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bstract

his paper describes an experimental and analytical study on the static fatigue behavior of piezoelectric ceramics under electromechanical loading.
tatic fatigue tests were carried out in three-point bending with the single-edge precracked-beam specimens. The crack was created perpendicular

o the poling direction. Time-to-failure under different mechanical loads and dc electric fields were obtained from the experiment. Microscopic
xamination of the fracture surface of the piezoelectric ceramics was performed as well. A finite element analysis was also made, and the applied

nergy release rate for the permeable crack model was calculated. The effect of applied dc electric fields on the energy release rate versus lifetime
urve is examined. The most important conclusion we reach is that the lifetimes for the piezoelectric specimens under a positive electric field are
uch shorter than the failure times of specimens under a negative electric field for the same mechanical load level.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PZT) ceramics are widely used in
iezoelectric devices, e.g., sensors and actuators. The high
echanical stresses and intense electric fields in the PZT ceram-

cs may cause microcracks to develop which eventually lead to
ailure of the devices. The fracture behavior of the PZT ceramics
nder electromechanical loading has been the subject of recent
tudies. In the calculations of piezoelectric fracture mechanics
arameters such as energy release rate, there are two commonly
sed electrical boundary conditions across the crack face, (1) the
ermeable crack model and (2) the impermeable crack model.
ark and Sun1 performed mode I and mixed mode fracture tests
n the PZT ceramics using three-point bending, and discussed
he fracture behavior based on the mechanical strain energy
elease rate of the impermeable crack. Fu and Zhang2 con-
ucted compact tension and indentation fracture tests to study

he effect of applied electric fields on the fracture toughness.
hey ignored electroelastic interactions of piezoelectric mate-

ials, and obtained the apparent fracture toughness. Shindo et
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l.3 made single-edge precracked beam tests and correspond-
ng finite element analysis to calculate the energy release rate
sing the permeable and impermeable cracks, and found that the
ermeable crack model is valid for the analysis of piezoelectric
rack problems. Soh et al.4 also found that strain energy den-
ity criterion for the impermeable crack is unable to describe
he effect of electric fields on piezoelectric fracture behavior.
urthermore, test data and analysis of Jelitto et al.5 did not com-
ly with the fracture criteria based on the total or mechanical
nergy release rate of the impermeable crack. As seen in the pre-
ious works, the trend of the fracture mechanics parameters for
he permeable crack is consistent with the experimental results.
n the other hand, Shindo et al.6 investigated theoretically and

xperimentally the fracture and polarization properties of the
ZT ceramics under mechanical and electrical loads ultilizing

he modified small punch test technique. They found that polar-
zation switching in a local region has a significant influence on
he piezoelectric fracture behavior. Shindo et al.7 also performed
ouble torsion tests and corresponding nonlinear finite element
nalysis. The results showed that polarization switching near a

rack tip leads to an unexpected nonlinearity in the piezoelectric
racture mechanics parameters.

To begin addressing the influence of electric fields on fatigue
f piezoelectric materials, fatigue crack propagation has been

mailto:shindo@material.tohoku.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.078
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tation into a diminishing stress field created by the application
of a bridge anvil into the surface of a piezoelectric specimen (see
Fig. 2(a)). The crack so produced was about 0.5 mm. Fig. 2(b)
shows a photograph of the precrack.
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emonstrated in the PZT ceramics with a surface crack produced
y Vickers indentation under cyclic electric loading.8,9 Recently,
ee et al.10 conducted experiments on the PZT ceramics with a

hrough-thickness crack, and discussed the cyclic electric-field-
nduced fatigue. Fang et al.11 also investigated cyclic electric-
eld-induced fatigue in PZT ceramics with a short notch. They
howed that under low electric fields, the emergence and growth
f microcracks is the major fatigue mechanism that impedes the
rowth of the main crack, whereas the main crack is the only
ode of fatigue cracking under high electric fields. On the other

and, Salz et al.12 studied crack growth under cyclic mechanical
oad in PZT ceramics. A V-shaped notch was oriented parallel to
he poling direction, and the specimens were loaded in four-point
ending without an electric field.

It is known that electric fields can affect the fatigue life
f the piezoelectric devices under sustained mechanical load-
ng. In recent years, the effect of electric fields on the delayed
racture of PZT ceramics in silicon oil13 was investigated.
owever, electroelastic interactions were ignored, and only the

tress intensity factor for (elastic) metals was used in their
iscussions. Literature studies of fatigue in the PZT ceram-
cs under both mechanical and electrical loads are sparse and
nconclusive.

In this study, we present experimental and numerical results
n the fatigue behavior of piezoelectric ceramics under constant
pplied mechanical and electric fields using three-point bend-
ng methods. The time-to-failure was measured as a function of
onstant applied load and dc electric field, based on experiments
sing single-edge precracked-beam specimens. A static fatigue
ffect characterized by a energy release rate dependence was
lso observed, in combination with the finite element method.
he data suggest that the lifetime of the piezoelectric ceram-

cs depends very strongly on the applied electric field. Possible
echanisms of static fatigue in piezoelectric ceramics under

lectromechanical loading are discussed.

. Experimental procedure

The experimental geometry is shown in Fig. 1. The essential
xperimental parameters are crack length, a; span, S; and applied
oad, P0. The size of the specimens was nominally 5 mm thick,
mm wide, and 15 mm long. Poling was done along the axis of

he 15 mm dimension.
Specimens were commercially supplied hard PZT ceramics

CM-80 (Matsushita Electric Industrial Co., Ltd., Japan). The

aterial properties are listed in Table 1 and the average grain

ize is 1–3 �m. Through-thickness crack was produced using the
ethod previously described.3 This method basically involves

he extension of a small starter crack produced by Vickers inden-
F
p

able 1
aterial properties of PCM-80

Elastic stiffnesses (×1010 N/m2) P

c11 c33 c44 c12 c13 e

CM-80 17.0 16.5 3.05 10.6 11.5 −
Fig. 1. Specimen configuration.
ig. 2. (a) Schematic of a bridge anvil mechanism for forming precracks in
iezoelectric specimens. (b) Photograph showing a piezoelectric crack.

iezoelectric coefficients (C/m2) Dielectric constants (×10−10 C/V m)

31 e33 e15 ∈ 11 ∈ 33

5.99 15.6 13.7 95.2 68.4
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Three-point bending apparatus with a span of S = 13 mm
ere used for the static fatigue tests. A 250 N load cell (resolu-

ion: 0.01 N) was employed to apply the load to the specimen.
ime-to-failure under a constant applied load at three different

oad levels was measured. Crack motion was observed through
×1000microscope, and the appropriate energy release rates

equired for a given load were calculated using finite element
ethod. All tests were conducted at room temperature. After

esting, a scanning electron microscope (SEM) was used to
xamine static fatigue and overload fracture surfaces. Due to
ost and time constraints, the number of specimens was limited.

. Analysis

.1. Basic equations

Consider a linear piezoelectric material with no body force
nd free charge. The governing equations in the Cartesian coor-
inates xi (i = 1, 2, 3) are given by

ji,j = 0 (1)

i,i = 0 (2)

here σij is the stress tensor, Di the electric displacement vector,
i the displacement vector, a comma denotes partial differ-
ntiation with respect to the coordinate xi, and the Einstein
ummation convention over repeated indices is used. The rela-
ion between the strain tensor εij and the displacement vector ui

s given by

ij = 1

2
(uj,i + ui,j) (3)

nd the electric field intensity is

i = −φ,i (4)

here φ is the electric potential. Constitutive relations can be
ritten as

ij = cijklεkl − ekijEk (5)

i = eiklεkl + ∈ ikEk (6)

here cijkl and eikl are the elastic and piezoelectric constants,
∈ ik is the dielectric permittivity, and

cijkl = cjikl = cijlk = cklij, ekij = ekji

∈ ik = ∈ ki

(7)

he constitutive Eqs. (5) and (6) for PZT poled in the x3-
irection are found in Appendix A.

.2. Finite element model

Plane strain finite element calculations were made to deter-

ine the energy release rate for the cracked piezoelectric

pecimens. The specimen and loading geometries are shown
n Fig. 3. A rectangular Cartesian coordinate system (x, y, z) is
sed with the z-axis coinciding with the poling direction.

D

σ

Fig. 3. Schematic diagram of the finite element model.

A mechanical load was produced by the application of a
rescribed force P0 at x = 0, z = 0 along the x-direction. For
lectrical loads, a negative or positive electric potential φ0 was
pplied at the edge 0 ≤ x ≤ W , z = L/2. The edge 0 ≤ x ≤ W ,
= −L/2 was grounded. The electric potential applied at the

dge 0 ≤ x ≤ W , z = L/2 produced an electric field E0 =
φ0/L. A positive (negative) electric field was produced by

he application of a negative (positive) electric potential at the
dge 0 ≤ x ≤ W , z = L/2. Due to symmetry, only the right half
f the model was used in the finite element analysis. Four-node
lane elements in ANSYS were used. The total number of nodes
nd elements are 930 and 870, respectively.

The mechanical and electrical boundary conditions can be
ritten as

zx(x, 0) = 0 (0 ≤ x ≤ W) (8)

uz(x, 0) = 0 (0 ≤ x ≤ c)

σzz(x, 0) = 0 (c < x ≤ W)
(9)

φ(x, 0) = 0 (0 ≤ x ≤ c)

Ex(x, 0) = Ec
x(x, 0) (c < x ≤ W)

Dz(x, 0) = Dc
z(x, 0) (c < x ≤ W)

(10)

zz

(
x,

L

2

)
= 0 (0 ≤ x ≤ W) (11)

zx

(
x,

L

2

)
= 0 (0 ≤ x ≤ W) (12)

(
x,

L

2

)
= φ0

2
(0 ≤ x ≤ W) (13)

xx(0, z) = −P0δ(z) (14)

xx(0, z) = 0

(
0 < z ≤ L

2

)
(15)

xz(0, z) = 0

(
0 ≤ z ≤ L

2

)
(16)

(
L

)

x(0, z) = 0 0 ≤ z ≤

2
(17)

xx(W, z) = 0

(
0 ≤ z <

S

2
,
S

2
< z ≤ L

2

)
(18)
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Table 2
Number of specimens used in the static fatigue tests

Applied electric
field, E0 (MV/m)

No. of
tests

No. of samples
failed on loading

No. of run
out samples*

+0.1 12 4 1 (130)
0 8 0 1 (130)
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x

(
W,

S

2

)
= 0 (19)

xz(W, z) = 0

(
0 ≤ z ≤ L

2

)
(20)

x(W, z) = 0

(
0 ≤ z ≤ L

2

)
(21)

here the superscript c stands for the electric quantity in the
oid inside the crack and δ(z) is the Dirac-delta function. Eq.
10) are the permeable crack boundary conditions. The electric
otential is all zero on the symmetry planes inside the crack and
head of the crack, so the boundary conditions of Eq. (10) reduce
o φ(x, 0) = 0 (0 ≤ x ≤ W). The electric field intensity Ec

x(x, 0)
s equal to zero, and the electric displacement Dc

z(x, 0) is deter-
ined precisely. The condition of Eq. (13) gives the electric field
0 = −φ0/L.
The energy release rate G can be obtained from the following

rack-tip integral:

=
∫

Γ0

{Hnx − (σxxux,x + σzxuz,x)nx − (σzxux,x + σzzuz,x)nz

+ DxExnx + DzExnz} dΓ (22)

here Γ0 is a small contour closing a crack tip and nx, nz are
he components of the outer unit normal vector. The electrical
nthalpy density H is expressed as

= 1

2
{c11(ux,x)2 + c33(uz,z)2 + 2c13ux,xuz,z

+ c44(ux,z + uz,x)2} − 1

2
{ ∈ 11(Ex)2 + ∈ 33(Ez)2}

− {e15(ux,z + uz,x)Ex + (e31ux,x + e33uz,z)Ez} (23)

. Results and discussion

The experimental data on the static fatigue of hard PZT
eramics PCM-80 under applied electric field E0 = +0.1, 0,
nd −0.1 MV/m are summarized in Fig. 4. The fracture test

esults (averages of three measurements for each electric field)
n PCM-80 are also shown. Some specimens failed before reach-
ng 130 N of applied load (see Table 2). Times-to-failure tf of the
ZT ceramics under static loading in general exhibited behavior

ig. 4. Static fatigue curves of PCM-80 under E0 = +0.1, 0, and −0.1 MV/m.

t
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E

0.1 8 1 0

* Data in parentheses represents the values of applied load.

imilar to that of other non-piezoelectric brittle materials.14,15

imes-to-failure of the PZT under E0 = +0.1 MV/m and E0 =
0.1 MV/m occur at each load level significantly lower and

igher than that determined for E0 = 0 V/m, respectively. This
iscrepancy can be attributed to the differences in stress distribu-
ion in the tests. Table 3 compares the experimentally measured
verage time-to-failure under E0 = +0.1, 0, and −0.1 MV/m.
ecrease (increase) of the time-to-failure under a positive

negative) electric field results from changes, under constant
echanical loading, in the shape and/or length of minute cracks.
hese changes take place in the presence of the electric fields
hich can react with newly formed surfaces of a growing crack.
hus the rate of crack growth under constant mechanical load-

ng (static fatigue rate) may involve a change in the shape of the
rack tip and a corresponding change in the electroelastic field
oncentrations.

The difference between the static fatigue fracture surface
nd catastrophic quasi-static (bend) fracture surface is illus-
rated in Fig. 5 for E0 = +0.1 MV/m. The contact between the
ating crack surfaces is seen to result in a “flattening” of the

racture surface asperities during static fatigue. Although the
rimary mechanism of fatigue fracture was intergranular sepa-
ation, occasionally a small fraction of the grains observed on
he fracture surface exhibited transgranular cleavage (Fig. 5(a)).
ig. 6 shows the similar micrographs for E0 = −0.1 MV/m. The
icrograph reveals a predominantly intergranular fracture path,

s in Fig. 6(a). The PZT ceramics under a negative electric field
ave the greatest resistance for long time loads (see Table 3),
nd exhibit a larger degree of intergranular cracking compared
o the PZT ceramics under a positive electric field.

The final crack lengths before failure measured with the
icroscope were about 0.9 mm. Results of static fatigue tests
ith different E0 are shown in Fig. 7 as a plot of energy release

ate against time-to-failure of PCM-80 for a/W = 0.18. Fatigue

ives were observed to increase with the decrease in energy
elease rate. Time-to-failure, tf (s), as a function of the energy

able 3
ffect of applied electric field on time-to-failure of PCM-80 subjected to static

oad

lectric field, E0 (MV/m) Average time-to-failure tf (s)

P0 = 135 N P0 = 140 N

+0.1 361 43
0 776 108

−0.1 1573 203
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Fig. 5. Representative scanning electron micrographs morphologies obtained in
PCM-80 under E0 = +0.1 MV/m for (a) static fatigue fracture and (b) overload
fracture.

Fig. 6. Representative scanning electron micrographs morphologies obtained in
PCM-80 under E0 = −0.1 MV/m for (a) static fatigue fracture and (b) overload
fracture.
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ig. 7. Energy release rate vs. time-to-failure of PCM-80 under E0 = +0.1, 0,
nd −0.1 MV/m.

elease rate, G (J/m2), can be expressed by

tf = 1.72 × 1031G−27.9 (E0 = −0.1 MV/m)

tf = 2.43 × 1030G−27.2 (E0 = 0 MV/m)

tf = 4.76 × 1029G−26.7 (E0 = +0.1 MV/m)

(24)

lthough experimental data show scatter, at a G of 10 J/m2, the
ime-to-failure is predicted to be 2165 s at E0 = −0.1 V/m and
50 s at E0 = 0.1 MV/m, for example. The experimental data
uggest that there is an influence of electric field on the tf versus

curve.

. Conclusions

Static fatigue of cracked piezoelectric ceramics under elec-
romechanical loading was studied using a three-point bending
echnique. Times-to-failure were obtained as a function of
pplied load, energy release rate, and electric field. Based on this
xperimental and numerical work, the following conclusions can
e made.

. The time-to-failure under a positive electric field was signif-
icantly shorter than under a negative electric field.

. On the microscopic level, the mode of crack growth under a
negative electric field was primarily intergranular. Traces of
transgranular patterns were observed under a positive electric
field.

. Obtained static fatigue curves could be used to judge which
piezoelectric ceramics would exhibit good resistance for long
time load and which would not.
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ppendix A
For piezoelectric ceramics which exhibit symmetry of a
exagonal crystal of class 6 mm with respect to principal x1, x2,
nd x3 axes, the constitutive relations can be written in the
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ollowing form:

σ1

σ2

σ3

σ4

σ5

σ6

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c66

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

ε1

ε2

ε3

ε4

ε5

ε6

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

−

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 e31

0 0 e31

0 0 e33

0 e15 0

e15 0 0

0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎧⎪⎨
⎪⎩

E1

E2

E3

⎫⎪⎬
⎪⎭ (A.1)

D1

D2

D3

⎫⎪⎬
⎪⎭ =

⎡
⎢⎣

0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0

⎤
⎥⎦

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

ε1

ε2

ε3

ε4

ε5

ε6

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

+

⎡
⎢⎣

∈ 11 0 0

0 ∈ 11 0

0 0 ∈ 33

⎤
⎥⎦

⎧⎪⎨
⎪⎩

E1

E2

E3

⎫⎪⎬
⎪⎭ (A.2)

here

σ1 = σ11, σ2 = σ22, σ3 = σ33, σ4 = σ23 = σ32,

σ5 = σ31 = σ13, σ6 = σ12 = σ21 (A.3)

ε1 = ε11, ε2 = ε22, ε3 = ε33, ε4 = 2ε23 = 2ε32,

ε5 = 2ε31 = 2ε13, ε6 = 2ε12 = 2ε21 (A.4)

c11 = c1111 = c2222, c12 = c1122, c13 = c1133 = c2233,

c33 = c3333, c44 = c2323 = c3131,

c = c = 1
(c − c ) (A.5)
66 1212

2
11 12

15 = e131 = e223, e31 = e311 = e322, e33 = e333 (A.6)
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