[ G . 16196, S - 02 [l

FRO4 s MAL 10 : 16

‘ ‘. To appenr ih teview of in QNDIS Vol 6, 4 unswick, 1806

MEASURING THE TINCKNESS AND BLASTIC PROPERTIES OF KLIECTROAC
TIVE THIN-FILM POLY MRS USING PLATEWAVE DISPIERSION DA'TA
A, I8l-Azaby, Ajit K. Mal

Mechanieal md Aerospaco Bugisiecring, Depratinent,
Cnlifornia H0UUY5- 1047

University of Californin, Liox Angolas

?

Yoseph Bor-Colien, Shyh-Shinl 1il
Jet PPropulsion Lsboratory, California Institule of ‘Technolop
Pwsadenn, CA 91100

INTRODUCTION :

Plectroactive thin-film polymers ave candidate sensors and actuators materialg
[1,2]. They nre also finding a significant, potential for applications in muscle mecha-
nigms and micro-clectro-maoechanical systeis (MEMS), In these applications, polymer
thin films of hickness varying between 20 and 300 wmicrometer are utilized. Actun-
Lion of these polymers is attributed to piczoclectric, clectrostrictive or clectrostatic
effects. Recent investipations suppest that polymers may produce strietion which can
bie stropger than that, delivered by clectronetive ceramices. Such response may be
produced by polymers witl isotneticity o1 syndiotacticity moleanlar structure, where
tacticity is the position of a pendant polynier gronp with a strong dipole moment
(it is momnted on a hackbone polymerie chain,

Volymer thin fihng undergo thickness chinnges ander the action of electric fickd.
These changes ave lincar if the iaterial’s response is piezocleetric and arve quadratic
under clectrostrictive or dectrostatic actuation. In addition o thickness changes, the
film vibrates as a plate structure [3) and in some eleetrostrictive polymers the elnstic
propertios are dependent upon the dectrice field itsell. Measuring, the film thickness
and its chanpes during activation while distinpaishing between the thickness value and
the amplitnde of filn vilration s a diffienlt task, Teadmigues sucl as interlerometry,
eddy- current and eapacitance yield information aboutl the loeation of the top surface
of the (il asswuning that the veay swrlace stays stationary.  Ulrasonic pulse-ccho
offers an idenl tool for simultancous determination of the location of the {op surface,
i, vibeation amplitude, and the il thickness, However, to obtain an acceptable
resolution Jor H0 Lo J00-micrometer thin filims G is necessary (o use frequencies in the
romge of B0-MHy or above, which is beyond the ecapahility of conventional nltrasonic
systems,
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Plate wave measivements offer the capability to delermine the thickness of Ghin
films using, much lower freguencies and to obtain sipnificantly ligher resolution thsn
that can be oblained by pulsc-ccho Lechimigue at shmilar frequencic
using digpersion curve measurements one cin nlso determine Uie elastic congtants of
the film, thus allowing, investigation of the dectrostriction hehavior of polyiner and
determinntion the actuation foree that the polyimer induce,

The authors we crently studying the polentinl nse of plate wave dispersion
curve measuremments ns an cflective ganging tool for clectroactive thin il polymers.
In this commmmication, we briefly deseribe application of 1his technigue Lo measure
the modulit and thickness of elecetroactive polymer (i filime and disenss some of the
preliminary results. A weries of polymer thin films are used in the present study; a
Vo s PMMA - (il and 8070n and 23000 thin polycthylene {erephthalale filins,
The digpersion curves ave measured for these materials and nninversion algorithm
applicd to determine the thickness and clnstic constants,

. Inuthermore
)

EXTPERIMENTAL

The experingental techmigue is hased on leaky Laonl wave (LLW) theory, The over-
all experimental setup s deseribed in prior publications 4], and is bricfly swnmarized
here, The tecdmigue emplays a pair of (ransmitting and receiving transducers in &
pitch-calelr arrangement, where (he fransducers are flal, innnersion 20M1z, 0.125-
inch diameter. A computer controlled sctup which nllows to arliculate the augle of
incidence from 12 to 80 degrees is ntilized. The recciving, transducer ig placed at the
noll zone of the deaky Jamb wave ficld. A incidence angles from 13 (o 45 degrees af
increments of .26 degree, the freguency ix varied in the range of 3 (o 30 Mz and

the minima of the reflection spectra are acquired.

The Jocation of the minima in the reflection spectral response nre identified by
a software algorithim that distinguishes bebween noise and modes. Cerlnin scloction
ariteria ave enforced to climinate falsely wcaswed modes. A plot of the frequency of
the various plate wave modes as a foncetion of the phase velodity is defined as the fihn

of using, LEW mcasurenments of the thickness and clastic constants of polyier thin
filmg, water was used as a convenient conpling medinnn, 1o fubare investigations
where eleatric field will be applicd (o stady the electroactivation behavior, water will

he veplaced by a silicon oil couplant. (o avoid potential dlectrolysis.

LEAKY LAMI WAV DATA :

"The phase velocity, v, is determined in torms of the angle of incidence uging Snell’s
Iaw, o+ oo/ sin(0), where o ig the acoustic wave speed in the coupling medinm, and ¢
is the incidence amgle. ‘The frequencies st which refleetion minhma ovenr nre associated
with the platewave modes. Al these frequencics, the rellection cocticient R s zoro;
R itsell miny be expressed in {he Jorm

I Blw, v ey eg)h (N
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Pigurve 10 Digpersion dala for 80 and 230 jon thin polycthylene terephthalate films,

where wois the cranlar frequency, ¢ and cp arve the - and S-wave speeds of the film
material, regpectively, and fris the filn ihickness. Mathanatical detnils we found
clsewhere; see {or example (5],

Examples of raw data are shown in 1ips. 1 for two thin polycethylene fevephthalate
{ihne whose thicknesses ave 8an and 2300m. 1L s Lo be noted that not 4l of the
dispersion curves are measured in a single experiment. Aldo, the acquired frequency
minimas ol (he refleceted spectrum may s6i)) be subject 1o some experimental errors,
which does not ocenm very often. i principle, carefnl sereening of the data should
lead Lo deteetion of ervoneous dala points, i.c., o good judgment as Lo which dnatn
points should be used for inversion is always required. "The data shown in g, ]
for the 801 fihn are clown, and only some of which are used to recover the thin
film parameters; thickness and clastic propertics, For the 2307m filn |, however, o
part of the data is rejected, which aither represent noise or ocenr ina zone where the
dispersion curves representing, diflerent modes wre very close ta cach other,

T INVERSION ALGOIRITIM
Leaky Lamb wave measurements yield a sel of points in the w - v space. An
analytical dispersion relationship exists, which may be written in the form

Flwyoyp doym by - Glw,vsepy e i) - 0 (2)
in which 14, v and p are Young's modulug, Poisson’s ratio and the dengity of the

film material, vespectively. Lot (g, 5) be the set of experimental dats points. The
inversion problem consists in solving the dispersion relationship

Glwiviseg g, ) = 0 (3)

for ey, cp and h, Once ¢f md o e determined, 22 and » can be enlenlated from
¥
- ‘ .,
e 10— 200 1 v)pes. (4)
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The teamique used here to recover the parameters ¢, ¢, and h i based on the
simplex olgorithm |6, This algorithnn hns been successfully used Lo invert Jenlky
Lamb wave data for compaosite plates 7, and was found to converge much faster than
alporithing based on loenl lincarization and loast sguare theorics (8], The algoritlnn
is based on a search for a point (¢}, ¢3, h*) in the ey - o - b parameter space at which
the stm of squares of the residualg Sgpp is minimon, where Sep is defined by

Sgi = >: G?(wu Vg5 0y Cpy 1), )

Jdenlly speaking, at the point (4,5, h*) the Sepe must be vero . An initinl four
vertices are selected in the ¢ — ¢ — L parameler space and the regponse Sgpe is
calendinbed ot eonch vertex, The vertices are then dinnges iteratively in siuch o way
that. Seye is minhimized. The vertex movenents are poverned by certain rales, which
ean e found clsewhere 6,7, BEvenlnally, these vertices bhecome very dose to the
desired point. Heration s terminated based on sclected convergence eriteria. o
assure that inversion is accurate, only parl of the data is used to recover the hin
film thickness and properties. The properbics and thickness are then used, in 110
analylicnl dispersion relationship, to pradict all data point.

RESULTS AND DISCUSSION

Dispersion data for the two polycthylene terephthalote thin films are shown in
Figg. 2 and 3, along with theoretical disporsion curves, The parameters resulting
from ditka inversion ave used to calculate these curves. For the polyethylene tereph-
thalale (ilms oy, ep, by 12 and v were respectively found to be 2.67kin/s, 1.8kin /s, 86700,
B.2G A, and 0.35 Tor Lhe fivet (80p0m) filim, and 2.9kmi/s, 1.32kin /s, 2347, 5.3
and 0.37 fer the second (230/un) i, 77 is ealewlate using 15g. (4) for a density
p = 1100 The values 80 and 230 were measwred independently by a different method
prior o the fest. The ditference hetween the values determined by inversion of leaky
Lronb witve didin nnd those mcasured prior (o the test are simall, which implics that
the algoritlhnm is relinble and can be nsed to inverl leaky Lamb wave data with a fairly
acceplable precision,

Although the two fihns nre made of the same material, it is noted that slight
difforences in their wave speeds ey ond oy values exist. At (his momenl the suthory
hove not tricd to explain Lhese differences. Nowever; it can be speadated that stntis-
tical viiability mnny exist in il properties, particularly if one considers the complex
natwre of molecular chiing comprising such thin films,

The results for the lon s-PMMA fihin ave piven in Vg, 4, For s b, ¢y, e, 0, 19
and 1 wore respectively found (o be 1.94kn/s, .92k /g, T, 2.7GPa, and 0,35, 2
is enleulate wsing, Tog. (4) for a density p = 1.10. Young's modulus values for PMMA
in the range 2,2-3.2Ga were reported (9],

SUMMARY
In (hir commmunication, o preliminary study is conducted to investigate the po-
tential use of platewave dispersion curve measnrenents as o tedhimigue for indiret
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Pigure 31 Comparison between experimental dala mic theoret ica) curves for a 230
o polyethylene terephthalate (hin fihn.
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Figwre 40 Comparison bhoetween experimental data and theovetical envves for a 3 mm
5 I"MMA il

measirement. ol Lthe elastic propertics and thickness of cleclroactive thin filim poly-
maers. Phree polymer films were tested; a ] s-PMMA film, and 80an and 2305an
thin polyethylene tereplithalate filine, The dispersion curves are measured, and the
simplex algorithm is applicd 1o recover the thickness and clastic constants of the thin
films. Preliminary results show that the technique can be g vinble ganging tool for
clectroactive thin film polymaors,
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