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We have examined experimentally and theoretically the resonance frequency of a lead zirconate
titanate (PZT)/brass unimorph disk transducer with a watee) layer on the brass surface. We
showed that the flexural resonance frequency decreased with the presence of a water layer and the
decrease in resonance frequency increased with an increasing water amount. Upon lowering the
temperature, the freezing transition of the deposited water layer was detected when the resonance
frequency of the transducer increased abruptly at the freezing temperature. In contrast to water, an
ice layer increased the resonance frequency and the increase in the resonance frequency increased
with the ice layer thickness. Theoretically, an analytic expression for the flexural resonance
frequency of a unimorph transducer in the presence of atwiage)) layer on the brass surface was
obtained in terms of the Young’s moduli, densities, and thickness of the PZT, brass, @wateg

layers. The theoretical predictions were shown to agree with the experimental resul)020
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I. INTRODUCTION ural resonance frequency of the transducer because a depos-
ited solid layer not only increases the mass per unit area but

Ice formation on aircraft wings, space shuttle fuel tanks,also the bending modulus. On the other hand, a liquid layer
and highway bridges can create hazardous conditions. F&hould decrease the flexural resonance frequency because the
example, ice buildup on the leading edge of a fixed wingpresence of a liquid does not increase the bending modulus
increases the drag and decreases the lift of an aircraft. Disut only increases the mass per unit area of the transducer.
lodged ice can damage the aircraft skin, antennas, or other The purpose of this study was to examine both theoreti-
instruments, leading to catastrophic engine failures if incally and experimentally how the flexural resonance fre-
gested. Such potential hazards have led to the developmegitiency of a flexuralds;-gradient disk transducer changes
of various ice sensing techniqde§such as ultrasonic, laser, due to the solidification of a deposited liquid layer. For the
and time domain. Many of these techniques have the disagsresent study, water was our model liquid system. The result
vantages of high costs, complicated structures, and difficultyf the present study can be readily applied for, say, aircraft
to miniaturize and integrate with the main structure. ice detection. Specifically, we deposited water on the brass

A flexural dg-gradient transducer is a piezoelectric side of a lead zirconate titanat®ZT)/brass unimorph disk
transducer with a gradient in the piezoelectric coefficient,transduce,ﬂ:ig_ 1(a)]. In this case, PZT is the piezoelectric
ds;, in the thickness direction. Due to the axial gradient injayer and brass is the nonpiezoelectric one. Freezing of the
the piezoelectric coefficients;, the transducer undergoes geposited water layer was examined by measuring the reso-
bending when an electric field is applied in the axial direc-nance frequency change in the transducer. The advantage of
tion. For example, a “unimorph” transducer has a piezoelecysing a piezoelectric unimorph transducer is that both actua-
tric layer bonded to a nonpiezoelectric one and thus has ggn and sensing can be achieved electrically. A dual top
stepwiseds; distribution in the thickness direction. The term gjectrode design, i.e., a sensing top electrode separated from
unimorph is used to distinguish from a “bimorph” trans- 4 griving top electrode allowed the resonance to be detected
ducer that consists of two piezoelectric layers bonded to'simply as demonstrated in a previous study with a piezoelec-
gether. The flexural resonance frequency of a flexdedl  tic  unimorph cantilever liquid viscosity and density
gradient, e.g., unimorph, transducer is sensitive to mass agetectot® When an ac voltage was applied to the driving
cumulations  and  bending-modulus  changes in  th&ectrode the converse piezoelectric effect caused the canti-
Fransduce?. Based on the earlier wofka solid layer depos- |ever to vibrate. At resonance, the large resonant vibration
ited on the surface of the transducer should increase the ﬂe)é‘mplitudes gave rise to large piezoelectric voltages detect-
able at the sensing electrode via the direct piezoelectric
dElectronic mail: shihwy@drexel.edu effect.

0021-8979/2002/92(1)/106/6/$19.00 106 © 2002 American Institute of Physics

Downloaded 12 Jul 2002 to 128.112.140.74. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 1, 1 July 2002 Li et al. 107

to+ t; —> z with a solid layer of thicknesg,, on the top of the brass
& —> p E Ice layer [see Fig. 1a)] and assuming perfect bonding between
th—> pb Eb Brass the deposited solid layer and the brd3scan be obtained by
—»
_tg Pe Ep PZT 0 t
—> D,_f Ep(z—t,)2dz+ fo Ep(z—t,)%dz
“'p
- L > th+t
T TN @3
(a) b
tot+ t,—> z where z is the position variable in the thickness direction,
pi Water and
t, —>
ta —> po Ep Brass . Epth+ Ei(t7+2t;ty) — Eot] @
£ Po Ep PZT " 2(Ei + Eptp F Epty)
the position of the neutral-strain plane as determined by the
- L > condition that the total bending stress in the transducer is
zero, i.e.,
(b) 0 z—t t  (z—t et (z—t
f ! n>+f e, n)+J e _go
FIG. 1. A schematic of the cross section of the PZT/brass unimorph disk —tp r 0 r b r
transducer with(@) an ice layer andb) a water layer on the brass surface. (5)

with r being the radius of curvature. Pluggibgin Eq. (3),

Theoretically, analytic expressions were obtained for thethe bending modulus per length can be obtained as

resonance frequency of a PZT/metal unimorph transducer in  D;=[E3ts+ Ejtg+ EZt{ + 2E Ept,ty( 25+ 2t7+ 3t ty)
presence of an icéwatep layer on the metal surface. The

2 2 2
theoretical predictions were shown to agree with the experi- + 2B Eitpli (267 + 25+ 3titp) + 2B Eitpli (21
menta_l results. In add|t|or_1 to S|mp_le electric actuation and +2tk2)+3titb)+12EpEit titp(t+tp+ tp) VA2 Eyt,
detection, a PZT/metal unimorph disk transducer can also be
easily miniaturized, mounted on, and integrated with the + Eptp+ Eptp). (6)

main structure. With a solid layer, both the bending modulus per lengith,

[Eq. (6)] and the mass per unit area, [Eq. (2)] increase
Il. THEORY with an increasing deposited layer thickness. The mass per
A. With a solid layer unit area, m, is I?near in the deposited_ layer thickness
whereas the bending modulus per lendh, increases more
Consider a circular disk transducer composed of thregapidly with the deposited layer thickndssee Eq(6)]. Con-
different layers: a piezoelectric layer of thickness, den-  sequently, deposition of a solid layer will result in an in-

sity, pp, and Young's modulusz,, a metal, e.g., brass, layer crease in the bending-mode resonance frequency.
of thicknesst,,, density,p,, and Young’s modulus,,, and

a solid, e.g., ice layer of thickness,, density, p;, and
Young’'s modulusk;, deposited on the brass surface as sche
matically shown is Fig. (8). In this design, the brass layer When a liquid, e.g., water layer of thicknegsis depos-

not only served as the nonpiezoelectric layer of the unimorplited on the brass side of the transducer as schematically
but also protected the piezoelectric layer and the driving anghown in Fig. 1b), the liquid layer contributes to the mass
sensing electrodes from the environment. The bending-modeer unit aream, as

resonance frequency of a transducer can be writtén as

B. With a liquid layer

) m=pytp+ pptp+ putn, )
2)\ D . . o o
== e (1)  Wherep, is the density of the liquid. Because the liquid layer

has no rigidity, it does not contribute to the bending modulus

where\? is the eigen value that depends on the geometryer length of the transducer. Denoting the bending modulus
and boundary conditions of the transdudeis the diameter ~Per length of the transducer with a liquid layer Bg, D,

of the transducei) is the bending modulus per length of the can be obtained by

transducer, andn is the mass per unit area obtained as

M= pptp+pptp+pit;. (2
The bending modulus per length depends on the Young'svhere
modulus and thickness of each layer. Because the deposited E2_E {2
solid layer is rigid, it contributes to the bending modulus as ___bth Tpp
well. DenotingD; as the bending modulus of the transducer " 2(Eptp+Eptp)

tph

Dy= fo Ep(z—ty)%dz+ fo Ep(z—t,)%dz, (8)

P

C)
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TABLE I. Properties of PZT, brass, water, and ice used in the calculations of
the resonance frequency of the PZT/brass sensor with or without a water/ice

layer.
Young's modulus Density  Thickness Diameter
(GPa (kg/n) (cm) (cm) A
PZT 62.3 7500 0.0254 4.0 9.2
Brass 118 8900 0.0127
Water 0 1000 Vary
Ice 10 900 Vary
#Provided by the manufacturers.
PE. M. Schulson, J. Miner. Met. Mates1, 21 (1999.
is the neutral strain plane obtained by solving
0 (z—t,) ty  (z—t,)
f E 4 +f Ep, " —o. (10)
p
_tp r 0 r

Plugging Eq.(9) in Eq. (8), the bending modulus of the
transducer with a liquid layer can be written as

_ Eptp+ Bty 2B, Eptpln(265-+ 265+ 3t tp)
w 12(Ept,+Epty)

(11)
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FIG. 2. A schematic of the PZT/brass unimorph transdueeriewed from
the bottom PZT side antb) viewed from the side.

glued to the brass sheet with the bottom electrode facing the
brass sheet using a conductive epoxy from GC Electronic
(Rockford, IL).

While the resonance frequencies of a piezoelectric trans-
ducer can be determined using an impedance analyZer,
with a sensing electrode separated from the driving elec-
trode, the resonance frequencies can be obtained without an
impedance analyzer. To generate bending oscillations in the

Thus, with a liquid layer, the bending modulus per length ofPZT/brass unimorph transducer, an ac electric field was ap-
the transducerD,,, does not change with the liquid layer plied at the outer ring electrode. The lateral stresses in the
thickness while the mass per unit area increases with an if2Z1 layer associated with the bending movements in turn
creasing amount of liquifisee Eq.(7)]. This indicates that 9ave rise to induced electric fields detectable as voltage dif-
the bending-mode resonance frequency should decrease wiffénces between the dot sensing electrode and the brass.
an increasing amount of deposited water. Therefore, a flextVhen the frequency of the driving electric field matched one
tensional transducer, quite unlike other techniques, not onl¢f the bending-mode resonance frequencies of the unimorph
can detect the presence of a layer on the transducer surfafi@nsducer, the induced voltage at the sensing electrode was

but also can distinguish whether the deposited layer is a soliff@ximized. Thus, the resonance frequencies of the trans-
ducer can be determined by monitoring the output electrical

or a liquid. : g ) )
signal at the sensing electrode. With this approach, the reso-
nance frequencies of the transducer can be easily determined.
IIl. EXPERIMENT The advantages of such dual electrode designs include

simple electrical detection, potential for integration with the

In the present design, the flextensiondd;-gradient microelectronic circuitry forin situ resonance-frequency
transducer was a PZT/brass unimorph disk. The piezoelectrimonitoring, and large driving voltages that can also be used
PZT (APC PZT-857 disk, approximately 0.0254 cm thick to melt the ice when de-icing is desired.
and 3.0 cm in diameter with silver-paste electrodes on both A schematic of the experimental setup is shown in Fig.
sides, was purchased from APC International Lidack- 3. The brass rim of the PZT/brass unimorph disk transducer
eyville, PA). The APC PZT-857 is a soft PZT with a compo- was firmly clamped with a cylindrical brass holder with an
sition near the morphotropic phase boundary. The brass lay@pening about 4.0 cm in diameter. The surface of the brass
was an Alloy 260 brass she@ticMaster-Carr Supply Com- holder was wavy to ensure the brass rim of the disk uni-
pany, Dayton, NJwith 0.0127 cm thickness and a 4.5 cm morph transducer was firmly clamped by the brass holder.
diameter. The material characteristics of the PZT and that oThe PZT side of the transducer was facing down for protec-
the brass were taken from the data sheet provided by th&on and the brass side of the transducer was facing up to
suppliers and listed in Table I. Prior to bonding the PZT layerhold the deposited material, e.g., water or ice. A functional
to the brass, the PZT disk was first poled with an electricabenerator(Tektronix TM 5006, FG 501A 2 MHz function
field of 2x10° V/m at 110 °C in transformer oil. After pol- generatorwas connected to the outer ring electrode to pro-
ing, the top electrode was refashioned into a ring-and-dotide the driving voltage for the bending oscillation. A dual-
pattern as schematically shown in Figga)2and 2b). The  channel digital oscilloscopéHP 54600A was connected to
central circular electrodéhe doj that was about 0.4 cm in the central sensing electrode to detect the piezoelectric volt-
diameter served as the sensing electrode. The outer electrodge induced by the bending vibrations. When the frequency
that was shaped like a rin@ghe ring served as the driving matches one of the bending-mode resonance frequencies of
electrode. The silver paste between the central circular elet¢he transducer, the induced voltage at the sensing electrode
trode and the outer ring electrode was chemically etched tawvas maximized. To avoid heating the transducer, a small
create a gap about 0.2 cm wide. The PZT disk was theuriving voltage of 1 V peak to peak was used for the experi-
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PZT FIG. 4. The first flexural mode resonance frequency of the PZT/brass uni-

morph vs the water thickness at room temperature.

PZT layer. In the present experiments, the PZT layer was
smaller than the brass. The transducer was clamped at the
= brass rim instead of the PZT riisee Fig. 3 and the diam-
eter of the clamp was slightly larger than the diameter of the
2 Brass Holder . : .
Oscilloscope PZT disk(4 cm) to avoid cracking the PZT layer. These were
not exactly the clamping conditions for the ideal eigen value
A2=10.2 where the unimorph should be clamped at the PZT
rim. To take into account of the present slightly different
Function Generator clamping conditions, we allowed the eigen value to be dif-
ferent from\2=10.2. It was obtained by fitting the calcu-
lated resonance frequency of the bare transducer without wa-
FIG. 3. A schematic of the experiment setup. ter to the measured value and is listed in Table | along with
other physical properties used in all subsequent resonance
ment. The driving voltage can be increased to 30 V in thefrequency calculations. Figure_4 C'e?‘r'y shoyvs that the reso-
present setup. An Isotemp refrigerated circuldisher Sci- nance frequency decreased with an mcreasmg.amount of wa-
entific Isotemp refrigerate circulator model 90@as used to ter and that the calculated resonance frequencies of the ”a'.”s'
control the temperature. The transducer was placed inside th%uc.:er with water agreed with the measured_ ones. This
cavity formed by the copper coil of the refrigerate circulator.md'cates. that Fhe, resonance frequency O.f a unimo ph trans-
A T-type thermal couple connected to a digital thermal metelducer. with a liquid layer on the metal side can indeed be
(Fluke 2190A was placed right above the transducer surfacedescr'bed with Eqs(l), (), and(ll)._
to monitor the temperature change in the transducer. Th Aiter a water layer was deposne_d on the brass surface,
brass surface of the transducer was cleaned with detergeﬁ}e temperature was lowered. The first-mode flexural reso-
and water before the experiment, nance frequency_of the tran;ducer was reco_rded at various
temperatures during the cooling and the heating cycles. Fig-
V. RESULTS ure 5 shows the resonance frequency Versus tgmperature with
' 700 wul of water (about 0.56 mm thick deposited on the
The first bending-mode resonance frequency was firstransducer. Also shown is the resonance frequency of the
measured at room temperature without water. Variousinloaded transducejopen squargsfor comparison. Apart
amounts of water were carefully deposited on the brass sufrom the underlying increase in the resonance frequency with
face of the transducer using a micropipette. The bending decreasing temperature, which may be attributed to the
resonance frequency of the transducer with water was medacrease in the Young’s moduli of both PZT and brass with a
sured. Figure 4 shows the measured resonance frequency adcreasing temperature, there was an abrupt increase in the
the PZT/brass transducer versus water layer thickfmssn resonance frequency from about 1500 to about 2400 Hz
circles. Also shown are the calculated resonance frequencieshen the apparent temperature of the water covered trans-
(dotted ling where the mass per unit area and the bendinglucer was lowered below 2 °C. The sudden increase in the
modulus per length were obtained using E8.and (11), resonance frequency signaled the freezing transition of the
respectively. An effective eigen valu>e§ﬁ=9.2, was used for water layer. With a water layer, the resonance frequency of
all the calculations, which was about 10% smaller than thehe transducefopen circles during cooling and filled circles
ideal eigen valuex?=10.2! Under ideal clamping condi- during heating was lower than that of the unloaded trans-
tions, i.e., the transducer should be clamped at the rim of thducer (open squargsat the same temperature. The water
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2800 r T cycle. Clearly, the measured resonance frequencies agreed

L1 unioaded | with the calculated ones, indicating the validity of using Egs.
@ heating . .
_______ O cooling (1)—(6) for calculating the resonance frequency of a uni-
D9 morph transducer with a solid layer such as ice deposited on
the metal surface. As can be seen from Fig. 6, the resonance
2000 |- J frequency of the transducer increased with an increasing ice
Ay . layer thickness due to the increased bending rigidity. (6)]
: melting . . N
by a thicker ice layer. This is in contrast to the case where the
1600 |- N transducer was loaded with water that had no contribution to
EDO ------------ %&O ] the bending modulus. The water layer only increased the
1200 . ) - mass of the transducer, causing the resonance frequency to
-5 0 5 10 15 decrease with an increasing water layer thickness.
Temperature (°C) The thickness sensitivity could be obtained as the slope
of the fractional change of the resonance frequency with re-

FIG. 5. The first flexural mode resonance frequency vs temperature for thepect to the thickness chartge
PZT/brass unimorph transducer with 7@Dof water deposited on the brass
surface. The background line is the resonance frequency of the bare trans- 1 dfr 1d fr

ducer vs temperature. S= f_r d_t3 ~ m d_t3 ) (12

2400

5

f(Hz)

freezing

wheredt; anddf, refer to the small change in the deposited

layer possessed no rigidifzero Young’s modulus the de-  layer thickness, and,, is the resonance frequency of the
crease in the resonance frequency due to the presence lre transducer. For the present transducer with a 0.254-mm-
water was attributed to the mass effect of the water lfggr ~ thick PZT layer, the ice thickness detection sensitiviy,

(7)] as we have shown in Fig. 4. As the water layer transWwas about 1.5 Hz/Hz/mm at an ice thickness of about 1 mm
formed into ice, the transducer’s bending modulus increasednd the water thickness detection sensitivity was abdutl
abruptly[see Eq.(6)] and, hence, the resonance frequencyHz/Hz/mm at a water thickness of about 1-2 mm.

The resonance frequency change due to the freezing transi-

tion of the water layer was reversible. Upon heating, the

resonance frequency of the transducer with an ice laye¥. SUMMARY

dropped abruptly from about 2400 to about 1500 Hz as the
apparent temperature was increased above 4 °C, signaling t'P&
melting of the ice layer. The slight temperature hysteresi
between the freezing and the melting cyclabout 2 °C in
the example shown in Fig.)5ncreased slightly with an in-

We have examined experimentally and theoretically the
onance frequency of a PZT/brass unimorph disk trans-
Yucer with a watefice) layer deposited on the brass surface.
The presence of a water layer decreased the resonance fre-
: . quency and the decrease in resonance frequency increased
creasing water thickness. with the water amount. We showed that a PZT/brass uni-

In Fig. 6 we plot the resonance frequency with respect tCfnorph transducer could easily distinguish a deposited ice

the tdtehposned |ceo:ayer th'CkniSS wherg filled dstﬂuares repr‘?éyer from a water layer. The freezing transition was detected
sentihe measured resonance frequencies and the open C'rcﬂ)‘ilsmonitoring the resonance frequency with respect to tem-
calculated values using Egil)—(6). For a given ice thick-

Perature. As the temperature was lowered, the resonance fre-
ness, the resonance frequency was measured when the

I st f t d 0°C during th i &ﬁency of the transducer increased abruptly as the deposited
ayer was just formedat aroun ¢ during the cooling water froze into ice at the freezing temperature. In contrast to

water, the presence of an ice layer increased the resonance
frequency and the increase in resonance frequency increased

6000 ————71————— T ™11 "1 " T 17 . . .
with ice thickness.
B calculated . . .
5000 - O measured = i Theoretically, an analytic expression for the resonance
I O ] frequency of a unimorph transducer due to the presence of an
4000 F ] ice (waten layer deposited on the brass surface was obtained
N A - | in terms of the Young’s moduli, densities, and thickness of
EE 3000 ™~ ] the PZT, brass, and iqgvaten layers. The theoretical predic-
= o] | tions were shown to agree with the experimental results.
2000 | o 4
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