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ABSTRACT Multilayer piezoelectric ceramic displacement actuators are susceptible to cracking
in the region near the edge of the internal electrode, which may cause system damage or failure.
In this paper, the stress distribution of a multilayer piezoelectric composite is investigated in a
working environment and the optimized geometrical configuration of the piezoelectric layer is
obtained. The stress distribution in the structure and the stress concentration near the edge of
the internal electrode, induced by non-uniform electric field distribution, are analyzed by moiré
interferometry experiment and finite element numerical simulation. Based on the above analysis,
two optimized geometrical models are presented for the purpose of geometrical configuration
selection, with which stress concentration can be reduced significantly while the feasibility of
the machining process and the basic structural functions occurring in the conventional model
are retained. The numerical results indicate that the maximum stress in the optimized models is
effectively diminished compared to the conventional model. For instance, the peak value of the
principal stress in the optimized model II is 93.1% smaller than that in the conventional model.
It is proved that stress concentration can be effectively relaxed in the latter of the two optimized
models and thus the probability of fracture damage can be decreased.

KEY WORDS piezoelectric multilayer structure, strength analysis, optimized model

I. INTRODUCTION
The multilayer piezoelectric ceramic displacement actuator[1,2] is an important component in intelli-

gent systems and has wide application in laser systems of the space industry. The design of such multilayer
piezoelectric actuators is usually based on the principle of electrostriction[2,3]. By electrostriction[3],
we mean that a dielectric ceramic expands in the direction of the field and contracts in the direction
transverse to the field. As a result, the strains vary approximately with the electric field squared. For
such a structure, fracture often occurs near the internal electrode layer and cracks are always initiated
at the edge of the electrode when it is in service[3,4]. This may lead to functional invalidation[3,4] or
significantly reduce the structural stability, reliability and universality of use[1,5]. Therefore, it is impor-
tant to study the mechanisms of fracture and stress concentration, to enhance strength and reliability
designing for such structures.

During the past decades, studies of interfacial fracture and reliability in multilayer piezoelectric
actuators have received considerable attention from researchers and scientists. Winzer et al.[1] analyzed

∗ Corresponding author, Tel:+86-22-87894001, Fax:+86-22-87894001, E-mail:ylkang@public.tpt.tj.cn
† Project supported by the National Natural Sciences Foundation of China (No.10232030).



· 324 · ACTA MECHANICA SOLIDA SINICA 2004

the reliability of multilayer electrostrictive actuators. Suo et al.[4] studied the problem of interfacial
electric invalidation in piezoelectric bimaterials. Yang and Suo[3] then discussed the stress concentration
and electric field distribution theoretically and numerically. Beom and Atluri[6] presented near-tip fields
for piezoelectric bimaterials, and Shen et al.[7] and Gao and Wang[8] analyzed the fracture behavior of
interfacial crack in a piezoelectric bimaterial.More recently,Qin[9],Qin andMai[10],Qin andYu[11] andYu
et al.[12,13] have reported various crack problems in piezoelectric composites. Fang et al.[14] conducted
a series of experiments for testing fracture toughness of certain ferroelectric ceramics. Futakuchi et
al.[15] and Zhu et al.[16] presented an approach called the screen-printing method which can be used
in structurally optimized design of multilayer piezoelectric structures. However, this method is not
suitable for practical design, owing to its lack of feasibility and expense. From the brief review above,
it can be noted that most of the existing work is concerned with theoretical models and some specific
loading conditions only. There is a lack of investigation of strength analysis and optimized design, and of
damage induced by stress concentration of practical multilayer piezoelectric in a working environment.
This is the motivation for this paper.

In this paper, a practical structuralmodel of amultilayer piezoelectric ceramic displacement actuator[17]

is analyzed numerically and experimentally. The reliability and strength of the multilayer structure are
investigated using moiré interference experiments[18−−20] and finite element numerical simulation[21].
Additionally, optimization of the geometry of the piezoelectric layer is performed to obtain optimum
stress distribution and thus improve the strength and reliability performance of the structure. Conse-
quently, two improved models are presented with which stress concentration can be significantly reduced
while the feasibility of the machining process and the basic structure and functions are retained. The
performance of the improved models is compared with the conventional model and numerical assessment
is presented at the end of the paper.

II. MULTILAYER PIEZOELECTRIC STRUCTURE AND ITS MODELS
The models used in the analysis are illustrated in Fig.1. These models are presented by considering

the practical structural features and working environment. Fig.1(a) shows the conventional model
that is composed of shunt-wound piezoelectric layers and thin argent electrodes. The electrodes are
distinguished into external and internal ones. On the interface between any two layers there is an electric
gap from the edge of the internal electrode to the interface of the external electrode. Owing to the
presence of this gap, the two polar electrodes (even the whole structure) can be free of short circuits.
However, fracture usually occurs near the tip of the electric gap and the edge of the internal electrode
when the structure is in service, i.e., in the working environment. To overcome these shortcomings,
two geometrical optimized models (shown in Figs.1(b) and 1(c)) are presented based on finite element
modeling and experimental observation. In our analysis, these three models are subjected to various
external loads. In particular, two typical loads are considered, firstly the so-called positive loading, for
which an electric field is applied on each layer in the poling direction, and secondly negative loading.
The magnitude of the electric loading is 4000 kV/m in the positive loading condition and −1000 kV/m
in the negative loading condition. The piezoceramic used in this study is plumbic-zirconate-titanate
ceramic [Pb(Zrx(0.50≤x≤0.54)Ti1−x)O3] or PZT for short, which is a transversely isotropic material. The
geometrical dimensions of the specimens are listed in Table 1 and the material constants of PZT are
given in Table 2.

Fig. 1. Schematic illustration of conventional model and optimized models of multilayer piezoelectric structure.
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Table 1. Geometrical dimensions of structure models and specimens

length (mm) width (mm) height (mm) thickness per layer (mm)
conventional model 20.34 7.40 2.31 0.77
optimized model I 20.00 7.40 2.31 0.77
optimized model II 18.24 7.40 2.31 0.77

electrode 17.88 7.40 2.31 0.77

Table 2. Material constants

elastic compliance piezoelectric strain dielectric constants
(10−12 m2/N) constants (10−12 C/N) (Kσ

0 = 8.85 × 10−12 F/m)
sE
11 sE

12 sE
13 sE

33 sE
44 d31 d33 d15 Kσ

11/Kσ
0 Kσ

33/Kσ
0

16.4 −5.78 7.5 18.8 50 −190 430 730 1720 1700

III. EXPERIMENTS AND NUMERICAL SIMULATION
3.1. Experiment

The optical system of moiré interferometry and phase-shift was set up for this work and is shown
in Fig.2. It should be mentioned that moiré interferometry is a highly sensitive optical technique using
coherent light. In the optical system, a specimen grating is obtained by replicating a diffraction grating
onto the specimen surface. The specimen grating will deform along with the specimen’s deformation.
The coherent laser light beams illuminate the specimen grating obliquely with an incident angle of 49.4◦.
When the specimen is deformed, two diffracted light beam from the deformed specimen grating will
interfere with each other and form a moiré fringe pattern. The moiré fringe pattern is a contour map of
displacement and represents the plane displacement field of the specimen in a particular direction, such
as displacement V in y-direction (or displacement U in x-direction). The value of V at a point (x, y)
can be obtained from the fringe using the relationship V (x, y) = Ny/(4fy), where Ny is the order of
moiré fringes in fringe pattern at the point and fy is the specimen frequency in y-direction. A value of
4fy = 2400 lines/mm was used in this study and thus each fringe represents 0.417 μm displacement. In
this study, specimens were required to be airproofed and insulated by silicon rubber before being loaded
with high voltage to avoid electric shock. In addition, to study the effect of the magnitude and direction
of electric field on stress distribution and stress concentration, the structure was assumed to be loaded
by the external electric field only, i.e., no external mechanical loading was applied to the structure in
this study. Figure 3 shows the fringe pattern near the edge of the electrode in the conventional model
under +4000 kV/m electric field loading.

Fig. 2. Small illuminating-field single-beam phase-shift
Moiré interferometry optical system.

Fig. 3. Fringe pattern near the edge of the internal elec-
trode.

3.2. Numerical Simulation

Numerical simulation was performed using the finite element package ABAQUS (V6.2). The config-
urations of the three structural models mentioned above were computed for the two loading conditions
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Fig. 4. Finite element mesh near the edge of the elec-
trode.

Fig. 5. Displacement contour near the edge of the in-
ternal electrode.

(4000 kV/m and –1000 kV/m). In every finite element simulation, more than 5,000 (6,480 in conventional
model, 5,717 in optimized model I, 5,303 in optimized model II) four-node plate elements were used.
In order to accurately calculate the stress and electric field distributions at the edge of the electrode,
the mesh density was increased near the edge of the electrode. The minimal size of the elements near
the edge of the internal electrode was 2 μm × 6 μm. A typical finite element mesh near the edge of
the electrode is shown in Fig.4. Figure 5 shows the displacement contour obtained from finite element
simulation, whose geometry and loading condition are identical to those in Fig.3. It can be seen that
the displacement contour shown in Figs. 3 and 5 are quite similar in tendency, which indicates that the
results obtained from the two approaches are in good agreement.

IV. RESULTS AND DISCUSSION
As noted by Winzer et al.[1], many microdefects exist in multilayer piezoelectric structures, which

may nucleate into various cracks such as interfacial and internal cracks when the structure is in service,
leading to interfacial or internal fracture. Interfacial cracks usually occur near the edge or along the
electrode layers and are caused by tensile stress or shear stress between piezoceramic layers, whilst
internal cracks appear near the edge of the electrode and are caused by tensile stress or shear stress
inside the piezoceramic material. The existence of these cracks may cause significant damage or failure
of the structure. Therefore, it is important to find ways to relax stress concentration and reduce the
maximum stress near the edge of the electrode (enlarged and shown in Fig.6) when the structure is in
a working environment. To this end, consider a multilayer piezoelectric structure subject to electrical
loading in the y-direction. The electrostrictive strains induced are as follows[9]:

(εZ =)εX = d31EY , εY = d33EY (1)

where EY is the magnitude of the electric field in y-direction; εX , and εY are, respectively, the elec-
trostrictive strains in the x- and y-directions, d31 and d33 are piezoelectric strain constants. It can be
seen from Eq.(1) that the electrostrictive strains are determined by both the piezoelectric constants

Fig. 6. Enlarged schematic illustration near the edge of
the models.

Fig. 7. Distribution of electric field and fluxline near
the edge of the internal electrode.
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and the applied electric field. The electric field distribution near the edge of the internal electrode is
not uniform and is given by[3]

{
EX

EY

}
=

KE√
2πr

{
cos (θ/2)
sin (θ/2)

}
(2)

where KE is the electric intensity factor; sin(θ/2), cos(θ/2) are the so-called angle distributing functions
of the electric field.

It is necessary to study the features of stress distribution before performing the optimizing process
for relaxing maximum stress. It is found from Eq.(2) that the orientation of the electric field near the
edge of the internal electrode is the triangular function of polar angle θ. In the front of the electrode
edge the orientation is in the direction of the electrode, whilst the orientation of the electric field behind
the electrode edge is perpendicular to the electrode. The singularity of the electric field is in the order
of minus the square root of distance r. The distribution of the electric field and its flux-line near the
electrode edge is shown in Fig.7. It can be seen from the figure that the flux-line becomes dense and the
magnitude of the electric field increases rapidly when it approaches the edge of the electrode, indicating
that electric field concentration becomes more and more important near the electrode edge.

It should be mentioned that electric field concentration may produce non-uniform electrostriction,
which in turn causes non-uniform elastic deformation, because an electric field applied to the piezoelec-
tric layers can induce electrostriction. Such deformation is, however, constrained by the surrounding
materials, and consequently leads to non-uniform and incompatible stress, even stress concentration. On
the other hand, a relatively high electric field is usually required on the multilayer piezoelectric actuator
in order to induce sufficiently large electrostrictive deformation. In this case, very serious stress and
electric field concentration may result near the electrode edge for the reason discussed above. Therefore,
it is important to determine how to reduce stress concentration using a geometrically optimized model.
The finite element simulation below serves this purpose.

The principal stress distribution in the region near the edge of the electrode is shown in Figs.8.
It can be seen from the figure that the stress distribution in this region is complicated and stress
concentration becomes more important when approaching the electrode edge. Figure 8(a) shows the

Fig. 8. Distribution of principal stress around the gap tip and edge of the internal electrode.
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Fig. 9. Curves of σr(r→0) and σθ(r→0) near the edge of the internal electrode with positive loading (4000 kV/m).

stress concentration of the conventional model (α = 0◦) and optimized model I (α = 20◦) when subject
to positive electric load (4000 kV/m). It is evident that stress concentration becomes more and more
serious when approaching the electrode edge, and the maximum principal stress can reach 256 MPa at
the electrode edge. In contrast, the stress concentration in the optimized model II (α = 70◦) is reduced
remarkably and the maximum principal stress is only about 17 MPa. For the negative electric load
(−1000 kV/m), Fig.8(b) presents results of stress distribution similar to those shown in Fig.8(a). It is
again shown that the maximum stress in model II (13.7 MPa) is much smaller than that in conventional
model (50.2 MPa). To study the difference of stress distribution of σr and σθ among the three models
above, we present the results of σr as a function of radial distance r in Fig.9(a), and σθ as a function
of polar angle θ in Fig.9(b). It is again observed from these two figures that the stress concentration in
Model II is significantly reduced in comparison with that in the conventional model.

From the discussion above, it can be seen that the stress concentration and singularity near the
electrode edge of the conventional model is obviously serious in the case of both positive and negative
electric loads. The stress concentration in model I is little different from that in the conventional model
when it is subjected to positive electric load, which indicates that optimized model II is not what we
anticipated. However, the stress concentration and the maximum stress in model II can be significantly
reduced, and the optimized model II seems to be the best among the three designated models. Some
typical results of maximum stress in model II are listed in Table 3 and comparison is made with the
conventional model.

Table 3. Effect of α on maximum stress

principal stress shear stress σr(r→0) σθ(r→0)

(MPa) (MPa) (MPa) (MPa)
P∗ N∗ P N P N P N

σmax (α = 0◦) 256.2 50.2 53.0 7.4 115.1 46.8 194.4 28.9
σmax (α=70◦) 17.6 13.7 7.6 1.9 29.6 7.6 29.9 3.8

stress-relaxed degree
(1 − σmax)/σmax (α = 0◦) 93.1% 72.7% 85.7% 74.3% 74.4% 83.8% 84.6% 86.9%

∗ P: positive loading, N: negative loading.

V. CONCLUSIONS
Stress concentration and fracture mechanism of practical multilayer piezoelectric structure were

investigated by experiment and numerical simulation method in this study. The major aspects of this
work are as follows:
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(1) High stress concentration causing a non-uniform electric field is found near crack tips or the edge of
the internal electrode of practical multilayer piezoelectric structures. But the high stress concentration
exists in a very small region near the crack tip only and decreases rapidly along with an increase in the
distance from the crack tip. The high stress concentration is viewed as the major fracture and damage
mechanism of multilayer piezoelectric structures.
(2) Based on experimental analysis and finite element modeling, two geometrical optimized models
of multilayer piezoelectric structure have been presented which are proved to be simple and feasible
in the manufacturing process without losing any structural functions in comparison with the conven-
tional model. The numerical results obtained from finite element modeling indicate that both stress
concentration and the maximum principal stress in the model II (α = 70◦) can effectively be reduced in
comparison with the conventional model (α = 0◦). In particular, the peak value of the principal stress is
93.1% less than that in the conventional model. The study indicates that the strength and reliability of
multilayer piezoelectric structures may be significantly enhanced through use of a geometry optimizing
process on the structure.
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