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Abstract. For a long time, the absence of explicit Green’s functions (fundamental solutions) for electroelas-
tic media has hindered progress in the modelling of the properties of piezoelectric materials. Michelitsch’s
recently derived explicit electroelastic Green’s function for the infinite medium with hexagonal symmetry
(transversely isotropic medium) [4] is used here to obtain compact closed-form expressions for the elec-
troelastic analogue of the Eshelby tensor for spheroidal inclusions. This represents a key quantity for the
material properties of piezoelectric solids and analysis of the related electroelastic fields in inclusions. For
the limiting case of continuous fibers our results coincide with Levin’s expressions [8]. The derived method
is useful for an extension to non-spheroidal inclusions or inhomogeneities having an axis of rotational

symmetry parallel to the hexagonal c-axis.

PACS. 77.22.-d Dielectric properties of solids and liquids

1 Introduction

Within the last decades, the modelling of the properties
of electroelastic coupled materials containing piezoelectric
inclusions and inhomogeneities has become of great inter-
est due to the increasing technological importance of such
materials as sensors and actuators.

The elastic Eshelby tensor plays a fundamental role
for purely elastic inclusion problems [1]. For electroelastic
media a generalization exists [2,3], namely the electroelas-
tic analogue of the Eshelby tensor (EAET). The EAET,
which is a key quantity for the study of electroelastic fields
in ellipsoidal inclusions, is an operator consisting of four
tensors of fourth, third and second ranks.

Here our goal is to present compact explicit expressions
for the components of the EAET for the case of spheroidal
inclusions embedded in a medium with hexagonal sym-
metry having the same electroelastic characteristics. The
treatment of the EAET of hexagonal material systems
is desirable since many polycrystalline materials, such as
uniaxial poled piezoelectric ceramics, show macroscopi-
cally hexagonal (transversely isotropic) symmetry where
the poling axis then coincides with the hexagonal c-axis
(axis of symmetry). In spite of the fact that many other
piezoelectric materials have tetragonal or rhombohedral
symmetry, one can describe their piezoelectric properties
by assuming hexagonal symmetry (for only which the
EAET can be obtained in closed form) as a very good
approximation. For a medium with hexagonal symmetry,
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closed-form calculation of the EAET is feasible since the
electroelastic Green’s function that is required for this task
is available for such a medium in explicit form [4].

To define this Green’s function, we consider a homoge-
neous electroelastic material under isothermal conditions.
The linear relations which govern such a material have
the form

0ij = Cijki€rl — €kij Bk (1)
D; = eiri€rs + Nik Ex.

Here o and € are the stress and strain tensors, £ and D
are the electric field and dielectric displacement vectors,
respectively. C = CF is the elastic moduli tensor for a
fixed E vector, n = n° indicates the permeability tensor
for a fixed strain, and e denotes the tensor of piezoelectric
constants which characterizes the related electroelastic
effects. Relations (1) can conveniently be written in the
following short form

J=LF, J = (g),L: (ec; _en>,F: (_EE) (2)

The “matrix” L must be regarded as a linear operator
which connects the tensor-vector pair [, D] with the
analogous pair [e, E]. The superscript T denotes the
transposition operation.

The field equations for the stress tensor o (equation
of equilibrium) and dielectric displacement vector D
(equation of conservation of free electric charges) are
given by

ajaij = —Ki alDl = Pe (3)
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where K is the density of body forces and p, is the density
of free electric charges. Introducing the electric potential
@ and the elastic displacement field u, the ansatz for the
strain € and the electric field E is given by:

1
¢ij = 5 (Oiuj + Ojui)
E = —00.

(4)

Putting ansatz (4) using (1) into the field equations (3)
we obtain a 4 x 4 differential equation of degree two for
the field U = (u, ) of the form:

T (V)U+F =0. (5)

Here we introduced the gradient operator V = (9;) (i =
1,2, 3) with respect to the spatial coordinates r = (z, y, 2).
In (5) we have introduced the generalized force density
F= (Ka _pe)-

The symmetric 4 x 4 second-order differential operator
T (V) can be written in the form

T (V) t(V)]

T(V) = [tT (V) T (V) (6)

where T' (V) is a 3 x 3 tensor operator that represents
the elastic part. Its components are given by:

Tij (V) = CipjqOp0y- (7)

The vector operator (3 x 1 tensor) ¢(V) has
the components

ti (V) = €pig0p0y (8)

which represent the piezoelectric coupling. Finally the
scalar operator

T(V) = —1pq0p0yq 9)

describes the dielectric part.

The paper is organized as follows: In Section 2 we give
a brief outline of the theory of the electroelastic static
Green’s function of the infinite medium. There we in-
troduce Michelitsch’s explicit electroelastic Green’s func-
tion of the infinite medium with hexagonal symmetry
[4]. In Section 3 we derive using this Green’s function
the closed-form expressions for the components of the
EAET for spheroidal inclusions or inhomogeneities. From
these results we evaluate the limiting case of continuous
fibers, which coincides with Levin’s former result for the
EAET [8].

2 Electroelastic Green’s function

The vector field U of equation (5) can be represented by
the 4 x 4 electroelastic Green’s function G according to

Ur) = /g (r—o) F(r)d>r. (10)
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Consequently the 4 x 4 electroelastic Green’s function has

the general structure
( G(r) 7(?‘))
v (r) g(r)

where G(r) is a second-rank tensor, v(r) is a vector,
and g(r) is a scalar function. It follows from (5) that the
Green’s function satisfies the equation

G(r) = (11)

T(V)G(r) + 63 (r) =0, T= (g (1’> (12)

with §%(7) representing the spatial J-function, I the 3 x 3
and I the 4 x 4 unit tensor.

The Green’s function (11) has the following physical
interpretation [4]:

Gk (1) is the elastic displacement in the x,,-direction
at a space point » due to a unit point force at ' =0
in the xy-direction (m,k =1,2,3);

Ym () is the elastic displacement in the z,,-direction
at a point r caused by a unit point charge at ' = 0;
(m=1,2,3)

'ykT(r) is the electric potential at point r caused by a
unit point force at ¥’ = 0 in the zg-direction; (k =
1,2,3)

g(r) is the electric potential at point r caused by a
unit point charge at ' = 0.

The electroelastic Green’s function (11) is symmetric,
i.e. gpq = gq;ﬁ (pa q=12, 374>

Explicit evaluation of the Cartesian representation of
the electroelastic Green’s function (11) for the infinite
medium with hexagonal symmetry, was obtained by
Michelitsch in the form [4]

NEROBORN(
911 913 913 914

noO O
: 915 953 953 951

1
Gr=Y ——
2 TETT | g g 40 0

HENORORIN(
914 951 951 94

(13)

Here we introduce the spatial Cartesian coordinates
(x,y,2z) with the z-axis being parallel to the hexagonal
c-axis (axis of symmetry) and p = /22 + y2. In (13) we
have used the abbreviations:

) 2222y (Ayp? + 22
gﬁ):g —Ih(— A1) (4lp ) FAbL(=Ar)| (14)
I p
1 222 —a(Ap?+ 22
o= I =R ) ) s)
m_ 1 zy(Aip® +22%)
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o) = g [~ Z] (1)
)= g |- T % (18)
o) = 5 e (~A) (19)
914 = gll [Fb4 (—A) —2] (20)
)= |-Tw (-4 % @)
£ = 5 () (22)
95 = gil/L; (—Ar) (23)
and
4
& =4mCA [ (4;—A) (24)

J=1,0G#0)

with A; = C44/Cg6. The numbers Ay, A3, A4 are the zeros
of the equation:

Aa® — Ba®>+Ca—-D =0 (25)
where the coefficients A, B, C, D are given by
A= —n11C11Cas — C11€35 (26)

B = —7733011044—7711 (011033—2013044—0%3) —C446%5
— 2C11e15€33 + 2 (C13 + Caa) €15 (€31 + €15)

— Cy4 (€31 + 615)2 (27)
C = —n33 (C11C33 — 2C13Caq — Cf3) —n11C33Ca4

— 2e15e33Ca4 — €35C11 + 2e33 (€31 + €15)

X (C13 + Caa) — C3 (€31 + e15)° (28)
D = —133C33Cas — €35Cus. (29)

We furthermore introduced in (14)-(23) the quantities:

Iy (@) = 3 (4oL @) = Ay (a) (30)
Fbc (CL) = %Abc (a) (31)
Tt (@) = ——Aua () (32)
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together with
Api(a) = Ad® + Ba® + Ca+ D (33)
Ay (a) = — (Cesa + Caa) { (mia+ ns3) (Caaa + Cs3)
+ (615(14’633)2}, (34)
Ape (a) = Va(Cesa + Caa) [ (es1 + e15) (e15a + €33)
+ (m1a +ns3) (Ciz + Caa) } , (35)
Ac(a) = — (Copa + Caa) { (mia +n33) (Ci1a + Caa)
+a(es +eis)’ } , (36)
Apa (a) = Va (Cosa + Caa) [ (C13 + Cu4) (€150 + €33)
— (Casa + C33) (e31 + €15) } , (37)
Aca (a) = — (Copa~+Caa) [((311a+c44) (e15a+e33)
—a(Ci3 + Cua) (€31 + €15) } , (38)

Ay(a)=(Co6a+Caa) {GQCIICAM +a (C11C33—2C13Ca4—Ci5)

+ 033044:| . (39)
Here the 10 independent electroelastic moduli of a medium
with hexagonal symmetry are introduced: five elastic mod-
uli C ={C11,C13,Cs3,C44,Cs6}, three piezoelectric con-
stants e = {eys, €31, €33} and two permeability coefficients
1 = {m1, 133 }. The explicit form (13) for the Green’s func-
tion was derived using a method of integral transforma-
tion [5].

3 Inclusion problem

Inclusions of the same electroelastic characteristics that
are considered here can be regarded as spatial domains
which are allowed to undergo both uniform eigenstrain
and -electric field. Physical examples where the assump-
tion of uniform eigenstrains and -electric fields holds are
domains containing phase transformation strains, induced
eigenstrains by e.g. thermal expansion coefficient mis-
match, and electric fields caused by a spontaneous po-
larization.
The EAET 8§ is then a linear operator which connects
the induced fields F' with a uniform eigenstrain and -
electric field F™ inside the (ellipsoidal) inclusion according
to [2,3,6]

F=SF". (40)

A new proof is given in [6]. The crucial point that comes
into play in the derivation of (40), and consequently to
obtain the EAET in explicit form, is the evaluation of the
‘P-operator, which is defined by the integral [2,3,6]

/Vg(rfr’)d‘3 "=P.r, (rev)
7

(41)
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where V denotes the volume of the inclusion.

We consider in the following a spheroidal inclusion
with semi-axes (a1 = az = a,a3) consisting of material
with hexagonal symmetry which is embedded in a matrix
of hexagonal symmetry with the same electroelastic
characteristics. We assume that the semi-axis a3 of the
inclusion coincides with the c-axes (x3-axis) of both
the inclusion and the matrix. For an evaluation of
integral (41) the explicit electroelastic Green’s function
G(r) is needed from [4]. The P-operator generally takes
the form

P—(IfTIj), (42)

consisting of three tensors P, H, p of fourth-, third-, and
second rank, reflecting the symmetries of the material
characteristics, ¢.e. rank 4 of the elastic-, rank 3 of
the piezoelectric-, and rank 2 of the dielectric tensor,
respectively. The P-operator can be then conveniently
written in the form

1
P=PT*+ P, (T1§T2> + P3(T3+T*) + PsT° + P, TC

(43)
H = H,U'+H,U*+H;U? (44)
p = pit'+pat’. (45)

Here we introduced a useful tensor basis for hexagonal
symmetry which is formed by the unit vector m parallel
to the hexagonal c-axis (with components m;) and by the
projector 0;; = d;; — m;m; onto the plane perpendicular
to the c-direction:

1 2 3
T = 0ibyjs Tijry = 0i0kis Tijp = Oigmemu,

T;ljkl = mimﬂkl, (46)
Ti5jkl = Hi)(kml)m(j, Tg’kl = MyMm;mgim, Uiljk = Hijmk,
(47)
2 3 1 _ 2 _
Uijk = 2m(i0j)k7 Uijk = mym;myg, tij = 0y, tij = m;m;.
(48)

The convenience of this tensorial basis is a consequence of
the following properties: summing the products of the T-
basis tensors over two indices forms a closed algebra. The
sum of the products of the U-basis tensors over one index
yields tensors of the T-basis and summing over two indices
yields tensors of the t-basis. The ¢-basis is orthogonal with
respect to contraction by one index, i.e. £}, t; ; = drsti; (n0
summing over 7!).
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The coefficients in (43), (44) and (45) are obtained as:

4
1 Ay(—A
=gy, (49)
=1
4
1= Ap(—A) + Ay (—A
Py = —g 3o A A A 0, (50)
=1
4
I De(=A) (50 2y 40
P3—*§ZT(J1 — &AL, ), (51)

Il
-

fa
Il
|
RNy -
B

& {[Ac(=A) + Do(=40) 11"

1
+ [Ap(—A)+ Ay (—A) — AL (—Ay)] EQJQ(Z)} ;

(52)
4
1 A(—-A
Ro= -3 A e, 53)
=1
4
1 Iy(—A
= - 3 TR (0 a0 (54)
=1
4
1 Doa(=A1) () 240 )
Hy = —— el WA —£24
2 8;[ 28 (‘]1 ¢ lJ?)
Auy(—A
+ 4(gl Z)Jl(l):| ’ (55)
4
1 Aea(—A
Hy= -3 > 28y, (56)
=1
4
1 Ay(—A
p=-1> %Jl‘”, (57)
=1
Lo~ Aa(=A) 5 )
- A\ —AL) 2 (1
P2**§ZTE Joy (58)

=1

Here £ = a/a3 denotes the ratio of the semi-axes of the
inclusion. For spheroidal inclusions having an axis of ro-
tational symmetry parallel to the hexagonal c-axis, the
evaluation of (41) yields only two types of integrals com-
ing into play in (49-58): These integrals are determined
by the shape of the inclusion, thus we call them “shape-
integrals”. They have the form

1

Jl(l) = 47TA1/

-1

(1 —u?)du
1+ (€2 — Du?] [A + (1 — Ap)u?]?

1 N+1
= 87\? [1 EszlAlln (Al+1>} 1=1,2,34

(59)
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1
2
g = 47r/ u?du é
4 — Du?] [A + (1 — A)u?]?

1 N+
:877/\12[5/\lln(/\l+1> —1}, 1=1,2,3,4 (60)
-

where A = (1 — A4;£2)~ 2. Equations (59) and (60) remain
valid when J; is complex. The shape effects of the inclusion
on the P-operator and consequently on the EAET are
completely determined by these shape-integrals (59) and
(60). These results can easily be extended to the case of a
non-spheroidal inclusion or inhomogeneity having a shape
of rotational symmetry with respect to the hexagonal c-
direction. Then ¢ in (59) and (60) becomes u-dependent,
characterizing the shape of the inclusion.

The EAET 8 defined in (40) is an operator with the
general structure [6]

s-(a2)

Here we introduced the tensor S of rank 4, the tensors Q
and q of rank 3, and the tensor s of rank 2. Using tensor
basis (46-48) the EAET (61) assumes the form:

(61)

S = 5, T?+5, (Tl T2) +S5T3+85,T*+55T°+Ss T

(62)
Q= QU +Q U+ Q35U q=q1 U+ U +¢3U°,
(63)
s = s1t' +sot? (64)
Here we have introduced the abbreviations
S1=2P1(C11 — Ces) + P3C13 + Hyes1, So = 2P>Ceg,
(65)
S3 = 2P1C13 + P5C33 + Hiess,
Sy = 2P3(C11 — Ce6) + PsC13 + Hzes, (66)
S5 = 2(P5Ca4 + 2Haze15), Se = PsCs3 + 2P3C13 + Hzess,
(67)
Q1 =2H,(C11 — Ce6) + H3C13 + p2esi,
Q2 = 2H2Cy4 + preis, (68)
Q3 = 2H1C13 + H3C33 + paess, (69)

q1 = Hinzz — 2P1es1 — Paess, q2 = Homin — %Psew,
(70)

q3 = H3nzs — 2Pse31 — Poess (71)

s1 = pim1 — 2Hae1s, s2 = panzs — 2Hie31 — Hzess. ()

We now consider the limiting case ag — 0o (§ — 0), corre-
sponding to the continuous cylindrical fiber. In this limit-
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ing case the general expressions (49-58) assume the form

4
P =— Z
4
—A)) +A A
Py = oy AL (73)
L Dhe(—A)
PBZWZ be l’
= &

Ps=—2 —A) + Dho(—A))] 74
5 WZ& 1) + The(— A1) (74)
Dha(—A

PGZO, le—ﬂzy,
=1 !
4
HQ:H172WZ@, (75)
l
=1
LA~ 4)
Hj =0, plzfQWZ%ll, p2=0.  (76)
=1

These sums are evaluated in the appendix (Egs. (A.11-
A.13) and (A.19-A.23)). Taking into account these results
we obtain

—1
1 e
——(Cu+2) T 77
2 < ut 7711> (77)
1
€15 2 1 655) 1
H=—-——"—710U* + == th.
4(n11Casg + €35) P=3 (7711 Caa
(78)

The components of the EAET for the continuous
fiber are given by (62-64) together with the general
relations (65-72) by using results (77-78). These results
for the continuous fiber coincide with those obtained in a
series of papers [7-9] employing other techniques.

4 Conclusions

Results (62-64) together with (65-72) represent the
EAET in closed form and hold for spheroidal inclusions
having rotational symmetry with respect to the hexag-
onal c-axis. The generalization of these results to non-
spheroidal inclusions with such symmetry only modifies
the shape-integrals (59) and (60).

Our results may be useful for a treatment of many
inclusion- and inhomogeneity problems of the coupled
electroelasticity and may stimulate future work.
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Appendix

Here we consider expressions of the form

4
Sy + BSy + 7S + 680 = ;p;zl), (A1)
where p(—A4;) is a polynomial of third-order in —A;
p(a) = aa® + Ba® 4 va + 6. (A.2)
Let us now consider the function
a
h(a) %
: pla) (A.3)

" 4rACes (a+ A1) (a+ Az)(a + A3)(a+ Ay)

Since the numerator p(a) is a third-order polynomial and
the denominator f(a) a fourth-order polynomial in a, we
can decompose h(a) in the form

hy
h(a) = —_— A4
ORD M rrwrn (A.4)
where the constant coefficients h; are given by
hi = (a+ Aph(a)|a=—a4, (A.5)
From this equation we obtain
—A
p = 2CA) (A.6)
&
where we use the definition of the &
51 = 47TC(36A H;Lzl,j;ﬁl (AJ — Al) (A?)
We thus can write
~ p(—4)
h(a) = :
(a) ; Ela+ A)
1
pla) (A.8)

" 4mACes (a+ Av)(a+ Az)(a + Az)(a+ Ag)

Equation (A.8) holds if p(a) is a polynomial of at most
third order in a. Putting a = 0 in this equation we obtain

h(a _ O) _ prg;fll)

=1
1 )
- 47TA066 A1A2A3A4 - 47TC44D7

(A.9)

where § = p(a = 0) from equation (A.2) has been used.
Thus only the term Sy corresponding to the zero-order
term in A; contributes. The terms S,, corresponding to
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the powers A" (n = 1,2, 3) yield vanishing contributions.
From equation (A.9) we therefore read off the property
24: AR + A+ _

z 0. (A.10)

1=1
From this equation, it follows that sums consisting of

terms with quadratic functions of A; in their numerators
are vanishing. This holds for the sums

L L(—A)

2 "g T 0, (A.11)
> w =0, (A.12)
=1 !

! I (—4A))
> —5 = 0. (A.13)

=1

To evaluate the remaining sums with cubic functions of
A; in their numerators we have to evaluate the following
sum:

4 A?
H=-— — - A.14
> a1
=1
Because of the vanishing of (A.10) we can conclude that
‘H can also be written in the more convenient form

. 24: (A5 — Al>(A3;l A)(As — A)

(A.15)
=1

This representation of H has the advantage that it can be
evaluated in a straight-forward manner to arrive at

(A —Ay)(A3 —A)(As—Ay) 1
H= 51 N 477066147 (A16>
to obtain for (A.14)
4
A3 1
=—) — = . A7
H l=Zl gl 47TC(36A ( )

Here we have used the fact that in equation (A.15) the
terms with [ = 2,3,4 are vanishing, thus only the term
with { = 1 contributes. Using (A.17) together with (A.10)
we arrive at

_iaA?—i—ﬁA%—l—vAl—i—&_ a

5[ o 47TC(36A ’

(A.18)
=1

where «, 3,7, denote arbitrary constants. Thus only the
powers A? contribute to (A.18). Using (A.18) we read the
remaining sums of equations (73-76) that contain terms
with powers A? in their numerators to obtain

i My(-A) 1
& 47‘1’0117

=1 !

(A.19)

Abl(_Al) 1
= A.2
l=Zl 5[ 47TC(36’ ( 0)
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