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ABSTRACT

This report delineates work carried out over the period 1 July 1991 to 30 June 1992 on
Grant No. N00014-91-J-1922 enttled “Ceramic Actuators for Smart Matenials.” Two topics were
tackled on the program at Penn State.

4] In earlier studies a number of phase switching systems had been explored which permit the
switching of large electric polarization and the associated high elastic strain. The question to be
resolved was whether these large polarization values could be repeatedly switched without
associated mechanical or electrical fatigue. Early fatigue was shown to be an electrode problem
and with care in electrode application, density control, grain size control and field homogeneity it
was shown that full switching lifetimes with no fatigue of more than 109 cycles were achievable.

(II)  In polymer-ceramic composite transducers the 1:3 type connectivity is highly desirable. A
new theoretical approach has been made to calculate the inhomogeneous stress profiles in both
piezoceramic and polymer phases. The predictions have been tested using the MRL
ultradilatometer and good agreement is shown between predicted and observed strain profiles. A
new type of 1:3 composite making use of radially poled ceramic tubes has been explored and
shown to offer unusually attractive possibilities for the control of piezoelectric, elastic and electric
impedance characteristics and to offer a vehicle for the new electrostrictive agile piezoelectrics.




1.0

INTRODUCTION
Work on this short one year program focused upon two topics.

a.

The reliability of polarization switching high strain actuators: Penn State work in this
laboratory focused upon the fatigue behavior under pure electrical (stress free) drive
conditions.

Samples of simple piezoelectric PZTS, Electrostrictive PMN:PT and phase switching
compositions in the PbZrO3:PbTiO3:PbSnO3 system were also supplied to Dr. Evans
group in Santa Barhara to study the performance under pure mechanical boundary
conditions.

Work was continued in cooperation with the ONR Transducer Program upon the
derivation and measurement of the performance of the simple [:3 type
piezoceramic:polymer composite and upon a new variation on the 1:3 composite
theme making use of tubular radially poled ceramic elements working through
piezoelectric d31 coefficient.

2.0 ELECTRICAL FATIGUE IN POLARIZATION SWITCHING ACTUATORS

The work on this program followed on from earlier studies by W. Y. Pan, C. Q. Dam, Q.

M. Zhang and L. E. Cross on “The Performance of Large Displacement Transducers Dased on

Electric Field Force Phase Transitions,”! and of “Polarization Controlled High Strain Actuators,”

by L. E. Cross2 which suggested that the early fatigue observed in these materials on repeated

cycling round the hysteresis loop of P vs E (xij vs E) was a surface and not a volume effect.

shown:

(a)

(b)

Studies on this program and in cooperation with our ONR Transducer Program have

That early fatigue after ~10% - 105 switching cycles in PLZT 7:68:32 is in fact an electrode
problem due to a poor interface between the metal and the ceramic. With sputtered gold or

indium:thallium metal electrodes on a properly cleaned surface no fatigue is observed to

~109 cycles.

For fatigue free performance it is necessary that the sample be pore free and transparent as

can be achieved by suitable hot pressing in the PLZT family of compositions. Normal
ceramic samples (~98% density) show a logarithmic fatigue commencing ~104 - 103
cycles. This type of fatigue is not permanent and the sample can be rejuvenated by heating
above the Curie temperature.




() To avoid catastrophic failure under cycling stress it is also necessary to control the grain
size to be less than 5y meters. Larger grain ceramics exhibit microcracking at the grain

boundaries which rapidly leads to complete mechanical failure.

(d) For extended life the samples must be excited by uniform electric fields. Limited area
electrodes lead to large stress concentrations at the electrode perimeter and again exhibit
failure due to cracking.

(e) For the PLZT family it is possible to chose compositions which exhibit shape memory
effects at room temperature or at liquid nitrogen temperature. Phenomena which could be
of major importance for the control of large area space based mirror structures.

It must be noted that fatigue effects are completely dependent on the cyclic driving to which
the samples are subjected, i.e. there are an infinite family of fatigue lifetimes ranging from the
aging behavior under zero drive to the instant failure under breakdown level fields.

For these studies the samples were subjected to AC fields at 60 Hz large enough to drive
the polarization to a completely saturated hysteresis loop. This is a much more severe fatiguing
drive than is normally for a piezoelectric ceramic and was designed to test the possibility of making
reliable high strain systems which could utilize the full strain (~0.4%) associated with complete
polarization switching.

A more complete account of these studies is given in Appendices 1 and 2. This work is
being continued on alternative support.

3.0 PIEZOELECTRIC COMPOSITES

On this program Dr. Qiming Zhang has cooperated with Dr. Wenwu Cao in a more detailed
study of the 1:3 type composite which has been widely exploited in hydrophone and in ultrasonic
electromedical applications. The objective was to first derive the inhomogeneous displacement
profiles for a single rod or single tube of piezoelectric ceramic in a polymer matrix subjected to
uniaxial or hydrostatic stress. From this displacement profiles, the stress concentration in both
polymer and ceramic phases is calculated. This analysis demonstrates clearly that only a limited
part of the polymer which is close in to the surface of the ceramic contributes strongly to the stress
enhancement in the ceramics, and that the induced stress in the ceramic is also higher near the
surface. The theoretical results quantatively predict the performance of a given 1:3 composite and
can be used to optimize the design parameters, the ceramic content, the aspect ratio of the rods, the




rod geometry and spacing, resin hardness, etc. for optimum performance. This work is effectively
summarized in Appendix 3.

Using the MRU ultradilatometer Qiming Zhang has measured the inhomogeneous strain
profiles in both 2:2 and 1:3 connected piezoelectric:polymer composites. The experimental profiles
show the expected characteristics and compare well with theoretical pr:zdiction both for the 2:2 and
the 1.3 cases (Appendix 4).

In the above analyses in all cases the piezoactive phase is poled along the length of the rod
and tube, so that under uniaxial stress along the rod the electrical charge is generated through the
piezoelectric constant d33. For the case of radial poling of a PZT hollow cylinder or tube used as
an element in the 1:3 type composite, the situation is more complex and significantly more
interesting.

The effective piezoelectric constant in the radial direction can be ‘tuned’ by varying the ratio
of outer to inner radius of the tube (varying the wall thickness) and can be made positive, negative
or zero. In this way it is possible to make a composite transducer with all effective piezoelectric
constants of the same sign and thus a transducer with very high hydrostatic sensitivity.

The thin walled tube appears to offer some new and most interesting possibilities for
actuation. Since the radial field can be made large at low terminal voltage, and is independent of
the thickness of the composite (length of the tube), the electrical impedance can be low. Also, as
the ceramic is much stiffer than the polymer, the very thin walled tube has lower longitudinal
stiffness so that together with a foamed polymer the mechanical impedance can be made very low
to interface with an air load. Further, the high field at low voltage suggests that electrostrictive
ceramics could be used and the capability to generate an agile piezoelectric response with very high
d3) also exploited.

This work is summarized in Appendix 5.
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FATIGUE EFFECTS IN HIGH STRAIN ACTUATORS

L. Eric Cross,' Qiyue Jiang'

ABSTRACT

In ait ceramic piezoelectric and electrostrictive actuator materials, the basic
mechanism coupling electric and elastic properties is electrostriction i.e. the strain
xyj is related to the components of the Polarization PP} by the relation:

xyy = Gkl PxPy

where the Qkiyy are electrostriction constants in polarization notation. For the
different piezoelectric and electrostrictive ceramics, Pk and P} may be made up of
combinations of spontaneous and induced polarizations and changes of P can also be
effected by both domain .ind by phase changes. In all perovskite structure based
systems however the Qg'jj are ‘proper’ constants (not morphic) and do not change
widely within a given composition family. Thus it 1s <icz: that to achieve large shape
change (strain) it is essential to be able to induce large changes in polarization.

We have demonstrated tn earlier studies (1)(2) that in Lead lanthanum zirconate
titanate (PLZT) family of ceramics at compositions which are in the spin glass phase
at room temperature, large polarization changes and large strain changes can be
induced by a nano to macrodomain phase change driven by electric fleld.

For PZLTs, the fatigue effects which occur in all high strain systems 2nd limit the
number of useful strain cycles driven are particularly accessible t¢ stuly. In this
work we demonstrate:

(1) That initial fatigue which occurs in the composition 7 : 68 : 32 at ~105 cycles is
due to improper electroding procedures.

(1) That In hot pressed transparent ceramics of the same compositions with grain
size less that 5 pym and no visible pores or micro volids, there is not fatigue tor
~10° cycles of strain up to 0.4%.

(111}  For a similar composition which is not hot pressed and contains a normal
ceramic pore distribution {p actual/p theoretical ~ 97 to 98%) fatigue sets tn at
~10% to 10° cycles.

{iv) In large grain samples, a dilferent failure mechanism occurs due to the
development of micro-cracks which evolve into macro-cracks rupturing the
sample.

‘Matenals Research Laboralory, The Pennsylvarwa State Umiversity, University Park, PA 16802, US A
3
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Different compositions of PLZT and of Lead Magnestum Niobate : lead titanate
solid solution show micro to macrodomain transition down to liquid nitrogen
temperature. Evidence for strain and fatigue effects in these materials will also be
presented,

(1) INTRODUCTION

To describe the electro-elastic Interactions tn insulating crystalline dielectric
materials it is cuslomary to use the phenomenological equations involving the
plezoelectric and electrostriclive deformations induced by electric fields in the form

Xy = SykiXkl + dmyEm + gmnyEmEn (1)
where  xy are components of the induces strain
Xy components of the applied electric field
EmEn components of the applied electric field
Stjkl the elastic compliance tensor
dmy the plezoelectric tensor

€mnij  the electrostriction tensor.

In simple linear dielectrics, alternative forms may be writlen transposing stress
and strain, polarization and field and all constants are related by simple
transformations. For the nonlinear ferroeleciric related dielectrics which are
essential for achieving high strain behaviour the relation between E and P is highly
nonitnear, often hysteretic and the "constants” dmij and gmnl are strong functions
of both fleld and temperature. In such materials systems it is simpler to describe the
elasto-dielectric behaviour using

xy = SykiXkl - bmyPm - QmnlyPmPn (2)
where Py, P are componentis of electric polarization
by the plezoelectric tensor now in polarization notation
Omny) the electrostriction tensor again In polarization form.

In both equations (1) and (2) the Einslein summation convention is assumed. For
(2) however, the coeflicients b and Q are now found to be largely independent to
temperature and to have similar values in the same structure families.

For bulk samples, the polarization levels which can be tnduced by realizable
electric flelds below dielectric breakdown are such that even in very high permittivity
ferroelectric or parae!- 'tric dielectrics the constants b and Q do not permit the
induction of strains much above 3 104, 1n ferroelectric crystals however,
spontaneous polarizations occur which are order to magnitude larger and in some
cases Induce strain ~1.5.10°1,

In looking for new electro-elastic actuators which can control strains much larger
than conventional piczoelectric and electrostrictive ceramics it 1s then natural to
look for materials in which Pg the spontaneous polarization can be controlled.

In earlfer studies (1){2) two different types of phase switching actuators were
demonstrated.

. Sysiems which could be swilched by electric field from antiferroelectric
(P=0) to strongly ferroelectric (P = Ps) inducing strains up to 0.8%.



Futigue Fffects in High Sirain Acuators

. Compositions in the lead lanthanum zirconate titanate (PLZT) family which
settle into a spin glass state (P = Q) at the working lemperature, but can be
switched to a ferroelectric state (P = Pg) which induced strains up to 0.5%.

For all ferroic systems, whether ferroelectric, ferroelastic {shape memory) or
ferromagnetic where large strains are switched by inducing or reorienting
spontaneous strain, there must be concern as to possible mechanisms which may
degrade performance on repeated actuations, problems which may stem from a
number of different causes but are often lumped together under the heading of latigue.

It 1s the purpose of this paper to summarize work on fatigue mechanisms in high
strain phase switching actuators which has been carried on the Materials Research
Laboratory at Penn State over the last four years.

{2) BTUDIES OF FATIGUE IN PLZT PHASE SWITCHING CERAMICS

Previous studtes of high strain actuators have explored compositions tn the PLZT
system chosen near to the morphotropic phase boundary. In describing the PLZT
compositions it has become conventional to use the notation X/Y/Z where Y/Z 1s the
ratio of the mole fraction of zirconia to titanta, and x 1s the model fraction of
Lanthanum substituted Into the solid solution. Thus for example on 9/65/35
composition has 65% Zirconia to 35% titania with 8 mole% of Lanthanum added.
For the compositions explored the maximum switchable strain was over 0.5%. The
strain vs field relation is hysteretic, but the strain levels induced are strictly
proportional to the square of the inducing polarization. Thus, by current control it is
possible to "dial” a specific displacement and the actuator can be left remnanent at any
chosen strain level. Compositions and dielectric and strain data from the earlier
study (2) are listed in Table 1 and the compositions identified on the phase diagram in
figure 1.

In any study of the mechanical properties of ceramics at high strain levels, the
flaw population which may initiate mechanical failure is critical since the PLZTs can
be hot pressed to very near theoretical density and good optical transparency,
indicating the complete absence of larger scattering centers with dimensions near to
the wavelength of light, they appear to be an tdeal vehicle for fatigue studies. With the
close comrespondence between polarization and induced strain, strain fatigue may be
monttored by continuous observation of the polarization levels and only needs to be
checked at intervals along the degradation curve.

Initial studies using a 7:68:32 PLZT compositions were however most
disappointing (fig. 2) with the material showing severe fatigue after only some 104
cycles. A first question which must be answered is whether the fatigue is a surface or a
volume phenomenon, does it occur at the electrode:ceramic interface or is it
distributed through the volume of the sample. The simple experiment shown in figure
3 answered the question unequivocally for this initial fatigue. For the experiment a
square cross seciion sample rod was cut from the transparent ceramic, polished and
cleaned and silver electrodes applied to all surfaces. To separate the major surfaces
the edges were heveled leaving two orthogonal electrode pairs (1:2 and 3:4 in fig. 2).
With switching field applied between the 1:2 pair polarization was degraded following
the curve in figure 3b. The field was then transferred to the 3:4 pair, now clearly if
degradation 1s a volume effect the 3:4 fleld will be seeing already degraded material,
however figure 3c shows that the 3:4 electrodes repeat almost exactly the degradation
cycle observed with 1:2, as it they were starting from virgin material. Clearly the
observed fatigue is a surface effect. Switching back to the 1:2 electrode pair the sample
is still fatigued, however, removing the electrode and re-applying brings the sample
back to the unfatigued virgin state.

5
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The strong suspicion is that the problem is at the dielectric: electrode interface,
Roughening the surface to promote adheslon, polishing or even chemically etching
modlified but did not radically improve fatigue (ig. 2). A treatment which did however
eliminate fatigue up to more than 108 swilching cycles s llustrated In figure 4. The
sample was cleaned ultrasonically, then etched in hot phosphoric actd, rinsed and
dried at 500°C for ~ 1 hour (fig. 4a). Etching with air drying (fig. 4b) tmproved the
sample with respect to conventional surface preparation (fig. 4c), but the high
temperature heal treatment was essential to eliminate fatigue (Ng. 5).

Table 1

Dielectric, Polarizatlon and Strain Data for a Number of Spin Glass to
Ferroelectric Phase Swilching Composition in the PLZT Family at
Compositions Close to the Morphotropic Phase Boundary.

Camp [N G K  Ec(kvlem)  Frfuc/em’)  1(107") 00" x_fs,
R/67/33 " 1200 55t 26 bl os 2.3 0l
R/6SIIS" i g 1so AN 16 N 032 2. 0952
LILATAY] (§R} [ER L) 1] 4.7 2 076 1.9 032
T/6%/ 28 1 o 3o 4.3 84 [} n 07
B TA SN 1o 160} 000 b 21} 12 37 0.64
60/ 172 17000 30 6 617 1.2 38 04
7/58/42 (L} 1730 2600 8 22 (] 32 0.39
71%6/18 19 100 2200 10 22 0.94 2) 0.4
6/62/28 194 1K) 2un s n 1.45 4 G.58
6/K0M/ 10y° 4 18000 2000 LK) 295 1.3% 47 0.8?
6/58742 .43 9 . e 0.3
LR 350 [ b b 1600 6 52 n 0.1% 43 0%
5/SR 5141 §5° 6.41 34 1.24 43 059
5756744 83 naia 16 54 0 56
/87743 1.47 32 1.26 30 06
4/55/48 10 ns L 29 Qs

® MTB compositions: 1, Trangverse strain induced at 15 kv/em, 1,0 Longitudinal strain induced 3t 15 kv/em.
2,7 Vransverse remanent stiain, Tt Temp. of diclecuric maximum, K_: Mazimum dielectric constant, K,
Diclectric constant a1 35°C.
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Fig. 1 Identification on the PLZT composition phase dlagram of the
compositions with properties summarized in Table 1. Dots on the diagram
indicate the compositions studied.
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Fig. 2 Early fatigue data for a hot pressed transparent 7/68/32 PLZT composition
using sputtered gold electrodes deposited upon polished, etched or ground
surfaces after conventional cleaning with organic solvents and distilled
water.
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That the degradation effect Is assoctated with a surface impedance is suggested by
weak fleld dielectric studies. Using an 8.4/65/35 composition which has a very high
dielectric permittivity near 90°C Qlyue Jtang has shown that on thinning a
conventionally prepared sample the effective peak permittivity appears to decrease
figure 6: just the effect to be expected If there iIs a capacittve series impedance, If
however the electrode 1s applied immediately after cppropriate heat treatment, there
Is no change in apparent peak permittivity down to less than half the thickness of the
conventionally prepared sample (fig. 7).

A most important question concerns the posstble role of the high perfection of the
hot pressed transparent ceramic. To test the tmportance an almost tdentical 7/65/35%
composition was prepared by conventional sintering ~97-98% theoretical density,
ylelding the nonmal opaque ceramic body. Swilching studies compared to the hot
pressed body now show degradation begins at 104 ~ 105 cycles and 1s severe by 10°
cycles (fig. 8) even though identical electroding procedures were used. Studies have
shown that this degradation {s a volume phenomenon and cannot be restored by
reelectroding.

For the hot pressed theoretically dense samples it may be asked whether the
ceramic grain size Is iinportant in fatigue. The 7:68:32 composition used for the data
in figure 4 had a grain size of order 3 umelers. Heat treating the sample it was possible
lo grow the grains to ~30 umeler. Again it appears that severe fatigue Is induced by 105
~108 cycles of fleld (Ng. 9).

That the fatigue behaviour is a complex overlay of several competing mechanisms
Is evident from studies using 8.4:65:35 compositions. Frequently with this
composition, even though the induced strain at saturation is less than in the 7:68:32
composition, the ceramic often falled catastrophically by cracking after only some
107 ~108 cycles (fig. 10).

(3) LOW TEMPERATURE STUDIES

An Interesting potential application for the hysteretic high strain actuator is in
precise position control for large space based telescope mirrors. For a completely
active system, the power requirements for many banks of position control actuators
could be prohibitive. In the phase swiiching actuator, If the composition is properly
deslgned polarization switching can be very fast, so that banks of actuators could be
serviced by a single power supply which would only be required to update the actuator
against aging and system drift. For such systems however it would clearly be
necessary for the acluator to be tn initimate contact with the mirror, whose surface
would probably be at space ambilent temperature ~100°K, 1.e. - 173'C. Thus it is
important {o know how polarization controlled high strain actuators would behave
al Jow temperature.

In the spin-glass type switching systems it is timportant to explore the freezing
temperature as a function of composition. From such studies which will be reported
elsewhere it was clear that the 9.5/65/35 PLZT and pure lead magnesium niobale
(PMN) would be adequately square hysteretic. For the PLZT, polarization and strain
curves taken at -132°C are shown in figure 11. Clearly strains up to ~2 -5.10°3 can be
retained remanently in this temperature. Pure PMN at -140°C (fig. 12) has a rather
less square hysteresis loop and the strain level is now less then 2.10°3.

In both the PLZT composition (fig. 13) and the PMN (fig. 14) full switching up to
107 cycles only leads to very small fatigue. If the actuator were used in a static
deflection situalion and only updating pulses were applied we believe this level of
fatigue would be acceptable for practical situation. Clearly {f the actuator has to be
continuously exercised across the full strain range further improvement will be
necessary.
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Experimental configuration used to demonstrate that early fatigue is a
surface not a volume related problem.

(a) Square cross section sample of 8.4/65/35 PZT electroded on the
major surfaces, but with the edges beveled to separate 1:2 and 3:4
electrode patirs.

(b) Modification of the dielectric hysteresis and polarization
degradation for flelds in the 1:2 direction,

(c) Modification of hysteresis and polarization with field cycling for
fields in the 3:4 direction. Note that for 3:4 degradation again starts
as if for a virgin sample.

(d Returning field to either 1:2 or 3:4 electrode pairs after fatigue the
sample remains in the fatigued state.
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Fig. 4
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Hysteresis behaviour showing the effects of different surface {reatments on
a hot pressed transparent 7:68:32 PLZT before sputler deposition of gold
electrodes.

{a) For maximum resistance {o fatigue the treatment involves etching in
hot phosphoric acid, rinsing in distilled water then heat treating to
500°C for one hour immediately before electrode deposition.

(b) Fatigue evident at 2.107 cycles afier phosphoric acid etch, rinsing and
drying without heat treatment.

{c) Severe fatigue associated with electrodes applied to conventionally
prepared PLZT surfaces.
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Fig. 5 Comparison of fatigue life for a PLZT 7:68:32 composition with etched and
heat treated surfaces and with conventionally prepared surfaces.
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Fig. 6 Weak field dielectric permittivity as a function of temperature in
8 -4/65/35 PLZT with polished and conventionally cleaned surfaces as a
function of sample thickness. Note that at 100 pm thickness there is

severe degradation of the apparent peak permittivity due to series
capacitive impedance.
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Fig. 7 Weak field permittivity of a similar 8-4:65:35 PLZT composition with
etched heat treated surfaces. Note that there is no evidence of a series
impedance at the surface for samples down to 41 pm thick.
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Fig. 8 Comparison of the fatigue behaviour between hot pressed theoretically

dense 7:68:32 and a conventionally sintered 7/65/35 composition Curves
were laken using the same eleclrode treatments. Damage In the 7/65/35
compositions could not be rejuvenated by re-electroding and appeared a

volume phenomenon,
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Fig. 9 Effects of ceramic grain size on fatigue (a) 7/68/32 PZT with grain size ~3
umeters; (b) 7/68/32 PZT grain grown to size ~30 pmeters.
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Fig. 10 Fatigue in a 7/68/32 composition as compared to that in an 8-4/65/35
composition. Note that the 804/65/35 undergoes lower strain excursions
than the 7/68/32 compeosition, but thouth it has similar grain size and the
same electrode treatment it fails catastrophically by cracking after only
108 cycles.
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(4) SUMMARY AND CONCLUSIONS

For high strain phase switching actuators based upon spin glass like
compositions in the PLZT family it has been shown that the fatigue effects which
limit the number of useful strain switching cycles involve a number of phenomena.

For hot pressed Lheoretically dense optically transparent ceramics, the electrode
structure has been shown to be critical If premature fatigue is to be avoided. For
sputtered gold electrodes, etching in phosphoric acid followed by a high temperature
heat treatment lmmedlatelg before electrode application was shown to yleld fatigue
free performance up to 10¥ cycles. Conventional ceramics of ~97-98% theoretical
density made by conventional sintering could not be made fatigue free. The grain size
and the composition of the ceramiic were also shown {o play a major role (n
determining the lifetime. In general finer grain ceramics as expected had longer
fatigue lifetines, however composition is a more sophisticated variable and faflure
does not appear 1o be directly keyed to strain performance.

Initial low temperature studies have shown that hysteretic (dial-a-displacement)
actuators can be developed {o work at temperatures ~-140°C. Fatigue at 107 cycles 1s
quite small and for simple updating to maintain a near constant static displacement
present materials will be quite adequate.

In many high strain applications it will be necessary to use mulitilayer systems
with cofired electrodes so as to achieve adequale displacements at low terminal
voltages. I will be important to repeal these types of fatigue studies for system with
coflred intermal electrodes.
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Fig. 11 Low temperature polarization and strain cycles in a 9-5/65/35 PLZT.
Frequency 10 Hz, Temperature -132°C, Cycling fleld 30 KV/cm.
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Fig. 12 Low temperature polarization and strain curves in pure Lead magnesium
nicbate (PMN).
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Fig. 13

Fatigue in the 9-5/65/35 PLZT under high field cycling under a frequency
of 160 Hz at -140°C.
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Fig. 14 Fatigue in pure PMN under high cyclic field of 100 Hz applied at -140°C.
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ELECTRIC FATIGUE INITIATED BY SURFACE CONTAMINATION IN HIGH

POLARIZA

TION CERAMICS

Qryve Jing, Wenwu Cao and L. B Cross
Materials Research Labonnory
The Pennsyviviona State University
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ABSIRACK

Recenidy #lectric fatigue phenomenon i fopl polaization cenmgs
has aracted mote and moze attlention because of the developrent of
high strain actuators and ferroelectic memorny devices We repont o
study on fatigne behaviors of hot pressed PLZ T aith composition
T/6R/32 vnder ditlerent sutlace conditons Feis found that the fanigue
occunred at a lew thoasand ol cycles s oy Crosed by
contaminated surface mstead of uansie sttucne e detenoranon For
the same pold electrades, Ciples witls conventonadby ceaned surfice
showed signibicant Lingue within 10% swaiching cveles winde samples
with surfaces clesned by an improvad procedure dud not fatgue even
after 108 switching eycles The mcchanism ot fatigae introduced by
surface contamination is exphaned by iethace degradation beiween
ceramic and electrade.

Moany apphiciions of high polanization ceraomes, such as high
strain actuators and fesroclectte memars devices mvolve repeated
reversals of the polarizanon One cotical Inoaon on the
performuances of these devices ix the Lrpoe associated with repeated
electrical cycling

In 1953, McQuartie s reponed the e dependence of the
P-E hysteresis loop in o Bi'liOveenone e lound that atter several
weeks of switching ot 6z the sguine shaped hysteresis oop was
changed 1o a distnet propetier shape with some obvous decrease in
both the maximm polanizaton ik the remnant polirizanon, Merz
and Anderson 12} studied Fatigue behasior i single BaTiQy crystal,
a gradual reduction of polarization atier a tew mitlion switching cycles
was ohserved and the fatigue behavion was relited to the patterns of
the electric field (sine wave of pulse iun wine). The mnbient
atmosphere was also teported o affect on the sawching stability of
BaTiOy single crystl VYA miore detuled stndy of fatigue was carried
out by Stewart ard Cosenting on Lo Ji doped PZT ceraies 141,
they showed that she poliizanon decrcased tapndiy and was reduced
10 half of s original value alter Sx IO switchimg cyeles They
concluded that the patterns of electie held. the ypes of clectrodes,
and the ambient conditions had no vigmticann eliects on the fatigue
behavior. Fraser and Maldonado B adso wndied the smne La doped
PZT ceramics and reported signiticant etiecis of the electrodes They
found that when indium was osed s elecuode nineial instead of gold
or silver, there wis still RS% of the otigmal remmant polarization left
after 109 switching cycles, but Fatigue occuried mnch faster when
using lead. alunnum, gallium, silver and gold as elecuode material.
Cant 10l observed significant degradation in the La or Mn doped
PLTi6)y ceramics, after only @ few thousand switching cyeles the
polarization dropped to 307 of its original vilue 1ogether with some
increase of the coercive field, and some ciacks were also observed on
the surfaces of the samples vider SEM.

Despite the fact that the fatigne effect is the mimor factnr which
prevents some potential applications of ferracecrrios, only a innted
number of papers hiave been published on this subject. o addition,
these published resulis by dilferent investigators ate often in
contradiction, and there are no satisfactory explanitions for these
discrepancies. Therefore @ systematic study on this subject is needed
in order 10 understand the otigin and mechanism of fatigue behavior.
We report here the firstpadt of an extensive study of the fatigue
behavior an Fa doped lead zireonate nranaetPLZTY ceramic system,
The reason for choosing PLZT cevamnie system is hecause its
reluively low cocrcive ficld, Luge polazaton and sguare shaped
hysteresis foop. Moreover, hot pressed PLZT ceramics we
transparent, therefore have potential applications in non-voluile
memory, electta-nptical, and cletostrictive devices Tnthis paper, the
focus will be on the etfect of surface contimmanon on the fatgae
behavior. We believe that dillerent surface conditions was one of the

CHIORO-0.7803 0465 90233 00 OIEEL

Purk, PA 16802

inain reasons for the inconsistencies of those repotted experimental
resulis.

EXPLRIMENT PROCEDURES

Lanthanum doped lead 2irconate hitanale ceramic speciens
were fabricated from mixed oxides by hot pressing technique The
composition used in this study 1s Phy gilan 02{Z10 68110, 3230 982500
Conventionally, this fonnula is simphfied to a form 7/68/32 according
1o the mole ratio of La/Zi/Vi The average grain size 1s about Spum: At
room temperature 7/68/32 is in thombohedral phase Samples were
first cut into platelets with the areas of about 10 smm? and thicknesses
in the range of 150-300m, then annealed at 600 9C for | hour to
release the mechanical stress generated during cwiting and grinding
processes.

In conventional cleaning procedure, orginic solvents (alcohol of
acetone) wete used 1o rinse the sunples and then the samples were
dried in air at room lemperature. An improved cleaning method used
in our experiments is described as follows: first the camples are
cleaned by conventional procedure, then they are furthes cleaned
ultrasonically in solvent, and finally the sumples we heated ina
furnace for 1 hour at SOO-6GAC. Gold electrodes were sputtered onto
the sample surfaces.

The propertics studied heie are the remnant polarization Py, the
maximum polarization Pp,, coercive field B, and the dielecirsc
constant in depoled staie. High voltage sine wave AC field was used
10 switch the polarization, and the hysieresis loops were measured
though a conventional Sawyer-Tower circuil ikl a Nicolet 214 digual
oscilloscope.

Fig 1 shows a typical result obtained at 10 Hz from a speciimen
cleaned by conventional procedure. One can see that the fatigue
started at about 103 switching cycles, and proceeded very rapidly
between 105 - 108 cycles. The polarization P, dropped to a value
below 30% of the initial values after 100 switching cycles. The
changes of the saturated polarization which was not show here have
similar behavior as that of the remnant polarization Pr. Fig.2(a) and
2(b) are typical hysteresis loops before and after the fatigue test. The
coercive field Ec also increased with switching cycles. We found that
the polarization decrease is alwuys accompanied by the increase of the
coercive field E¢, which is consistent with the results obtained by
other researchers 4151171 Measurements made at the frequencies of
100 Hz and 200 Hz did not show apparent difference.

Fatigue in PLZT imens Cleancd by huproved P T

Fig 3 shows the changes of the polarization and coercive field
with switching cycles for samples cleaned by improved procedure.
The experiment was carricd out at a frequency of 100 Hz. No fatigue
was observed even afier 108 switching cycles. We can see this more
clearly from the two hysteresis foops in Fig.4, which were recorded
at 10% and 2x10® switching cycles, respectively. We can conclude
from these experimental results that the fatigue shownin Fig 1is
purcly extrinsic. i.e., caused by dirty surfuces The actual lifetime of
PLZT 7/68/32 ceramics with average grain size S pm is much longer
than that shown in Fig. 1. For improperly cleined samples, the
organic contaminants are tapped at the ceramic-electiode interfices
During switching, a large electric ficld(15-40 kv/em) was '
continuously applied on the sample, the trapped contannnates will
cause large ficld concentrations resulting a failure of the clectrode
bonding,.

1457




t.2 20
[a]
Z o~
o 4
1.0 1.8
5 S
g 0.8 & q416 D
g o6 414 O
8 a
N o4 {12 H
0.2 110 =
o 1 g
0.0 stamial sanid o sssued s tssialristaid itisnd () B 2.
102 103 10* 10% 10% 107 10
SWITCHING CYCLES
Fig.] The changes of the normalized remnant
polarization Py and coercive field Ec with
switching cycles for a conventionaily cleaned
PLZT 7/68/32 specimen.
(o) pe/em? (b) pe/eml
140 WL“O
[[zo; {20
! + + H |t ] = 4
-2a -0 0] 10 24|20 4 12 24
20+ KViem? 4 .20 Kvrem?
- -40 1-40

Fig.2 Typical hysteresis toops at 103 (a) and 3x106 (b)
switching cycles for a conventionally cleaned PLZT
7/68/32 sample at a frequency of 10 Hz.

Although these experimental results may not be used as a proof
1o discredit the validity of other previous explanations on fatigue in
terms of internal domain behavior, we can at least conclude that the
fatigue in fine grain hot pressed PLZT 7/68/32 is caused by the
improper ceramic-electrode interfice, may be eliminated through an
improved cleaning procedure described above. This finding is
encouraging for miny prospective applications of ferroelectrics.

Yt

Nt

Eield ‘

In fatigue experiments the possible sources of contaminants are:
abrasive residue from grinding process; residue of solvents(water,
alcohol or acetone); waler in the air; residue of the bonding glue from
cutting process; skin grease from finger touch. Without further
cleaning these contaminants are left on the surfuces of specimens, and
being sandwiched between the sample surface and the electrode,
producing a poor interface contact. The effects of solvents and skin
grease were further examined in the following experiments. First, the
simples were etched by 13P04 acid 1o remove the abrusive residues
and skin grease, then the following sutfice treaunents were given 1o
three different samples:

a) sample 1 was washed by water and ucetone, then rubbed both
surfaces by {ingers;

b) sample 2 was washed by water and acetone, then let it dry in
the air;

c) sample 3 was washed by wister and acetone, then heat treated
in a furnace at 500 °C for | hour (free from contimunation).

Fig.5 shows the results fram the fatigue tests oa these smnples
using a 100 Hz sine wave AC field. The remnant polarization of
sample 3 did not decrease at alt after 0B switching cycles, only B¢
increased slightly. The P of sample 2 fatigued w0 85% of its ininal
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Fig.4 Typical hysteresis loops of a sample cleaned by
improved procedure at a frequency of 100 Hz (a)

at 103 switching cycles, and (b at 2* 108 cycles.

value afier 108 switching cycles und E¢ increased about 18%. Sample
1 was the worst amany the three samples, its Py reduced to 30% of
the initial value, and Eg increased 50% atier only 2x 100 cycles. Since
the three samples only dilier in sutface ucannems, these discrepancies
in fatigue results can only be explained in teans of the different degree
of surface contanmunation.

Although the experiments clearly indicate that the fitigue is
initinlized at the intertiace between the suttace and clectrode. The
reactions of organic contmminants under high AC hield # the imerface
are very complicated. A few possible exphianations for what might
have happened at the interface are: I T) elecochemical reaction,
such as tonization of contaminants, seduction of the chemicat
composition near the sample swilace; 2) corasm, high voltage can
ionize water and organics, cousing partial discharge which leads 1o a
tinte related continuous degradation of the dieleciric propenty; 3)
contiact deterioration ettect, resudue of solvents and skin grease
prohibit a direct contact of the metal electrode with the sample surface,
resulting a poor contisct. When i poor contact occurs, o large field is
apphied 1o the contaminang Jayers swhich bas snach smuller dielectric
constani than the samiple, cansing electiochemicad reaction, resuliing
in a partial fatture of the contact

The electrade strface of alatizned sample Gwhich wais cleaned
by conventional methad) wins e xanmned under SEM, and many
regions were found where the lectiade has been separated fron the
ceramic s shown in Fig.6. We believe trom our experimental
observations tha the ¢xplanation 3) above may be the most
appropriate one.

B. The niture of the futigue by sprtace contiunugdion

In order to find the nature i degiee of Gige produced
during fatigue, difterent heat reatents were grven te i baigoed
sample. Table 1 listed the remnant potirizanon Py and the coercive
field E¢ measured after the Latigued simple went through a heat
treatment at 300 0C for 3 hours Ouly pattral iecovery of Py wins
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Table 4.1 Comparison of the remmant polarization (Py) and the
coercive field (Ec¢) for a PLZ'T 7/68/32 sample
under different treatments

Py (pe/om?) E¢ (kv/em)
Before fatigue 27.0 50
After fatigue 6.0 6.8
After 300°C heating 19.2 1.4
After 600 °C heating 22.4 7.3
After removal of 30um 225 1.2

achieved and E. became even larger. The sumple then experienced
further heat treatment at 600 °C for | hour, further improvements
were observed as shown in Table 1. However, the Py and E¢ still
could not recover (o their initial values, which means that part of the
damage in the fatigued sample is pernuanent. In order to investigate
the depth of the damage from surface initiated fatigue, the sample was
then ground off a 15 pm thick layer from each surface and re-
electroded. The measured results (table 1) show no further
improvement, which indicates that the damage has propagated to the
interior of the sample.

Previously, fatigue in ferroclectrics was explained as due 1o the
stabilization of domain walls [HH4IN0] Eyiigue caused by domain
pinning usually can be recovered by heating the samples to
paraclectric phasel41119). In our experiments, total recovery did not
occur even after the fatigued sample has been heated to as high as 600
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Fig.6 SEM photograph taken from the electroded
surface of a fatigued sample.

oC which is 470 °C higher than the dielectric maximum iemperature.
Therefore, the fatigue we have observed could not be due to the
domain wall pinning, instead, we believe thut the intergranular
microcracking is responsible for the non-recovernable fatigue initiated
by surface contamination. Scaming Electron Microscopy was
performed on a fatigued sanpic(Fig 7 a) and aon-fatigued
sample(Fig.7 b) with grovnd surfaces. The simples were eiched
using H3PO4 ncid to remove gold electrodes. On the micrographs in
Fig.7, we can see some of the grinding damages and etch-pits for the
non-fatigued sample, while for the fatrgued sumple we see a lot of
grains without grinding damages and etch-pits. This means that a
whole layer over these grains was pulled out during ewching, which
indicates that the bonding between grains was weakened during
fatigue test. In addition, some cracks around grain bounduries are
clearly visible, but no large cracks were observed either on the
surfaces or on the cross section of the fattgued sample

Fig.8 is an optical micrograph which was taken from 4 fatigued
sample after the clectrode being carefully removed. Muny regions in
the original transparent sample beconie opaque, which indicates that
the nonuniform damage in the fatigucd sample. This non-uniform
damage is due 10 the pantial failure of the electrode caused by the
trapped contaminates.

MMARY AND CON N

A systemiatic study his been carried out on the influence of
surface conditions on the fatigue behavior of hot pressed PLZT
7/68/32 ceramics with an average grain size of Spms. It is found that
the observed fatigue which occurred within 10% switching cycles is
actually caused by surface contamination. These surface contaminates
cause deterdoration of the contact between the ferroelectric ceramic and
the electrode, resulting an inhomogeneous field distribution in the
specimen. Microcrackings are generated at the grain boundaries due to
high electric field concentration. As a result, the applied field then will
be concentrated across those cracks parallel o the electrode, which
cffectively raise the coercive ficld and lower the polarization. The
conventional cleaning method is proved to be inappropriate for
specimens used under high AC fieid. This surfuce contamination
initiated fatigue can be eliminuted though an improved surface
cleaning procedure. Qur results show that the ferroclectric propertics
of PLZT 7/68/32. such as the polarization and the coercive field, can
be preserved for more than 10} switching cycles if the surface
contaminates are removed.

Contrary to some reported results 111101 We found that past of
the fatigue damages are permanent and are throughout the entire
sample. The fatigued properties i.c., the reduced polarization and the
increased coercive field can be partially recovered though heat
treatment, however, a complete recovery is nol possible.

1t should be pointed out that the results obtained here are
applicable only for small grain ceramics, the fatigue mechanism in

large grain systems is different 111,
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Theoretical study on the static performance of piezoelectric ceramic-

polymer composites with 1-3 connectivity
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Inhomogeneous displacement profiles have been derived for a single-rod composite and a
single-tube 1-3 ceramic-polymer composite under both uniaxial and hydrostatic stress. The
effective piezoelectric constants for the composites have been derived in terms of the ceramic
content, the piezoelectric and elastic constants of each component, and the aspect ratio of the
ceramic rod. The stress concentration inside both phases is derived from the calculated
inhomogeneous displacement profiles. It is found that only a finite portion of the polymer in the
vicinity of the ceramic-polymer interface actually contributes to the stress transfer, and the
induced additional stress on the ceramic also has a higher magnitude near the interface. The
theoretical results quantitatively predict the performance of a given 1-3 structure, and can be
used to optimize the design parameters, such as ceramic contert, aspect ratio of th: ceramic
rods, rod geometry and rod arrangement, resin hardness, etc., for 1-3 structures designed for

specific purposes.

I. INTRODUCTION

With the increasing application of piezoelectric com-
posite structures, quantitative description of their physical
properties has become a necessity for proper structural de-
sign. The most frequently encountered piezocomposites are
2-2- and 1-3-type ceramic-polymer composites. The names
of these composites are defined according to their connec-
tivities." In the past, theoretical studies on this subject have
been limited to the isostrain models.’* Although the iso-
strain models can provide some general guidelines, their
theoretical predictions are often larger than the experimen-
tal values.® In addition, the effect of the aspect ratio, which
is proven experimentally to be a critical parametcr in the
1-3 composite structure, is not included in the isostrain
models. After analyzing the essential characteristics of the
problem we have presented in a previous paper a theoret-
ical model for the 2-2 composites.® This model can quan-
titatively describe the effective piezoelectric properties of
the 2-2-type composites. In this paper we extend the model
to address the 1-3-type composites which are more attrac-
tive and have much wider applications than the 2-2 struc-
tures from a practical point of view.

The fundamental physics in the 1-3 composites is the
same as that in the 2-2-type composites. We expect the
displacement profile in a 1-3 composite to be inhomoge-
neous under a prescribed stress field or an electric field
because the two components have different elastic and
piezoelectric properties. The difference between the 2-2
and 1-3 problems is the dimensionality, i.e. one-
dimensional for the 2-2 type and two dimensiunal for the
1-3 type. Besides the dimensionality difference, there are
two more complications in the 1-3-type composites: one is
the geometry of the cross section of the ceramic rod, which
is commonly chosen to be square or circular due to man-
ufacturing convenience; the other is the rod arrangement in
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the composite, which usually is made into square or trian-
gular configurations. Because the rod geometry and the rod
arrangement define the boundary conditions for the prob-
lem, each case must be treated separately. Here we only
solve two simple cases for which analytic solutions exist;
using these two examples we wish to derive the essential
features of the 1-3 structure and demonstrate the general
procedure for dealing with the 1-3 composites. Solutions
for an arbitrary rod geometry and rod arrangement may be
calculated numerically.

The two cases to be treated are composites made of a
single cylindrical ceramic rod and a single ceramic cylinder
with a polymer matrix of finite dimension as shown in Figs.
1 and 2, respectively. One can think of them as the “unit
cells™ of a 1-3 composite. For simplicity, the outer bound-
ary of the composite is also defined to be circular. Obvi-
ously, such a unit cell cannot be used to fill the whole
space. However, it is a reasonable approximation to the
composite with triangularly arranged ceramic rods (for
which the unit cell has hexagonal symmetry) and, as will
be proven later, at low ceramic content the results for the
single-rod composite can even be used for composites with
other rod arrangements.

il. DISPLACEMENT PROFILE IN A SINGLE-ROD
COMPOSITE UNDER UNIAXIAL AND HYDROSTATIC
STRESSES

The basic idea for constructing the static equilibrium
condition is to single out the effective component of the
displacement field. For the single-rod (tube) system as
shown in Fig. 1 (Fig. 2), we choose a cylindrical coordi-
nate system (7,$,2) with the z and directions along the
axis of the ceramic rod (tube) and the radial direction,
respectively, and ¢ as the angular variable. When the ce-
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MATRIX

CERAMIC
ROD

FIG. 1. A single ceramic rod composite of length I The radius of the
composite is R and a is the radius of the ceramic rod.

ramic rods are poled in the axial direction (the z direction
in our calculations}, the stress transfer in the 1-3 structure
only enhances the piezoelectric response of the ceramic
rods in the z direction. Therefore, to a good approximation,
we only need to derive the z component of the displace-
ment field. Following the procedure described in Rel. 6, we
use the ansatz u(r,z) =(2z/1)u(r.l/2), for the z component
of the displacement field; then, under a uniaxial stress T,
the static equilibrium condition for the polymer and ce-
ramic phases can be written in the following form in a
cylindrical coordinate system:

pfl (BPu(rls2) 1 du(ris2) 1 Fu(rl/2)
T( aF trTar TP g )
2y?
=—I-u(r,l/2)——T,, r>a, (ta)
cad (BP0(r0/2) 1 du(nif2) 1 @w(rl/2)
T( a7 trT e TP 3 )
2
==—u(rl/2)-T, r«a, (1b)
1533

where u(r,l/2) and v(r,l/2) are the z components of the
displacement for the polymer and the ceramic, respec-
tively, at the top surface of the composite. 1 and ¥” denote
the shear and Young's moduli of the polymer phase, and

POLYMER
MATRIX

CERAMIC
TUBE 9,

¥
L
A

FIG. 2. A single ceramic tube composite of length /. The radius of the
composite is R, while a, and a, sre the inner and outer radii of the
ceramic tube.
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C4 and s,y are the shear elastic stiffiness and the normal
elastic compliance of the ceramic, respectively.

Considering the composite shown in Fig. 1, the solu-
tion must be independent of ¢ because of the symmetry,
which means that the second derivative with respect to ¢
vanishes. By making the following substitution

u=u(r,l/2)—(ITy/27?), (2a)
p=r/E, &=(/2) {W/2V?, (2b)

Eq. (1a) can be recast to the following zeroth-order Bessel
equation of imaginary argument:

% e,
P 5‘;+p$-p u=0. 3)

Standard solutions exist for Eq. (3) so that the surface
displacement of the polymer phase, u(r,//2), can he ob-
tained using Eqs. (2a) and (2b),

! r r {
() =4Ko(g5) + 80 5) 4 335 75 (>0
(4

where Ky(p) and Iy(p) are the zeroth-order modified
Bessel functions, and A4 and B are the constants of integra-
tion.

Similarly we can obtain the surface displacement pro-
file for the ceramic rod by solving Eq. (1b) using the same
technique,

v(rl/2)=Clo(r/EY+ (I/2)533T; (r<a), (5)

where £ = 1/2 {fsy3c4/2. Note that in Eq. (5) we have used
the boundary condition that v(r,I/2}) is finite at r=0, so
that only one integration constant C remains.

In order to determine the integration constants in the
solutions Egs. (4) and (5), three boundary conditions are
needed. The first one can be obtained from the nonslip
interface condition at r=a, viz.

ul(a,l/2)=v(a,l/2). (6)

The second one is the free-boundary condition at r=R for
the polymer phase,

du(ril/2)

ar =0 M

r=R
{the derivative of u(r,z) along the direction normal to the
unit-cell boundary must always vanish in the composite
structure due to symmetry}. For the single-rod composite
in Fig. 1 we can use Newton's third law to derive the other
condition needed to determine the constants as described

TABLE I. Elastic, piezoelectric, and dielecteic constants of PZTSH' and
epoxy” used in our calculations. €, it the dielectric constant of vacuum.

PZTSH: 5,,=0.0208 (10-* m'/N), c(y=20.0 (10° N/m!), o*=0.31,
dyy =593 (10- " C/N), dy = — 274 (10°' C/N), € = 3400¢q
Epory: ¥ =3.1 (10° N/m?), p = 1.148 (10° N/m’),

=05 €% =35¢

"See Refl. 7.
%See Ref. 8.
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in l.{ef. 6. but for later convenience, we use the following Equation (8) states that the shear stress is a continuous
equivalent but more general boundary condition: function of r across the interface in the nonslip interface

, dul(rl/2) dv(ri/2) composite slructurss.
B3| =Cta—Q3—| - (8) Now the three integration constants 4, B, and C can be
r=a r=a determined from Eqs. (6), (7), and (8); they are

» (D PR (pg) (1 YP—533) T
V(Ysyuf/eu) Lot U () K (95) =1 (05 K (o) ) + 11 (05) U1 (D) Kol o) + K (o) o) ] o

(/2K (PR L () 1/ YP—533) T,
VOPs38/ca) o) L pROK(05) — 1 (pD) Ka (p) ) + 11 (0 U P Ko () + K, (i) Tol D) ) | ov

c U2 PRIK (P01 (D) K (PR ) (1 / YP—53) T
T Ap U (RIK(2) = 1D K (030 1+ (cas/ YPsyudP Y L (p$) LT (02 Ko @2) + K (D) Do) ]

where

pa=a/&, pr=R/E, p,=a/§’,

and Kolp), fo(p). Ki(p). and /,(p) are the zeroth- and first-order modified Bessel functions.

Because of the coupling between the two components at the interface in the 1-3 structure, the total effective stress on
the ceramic becomes larger but inhomogeneous. The magnitude of the effective total stress is the largest at the interface
and becomes smaller away from the interface. The effective induced electric displacement in the ceramic now becomes

{9c)

dyyv(r,l/2)
= i3
Din=dnl'y="—75""

r<a. (10)
From Eq. (10) we can calculate the total bound charge Q produced at the top surface of the ceramic rod,

a .
Q=2r L D(ryrdr=ydyTyyna?, (11)

where

1+ (W) L (p) UL (PR K (08) ~ T () K\ (pR) 1 (1/ YP —s33)
4 V(2sy3/ca)lolo) L (pR) K (02 — T () Ky (0R) ] + V(27 YouP) 1 (o) LT (pR) Ko (P}) + K (R o Pl) }

is the stress amplification factor.

We can see that the amplification factor depends on the elastic properties of both phases, the ceramic content
V,=a?/R?, and more important, the aspect ratio a//. In order to visualize this aspect ratio dependence, we have calculated
the numerical values of Eq. (12) for a PZT5H-epoxy composite using the input data in Table 1. (PZT5H is a trademark
of Vernitron Corp. for its lanthanum-doped PZT product.) The resuits are shown in Fig. 3. Two important conclusions
can be drawn from the results in Fig. 3 as follows.

(i) There is a saturation value for the enhancement effect for any given aspect ratio a//. This is because the stress
transfer effect is limited only to the portion near the ceramic-polymer interface; in other words, only the polymer portion
near the interface actually contributes to the enhancement effect. This point will be elaborated below. This saturation value
of ¥ can be derived from Eq. (12) by taking the limit R - o,

(1)

(13)

i I+ (/YK ((02) ) (p5) (/Y —534)
s Y= T I Ki (o) + W/ T Ly g Ko)

This limiting value depends very strongly on the aspect ratio of the ceramic rod a/l, which may be visualized from ll}e
results shown in Fig. 3 at ¥,=0; it decreases rapidly with the increase of the ratio a/!. The inclusion of the aspect ratio

is one of the novel features of the current model.
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(ii) The y value obtained from the current model is
always smaller than the isostrain result but larger than the
two-phase decoupling result (y= I, which can be obtained
by taking the limit - o for a finite /), depending on the
aspect ratio a/l of the structure. In general, for a fixed
ceramic content, thin and long rods should be used in or-
der to get larger y. The isostrain models actually give the
upper limit for the enhancement factor, which can be de-
rived from Eq. (12) for a finite R by taking the limit /- oo,

AT AT ()
where ¥, and ¥, are the volume fractions of the ceramic
and polynier respectivelv. Equation (14) is just the iso-
strain result.’

In order to see how the stress transfer actually takes
place, the generated additional stress 7,44 inside both the
ceramic and the polymer phases for a single-rod composite

11(p3) (533 Y2 — 1) T3 Ko (p")

is calculated using the parameters from Table 1. For clarity
and simplicity, we assume R (corresponding to
V.~0); then the solutions for the z component of the dis-
placement field inside the composite become

V(Y5307 /ce) Tolp) K () + 11 (pS) Kolph) |

Taa=T{—T3=
dd 3 3 K|(pﬂ)(l/YpS_13—-])r310(Pc)

2z /2
u(’.2)=77§ (AKo(p’)+—);; T,), r>a, (15a)
z . )
v(r,z)=,72~ (Clo(p )+553,T3), reca, (15b)
where
WD PN (53— 1/YP) T,
A= ——— P : ., (l6a)
J( Y Syl /Cu)lo(Pa)Alfpﬁ)+11(Pa)K0(p£)
(1/2)’(](#;)('/”—533)7‘3
C= . — - . (16b)
To(p)K(ph) + (cuo/ Yoss®) 11 (p5) Kol £)
In this case the generated additional stress T, is
r>a, (17a)
(17b}
r<a.

Io(p) K\ (02) + V(ca/ YPsyuP ) (p5) Ko(pD) |

T .44 i plotted in Fig. 4 for a single-rod PZTSH-epoxy
composite with a=0.5, I=2.5 and 5, respectively. We can
see that T,y has opposite signs in the ceramic (r <0.5)
and in the polymer (r>0.5), and the magnitude is the
largest at the interface. There is a substantial increase of
the effective stress in the ceramic at the expense of the
stress reduction in the polymer phase. Because of the dif-
ference between the elastic nroperties in the two phases,
T 4uq Subsides very fast away from the interface in the poly-
mer but changes relatively slowly in the ceramic phase.
Also, we note in Fig. 4 that T4y depends very strongly on

16 1 T T T
14
12
10

PZTSMH-Epory

) PR

| OWR SO

o N A O

A 1 i L

0 0.2 0.4 0.8 0.8 1
Ve

FIG. 3. Calculated dependence of the amplification factor y on the ce-
ramic content for a PZT5H-epoxy composite with the following aspect
ratio: 0/1=0.05, 0.1, 0.2, 0.5, and 1.0. The uppermnst line is the isostrain
result.
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the ratio a/l. With the increase of /, more polymer will
participate in the stress transfer process. Although the
maximum stress magnitude at the interface a=0.5 be-
comes slightly smaliler, the total force transferred to the
ceramic rod, which is the product of the stress and the
surface area of the participating polymer, becomes larger.
We found that the inhomogeneity of the additional stress
becomes stronger as the a// ratio increases.

It is clear from the stress analysis that the most effec-
tive portion of the 1-3 structure is near the ceramic-
polymer interface, especially for relatively large a// ratio.
Therefore, one of the fundamental guidelines for the struc-
tural design of 1-3 composite is to increase the ceramic-
polymer interface area.

We now proceed to calculate the hydrostatic piezoelec-
tric constant for the single-rod 1-3 composite shown in Fig.
{. The boundary condition for this problem should be con-
stant stress on all surfaces of the composite. However, this
boundary condition is not satisfied in the previous theoret-
ical models which assumed isostrain boundary condition in
the axial direction of the rods. Therefore, the effective hy-
drostatic piezoelectric constant of the -3 structure calcu-
lated from the previous models is often much larger than
the experimental values.*’ The simple parallel model and
series model could not give the right result because the
conditions of isostrain in the z direction and equal stress in
the x and y directions are self-contradictory. When stresses
are applied in the x and y directions, the induced displace-
ment in the z direction will be quite different in the ceramic
and polymer phases, due to the difference in elastic com-
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FiG. 4. Concentration of the generated additional stress T,y 88 3 func-
tion of 7 for a single-rod PZTSH-epoxy 1-3 composite under a uniaxial
stress 7. The radius of the ceramic rod is 0.5. The thick line is for /=5
and the thin line for /=2.5. The maximum value of the additional stress
appears at the interface r=0.5, and the signs of the stresses in the two
phases are opposite.

pliance. Although the series model may be used in the x
and p direction, the equal strain model must not be used in
the z direction unless infinitely stiff piates are placed on the
two surfaces of the composite. In order to adequately cal-
culate the hydrostatic piezoelectric constant for the 1-3
composite, one must consider all three dimensions simul-
taneously and the solution should satisfy equal stress
boundary conditions in all three dimensions.

Before we calculate the effective hydrostatic piezoelec-
tric constant of the composite structure, let us discuss
briefly the physics involved in the 1-3 structure. Equation
(1) may be rewritten in the following form:

2 1 , pl (u(rl/2) 10u(rl/2)
()= (T

T+ 4 or +r or
1 d*ul(r,l/2) 8
+;“—*—:—-a¢ )l (18)

where s4,=1/Y? is the normal elastic compliance of the
polymer. Equation (18) tells us that, in the composite, the
effective T ST [in the square bracket of Eq. (18)) is inho-
mogeneous due to the additional stress generated by the

sions, there is no interface enhancement effect, the stress
will still be homogenieous, but the stresses applied in the
directions perpendicular to the z direction can generate
additional stress in the z direction due to the Poisson’s
ratio effect and the difference of elastic compliance in the
two phases. When normal stresses are applied in all three
dimensions, the local strain-stress relation in the z direction
inside the polymer may be written as

2 ! o lr uPl (3u(rl/2) 13du(ris2)
7“("5)"“[ ’*T( F i T o

1 d*u(rir2) , )
+?'__&$)—'—) +53|T|+S3]T2. (l9)

For the case of hydrostatic pressure, T\ =T,=T;=—P,

Eq. (i9) becomes

pfl (3u(rl/2) 13u(ri/2) 1 3u(rif2)
4( aF v AT )

2y 1
where o=+3},/5}; is the Poisson’s ratio for the polymer.
Equation (20) is identical to Eq. (la) if we replace T, with
— (1 =20)P. Similarly one can reach the same conclusion
for the ceramic phase, except in this case we must replace
Ty by —(1—20°)P, with 0°=s5,/s5;.

Now the electric displacement in the ceramic under a
hydrostatic pressure can be written as

Codd (3P 1/2) 1 30(r,1/2)
1 Fu(rl/2)
+p-'—a$r——)l+durn+dszrz
2v(ri/2)
33

Equation (21) tucludes both the Poisson’s ratio effect and
the interface enhancement.

From Eq. (11) the total charge Q produced by the
hydrostatic pressure P can be obtained by integrating Eq.
{21) over the end surface of the ceramic rod,

- 2 .
nonslip ceramic-polymer interface, although the applied Q= —na*(yydy +2dy) P, (22)
stress T, is homogeneous. While in the other two dimen-  where
J
(I/a) 1 {p ) LI (PRYK (o) ~ T (P K (pR) 111 —20)/YP — (1 —20%) s3] (23)

m=l+ J(2s3y/cad Lo UL () K (08) — T (oD K (05) | + V(27 YPuP) T (o) L (pR) Ko(p2) + K (PR ol ph)

is the amplification factor in the hydrostatic situation.
Compared to Eq. (12), the only difference is the inclusion
of the Poisson’s ratio effect, i.e., the two factors (1 —20)
and (1--209).

From Eq. (22) the effective hydrostatic piezoelectric
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constant d, of the composite is therefore given by
di=(ysdy+2dy)) (@/R) =V (yydy+2dy),  (24)

where V_ is the volume fraction of the ceramic. Equation
(24) is plotied in Fig. 5 for several different aspect ratios
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FiG. 5. The hydrostatic piezoeiectric constant ;; as a function of the
ceramic content at a/[ ratios of 0.05, 0.1, 0.2, 0.5, and 1.0 for a single-rod
PZT5H-epoxy 1-3 composite.

for a PZT5H-epoxy composite using the input data from
Table 1. d, shows a peak value for each value of a//; this
peak value appears at about 25% for a//=0.05 and shifts
to higher ceramic content with the increase of a/l. The
peak value increases with the decrease of the ratio a//;
however, there is a saturation of the aspect ratio effect as
one can see from Fig. 5. We found that the curve for a//
=0.05 is already very close to the saturated value; very
little improvement is obtained when the ratio is further
decreased to a/1=0.02. The curves for a//=0.02 and 0.01
are practically the same.

The 1-3 structure also increases the effective piezoelec-
tric charge constant g, because the effective dielectric con-
stant of the composite is reduced. For hydrostatic applica-
tions the conventional criterion for the 1-3 composiles is
the hydrostatic figure of merit which is defined as g, dj.
For the 1-3 structure, it can be written as follows:

__
&s h=(€t‘__€p)Vc+ey

(25)

3000 t T T T T
0.05

2500 PZTSH-Epory

T

2000 01 :

T

1500 7

02 ]
1000 A ]

~. 1

15 2
g d (107" m¥N)

1.0

0 [} L 1
0 0.2 0.4 06 0.8 1

Vg

FI1G. 6 The figure of merit, ;; ; as a function of the ceramic content
with the a/l ratios of 0.05, 0.1, 0.2, 0.5, and 1.0, respectively, for a
single-rod PZTSH-epoxy 1-3 compasite.
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Figure 6 is the plot of Eq. {25) as a function of the ceramic
content at four different aspect ratios for the PZT5H-epoxy
composite using the input data from Table I. One can see
that the figure of merit also strongly depends on the ratio
a/l. In the commonly used range of the aspect ratio, the
hydrostatic figure of merit can be well over 2000 10~ '3
m?/N for the optimized structure, which is much larger
than the conventional piezoelectric ceramics.

Hi. SOLUTIONS FOR A SINGLE CERAMIC TUBE
COMPOSITE

The stress distribution in Fig. 4 tells us that the most
useful parts for the stress transfer are those near the
ceramic-polymer interface, which suggests that the shape
of the ceramic component should be designed to have
larger interface area with the polymer. An immediate de-
sign possibility would be to replace the ceramic rods with
tubes, since for thin wall tubes the interface area can be
substaniially increased as compared to the solid rods for
the same ceramic content. Clearly, from the principle of
stress transfer, the structure will be more effective if the
interior of the tube is filled with polymer assuming no
surface ¢r ing. The unit cell for this case is plotted in Fig.
2. In what follows we only give the results for the filled
interior tube composite. One can easily derive the solutions
for the case of empty interior tube composite following the
same procedure.

As shown in the previous section, the hydrostatic case
may be treated the same way as the uniaxial case for the
1-3 composite systems. Therefore, we only need to consider
the situation of the composite under a uniaxial stress T,
For the tube composite the unit cell contains three different
regions: r < ay; a, <r <a,; and a, <r < R as shown in Fig. 2.
The surface displacement profiles of the composite in the
three regions are, respectively, given by

r lT;
Allo(g“—p)+§-y,'7, r<a,

r r ’T]
B,KO(E;) +B”°(E") +oypr Q1<r< R,

-

(26)

a,<r<ay.

{ r r I
v(r. i) =C|Ko(E) +Czlo(§—() +3 suTs,
P2

The five integration constants in Eqs. {26) and (27)
can be obtained using the same boundary conditions as
given i.. Egs. (6)-(8) at r=ay, ay and R, respectively.
Because the expressions for these constants are lengthy, we
define the following quantities:
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{g=1o(a\/8), ln=Ia,/E). I, =1{a/E),
Koi=Kola\ /&), loi=Ilolay/€), Igz=1Iolar/E),
Li=1(a)/§), Kog=Kolay€), [y=1(ayE),

1d=l|(az/§"), K02=Ko(az/§”), K11=K|(01/§P)

Ay=B17(Kpi—

Kos—AK3) + K\ilgi+1o3—413) | Ty,

SO

Kii=K\(a)/&), Kii=K\(ay/£),

Lr=1,(k/€"), Kig=K(R/E).

In terms of these abbreviations the integration constants in
Eqs. (25) and (26) can be written as

(28)

_BIg[R Iot(llzku—’||K|2)+1||1:2(K0t"oz)+11|Ku(’m+’oz)]TJ

= 1K g~ 11Ky,

(29)

_BKglR 101(1|2K||—111Kn)+11|111(Km*/oz)+111K|z(101+102)]T3

= 1:Kig—1rK13

C)=BIREIG 17— 1)y (Jgi+1os+A13) 1T,
Cy=BIREIo, K i+ 11 ((Koi—

where

Koz —AK3) 1T,

(30)

(31
(32)

RE= Jeu/syp?Y?, A=REU \gKoz+10:Kir)/ (11K iz —11aK12),

and

(1/YP—s533)1/2

T REIg (17Ko3+ A1 11K 3 — ALK\ i + Kyilo3) — 1) (15iKo3 + AlgiK 3+ A iKoi — 103K i)

Similar to the previous section, one can find the total
charge Q produced at the top surface of the ceramic tube
under a uniaxial stress T,

6y 2d33 i 2 2
Q=211J’ 7;;’[)( ,i)rdr=yd33T3rr(a,-—a,). (33)
ay

where

‘/2(‘“/533

y=1+ T, (‘!—T [Ci(a K i—a)K 3)

+C2(02,|§—"a|1|i)l (34)

is the stress amplification factor for the tube composite
under uniaxial stress. One can verify that Eq. (34) recov-
ers the result of Eq. (12) in the limit of a;-0.

In Fig. 7 we have plotted Eq. (34) for a single-tube
composite of =5 and R=5. The ceramic fractions are
0.01, 0.02, 0.05, 0.1, 0.2, and 0.5, respectively, as labeled in
the figure. One can see that for each specified ceramic vol-
ume percentage the y value increases with the increase of
the inner radius of the tube a; at the beginning, then de-
creases slightly after reaching a peak value. For the 1%
ceramic composite, the y value can be increased by as
much as a factor of 2 compared to the ceramic rod com-
posite (a,=0, and for the corresponding 1% ceramic
single-rod composite the a// ratio is 0.1). The slight de-
crease of y for large a, is caused by the gradual disappear-
ance of the outer interface in the structure, as one can see

5820 J. Appl. Phys Vol. 72, No. 12. 15 December 1992

-

that the ceramic tube becomes the outer shell for the struc-
ture when a, is sufficiently large, i.e,, a,=R.

Due to the increase of the interface area in the tube
ceramic configuration, the effective volume of the polymer
that participates in the stress transfer becomes larger. As a
result, more charges are produced for the same ceramic
content compared with the solid rod composite. In other
words, the ceramic tubes are more effective for stress trans-
fer than the solid ceramic rods in the 1-3 composite struc-
ture. In principle, other ceramic geometries can also be
analyzed in the same manner. However, the displacement
field will also depend on the angular variable ¢ for noncy-
lindrical symmetries, which may defy an analytic solution.

IV. SUMMARY AND CONCLUSIONS

A theoretical study has been carried out for the 1-3-
type composites based on the model dcvelopcd in Ref. 6.
As examples, a single-rod and single- -tube composite have
been treated for cylindrical symmetry. Analytic solutions
are obtained for the inhomogeneous surface displacements
in the z direction under both uniaxial and hydrostatic
stress. From these inhomogeneous displacement solutions,
the effective piezoelectric constants of 1-3 composites can
be calculated.
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FIG. 7. The change of the amplification factor v for a single-tube com-
posite with the inner radius of the ceramic tube o, for the following
volume [ractions of ceramic: 0 Jt, 0.02, 0.05, 01, 0.2, and 0.5.

The stress transfer in the 1-3 composites is accom-
plished through shear coupling at the interface between the
two components. Because of the difference in elastic com-
pliance, the two phases cannot have isostrain under uniax-
ial or hydrostatic stress without surface capping. The ef-
fectiveness of the stress transfer can be characterized by a
stress amplification factor y defined in Eqs. (12), (23), and
(34). This stress amplification factor is shown to depend
on the elastic properties of both phases, the cerainic con-
tent, and, more important, the aspect ratio of the ceramic
rods. It is shown that the stress transfer effect practically
vanishes if the ratio a//> 1. We have also demonstrated
that the hydrostatic stress case can be treated in the same
way as the uniaxial stress. However, because of the Pois-
son's ratio effect, the stresses applied in the directions per-
pendicular to the axial direction of the rod reduces the
enhancement effect in the axial direchon. Hence, under
hydrostatic pressure the amplification factor y, is practi-
cally reduced by a factor of (! —20) due to the Poisson's
ratio effect, where ¢ i< the Poisson’s ratio.

Through the sticss analyses, we have shown clearly
that the most effective portion of the polymer {or the stress
transfer is in the vicinity of the ceramic-polymer interface.
Therefore, the optimum design for the 1-3 composite struc-
ture should contain maximum interface area. If the ce-
ramic volume content and the thickness of the [-3 struc-
ture are fixed, the composite made of ceramic tubes is more
effective than the composite made of solid rods due to
larger interface area.

In a real 1-3 compoasite structure the ouiside boundary
of the unit cell is not circular, and the cross section of the
ceramic rode may have square or other geometries, for
which one must solve each case according to the specified
boundary conditions. In general, it may not be possible to
obtain closed form expressions, one may have to resort to
numerical methods. However, at very low ceramic content,
i.e., if the rods are sufficiently far from each other, the
single-rod solution obtained here is a very good first-order
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approxim .tion. Looking at the stress analyses in Fig. 4, we
note that the polymer beyond r=2.5 actually contributed
very little in the stress transfer. This rod distance corre-
sponds 1o a ceramic volume percentage of about 4%,
Therefore, the solutions derived here should be accurate
for any rod arrangement if the ceramic content is less than
4%. We have shown that the calculated piezoelectric con-
stant is comparable to the experimertal result even for up
to 20% ceramic.'®

Through this theoretical study we have gained sub.
stantial insight into the fundamental principles of the 1.3
piezoelectric composite structure, including the mecha-
nism of stress transfer and the influence of the aspect ratio.
Several design principles for the 1-3 structure can therefore
be stated based on the current study as follows.

(i) The ratio a// should be relatively small. However,
one must note that the enhancement of the stress transfer
through reducing the a// ratio has an upper limit. In the
PZT5H-epoxy system (see Fig. 3), if a/1=002, the y
vatue essentially reaches the upper limit. Thus, there is no
benefit in making the ratio a// less than 0.02 for this system
since the decrease of a/! ratio of the ceramic rods often
increases the difficulties in manufacturing 1-3 composites.
Using our theoretical results, one can select the design
parameters to optimize the performance of 1-3 composites
for a specific purpose and at the same time minimize the
cost of manufacturing.

(ii) The interface area between the two phases should
be maximized so that the effective region of the polymer
participating in the stress transfer is maximized.

(iii) From Eq. (14) one may conclude that the passive
phase should be chosen to have the smallest possible
Young's modulus (depending on the requirement of me-
chanical strength for the composite) in order to obtain a
large y. In addition, a larger ratio of the shear modulus
versus Young's modulus for the passive phase is preferred,
which can reduce the self loading of the polymer phase and
increase the stress transferred to the ceramic phase. This
might be achieved through a surface capping technigue.
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STRAIN PROFILE AND PIEZOFLECTRIC PERFORMANCE OF PIEZOCOMPOSITES
WITH 2-2 AND 1-3 CONNECTIVITIES

Q. M. Zhang, Wnewu Cuo, H Wang, and L. E Cross
Materials Research Laborutory, The Pennsylvania State University
Unmiversny Patk, PA 16X02

Abstract: The piczoelectnic performance of 1-3 type composite
depends critically on the stress transfer between the two consutuents
phases. This paper presents the results of our recent investigation
on the elastic and piczoclectric behaviors of composites with 2-2 and
1-3 connectivities. By taking into account the nonuniform straun
profiles in the constituent phases, the theoreucal model presenied
can quantitatively predict the performance of these composites.
Theoretical predictions agree quantitatively with the experumental
results.

Itrodugtion

The quantitative study of the perfonmuance of piczoceramic-
polymer compaosites is an interesbug and challenging probltem. In
the past, & great deal of studies have heen devoted to this subject. !}
Nevertheless, most of these studies are based on the effective
medium theory, where the material propertics in each constituent
phasc are assumed 1o be untform, and the ellecnve nteeeal
parameters of a composite are calculated using erther the pasaliel
model (Voigt averaging) or series model (Reuss averaging).
Atthough these siudies provided general gudetines i predicting the
composite properties, the quanutative predicuons of the effective
material parameters deviate from the experimental observiations in
most cases.

In this paper, we will present the results of our recent study
on piezoceramic-polymer composites with 2-2 and 1.3 type
connectivity 46 Since the most timportant tactor of a composite
structure is the stress transfer between the two constiluent phases,
the key to establish a working model for the composites 15 o
understand how this stress traosfer is reatized. Hlostrated in figure 1
is a 2-2 composite structure in which the ceramic plates and polymer
are arranged paralliel with each other. When subjecied 10 a unaxial
stress, the composite will deform as illustrined by the dashed lines in
figere K(b). For comparison, we have also ploted in the same
figure the deformunon profile sssuming no elastic coupling between
the two constituent phases. The eftectiveness of the stress transter
between the two phases depends on how much the strain in the
potymer phase differs in the two “ituations Jthe area between the
dash-dotied line and the dashed hine in figure 1(b)). This is
determined by the elastic propenties of the constituent phases and
geometric factors of the composite. Clearly, the stress transfer in
the composite is through the shear force and the sutrain 10 both
phases ts not uniform. When the strain is eniforn in the composite,
there is a maximum stress transfer between the two phases. This s
the base for the isostrain model. However, 1o achieve that situation,
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Figure 1: Schematic drawing of the 2-2 composite: {a) strain profile
(dashed line) of the composie from the isostrain model when
subjected to a uniaxial stress; (b) real strain profile (dashed line).
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the shear modules of the polymer phase needs (o be infinuy, which
is not practicat. “This explains why the theoretical calculatons based
on the isostrain model always overestimute the piezoetectnc
response of composites Shown in figare 215 the st prolile for a
1-3 composite manufactured by Fiber Muaterrads, Inc The sirmin
profile was measured by the double bewm buser interferometer
Clearly, the strain i the polymer phiase iy auch simaller than that
expected from the isostrain model  The major advance of our
model is 1o take into account this nonuniformity of the striun profile
in the constituent phases exphiculy  Therefure, this model can make
quantitative predicuons on the dependence of the effective nmatenal
properties of a composite on the properties of its Lonstituent phases
and the sample geometric factors
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Figure 2: Strain profile for a 1-3 compusite measured by the double
beam laser interferometer. Hatched rerons are PZ2T roxds

le 1) 2-2 COMmpOsEs

The cross section of i 2-2 Lunellar ceranne-polymer conposite
is shown in figure 3, where i and d e the dnnensions of (he
ceramice plate and the polymer respectively mthe x-direction, and |,
1s the thickness of the composie m the 2-dneciion The dimeasion
of the composite in the y-directuon s much Larger shan g and d

Under a unusxial stress Ty, both the polymer and the ceramic
arc either streiched or compressed dependimg on the sign of T,
From symmetry constderation, the 2=0 phime tonrror plane) does not
move at all in the z-direcnion. In the neur stal cise, one ¢an assume
the strain 1o be unifonn in the z-direction for any given x
Taking a segment as shown m figure 3 wath unu dengih in the y-
direction (h=1), the 1otal shear torce i the z-direction £s s

: Ea=(L/d) p1 ugadx, 1./2) dx

where u(x, L/2) 15 the displacement pratile at the top surtuce of the
polymer, 1 is the shear modulus of he polymer. o the x-ditection
the composite can move freely amd the stress component an this
direction is therefore zero.  In the y-direction, the polymer is
bounded by the ceramic plines and the 1ot stress i tus direction s
lumped into Tp since we are notmteiesied moihe details of s stess

component.  Fram these combinons, one can write down the
constitutive relanons for this elastuc buxdy
2u(x, 1.2 L.
—-(-vl'vf)=h;,(4uu,,(x,u2)413)os32T2 (1a}
- nh
S;=sul;4s‘,(4 U (xWU2) 4Ty (1b)

where Sy is the y-componcnt ol the strain m the polymer phase, sy
ts the elasiic compliance For the polymier, one hus the relatons

$22=531 and $32/313=-G, wheie 0 s the Porsson's tano. For a 2:2
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Figure 3: A section of 2-2 composite for our analysis.

compaosite with its y-dimension much karger than L, a and d. S3 is
practically a constant and is independent of x. That is, the stzain in
this direction can be modelled by the isosirain approximation.
Combining eqs (1a) and (1b) 10 elinunate T3 yields

2u(x, L/2)
PR 2

If one neglect the stress effect in the y-direction, eq. (1) will be
reduced to

2 ?
= 534100 1 Uk, U2) 45141-0 1T3- 0 S,

2u(x.l2)
L {3)

Hence, the effect of the y-direction stress on the strain in the z-

direction is to modify the elastic compliance s33 to s33(1-02) and to
add an additional constant term (Poisson’s ratio effect) in the
equation. It does not affect the functional form of the equation.
Considering the fact that both Ty and S; are constants, we can make
variahle substitution: v=u+ (L/2) o <3- s13 (1 -0y Ty and equation
(2) becomes

2v(x,L2)
1

L
=S337 R Ux(X U2) 453374

S vyl U2)

bl
=S]3(|-0 )

(4)

Therefore, the strain profile in the polymer phase between the two
neighboring ceramic plates is

2u X ,‘/ 2 Ty
—L—z/\cosh (21—: 2Y/(u(l-c ) +-Y~-082 (5

where A is the integration constint, Y=1/s33 is the Young's
modulus of the polymer phase. x=(}is at the center of the polymer
filling. A can be determined from the boundary condition: A=

I T
Quo/L -TYY + OSz)lcosh([(-: V 2Y/(1-0 ))), where 2uyL is the

strain in the polymer-ceramic interface. For the situation when there
is only one ceramic plate in the composite, the longitudinal strain of
the polymer phase is

. T T
2u/L= B exp(- (—’5%—’-2- % V2o )+ 08y (o)
and (6)

. T
2uwL= B expE¥22 9 A oy cio ) +2-05; (x<a2)

L L
where x=0 is set at the center of the ceramic plnte.

To compare with the theory, several 2-2 composites were
made using PZT-5A plates embeded in spurs epoxy matrix. The
longitudinal strain S3=2u/L of the sample was mapped out along a
path parallel to the x-axis (refer to figure 1) using the double beam
laser interferometer. Presented in ligure 4 is the profile taken from
one of these scans. The solid line in the figure is the fitting using
¢q. (5) for the polymer regions between the PZT plates and eq. (6)
at the two edges of the sample. Clearly, the theoretical curve
describes the data quite well. From (itting the data, one can obtain

the value of Y/(u (1-0 2))=3.35.  For an isotropic medium, we
have the relationship Y/u =2 (1-6). Therefore, from the value of
Y/(p (1-0 2))=3.35, we can derive 0=0 4, which is a reasonable
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Figure 4: Comparison between the experimemally measured strain
profile (dots in the figure) of a 2-2 composite and the theoretical
curves (solid lines).

value for the spurs epoxy used.

Singl 13 .

Although the basic stress transfer mechanism between the two
constituent phases in a 1-3 type composite is similar to that in the 2-
2 type, the problem of solving the strain profile in a regular 1-3
composite is more involved and may be calculated numerically
Here we will only treat one special case, a single rod 1-3 composite
subjected to a hydrostatic pressure, to show quantitatively how
various parameters affect the performance of a 1-3 composite. The
single rod composite is schematically drawn in figure 5, where s
cylindrical coordinate system is used. This configuration is a
reasonable approximation to the composite with triangularly
arranged ceramic rods (for which the unit cell has hexagonsl
symmetry) and at low ceramic content, the results here could even
be used for composites with other rod arrangements.§

POLYMER
MATRIX

CERAMIC
ROD

e

Figure 5: Schematic drawing of a single rod 1-3 composite.

_Similar to the 2-2 composite situation, the force equilibrivm
condéuon for the polymer phase can be written in the following
form

udrU2)

B wdrv2)+ 22, g )5 )

where the meaning of each quantity is similar to that in the preceding
section and p is the hydrostatic pressure. One can write down
similar equation for the strain profile in the ceramic rod. The strain
profile for the polymer phase is therefore given by

2WL = A Ko(/8) + B 1,(t/8) - (1-2 ©) p/Y (8)

where Ko(p) and Io(p) are zeroth order modified Besse! functions.
A and B can be determined from the boundary conditions. From the

2 Y u(r, L2)
L




strain profile, one can calculate the stress transfer between the two
constitucnt phases and hence the effective piezoelectric hydrostatic
strain constant dy:

dh"'vc(Yhd;J*?d;t) (9)

where V¢ is the volume content of the ceramic in the composite, dyy¢
and d3) are the piczoelectric constants of the ceramic phase, and Yy,
is the stress amplification factor:6

[4
S ERILPAK (0 -11(0 JK (P RI(I-20)Y (120 )5 )

‘Yh-li
2 c : [ 20
_:‘34’ PP RK (P )~1i(p JK (p i+ - Lip e K olp JHiolp JK ((p )]

where s33 and c44 are the elastic compliance and the shear constant
of the ceramic, ©€is the Poisson's ratio of the ceramic,

2¥ 2
pr =2 /L) V T and p,° =(2 r/'L)‘V Safa ‘ One can see that

the stress amplification factor depends on the ¢lastic properties of the
constituent phases and most importantly. on the aspect atio of the
ceramic rad. Poltted in fipute 6 is the calonlied results for dy, from
eq. {9) for several different aspect riios for a PZISH-Spurs epoxy
composite. The input dimta can be found in reference 6 Clearly,
aspect ratio of the PZT rod is an important paruneter in detennining
the piezoelectric performance of 1-3 composites.

Shown in figure 7 is the comparison hetween the
experimentally measured dy for a 1-3 composite with 1% PZT
volume content in spurs epoxy matrix and that calculated from
equation (9). The parameters used in the calculation are listed in
reference 6, and dyy and dyq were treated as finling parameters. The
agreement between the experimental result anl theoretical calcutation
is satisfactory.
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Figure 6: The hydrostatic piezoelectric constant dy,. as a function of
the ceramic content at the aspect ratio of a/L:();()S, 0.1, 02,05 and
1.0 for a single rod PZTSI1-Epoxy 1-3 composite.

Conclusions

In general, the respounse of the constituent phases of a
composite to an external field is not unifonw spatially. By taking
into account the nonuniforn strain profiles in the constituent phases,
the theoretical model presented in this paper can quantitatively
predict the perfonnance of these composites. ‘theoretical predictions
agree quantitatively with the experimenta! results

(10)
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Figure 7. Thickness dependance of dy, tor a §.3 compasite wd the
comparisan with the theoretical prediction. The radius of the PZT
rod is 11.405 mm.
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PIEZOELECTRIC TUBES AND TUBULAR COMPOSITES
FOR ACTUATOR AND SENSOR APPLICATIONS

Q. M. Zhang, H. Wang, and L. E. Cross
Materials Research Laboratory, The Pennsylvania State University

University Park, PA 16802

Abstract: The piezoelectric actuators and sensors made of tubular structure can provide a
great agility of the effective response in the radial direction. For a radially poled
piezoelectric tube, the effective piezoelectric constant in that direction can be tuned to be
positive, zero, and negative by varying the ratio of the outer radius (Rg) to the inner radius
(ro) of the tube. For a suitable ratio of Rg/ro, this effective constant can also be changed in
sign or set to zero by adjusting the DC bias field level for tubes made of electrostrictive
materials. Therefore, one can make a piezoelectric transducer with all the effective
piezoelectric tensile constants having the same sign. The end capped thin wall tubes also
exhibit c;xceptionally high hydrostatic response and the small size of the tubular structure

makes it very suitable for integration into 1-3 composite which possesses low acoustic

impedance and high hydrostatic response.




1. INTRODUCTION

The recent advance in the adaptive materials and structures has put increasing demands on
new materials and material structures to broaden the range of material properties provided
by the conventional materials. 1.2 The novel concept of piezocomposites is one such
example which combines two or more materials with complementary properties to expand
the effective properties of the composite beyond those of each individual component.34
With the existing materials, by structure modifications, one can also greatly improve the
performance of devices. In this paper, we will examine the effective piezoelectric
properties of a tubular structure and its composites formed from arrays of such tube for
both actuating and sensing applications. For a radially poled ceramic tube, the competition
between the piezoelectric d33 effect and d3; effect in the radial direction provides a
convenient way to adjust the effective piezoelectric properties in that direction by changes in
the tube radii. The small thickness of a thin wall tube also makes it practical to use field
biased electrostrictive materials for actuators and sensors since only a low terminal DC
voltage is required to produce substantiai piezoelectric activities in the materials in this

geometry.

II. PIEZOELECTRIC RESPONSE OF A TUBE UNDER AN ELECTRIC FIELD

When a radially poled tube is subjected to an electric field along the radial direction, on
the average, the strain in the axial direction equals d31 Em, where d3 is the linear
piezoelectric constant and Epy, is the average field in the material. The response in the radial
direction, however, is complicated. In this section, the solution of the elastic equation for
the tubular structure under an electric field will be presented. It will be shown that with the
same applied electric field, the outer diameter (OD) (or the inner diameter (ID)) of the tube

can either expands or contracts depending on the ratio of the OD to ID of the tube. This




phenomenon is the direct consequence of the competition between the piczoclectric dy3 and
d3 effects, which have opposite sign in producing the change in the tube OD under electric
field.

In analyzing the strain response of a tubular structure under an electric field, it is
convenient to use the cylindrical polar coordinate system, as shown in figure 1. The
symmetry of the problem requires that the ¢-component of the displacement field uep=0.

For a thin wall tube, one can neglect the coupling terms containing both r and z in the

displacement field u and assume u=u(r) r + u,(z) z. Under this approximation, the non-

du, u du,

= =1! =t A .
zero strain component are: Yn™ o Uoo™ 1 and u,,= 32" The constitutive relations for
r z

the tube, therefore, are
Tz=c11 uzz +¢12 ugep+c12 ure3 E
Tr = c11 urr +€12 Ugy+C12 Uzz-€33E n

T¢=C12 uzz +¢11 upg+c12 urenE

where T, Ty, and Ty, are the stress components in the three directions, the cij are the elastic
stiffness constants, the e;; are the piezoelectric stress constants, and E is the applied electric

field within the tube wall in the r-direction . It is well known that the electric field is not a

_ Vv
rIn (Ryfry)

(rgST<Ry). Inequations (1), we made the approximation that the tube is isotropic

constant inside the tube wall and with a total voltage V applied to the tube, E=

elastically to simplify the analysis. The effect of anisotropy will be addressed in the next
section in which we discuss the hydrostatic response of end capped tubes. Both
experimental data, which will be presented later in this section, and the analysis in the next

section show that the errors due to the isotropic approximation are not significant.




Making use of the constitutive equation (eq. (1)) and the static equilibrium condition, we

can derive the basic elastic equations for this problem?

1 -
wa_(l_a_fur)=_9315 s14(1+0)(1-20)
orfor r 1- 2

ou,
—= = constant
dz

where o is the Poisson’s ratio and sy is the elastic compliance. The solutions to eq. (2)

are
b 831V 311(1 +0)(l-20)

U, =ar+—-+
Inp 1-0 (3)

r

and u;=cz
where p=Rg/rp. a, b and c are the integration constants which can be determined from the
boundary conditions: u,;=d31E , where Ep, is the average radial electric field in the tube

2V
(E= Rytro) IRy ), and at r=Rg and rg, there is no external stress on the tube wall
0o

which implies T;=0 at these two boundaries. Substituting eqgs. (3) into egs. (1) and using
the boundary conditions, one can get

a= Ep, ((1-2 6) d33- 0 d31)/(2(1- ©))

b= - ko ro Em (d33 + 0 d31)/(2(1- 0)) (4)

c=d31 En
The strain components for the tube can be obtained from egs. (3) and (4). Here we are
more interested in finding out how the tube outer diameter changes with applied electric
field as the ratio of Ryy/rg varies since in most of the applications, this is the quantity of
interest. Substituting a and b from equation (4) into equation (3) for u; and setting r=Rg
yield the displacement of the tube outer wall u(Rp)

ur(Rg)=Em ((Ro+19) d31 + (Rg- 10) d33 )/2




This equation reveals that u/(Rg) can be changed from positive to zero, and to negative by

varying the ratio of Ry/rg.

To illustrate the advantage of using thin wall tubes for actuator applications, one can
compare the piezoelectric response of a tube with a rod of radius Ry, both of length L
subjected to the same applied voltage V. For the rod, the field is applied along the axial
direction and uz;=d33 V/L and ug=d3; V/L. For the tube sample, one can equivalently
introduce the quantity u/Rq as the effective strain in the radial direction

ur(Ro)/Ro= Em ((1+10/Rg) d3; + (1- 1o/Rp) d33 )/2 (5)
Similar to a rod sample, we introduce the effective piezoelectric constants for the tube as if
it were a rod poled axially,
eff eff

u
u~d33 VAL  and R—; =d3;, VL (6)

where L is the axial length of the tube and V is the voltage applied on the tube wall. From

uz;=d31 Em and equation (5), the effective piezioclecuic constants can be deduced

eff

dy3=d

BT BHR #roInR o)
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317 (Rg*roln(R ofrg)

)

i1, YO To
{(14 Ro)d31+(1' R_o)d33]

For thin walled tubes with L much larger than Rg, which is the case in most of the
applications, both d33¢T and d31¢ff can be exceptionally large. This demonstrates that the
tubular structure has great advantage over the regular ceramic rod for actuator applications.
Besides that, by choosing (1+r¢/ Rg) Id3;! > (1-r¢/ Ro) Id33l, the effective d33 and d3; of
the tube will have the same sign. By adjusting the ratio Ro/ rg, one can also continuously
vary d;r: of the tube from positive to zero and to negative.

To compare with theory, the displacement field u{Rg) and u; of a radially poled PZT-
5 tube were measured using a double beam laser dilatometer.® The ceramic tubes used

were manufactured by Morgon Matroc, Inc., Vemitron Div. with Rg=0.635 mm and




r0=0.381 mm. From the data acquired and using egs (3), (4) and (5), we got d33=289
pC/N and d31=-141.3 pC/N for the tube material. For most of commercially available
PZT materials, the ratio of d33/d3| ranges from 2.15 to 2.3.7 The measured ratio here
(d33/d31=2.05) is slightly below that range which we believe is the result of the
approximations used in the derivation. The effective piezoelectric constants defined in eq.
(6) for the tube, therefore, are d33¢ff=-8180 pC/N and d3;¢ff=-3220.5 pC/N, the two
coefficients have the same sign as predicted by eq. (7) and they are exceptionally large.
The small thickness of the tube wall also makes it possible to use electric field biased
electrostrictive materials for the actuator application since only a small bias voltage is
required here to induce substantial piezoelectric responses in the materials. In the field
biased electrostrictive materials, it has been shown that the ratio of the piezoelectric
constants d33/d3; is bias field dcpcndcnt.8 Hence, for a suitable ratio of Ry/ rg, by tuning

the DC bias field level, both sign and magnitude of d3¢{f of the tube can be varied.

I1I. THE HYDROSTATIC RESPONSE OF END CAPPED TUBES

The availability of small size ceramic tubes makes it attractive to integrate them into 1-3
type piezoceramic-polymer composites for large area applications and to provide more
flexibility for further material property modification. Before a detailed discussion of
composite properties, we will derive the expression for the hydrostatic response of end
capped tubes since they are commonly used as hydrostatic sensor.? As demonstrated in
section II, the ratio of Rg/rg provides a convenient way to adjust the stress sensitivity of the
Sensor.

Similar to the derivations presented in the preceding section, the displacement field of a
tube under hydrostatic pressure, when expressed in the cylindrical coordinate system, is

uyp=0 and u=ufr) r + uz) z. (For an isotropic material, this is the exact form of the




displacement field equations. For a poled ceramic tube, the error in using this form of the
displacement field, as will be shown later, is less than 10%.) Since the tube is capped on

both ends, the pressure field is applied only to the outer surfaces of the tube, eq. (2)

becomes:

aru, du,
= const. and ——=const. (8)
or 0z

The solutions to the equations are:
u=ar+b/r and u,=cz )
The non-zero strain components are:
urr =2 - b/r2, ugg=a+b/r2, anduz, =c (10)

where a, b, and ¢ are the integration constants which can be determined from the boundary
conditions. The boundary conditions are: at r=r,, T; = 0; at r=Rg, T; =- p; and at z=0 and
z=l, the stress in the axial direction is T, =- p Ro2/(Ro2-1o2), where - p is the applied
hydrostatic pressure. For the purpose of comparison, we will determine the integration
constants a, b, and c in eq. (9) for both an elastically isotropic tube and a piezoelectric
ceramic tube. For the later tube, the constitutive relations are:

Tz=c11 Uzz +C12 Ugy+C13 Upr

Ty = ¢33 ugr +C13 Upe+C€13 Uz 1)

T¢=C12 uzz +C11 upy+C13 Upr
where cj; are the elastic stiffness coefficients of the poled ceramics. Following the
convention in the literature, in eq. (11), 3 reefers to the poling direction (; direction), 1 the

;dimction, and 2 the ¢ direction, Substituting the strain components from eq. (10) into eq.

(11) and omitting the term in T, having r dependence, one can obtain a, b, c:
2
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Therefore, the stress distribution in the tube is given by:

pR
T,=—§-—22[1-i;] (13a)

Ry-r, T
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2
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A term ((c12-c13)b/r2), which is less than 7% of the total T,, was omitted from eq. (13c).
Since T, itself is one of the boundary condition used to derive the integration constants a,
b, anc ¢ and is equal 10 - p RgZ/(Ro2-ro2), the appearance of this extra-term in the
expression for T, derived using eqgs. (11) and (12) is believed to be an error resulting from
the approximation made for the displacement field for the tube under hydrostatic pressure.
However, the small size of this error (less than 7%) indicates the approximation is
acceptable.
Fro|m the stress distribution equations, the hydrostatic response of the tube can be
calculated from the relation
D3y=d3 T, +d3 Ty +d5T, (14)
where D3 is the electric displacement in the poling direction. The value of dy can be found
by taking the average charge produced in the inner and outer surfaces of the tube wall and
divided it by the outer surface area of the tube. From eq. (14):
Cfﬁcfz"cfrcl'ﬁ:n Cn-Ci3 To

1 Ro 0
dp=a {dy+ o2 [ 1+ )4 d (13
h 2 { kY] Ro_ r()[ (C13(C 13+C17.) —C“(CI#C:;:Q C33-Cp3 RO] 31}




In eq. (15), we have taken the tube outer surface as the total electroded area to calculate dp,.
Using the elastic stiffness coefficients for PZT-5H,7 for a tube with Rg=0.635 mm and
10=0.381 mm, eq. (15) predicts dy =-657 pC/N or 2.4 d3;. If the radius Ry is doubled
while keeping the wall thickness the same, dy increases to -1786 pC/N. Hence, for thin
walled tubes, an exceptionally large hydrostatic response car. be achieved.

Eq. (13) can be reduced to the stress field of an elastically isotropic tube by using the
isotropic conditions ¢11=c33, c12=c13. It can be shown that the result thus obtained is the
exact solution to the tube stress field and similarly dy can be found by simplifying eq. (15)

using the isotropic condition:

1 R r
dp=g ldpr g7 2+ goldn)  (16)
o

Using the data above for the PZT-5H tube, the value of dy calculated from eq. (16) is
found to be -594 pC/N (2.17 d3y).

Experimental measurements were performed on several PZT-5 tubes (Rg=0.635 mm
and rgp=0.381 mm) with two ends sealed and radially poled (the dielectric constant € for this
group of samples is around 1700 at the ambient pressure). dp was determined by the direct
piezoelectric effect, i.e. by measuring the charge induced on the electrodes of a sample
which is subjected to a hydrostatic pressure. d3; and d33 were measured using a double
beam laser interferometer.9 For this group of samples, dp ranged from -330 pC/N to -400
pC/N and d3; from -140 pC/N to -160 pC/N. The ratio between the experimental values of
dp and d3; (on average) is 2.45 which is very close to that predicted from eq. (15).

Clearly, to make a quantitative prediction of the hydrostatic response of a iubular structure,
one should include the elastic anisotropy in the calculation.

In analogy to the situation discussed in the preceding section, by varying the ratio of
Ro/rg, one can also manipulate the response of the tube to the stress field in the radial

direction. Here, we will use the result just derived for the hydrostatic response of a tube as




an example. From eq. (14), the hydrostatic response of a tube comes from three terms,
one is from the pressure in the axial direction and the other two from the pressure in the
radial direction. The electric displacement D3" due to the pressure in the radial direction is

D3'=d31 Ty +d33 Ty
Using the result of eq. (13) and taking the average charge produced at the tube inner wall
and outer wall, one can obtain the piezoelectric response d* of the tube to the pressure in the
radial direction

Cfﬁcfz‘cilzrclzcn -3 Iy

1 R
d'== (da+ =——( ' =L 1dq) 17
7 Lds Ry-1o 013(013+012)'C11(Cx3+c33‘) c;-C;3 Rg' ! 1

Since d33 and d3; are opposite in sign, one can easily verify that by varying the ratio of
Rg/rg, df changes continuously from positive to zero, and to negative. Taking the
elastically isotropic tube as an example and assuming d33/d31=2.2 in eq. (17), when
ro/Rg=0.375, d' becomes zero. That is, the tube now becomes insensitive to the pressure
wave in the radial direction. Similar to the actuator case, for suitable ratio of r¢/Rg, one can
also change the sign of the effective radial response here by using electrostrictive materials
with different DC bias field levels. This result as well as the result in the preceding section
indicate that the range of the effective piezoelectric properties of the materials can be
considerably broadened by using the tubular structures.

To calculate the hydrostatic figure of merit for this tubular sensor, we notice that in
practice, the quantity dpgn is a measure of the product of the charge and voltage produced
in a unit volume material. For a tubular matenial, its effective volume is nRozL, where L is
the tube length when the end capped tube is regarded as a rod with its radius equal to Ro.

The capacitance of the tube is

2nle e
¢ “In(Rfrp
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where € is the dielectric constant of the material. Since the total charge produced by the
tube is equal to 2rRplLdp and the voltage is equal to this charge divided by the capacitance

of the tube, the effective figure of merit for the tube is

1 Rg Rg Tp .2
dpgn= In(-—)(d33+d 3 ( )(2+-))
h8h 2ec, o 337l RgTo R, (18)

Here, we have used dj, result for an isotropic tube (eq (17)). One can easily find the
equivalent expression for a elastically anisotropic tubes. Clearly, a large figure of merit

can be obtained for a thin walled tube.

IV. 1-3 TUBULAR COMPOSITES

A 1-3 composite consisting of piezoelectric ceramic tubes embeded in a polymer matrix
is shown schematically in figure 2. For the composite discussed here, the tubes are radially
poled and are electroded on the inner and outer cylindrical surfaces, the composite is
electroded on the two end faces. Hence, special arrangements are required to ensure proper
electric connections between the electrodes at the tube walls and the end faces of the
composite. This kind of composite can be used for large area actuator and sensor
applications, as well as smart materials in where both sensor and actuator are integrated into
a single structure. In this section, we only discuss the properties of the composite
associated with the sensor applications.

When tubes are integrated into a 1-3 type ceramic-polymer composite, as has been
demonstrated in our earlier publications, there is a stress transfer between the polymer
matrix and the ceramic tubes in the z-direction,10:11 which is the result of the difference in
the elastic constants between the two constituent phases and is through the shear force in
the two phases. Due to this stress transfer, the piezoelectric response of the tube in the

axial direction is enhanced. To provide a physical picture of how the hydrostatic response
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of a tubular 1-3 composite changes as the elastic properties of the two constituent phases
and their geometric parameters are varied, we will treat quantitatively the composite
schematically drawn in figure 3. This composite corresponds to the tubular composite in
the dilute limit. However, since only the polymer matrix close to the ceramic-polymer
interface participates in the stress transfer, the result can also be applied 10 composites with
finite ceramic content.

The procedure for calculating the stress transferred from the polymer phase to the
ceramic rod is similar to that outlined the earlier publications. 10,11 ynder hydrostatic
pressure p, the surface displacement field u, of the polymer phase in the z-direction should

satisfy the following equation

2
sjuk 0 uz du,
A

) (19)
4 5% ror

2u,
L = Gut2si)p

where p is the hydrostatic pressure, s;; is the elastic compliance of the polymer phase, W is

the shear modulus of the polymer phase, and L is the thickness of the composite in the z-

direction. The solution to eq. (19) is the zeroth-order Hankel function Kg(p) and
2uz_ _(1—20) p
LY

where A is the integration constant and &=L/(2 o 2Y/u), defines the strain decay length in

+ A Kqr§) (¢0)}

the polymer phase. In eq. (20), we have made use of the relationships sj2=-0sj; and
Y=1/s11, where Y and ¢ are the Young's modules and the Poisson'’s ratio of the polymer,
respectively. The total force f transferred from the polymer phase to the ceramic tube is,

therefore

f=Y f mrA Ko(r/E) dr

Two boundary conditions are needed to determine f: the first is that at the ceramic tube-

polymer interface, the z-component of the strain in the two phases should be equal, and the
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second is the relationship between the z-component of the strain in the ceramic tube and the

stress field

2 € ¢
PRy (1-0 ) s¢4 £s1)
w " +

(21)
Ra-rg b4 (R(z)_rg)

where $11¢ and o€ are the elastic compliance and the Poisson's ratio of the ceramic tube

respectively. Eq. (21) can be derived following the procedure outlined in the preceding
section. Hence, the amount of stress transferred from the polymer matrix to the ceramic

tube is

f PR Ao(1-20/(RoYs) - (1-20) S,
mAg A0 LiK(pgAc/ 2K (pPYsSRE)
where Ag=(Ro2-102), po=Ro/E, and K(p) is the first order Hankel function. Since the
polymer phase is subjected to a hydrostatic pressure, the Poisson's ratio effect causes the
reduction of the effective pressure at the polymer faces from -p to -p(1-20). As shown in
€q. (22), this reduces the stress transfer from the polymer phase to the ceramic tube. To

increase the stress transfer, one should choose polymers with small Poisson's ratio. The

total stress in the axial direction of the tube is

PR Ag(1-20)/RAYsS) - (1-26)
T,=- (1+

Ao 4K (pgAJCK (p ) Ys R E)
2
_ PRg
= Ay ! (23)

where v is introduced as the stress amplification factor. In figure 4, we plot y as a function
of the aspect ratio Ro/L for a 1-3 tubular composite made of PZT-5H tube with Rg=0.635
mm and ro=0.381 mm and spurs epoxy.12 Apparently, for thin and long tubes, the stress
amplification factor is large. This result is similar to that obtained earlier for 1-3

composites made from ceramic rods embeded in a polymer matrix.10.11
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Using the results from section 11l and equation (23), one can write down the effective

hydrostatic piezoelectric strain coefficient for 1-3 tubular composites

d L Ry To
dh——R—"O vc(d33+R_O'r_0<l+y+R_D)d31) (24)

where v is the volume content of the ceramic tubes in the composite which is defined as v,
=n Rg%/a, and a is the unit cell area of the composite. For a composite with low ceramic
volume content, 7yin eq. (22) is equal to that in eq. (24). With increased volume content,
the dependence of 'y on the material properties of the constituent phases will become more
complicated and one may not be able to derive an analytical expression for yexcept in some
special cases. In this paper, we will not pursue this further and only point out that in the
composite, there is always a stress transfer between the two phases (y>1). The general
rule for increasing stress transfer ts basically the same as that for the dilute composite case.

In the limit of v = 1, eq. (24) is reduced to that for a single tube when regarded as a

rod with the similar dimensions

a1 L Rg To
di=+— (dyt=—2+:5)d 25
h R() ( 3#R0'l’0( RO) 3]) (25)
Eq. (16) can be converted to eq. (25) by using the area of the tube end (nR02) as the

effective electrode area instead of the area of the tube outer wall. Similarly, one can also

derive the effective hydrostatic figure of merit for 1-3 tubular composites

v R R r
dnBR=—— IO (dp +r (1)) 26)
2ee, 0 o~ fo 0

Asv = 1(Y= 1), the result is reduced to that for a single tube sensor (eq. (18)).

For the comparison, in table I, we present the experimental values of the hydrostatic
response of an end capped ceramic tube, a 1-3 composite with air filled capped ceramic
tubes (air backing), and a 1-3 composite with epoxy backed ceramic tubes. The two 1-3
composites have ceramic tube volume content of 23.3 % . The dimensions of the tubes

are: Rp=0.635 mm, rp=0.381 mm, and L=9 mm. The polymer matrix was made of spurs
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epoxy. For the data in the table, d3; was calculated using eq. (25) for a ratio Ry/L=0.07
where the ratio d33/d3)=2.2 is used. From this d3;, Y was calculated from eq. (26).
Clearly, the ¥ value here is much smaller than that shown in figure 4. One of the reasons is
that figure 4 is for the composite in the dilute limit. The values of y for composites with
finite ceramic content should be smaller. The imperfect stress transfer between the two
phases and the depoling effect of the tubes during the epoxy curing may also be responsible
for this reduction of y. Although the data in table I show that the hydrostatic responses of
the composites tested are not as high as that of the single tube, the different is not very
large. As the volume content of ceramic tubes and other parameters in a composite are
varied, the effective hydrostatic figure of merit for 1-3 tubular composites will change.
Under optimum conditions, one would expect that dyffgneff for a tubular 1-3 composite
will exceed that of a single tube. Further experimental and theoretical work is required to
address this issue. It is significant that the figure of merit of 1-3 tubular composites is much
higher than that of 1-3 composites using ceramic rods.11

If there were no stress transfer from the polymer phase to the ceramic tubes in these
tubular composites, one would find for this 1-3 composite dpeff= 3339 pC/N and
dpeffghelf= 2353 x10-15m2/N, values much smaller than those listed in table I. That these
values are much smaller clearly demonstrates the importance of the stress transfer between
the two phases in a 1-3 composite.

One interesting feature from table I is that the hydrostatic response of the 1-3 tubular
composite with ceramic tubes having epoxy backing does not differ significantly from that
of the composite with tubes having air backing. That is, the presence of epoxy inside a tube
does not change the stress distribution in the tube wall significantly except to transfer stress
in the z direction. This can be understood because the elastic moduli of the ceramic tube are

much higher than those of epoxy. As a result, the ceramic tube wall shields the epoxy
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inside the tube from seeing the pressure in the radial direction. Conversely, the epoxy
inside the tube does not exert significant amount of stress to the ceramic tube wall in the
radial direction. Therefore, the epoxy filled inside of a tube provides an effective way of
enhancing mechanical strength without reducing the hydrostatic response of the composite

significantly.

V. SUMMARY AND ACKNOWLEDGEMENT

In this paper, the effective piezoelectric responses of the tubular structures and
composites including them were evaluated both theoretically and experimentally. When
used as actuators, the effective piezoelectric constant in the radial direction of a tube can be
changed from positive to zero and to negative by adjusting the ratio of Rgy/rg for
piezoelectric materials or the DC bias field for electrostrictive materials. Therefore, the
effective piezoelectric constants along the axial direction and the radial direction can both
have the same sign. For the sensor applications, the two ends sealed tube exhibits
exceptionally high hydrostatic response and analogues to the situation of actuators, the
pressure response in the radial direction can be adjusted by the ratio Rg/r¢ for piezoelectric
materials or the DC bias field for electrostrictive materials. For large area applications,
these tubes can be readily integrated into 1-3 composité structures which provide low
acoustic density and high piezoelectric activity. The effectiveness of the stress transfer
between the polymer phase and the ceramic tube in i-3 composite makes it possible to fill
the inside of the ceramic tube with epoxy which increases the mechanical strength of the
tubular structure without significantly reducing the piezoelectric response of the composite.
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Table I Hydrostatic properties of the end capped tube and 1-3 tubular composites

End capped tube 2,945 -14,330 10,000 -235 1
Composite 2,922 -5,502 6,389 -235 2.11
(air backing)
Composite 2,944 -4,970 5,172 -235
(epoxy backing)
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FIGURES CAPTIONS:
Figure 1: Schematic drawing of a radially poled ceramic tube with outer radius Rg and
inner radius ro, length L. The electric field is applied on the tube wall along the radial

direction.

Figure 2: Schematical drawing of 1-3 tubular composite where the ceramic tubes are
embeded in a polymer matrix. The ceramic tubes are either end capped or tube inside filled

with epoxy.

Figure 3: A single tube 1-3 composite. The ceramic tube is end capped.

Figure 4: The stress amplification tactor ¥ (eq. (23)) for the composite drawn in figure 3
as a function of the aspect ratio Rg/L of the ceramic tube with PZT-5H ceramic tube and

spurs epoxy.
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