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Abstract

Multilayer piezoelectric structures are widely applied as a smart structure in precise apparatus. When the structure is in service, fractures often
occur near the internal electrode layers. To analyze this issue, a multilayer piezoceramic structure used as displacement actuator is investigated
both experimentally and numerically in this paper. Through Moiré interferometry experiment, the plane displacement distribution of the structure
is obtained, which is holistically consistent with and locally more acute than the one obtained from finite element simulation. This displacement
field shows there is considerable non-uniform deformation in the structure, which is caused by electric field concentration near the edge of the
internal electrode, and consequently induces serious stress concentration there that may finally lead to significant damage or failure of the structure
in its working environment. Furthermore, the thermal phenomena in piezoelectric structures were measured experimentally by applying infrared
thermography. The thermo-concentration around interface crack and inside internal microdefects may intensify non-uniform stress distribution and
make structure more vulnerable in its working environment. Hence it should be taken into account in the investigation of piezoelectric structures

henceforth.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Moiré interferometry; Infrared thermography; Multilayer piezoelectric structure

1. Introduction

Multilayer piezoelectric ceramic displacement actuator is a
typical smart composite structure and has wide application in
precise apparatus [1,2]. For such structures, fracture often occurs
near the internal electrode layers, and cracks are always initiated
at the electrode edges when it is in service [3,4]. These may
lead to functional invalidation, which significantly reduce the
stability, reliability, and applied universality of this structure
[2,5]. Therefore, it is important to study mechanisms of fracture
and stress concentration, and to enhance strength and reliability
designing for such structures.

During the past decades, numerous works have been reported
in the literature on fracture and reliability of piezoelectric struc-
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tures [3,6—11]. However, most of these works were based on
theoretical modelling and numerical simulation. It seems that
there is a lack of elaborate experimental investigation in this
direction. In particular, there is no existing experimental work
regarding thermal effects on mechanical performance of multi-
layer piezoelectric composite structures. For fracture and failure
analysis, Qin et al. [12] presented a micromechanics model for
evaluating effective properties of thermopiezoelectric materi-
als with microcracks. Fu et al. [13] found from the experiment
on the fracture of piezoelectric material that energy dissipation
under electrical loading is greater than that under mechanical
loading. Du’s experiments [14] verified that temperature of the
piezoceramics is related to the frequencies of electric loading.
Gu and Yu [15] analyzed the thermal effect of piezoelectric
medium for anti-plane problem theoretically. From the discus-
sion above, it is obvious that very little experimental work has
been reported on study locally precise deformation and ther-
mal effect of piezoelectric structure through locally full-field
microscopical methods.
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Fig. 1. Illustration of the multilayer piezoelectric structure. (a) Photograph of practical element; (b) planer simplified structure; (c) enlarged illustration near the edge

of internal electrode (viz. point O).

This paper investigates a multilayer piezoceramics structure,
which is used as displacement actuator, by means of Moiré inter-
ferometry, infrared thermography and finite element simulation.
Firstly, plane displacement distribution of the structure was cap-
tured by using Moir€ interferometry approach. Then, the thermal
effect of fracture behavior of the piezoceramics structure is ana-
lyzed by applying infrared thermography. Finally, the structural
strength is discussed based on the experimental and numerical
results.

2. Multilayer piezoelectric structure and specimen
2.1. Structure and mechanism

The multilayer piezoelectric composite structure is illustrated
in Fig. 1a and it can be simplified as plane model [4] shown in
Fig. 1b. The structure is composed of shunt-wound piezoceram-
ics layers and thin argent electrodes distinguished into external
and internal ones. When loading voltage on external electrodes,
each layer will be applied an electric field by internal electrodes
and induced to deform following principle of electrostriction

[9]:

(e; =)ex = d31 Ey

ey

ey =ds3Ey

where Ey is the electric field intensity in y-direction; ¢,, and &, the
electrostrictive strains in the x- and y-directions, espectively; d31
and d33 are the piezoelectric strain constants. Hence, the holistic
displacement is the accumulation of all layers’ deformation.

On the interface between any two layers there is a gap from
the edge of the internal electrode to the inner surface of the
external electrode. Due to the existence of such gap, the two
polar electrodes and even the whole structure can be free of
short circuits. When the structure is in service (i.e. in the working
environment), however, fracture usually occurs near the tip of
the gap, or rather, edge of the internal electrode which is enlarged
as shown in Fig. 1c.

2.2. Specimen material and loads

The geometrical dimensions of the multilayer structure
specimen are listed in Table 1. The piezoelectric mate-
rial of the specimen is plumbic-zirconate—titanate ceramic
[Pb(er(o,505x50,54) Til_x)Og] or PZT for ShOI’t, which

Table 1

Geometrical dimensions of specimen

Electrode length (mm) 17.88
Width (mm) 7.40
Height (mm) 2.31
Thickness per layer (mm) 0.77
Table 2

Material constants

Elastic compliance (x 10712 m%/N)

sEqy 16.4
sEin —5.78
sEis -75
53 18.8
sEas 50

Piezoelectric strain constants (x 10712 C/N)

ds) —190

ds3 430

dis 730
Dielectric constants (K§ =8.85 x 1012 F/m)

K7, /K§ 1720

K/ K§ 1700

belongs to transversely isotropic materials. The material con-
stants of PZT are listed in Table 2.

In the experiments described below, the specimens were
loaded by uniform external loads. Furthermore, according to the
actual working environment of the multilayer piezoelectric dis-
placement actuator, the specimens were assumed to be loaded
by the external electric field only. In other words, no external
mechanical loading was applied to the structure. In this study,
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 magni-
tude of the electric loading is 1000 kV/m in the positive loading
condition and —1000 kV/m in the negative loading condition.

3. Experiments and numerical simulation
3.1. Moiré interferometry experiment

Moiré interferometry experiment has been carried out to
detect the plane deformation of the multilayer structure pre-
cisely. Moiré interferometry is a highly sensitive optical method
using coherent laser light and its principle [16] is depicted briefly
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Fig. 2. Principle of Moiré interferometry.

in Fig. 2. In this method, two coherent laser light beams A and
B illuminate the specimen grating and diffract into A’ and B/,
respectively. When the specimen is loaded to deform, A’ and
B’ will interfere 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 direc-
tion, 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)=N,/4f,, where
Ny is the order of Moiré fringes in fringe pattern at the point
and f; the specimen frequency in y-direction. Thus the displace-
ment sensitivity (the plane displacement that a fringe indicated),
is 1/4f,. Moreover, by applying phase-shift and multiplication
technique [17], it could be promoted to 1/(4Mf,), where M is a
multiple factor of multiplication operation.

The optical system of phase-shift Moiré interferometry used
in this work is shown in Fig. 3. Before loaded with high volt-
age, specimens were required to be airproofed and insulated by
silicon rubber to avoid electric shock. Fig. 4 shows the fringe
pattern near the edge of the electrode in the multilayer struc-
ture specimen under +1000 kV/m electric field loading, where

HVS: high voltage supplier;
SA : PS signal amplifier;

SC :specimen carrier; mm» laser light
CL :collimating lens; ==== signal wire

DC : diffusive lens; ee++ electric wire

M :flat mirror;

S :specimen; "
Computer C

-----------------

-----------

Fig. 3. Phase-shift Moiré interferometry optical system.
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Fig. 4. Fringe pattern near the edge of the internal electrode (+1000kV/m,
M=4).

Fig. 5. Finite element mesh near the edge of the internal electrode.

4f, =2400 lines/mm and M =4, therefore the displacement sen-
sitivity is 0.108 wm/fringe.

3.2. Numerical simulation

To verify the accuracy of the results obtained from the experi-
ments and applicability of finite element method to this problem,
numerical simulations were performed by means of finite ele-
ment package ABAQUS (V6.2). In finite element simulation,
the configuration of the multilayer structure is divided into 6460
four-node plane elements. In order to calculate the stress and
electric field distributions at the edge of the electrode accurately,
the mesh density was increased near the edge of the electrode
(see Fig. 5). The minimal size of the elements near the edge
of the internal electrode was 2 pm x 6 um. Fig. 6 shows the
displacement contour map in the poling direction loaded with
+1000 kV/m, whose local region and loading condition are the
same as those in Fig. 4.

By comparing Fig. 4 with Fig. 6 it can be seen that, as a
whole, the plane displacement field recorded by Moiré interfer-

\

Fig. 6. Displacement contour near the edge of the internal electrode
(+1000kV/m).
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Fig. 7. Distribution of electric field and fluxline near the edge of the internal
electrode.

ometry experiment is consistent with that obtained by numerical
simulation both in tendency and magnitude of variation. It is evi-
dent that numerical simulation could approximately predict the
veritable events such as displacement field (Fig. 6), the electric
field (Fig. 7) and principal stress distribution (Fig. 8) in mul-
tilayer piezoelectric structures. However, the experimental data
are more acute than the numerical ones near the edge of the inter-
nal electrode, which will be analyzed later in this paper. Besides,
the trends of the results in negative loading condition are similar
to those in positive loading condition, thus it is unnecessary to
discuss their difference.

3.3. Discussion on the strength and damage mechanism

Structural damages are frequent in the engineering appli-
cation of piezoelectric displacement actuators. Therefore, it is
necessary to analyze the strength and discuss the damage mech-
anism based on the experimental and numerical results obtained.

For the structure used as displacement actuator, it is loaded by
the electric field due to the electric potential difference between
the electrodes. The electric field is homogeneous inside each
layer except near the edge of the internal electrode (namely point
0), where the electric field distribution is can be calculated by

[4]:

0
B\ Ke cos<2>
Ey 2nr | . (9)
sin ( =
2

where E and E, are, respectively, the magnitude of the electric
field in the x- and y-direction; K is the electric intensity factor;
sin(6/2), cos(6/2) are the so-called angle distributing functions
of the electric field.

@)

+6.339e+07
+5.778e407?
+5.216e407
+4.655e+07
+4.093e+07
+3.532e+407
+2.970e107
+2.409e+07
+1.848e+07
+1.286e407

Fig. 8. Distribution of principal stress near the edge of the internal electrode
(+1000kV/m).

Using Eq. (2), the intensity and flux-line of electric field
around the edge of the electrode (viz. point O) can be determined
and the results are listed in Fig. 7. It can be seen from Fig. 7 that,
the orientation of electric field is, mathematically, expressed in
terms of polar angle 6, and the singularity of the electric field
is in the order of minus square root of r. Here r is the distance
from crack tip to the point under consideration. While physically,
the flux-line flows densely and the magnitude increases rapidly
when approaching point O, both of the density and the magni-
tude of the flux-line flow indicate that electric field concentration
becomes increasingly drastic near the electrode edge.

It is obvious from Eq. (1) that the electric field applied to the
piezoelectric layers can induce electrostrictive strains that are
determined by the piezoelectric constants and the intensity of
electric field only. Consequently, the electric field concentration
around the point O will produce non-uniform electrostriction,
and in turn cause non-uniform elastic deformation. This is
substantiated by both the experimental result (Fig. 4) and the
numerical solution (Fig. 6). In particular, the displacement con-
tours are approximately parallel to the electrodes when the
position is far from the point O, while it is in bending about
90° when near the edge of the internal electrode.

Such deformation, however, is constrained by the surround-
ing materials, and consequently leads to non-uniform and
incompatible stress, even stress concentration. Fig. 8 gives the
principal stress distribution in the region near the electrode edge
(+1000kV/m). It can be seen that the stress distribution is com-
plicated and the maximum can reach 63 MPa at the electrode
edge. Moreover, the high stress concentration exists in a very
small region only and decreases rapidly along with an increase in
the distance from the electrode edge. From this point of view and
in view of numerous microdefects existing in multilayer piezo-
electric structures as noted by Winzer and Shankar [2], the stress
concentration near the electrode edge may induce microdefects
likely to extend and finally lead to significant damage or failure
of the structure.

In fact, the real stress concentration near the edge of the inter-
nal electrode should be more serious than that shown in Fig. 8 as
the deformation obtained from Moiré interferometry experiment
is more acute than that obtained from finite element simulation
in the vicinity of the electrode edge. This difference is indicated
as the effects of thermal phenomena near the electrode edge by
the further infrared microthermography experiments as follows.

4. Infrared thermography experiments

The discussion above concerned experiments and numeri-
cal simulation on electric and elastic fields only. For multilayer
piezoelectric structures, however, thermal effect on structural
performance is also of importance. As there is no report
about experimental investigation on thermal effect in multi-
layer piezoelectric structures in the literature, a series of infrared
microthermography experiments are preformed to investigate
how the temperature change can affect the structural per-
formance and the mechanism causing distinction between
experimental and numerical simulating data when the thermal
effect is ignored.
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Fig. 9. Microthermography system.

Table 3

Main parameters of the thermograph system

Thermometric sensitivity (°C) 0.05
Scanning frame (f/s) 30
Spatial resolution (m) 25
Metrical infrared wavelength (um) 3

4.1. Experimental principle and procedure

Thermography is a technique to test the surface temperature
of a certain object by applying thermographic system. The main
principle of thermography is described as below [18,19]. The
radiation pattern of infrared energy emitted by any object cor-
responds to its surface temperature distribution. This pattern is
invisible to the naked eye, but it can be detected by infrared
camera. The main processor (such as TVS-(2000) ST proces-
sor) receives thermal data from the camera and then converts
them into visual digital image known as thermal image. Hereby,
infrared camera, main processor and other accessories such as
monitor, printer and even computer make up a general ther-
mographic system (Fig. 9). Furthermore, microthermographic
system is the apparatus especially for the measurement of the
micro-object, like the specimen in this paper, which cannot be
tested unless equipped with microscope lenses in front of the
infrared camera. The microthermographic system used in the
experiment is illustrated in Fig. 9, whose main parameters are
listed in Table 3.

In addition to the multilayer structure specimen, another spec-
imen with an internal crack (see Fig. 10) is analyzed in the

%:PiezoceramicstPoling direction

Fig. 10. Illustration of the internal crack specimen.

thermographic experiment. The internal crack does not adjoin
or close to any boundary of the specimen, which eliminates the
influence and disturbance from electrodes. Both two specimens
have the same geometrical dimensions and material components
(listed in Tables 1 and 2, respectively). Moreover, the speci-
mens are subjected to the alternating electric loading (alternating
between the positive and negative loading condition) in the fre-
quency that verge on its resonance frequency (about 200 Hz) to
intensify the thermal phenomena.

Besides, restricted by the spatial resolution, temporal and
thermometric sensitivity and other factors of the thermographic
system [20], any temperature value is an average of the ambi-
ent region (25 wm x 25 wm in TVS-(2000) system) around the
respective point. Therefore, the tests in this paper above can
semi-quantitatively describe the real thermal distributions in the
specimens.

4.2. Results and discussion

Fig. 11 gives the thermal images of the specimens, while
Figs. 12 and 13 show the temperature distributions along the x-
and y-axes in multilayer structure specimen and the one with
internal crack, respectively. It can be seen from Figs. 11a and 12
that a thermo-concentration exists around the electrode edge
(say point O) and the temperature rises sharply when the loca-
tion approaches the point O. Meanwhile, from Figs. 11b and 13,
another thermo-concentration near the crack notwithstanding
without electrode was observed. Besides, the points inside the
crack (outside the specimen) have higher temperatures than
those inside the specimen.

These thermal phenomena are neither isolated nor inopera-
tive to the structure in service. In fact, the causes of thermal
phenomena and even thermo-concentration above could be

Fig. 11. Infrared thermal images in alternating loading condition. (a) Around O in multilayer structure specimen; (b) around O’ in internal crack specimen.
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Fig. 12. Temperature distributions along the x- and y-directions of multilayer structure specimen in alternating loading condition.

,—) inside specimen

G %00 |

o 38.04 | Y=0,X-Temperature
3 3701 ) ‘ :

@ outside specimen 4 ;

g 36.04  (in the crack) (‘l

£ 35.0 i

[}] i

b 3401 g L

600 400 -200 O 200 400 600

(a) X(pum)

~ 37.5]
Q 3701
36.5 4
36.0 3 .
355
35.0 . L. - i
34.5

X=0,Y-Temperature

Temperature

0 -100  -200 -300 -400 -500 -600

(b) Y (um)

Fig. 13. Temperature distributions along the x- and y-directions of prefabricated internal crack specimen in alternating loading condition.

likely attributed to the coupling of multifactor including the
electrical field and stress concentration discussed above, vibra-
tion and nonlinear behavior of the materials [15]. In return,
thermal phenomena may affect the structure multiformly in
addition to inflecting the nonlinear characteristics of material.
The thermo-concentration at the electrode edge may intensify
the non-uniform deformation and then the stress concentration
there. At the same time, numerous microdefects locate inside
the structure everywhere, and each of them can be regarded as
a mini sample of internal crack shown in Fig. 10. Among them,
the ones close to the electrode edge bear more serious electrical
field and stress, due to the electrical and stress concentrations,
than those far from the edge. Hence, they may behave more
acute local thermo-concentration, and then more non-uniform
deformation and stress. All above make the structure more vul-
nerable in its working environment and should be taken into
account in the investigation of piezoelectric composite structures
henceforth.

5. Conclusions

This paper investigates a typical multilayer piezoelectric
composite structure by means of Moiré interferometry exper-
iments, thermography experiments and numerical simulations.
The major aspects of the work are as follows.

(3) The plane displacement field obtained by Moiré inter-
ferometry experiment shows that there is considerable
non-uniform deformation in the multilayer piezoelectric
composite structure. This non-uniform deformation is
caused by electric field concentration near the edge of the
internal electrode and it can induce serious stress concen-
tration there, which may finally lead to significant damage
or failure of this structure in its working environment.

(3) The holistic similarity between the experimental and simu-
lated results confirms that numerical simulation can predict
the veritable events in piezoelectric composite structures on
the condition of proper simplification.

(3) The thermal phenomena in piezoelectric composite
structures are measured experimentally. The thermo-
concentration around internal crack and interface crack (viz.
the internal electrode edge in this paper) may intensify the
non-uniform deformation and the stress concentration in the
structure, and it should be taken into account in the investi-
gation of piezoelectric composite structures henceforth.
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