of these calculations are in
agreement (error is less 1%) with the formulas (9).
The piezoelectric constants can be calculated by
using the method.” Fig. 1 shows the calculated
values in comparison with the averaged values by
the method” (dotted lines in Fig. 1). It is necessary
to note that the agreement is enough good. The
simplest approximation, namely averaging the
crystal piezomoduli d; over the various orienta-
tions crystallites in the ceramics yields for the pie-
zomodule of ;3 depolarized ceramics:

1 dz3 (VA — d3)
2 4(ds + dis —d33)’ (10)
A =4(d35 +dis — d33)d}§3 + 61%3

Sy

0
3 d;B_

This simple expression can be used for the estimate
calculations.

3 Conclusions

Thus it is shown that the piezoelectric, dielectric
and elastic constants of electrically depolarized
ferroelectric ceramics can be calculated in satisfac-
tory agreement with experimental values with the
aid of a suitable averaging procedure. Exact
agreement cannot be expected since properties of
real ceramics are determined by some additional
essential factors such as displacements of 90°
domain walls, lattice defects etc. which have not
been considered in the model calculation.
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