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Abstract

This paper examines theoretically and experimentally the dynamic electromechanical response of
multilayer piezoelectric laminates for fuel injectors at high temperatures. A phenomenological model
of depolarization at high temperatures was used, and the temperature dependent piezoelectric coeffi-
cients were obtained. The high temperature electromechanical fields of the multilayer piezoelectric
actuators under AC electric fields were then calculated by the finite element method. In addition, test

data on the electric field induced strain at high temperatures, which verify the model, were presented.
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1. Introduction

Multilayer PZT ceramics play an important role as active electronic elements in fuel injector
applications [1, 2], and are under severe environment conditions in many cases. Recently, Senousy
et al. [3] evaluated the thermo-electro-mechanical behavior of PZT actuators applied to fuel injectors
over a temperature range of -30 to 80°C. Senousy et al. [4] also investigated the heat generation
in PZT actuators for fuel injectors at dynamic operating conditions. In the case under cryogenic
environment, Shindo et al. investigated the electromechanical response of multilayer PZT ceramics
under DC [5-7] and AC [6-8] electric fields from room to liquid hydrogen temperature (20 K) for
hydrogen fuel injector applications. On the other hand, Sapsathiarn et al. [9] analyzed the thermo-
piezoelectric performance of PZT actuators in a hydrogen environment.

It is known that at high temperatures, the piezoelectric activity of PZT ceramics disappears due
to depolarization [10]. Recently, Narita et al. [11] proposed a simple phenomenological model of the
depolarization at high temperatures to evaluate the temperature dependent piezoelectric coefficients,
and analyzed the electromechanical response of multilayer PZT actuators under DC electric field from
room to high temperatures. They also measured the electric field induced strain for the actuators, and
made a comparison between calculations and measurements [7].

In this paper, we investigate the dynamic electromechanical response of multilayer piezoelectric
actuators under AC electric fields at high temperatures. A phenomenological model of the depolar-
ization at high temperatures was used to predict the temperature dependent piezoelectric coefficients,
and a finite element analysis (FEA) was carried out to discuss the high temperature electromechanical
fields of the actuators, using the predicted piezoelectric coefficients. The AC electric field induced
strain at high temperatures was also measured, and the test results were compared with numerical
values. This comparison indicates a good agreement between the predictions and test data, and so

suggests our model is reasonable.



2. Analysis
2.1 Basic equations
Consider a piezoelectric material with no body force and free charge. The field equations in the

Cartesian coordinates(i = 1, 2, 3) are given by

Oji,j = PUg ¢t (1)
gijkbk; = 0,D;; =0 (2)

whereo;;, u;, E;, D; are the components of the stress tensor, displacement vector, electric field in-
tensity vector, electric displacement vector, respectivelythe mass density, ;;, is the permutation
symbol, a comma denotes partial differentiation with respect to the coordinabeshe timet, and

the Einstein summation convention over repeated indices is used. The relation between the strain

tensor component;; and the displacement vector componenis given by

1
Eij = 5(%’,@' + u; 5) 3)

and the electric field intensity vector component is
Ei=—¢; (4)
where¢ is the electric potential. Constitutive relations can be written as
€ij = SijkiOkl + gkijEk (5)
D; = dijor + EﬁEk (6)

wheres;;i, diij, €5 are the elastic compliance, temperature dependent direct piezoelectric coefficient,

and permittivity at constant stress, respectively, which satisfy the following symmetry relations:
Sijkl = Sjikl = Sijlk = Sklij, ij = kau 63;; = Gzi (7)

The constitutive equations (5) and (6) for piezoelectric material poled insHurection are found in

Appendix A.
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2.2 Finite element method

We consider a multilayer piezoelectric laminate with many PZT layers of widtand thickness
h,, thin electrodes, and elastic coating layer of thicknessin order to discuss the electromechan-
ical fields near the internal electrode at room and high temperatures, the problem of the multilayer
piezoelectric laminate is solved using the unit cell model. Fig. 1 shows the unit cell (2-layer piezo-
electric laminate withz| < W, /2 + h., ly| < W,/2+ h.,0 < z < 2h,). A rectangular Cartesian
coordinate system @y is used and the origin of the coordinate system coincides with the center of
the laminate. The,y, z-axes coincide with the, x5, z3-direction. Each PZT layer is sandwiched
between alternating positive and negative thin electrodes of lengtid width1V,, and the layers
are electrically in parallel and mechanically in series. An electrically altive W, region exists in
the portions of the laminate where the positive and negative electrodes overlap, while an electrically
inactivelV,, — a tab region exists on both sides of the laminate. The poling directions of the upper and
lower PZT layers are opposite so that the vertical displacemeditéction) in adjacent layer can be
accumulated. Due to the geometric and loading symmetry, only the half needs to be analyzed. The
electrode layers are not incorporated into the model.

The PZT layers are made up of many grains. After poling, each PZT layer has an average polar-
ization. Here, each grain is modeled as a uniformly polarized cell that contains a single domain, i.e.,
each grain is equivalent to a uniformly polarized single domain. The model neglects the interaction
among different grains (domains). In reality, this is not true, but the assumption does not affect the
macroscopic behavior of the multilayer piezoelectric laminates from room to high temperatures.

It is known that the operating temperatures have been limited to one half of Curie temperature,
T./2, due to the depolarization. Here, it is assumed that when the tempefatameases from
room temperatures (RT), the poling direction of each grain (domain) begins to rotat¢2aand
the rotation anglex becomesr/2 in the +z- or +y-direction at7,. The anglex = 0 from RT to
T./2 corresponds to the direction of first poling axisdirection). Also assume that the piezoelectric
properties decrease linearly Asncreases fronT;./2 to T.. For simplicity here, we assume that the

elastic and dielectric properties of PZT layers remain unchanged after the depolarization occurs. The
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temperature dependent direct piezoelectric coefficient in each grain (domain) is

1
dipy = {d33anPkan + ds1(npidk — npnprnp;) + §d15(5z‘knPl — 2npinppnp; + 5ilnPk)} (8)

wherenp; is the components of unit vector in the poling direction s the Kronecker delta, antl;,
ds; andd,; are the longitudinal, transverse and shear piezoelectric coefficients, respectively, when the
PZT layers are completely poled.

We used a commercial finite package ANSYS, with eight-node SOLID5 element, to perform the
analysis. A convergence study was conducted to establish the accuracy and validity of finite element
results. The mesh size was varied until good convergence was obtained. The finite element mesh has
57,000 elements and 66,000 nodes. Each element is taken to represent a single grain (domain) of the
PZT layer. Here, we define the rotation angle of poling in each element to be temperature dependent
functiona(7'), and the unit vector in Eq. (8) is given by

np; = sina(T") cos 3

npe = sin (T sin (3 9)

nps = cosa(T)
A random number generator is used to create the only ahglath value of 0,x/2, 7, or 37 /2. The
effective temperature dependent direct piezoelectric coefficient (donoted by superscript G) is related

to the local direct piezoelectric coefﬁcie@,ﬁ-k by
- 1 27 _
diji = %/0 dijrdf3 (10)

In the case under AC electric field at RT, we consider the extrinsic contribution due to domain wall
motion [12]. Details can be found in Ref. 6. On the other hand, the domain wall motion becomes
difficult to occer when the temperature is high, and we assume the piezoelectric behavior with no
extrinsic contribution at high temperatures .. /2).

The electric potential on two electrode surface$i(,/2 <z < —W,/24+a,0 <y < W, /2,2 =
0, 2h,) equals the applied AC voltage,= V; exp(iwt): V; is AC voltage amplitude and is angular

frequency & 27 f wheref is frequency in Hertz). The electrode surfaté,(2—a < z < W, /2,0 <
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y < W,/2,z = h,) is connected to the ground, so that= 0. The mechanical boundary conditions
include the traction-free conditions on the coating layer surfaces=at- (W, /2+h.),y = W, /2+h.
and the symmetry conditions on the faceg at 0, = = 0, 2h,,. In addition, the origin is constrained

against the displacement in thedirection, to avoid rigid body motion [13].

3. Experiments

Commercially supplied multilayer actuator using 300 soft PZT N-10 layers (NEC/Tokin Co.
Ltd., Japan) of widtiHV,, = 5.2 mm and thickness, = 0.1 mm was used. The material properties of
N-10 at RT are listed in Table 1, and the coercive electric field is approximaitety 0.36 MV/m.
The specimen and testing set up are shown in Fig. 2. A rectangular Cartesian coordinate system
O-zyz is employed, and the origin of the coordinate system is located at the center of the actuator.
The electrode length is= 17/, = 5.2 mm (fully electrodes), and the PZT N-10 laminate is coated with
epoxy layer of thickness, = 0.5 mm. The total dimensions of the actuator are width of 6.2 mm and
length of 40.5 mm. The Curie temperature of N-1Tis= 145°C. So, the temperature dependent

rotation angle of the poling direction is assumed to be

0 (25°C < T < 73°C)

olT) = { (m/2)(1.38 x 10727 — 1) (73°C < T < 145°C) ()

Young’s modulus, Poisson’s ratio and mass density of epoxy layer are 3.35 GPa, 0.214 and 1100
kg/m?, respectively.

The actuator was placed on the rigid body, and AC voltage at a frequentyaf00 Hz was
applied using an AC power supply. Two strain gages were attached at the centep ef #ii2 1 mm
planes £ = z = 0 mm), and the magnitude of strain was measured. To control the temperature of the

actuator, a constant temperature oven (DVS402, Yamato Scientific Co. Ltd., Japan) was used.

4. Results and discussion
We first present numerical and experimental results for the multilayer piezoelectric laminate with
electrode length = W, = 5.2 mm (fully electrodes). Fig. 3 shows the normal steainversus electric

field amplitudeE, = V;/h, atz = 0 mm,y = W,/2 + h, = 3.1 mm and: = 0 mm of the laminate
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at frequencyf = 400 Hz and temperaturE = 25 and 125 C. The solid lines represent the strains
of FEA with the domain wall motion effect. The open circle denotes the experimental data. It is
shown that the strain of the laminate increases as the electric field amplitude increases. We see that
the trend is sufficiently similar between the prediction and measurement, and the domain wall motion
may not occur in the multilayer piezoelectric laminate under AC electric fields at @25t high
temperatures, the poled piezoelectric crystal changes to a structure of cubic phase and the alignment
of the dipoles is lost. So the AC electric field induced strain at’X2% smaller than that at 2%C.

Next, the electromechanical fields of the multilayer piezoelectric laminates obtained from the
FEA are discussed. Fig. 4 shows the distribution of the normal strgsas a function ofr at y
= 0 mm andz = 0.025 mm for the multilayer piezoelectric laminates wit= 5.0 mm (partially
electrodes) and = 5.2 mm (fully electrodes) unddr, = 0.3 MV/m at f = 400 Hz andl" = 125°C.
For the piezoelectric laminate with partially electrodes, a high normal stress occurs in the inactive
region. It seems that the presence of electrode tip creates the most suitable stress conditions for the
initiation of cracking. This situation may be applicable to the other multilayer piezoelectric laminates
with different size and shape. The results for the evaluation of stresses in the multilayer piezoelectric
laminates may help fuel injector designers to estimate the fracture risk and to optimize in-service
loading conditions. Fig. 5 shows the distribution of the electric fiEldas a function ofr at y
= 0 mm andz = 0.025 mm for the multilayer piezoelectric laminates witk= 5.0 mm (partially
electrodes) and = 5.2 mm (fully electrodes) undef, = 0.3 MV/m at f = 400 Hz andl’ = 125
°C. For the piezoelectric laminate with partially electrodes, a high electric field is observed near the
electrode tip £ = 2.4 mm). The results on the electric field distributions show that if the multilayer
piezoelectric laminates with partially electrodes are applied to fuel injectors, the dielectric breakdown
or electric fatigue is expected near the electrode tip, and the fuel injector designers need to be aware

of electric field behavior.

5. Conclusions

This paper presents the results of numerical and experimental study on the dynamic electrome-



chanical response of multilayer piezoelectric laminates at high temperatures. We estimated the tem-
perature dependent piezoelectric coefficients and showed that the calculated strain versus AC electric
field curves at high temperatures are reasonably accurate, in agreement with measured data. It was
found that the AC electric field induced stain decreases with increasing temperature due to the de-
polarization. It was also shown that the stress and electric field in the piezoelectric layers for the
laminate with partially electrodes are very high near the electrode tip. This study may be useful in

designing high performance fuel piezoelectric injectors.
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Appendix A
For piezoelectric ceramics which exhibit symmetry of a hexagonal crystal of class 6 mm with re-

spect to principat, x5, andxs (poling) axes, the constitutive relations can be written in the following

form:
(e ) [ 511 s12 513 0 0 0] o ) [0 0 6231 |
€22 s12 s11 s13 0 0 0 022 0 0 @31 B,
€g3 | _ | 513 s13 53 0 0 0 o3 \ | 0 0 dss E (A1)
2523 0 0 0 S44 0 0 093 _0 15 0 E2 '
2831 0 0 0 0 S44 0 031 15 0 0 3
L 2812 ) | 0 0 0 0 0 S66 1 012 ) L 0 0 0 ]
( o11 3\
D, 0 0 0 0 dys 0 222 & 0 0 B,
Dy p=| 0 0 0 ds 0 0 el 0 0 Es (A.2)
Dj dsy ds dsz 0 0 0 2 0 0 e Es
031
\ 712 )
where
023 = 032,031 = 013,012 = 021 } (A.3)
€23 = £€32,831 = €13,€12 = €21 } (A.4)
S11 = S1111 = 82222, S12 = S1122, S13 = 51133 = 52233, S33 = 53333 (A 5)
Saq = 489303 = 453131, Se6 = 451212 = 2(511 — 512) '
dis = 2dy31 = 2da23, dz1 = dz11 = dazo, dz3 = das3 (A.6)
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Table 1 Material properties of N-10

Elastic compliances Piezoelectric coefficients Permittivities Mass density
S11 S33  Saa  S12 s13 d;i o dss dis €1 €33 p

(x1072m?2/N) (x10712m/V) (x10719C/Vm)  (kg/m?)
14.8 18.1 449 —-51 —-58 —287 635 930 443 481 8000
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Fig. 1. Schematic diagram of finite element model
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Fig 3. Normal strain versus electric fieldat 0 mm,y = 3.1 mm and: = 0 mm of piezoelectric

actuator with fully electrodes
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Fig 4. Variation of normal stress.. as a function ofc aty = 0 mm and: = 0.025 mm for

piezoelectric actuators with fully and partially electrodes
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Fig 5. Variation of electric field, as a function ofc aty = 0 mm andz = 0.025 mm for

piezoelectric actuators with fully and partially electrodes
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