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1<UMMARY

This summary is submitted as the final report for NASA Resaarch
Grant NAG-1-68 titled "Optical Fiber (ntarferometer for the Study of
Ultrasonic Waves in Composite Materials." The major part of this report
is a collection of published technical articles based upon work supportad
by this CGrant. These articles are divided into sections by topic and
included as Appendices.,

The primary objective of this Grant, from October L, 1980 to
September 30, 1981, was to investigate the possibility of acoustic
emission detection in composites using embedded optical fibers as
sensing clements, Optical fiber interferometry, fiber acoustic sensi-
tivity, fiber interferometer calibration, and acoustic emission detection
have been reported [1-3, Appendix A). Additional experimental and
analytical research related to this problem are being partially supported
by current NASA Grant funding (4].

Related secondary objectives during this grant have included the
wmvestigation of adhesive bond layer dynamical properties using ultrasonic
interfoce waves [5-9, Appendix B), the design and construction of an
ultrasonic transducer with a two-dimensional Gaussian pressure profile
(10, Appendix C], and the development of an optical differential technique
for the measurement of surface acoustic wave particle displacements and
propagation divection [11-15, Appendix D]. Additional work continues

in these areas also.
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DISCUSSTION

The stated objective of this project has been to study ultrasonic
waves in composite materials using optical fiber waveguide as the detecting
device. Because we have detected ultrasonic waves inside solids and the
bulk modes induced by acoustic emission events in composites, this objective
has been attained. The fundamental unstated purpose of this project,
however, has been to investigate the possibility of using embedded probes
in composites for nondestructive evaluation; this project has clearly not
developed a technique for this attractive application. Our current optical
interferometric system i1s sensitive but requires accurate optical position~
ing at both fiber input and output not easily obtainable in practical field
use, Additionally, the frequency response of the fiber geometry including
core and cladding center, coating, and jacketing is noé known because
fiber manufacturers have not measured the bulk properties of these materials.
To take advantage of the positive preliminary results obtained,
additional work 1s required in several areas. Specific recommended projects,

grouped according to the topics corresponding to Appendices A through D, are

listed below.
OPTICAL FIBER INTERFEROMETRY

1, Fiber frequency response. An analytical model of fiber frequency

response based on measurements of fiber material elastic contants should
be compared to experimental frequency response results.

2. High frequency acoustic emission data. Useful measurements of

acoustic emission cannot be made without the proper equipment. Additional

measurements of acoustic emission in composites by fiber interferometry

i |
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should be made using a high frequency data acquisition device capable of
pre~triggering to capture the entire single shot acoustic event pulses.

3. Optical fiber modulator, It may be possible to modulate transmitted

light in an optical fiber by placing two stripped fibers close to each other
in a liquid bath and launching ultrasonic waves in the liquid. If the
liquid index of refraction varies, the amount of light transmitted from

one fiber to the other via crosetalk will change. This may provide a

simple method for fiber modulation.

4, Fiber in a differential interferometer. Optical fiber could be

used to tranamit the light from source to specimen surface in a differential
interferometer, thus eliminating the need for a large optical system next

to the specimen.

ULTRASONIC INTERFACE WAVES

1. Nonlincar hysteresis theory. Murty has recently developed a

model for the nonlinear hysteresis of interface wave velocity during
cyclic boundary loading. This theory may be used to predict the velocity
behavior noted during measurements performed at NASA/LRC during August
1980. This qualitative agreement should be studied.

2, Embedded interface wave cransducer, An interdigital transducer

embedded at the boundary between two solid substrates could be theoretically

analyzed and experimentally constructed to optimize interface wave generation.

3. Interface wave delay line device. Using embedded IDTs, an interface

wave delay line could be modeled and constructed. Such a delay line could
be used for the nondestructive evaluation of the boundary between the

substrate materials.
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GAUSSIAN PROFILE TRANSDUCER

1. Focussing Caussian transducer. An ultrasonic tranaducer which

focuses to a Gaussian profile spot could be analyzed and constructed.

2, Variable transducer., Using the concentric ring electrode concept,

a transducer having a number of electrodes and capable of being switched

to obtain different far field patterns could be developed for applications

in NDE.

3. Surface inspection using Caussian profile ultrasonic beams.

The far field pattern of a Gaussian field profile transducer is also
Gaussian because a transform relationship exists via Fresnel theory between
the near and far fields. If the propagating Gaussian field 1is incident
upon a surface which has a reflection coefficient that is a function of
position, the received far field pattern will contain the reflection
coefficlent information., Since the theoretical output field is Gaussian,
deconvolution to determine surface structure in NDE applications is
straightforward., Such a system for surface analysis could be modeled

using operator theory and experimentally investigated.
DUAL DIFFERENTIAL INTERFEROMETER

1. Internal measurements. A dual differential interferometric

optical system could be applied to the measurement of 3D acoustic wave

fields in transparent solids and liquids.

2. Reconstruction techniques. Computer methods for the reconstruction

of 3D fields from differential measurements are necessary.

3. Improved dual channel timing. To improve the dual channel

resolution of wave direction and point displacement determination, a
sensitive high speed differential timer interfaced directly to the dual
channel data acquisition system is necessary.
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DETECTION OF ULTRASONIC WAVES IN SOLIDE BY AN OPTICAL FIBKR INTEKFEROMETER
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John H, Cantrell, Jv.
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Abstract

An optical fiber interferometer has beon
developed for the detection of ultrasonic waves in
wolids, ‘The optical paths tn both the signal and
reference arms of the Mach=Zehndor Inturfevometor
are through the cores of wimilay Jengths of single
mode fiber mode steipped at both {nput and output,
Light emerging Krom the output endm of the ref-
erence fiber and a signal fiber which was embeddad
in a 2.54~cm disc of plastic resin l,i=cm thick
was superimposed to form a straight line inter-
ference pattern. Instantaneous translation of the
pattern {s proportional to the localized strain
produced by ulirasonie bulk waves gepevated In
the disc and integrated along the fiber gath.

By spacially fllcering the moving fringe pattern
and synchronously demodulating the filtered
optical intensity distribution, a signal pro-
portional to the integrated stra:in is obtaincd,
Dirvect calibration at de indicates a minimum
theoretical detectable strain of less than 1010,

1. Introduction

A differential optical interferometer may be
constructed using similar lengths of fiber wave-
guide as the propagation paths in both the vef-
ercnce and sample arme. Such a modified Mach-
Zehnder system may be used to moasure changes in
the difference {p phode delay between the two
paths. Several authora have investigated
potential phase modulation mechaniams in optical
fibers. Schlosser analyzed the change in phase
Jdelay distortion for o single mode fiher of
clreular cross section gs a function of static
elliptical deformation.® Davices, Kingsley, and
Culshaw later considered phase modulation due to
changes in the length, diameter, and refractive
index of a fiber subjected to longitudinas
mechanical tensfon,® demonstrated a low frequency
plezoelectric modulator using a heterodyne optical
receiver,” ang predicted the acouvstic -enuttlvitx
of both single mode and multimode fiber aensors.
In 1977, several authors veported the detection
of low frequency acoustic waves in liquids using
similarly deaigned differential fiber laterferom-
cters and homodyne optical detection, 3"

Since 1977, such interferometers have been
developed for use in hydrophones having low noise

0090-5607/80/0000-0719 $00.75 © 1980 IEEE

and high senuitivity, Acoustic sensicivity of
typical collad fibher toroids used in the hydro-
phones has been calculated for several modeled
canan of applied mechanical dgf?amutlﬂn and has
been oxporimentally measured.? Recently,
fnereancd nonsitivity has heen obtatnud by
optimally orfenting the hydrophonu Fibaer array
axis with venpect to the diveetion of p{npuanllnn
of Incident longitudinal acoustic waves and by
embedding the fiber in n jacket of material with a
modulus lougr than that of the hare fiber

tenelf, 12=15 concurrent studfcs of fiber hire-
fringunce modulation effceets and multimode [iber
interforometer performanee supgest nd?’t'”nul
improvements fn acountic sensitivity,t?”

This paper reports the detection of longitudi-
nal and shear ultrasonic waves in solids by fiber
interferometry, Increames in sensitivity due to
elontic materinl jacketing, spatidl optical filver
demodulatfon, and synchronous heterodyne rf
detection have heen obanrved.

2, FPibher Interferometer System

The basic optical system of the fiber Inters
forometer f8 smhiown dn figure 1. Light from an
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Figure 1 = Basic optical system of single mode
fiber interferometer,  Interference
fringe pattern at output is optically
demidulated asiog o raled wpatial

fliter, then opticatly detected and
electronfeally synchronously demodu-
lated using n low froquency reference
slpgnu) from the rotating choppor,

adaptively stabilized 0,5 oW hedlum=-neon laser
source i square wave madulated 1o, n rotating

mechanical chopper, expanded, and divided into two

heams of equal intunsity whieh are focused using
standard 20x microscope obfectives onto the input
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endn wl twe PPT=110 single mude Llborn having
nominal A remivronedLamier soren,  The oxterjor
Piber jacket bt amd inner plastic wloeving wre
removed Trom the Liemt soveral centimoters of
huth ends of both §ibors amd the oxposed eladding
wan paintod with (edex matehing mude atripping
Flutd, Approximately 1.5 em ol [lber at the onda
of thy Fibers wan oot painted,

Huth uptacal Fibeen were nominally 2em Jong,
The sample Tiber was wound inteoa 100 turn
Aefaver terodd having o averape dismeter of
B emoand embedded inoa plostie resin dise S0 em
in diametor and boh=cm thivk,  Light from the
sutput of hoth this sample Hiber and the relerence
Fiber wan sollimated by g wevond st of ddent feal
wleroweop ubjectives wnl superimpoued uding o
weeund heamaplitter,  The resntting stratght e
Intertorence pattern was spat iadly THitered with
o Ronehi rol b having o peviodieity equal 1o
that ot thee bringe patterns Finally, the
fittered oplival sigmd wor boeuwsst and syaehrons
vusly deterted,

The amplitude of the ae conpopent o the
dotectod signal s proportional to the fnstans-
tanenyn clmges in the difference in phase along
the reference amd sienal Fiber paths, Let the
Paser bt have o tree space propagat lon cons
Rbant kg amd g sinple mode propagation constand
k fweide the ibers of beagth L, core dhametor
By and indhix ol reteavtion o0 The aptival phaue
deday o pebative retardation o1 the Hight that
propygates through both tibers withowt modudat b
in

¢ ki ()

Ynoiple Frateronce
sn the tesnlting output siganl s eero,

1t the fiber fu the sample arm {8 deformed
e to applicd seress, the resulting total sample
phane dalay iy

O A A S KO ()

and the ontput signel ix propert fonal to the phase
dittervnee

Pobo+ Lk, (n
A the applivd stress 8 snall,

it bore (1) may bie evaluated an

{2 3
M= ke = 1)+ A ()

ko,
+ L 0 ~‘rn,

where P oI5 the prossure, o is Young's modulus
and v Inx Polason's ratie, For 1TT=110 fiber,
the clsmge in phasce pef unit preysure per unit

75 = NOBRRILIRASONICS SYMPOSIUM

fihor lenpth may bu approximated an!?

Chamngws I Ad caune the (ringes ot the vutput
of the interfevomcter te shift, Soveral authurs
Linve measured thin fringe whift by weanniag the
optical intomsity distribution u-m, 8 photos
wult iplier with A pinkole apurture,”*” I
intond the intorference pattorn In interrogated
with o straight Vine spatdal Vifter an sliown in
figure I, sensitivity in Incroaned, 40 Por oxample,
1f the size of the pinhole i% oneefourth the width
of une Tringe in o square pattern of 10 fringes,
apatial filtering Invreaes total seamitivity by
approximately three ordors of magnitne,

To valibrate the intorfvrometer, the Jil-
Feront fal syntom shown fn Phaoe 2 wan winls The

" I'HK.A":A\
.\“ /
- - n
S e 1.
‘ — o . "
“,;r’ | st BERR YT :ﬁ:
; . [
! LAAM -* A ICRIM bR
IN )

Fipgure 2 = Cant{lever har peometrey used 1o
valibrate de stratn senxitivity.
The two [ihers arve the arms of o
differential aptival interferame s

two Intertorometer Liyers were douhled back on
thomsedven and.plued to opporite sldes of o O deom
thick plexigloss bar t=em wide ond Jdeem Long,
Clompliog one end ot the bar and beaddng it as o

cing Hlevor produces teaston n one |iber, compress
pion in the uther, and o Vednpe shift at the outpnt.
Figure 3 showa the de sttaln senslvivity cedibrathon

’“ .
s THEOKY
a EXPERIMINT
L
2
4
[
STRAIN
(0™
0}
4
Pt e
3 1 1 el
] 1) 2 ) )

CANTHEVER 81AM LENGTH, cm

Figave o= DidFerentbal rieadu in contdlover bar
weanared weing ¢ ibher greometry shown
iw Figure 2, )
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for this uystem as a fuoetion of h,r longth,
Beraln in calewlated an 1 = Walkls, where o In
the dinplavement of the iree end ot the har, amd
o and L oare the thicknoss and length of the bar,
rospretively,  Avorage experinental strain data
agree within 8 percent to the theeretical value
in equation (3) and Indicate an impraovoment In
the minimm detuectable straln to approxisately
1010wy wpatfal tiltoring. 79

3. Experisent

Pulged ultrmsonie wover wore mechanically
generated in the wolid rosin specimen shown In
figure 1 uning an automatic wpring=losded centors
punch, The centorpunch was manually operated;
the point baing positioned en the {lat surface of
the dise directly above the center of the smbedded
fiber toroid, Pigure 4 shows the detectesd) eptical
sipgnal vorresponding to a typieal pulue broadensd
diwe 1o pathienpth intepration In the fiber,

[
KT

Pigure 4 = Ultrasonic wave pulse detectod hy
a cofled optical fiber embedded in
a plistie resin dine,

Fourfer analysis of the pulse Indicates o band-
width from 29 klilz to 53 kitx and that signal
compents with Yrequencies higher than 200 khin
are present s Total bandwlidih I8 Himited by the
mechanien) response of the puneh and the coupling
chatacteristie of the fiber=resin bownnlory, Rocent
results indicate that similar Jow frequency
whtrasonte pulacs may be detectud using o slugle
straight birefriogent fiber embodded In a low
modilus ol id, - Calibratton uslng a wideband non-
contacting tecirdgque and use of the fiber inter-
fterameter Tor the deteetion of avoustic emissfon
in wolide ts suppested,
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Mlackaburg, VA 24061

JOWN H. CANTRELL, IR,
NASA Langley Research Canter
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e wtrain wensitivity of an optical fiber inter~
ferometar developed for the detection of puleed
ultrasonie waven in wolide han heen calibrated,
The optical paths in both signal and refevance
arme of the intevferometer are through similar 2 m
Jengthe of 1TT=110 ainple mode fibovs mode strippsd
by tndex matching at both ends and attached to
opponite widew of & 30 cw ploxiglan bar 0,3 em
thick, Light from the output ands of hoth fibers
wat superimpored to form an Interfarvence fringe
pattern that war interropated o the far ffald to
pive o sipnal proportional to the difforontial
optieal Jiber path length,  Straln sennitivity was
decermined by comparing data obtained by clamping
and teaddlag the bay at dliferont leagthn to simple
cantilever beam theorv,  Calibeat bn dndieaton o
mlu%gum theoreticval dotectable straln of less than
o1y,

Tntroduct jon

A ditforential optieal interfevometer may be cone
structed ik simd lar leagths of Fther wivegutde
dn Uhe propagat bon pathr in botde the veteroncee and
sample arms.  Such a modliled Mache=Zelmder nyntem
mav be used to measure chanpes In the diffevence
tn phase delay distortion for a single mode fiher
of cireubar croags sectfon ad a function of seatfe
viliptieal deformation [ 1], Davies, Kinpsley,

amd Calshow later consldered phase modilacion dye
te changes In the Tength, diameter, and refractive
imdex o o fiber subjecteg o Tonpltwdfogl moehivge
iral tevsion, demonstreated o low frequency plevos
electede modulater using i heterndyne optical re=
vetver, and predicted the avountie rensttivity of
bathy sinple wode and multimode [iher sonsors {2-&1.
tn 1977, several authors reported the detection of
Tow Trequenvy acoustde waves In Mguide using
simflorly desfpned difterential fiber interferon
cters and homodyne opedeal dotection [5-8],

Sipee 1977, sueh lotérferomaters have been devel=
vped for use in hydrophones having low noise and
high sensitivity.  Acoustic seasitivity of eypleal
cofled Fiber tovolds used in the hydrophones has
been caleulated for soveral madelad cases of ap=
pled sechanieal deformation and has been pxpords

LEEE Region 3 Cont. (Huntsville, AL),
April, 1981,

wontally measured [9,10),  Roecont by, Inerveaged
wonnitivity han boon obtatued by aptimally oris
enting the hydrophone (iher nreay axin with
renpert to the direction of propapation of facje
dont longltudinal acount iv wiyven and by emhedfng
the fiber in a jacket of matorial with a4 modylug
lower than that of the bare Tther ftaelf [11=15],
Concarrent studien of Tiber hivetringence modie
1ation effoctn and multimede Fibor interforomter
performance saggent additfonal ITmprovements in
acoustic nepwicivity [ 16«18],

Exporimnt
The banle optical nystem of the {Ther inter-
farowoter 48 shown In Figare 1 St trom ae
adaptively stabidfzed 0.5 sW o liumsneon Loy
source I8 aguare wave modulated by a potat fuy
mechanteal ehopper, expided, and divhded fato

two heams of oqual Intensity which are Fovused

us by stamdard 20% leveus ope obijectives into the
input cads of twe 11T 1O siapte mode §ihers
having wominal 4 Smlevon-diameter vores,  The
exterior fiber jacketing and tover plastie steeving
were removesl From the Flast several cent fwters o)
both ends of both Fihers amd thie oxpoued o Lasbding
witth atinbod with dnder madehing sode gt rdpping
fluld,  Approximately 0% cwm nf Fiber at the ends
aof the (ihers wan not painted,

Besth optieal fibers were siominatly fem lono,

The mample Tiber war wonnd inta o 10D puwn b layer
torabd having an averape dlamerer of % ool
emhodded Inoa plastie restn dise 500 ew 0 diame
eter and 1A em thieks  Lipht 1eoam the ont g of
both this sample Tiber amd the rolerence Hier was
collimated by o speond set ol fdent ical wleroseopp
objoctives and Buperimposed using 4 second hooms
aptitter.e  The resulting stralpht e Intor=
forence pattern win sp tally tHered with o
Ronehl ruling having a perfodicity equal to that
of thw fringe pattorn. - Finally, the Tiltered
optleal alpnal wan Focasced and aymechronously
detectead,

The amplitude of the ac component ol the detoetad
signhal is proportional to the Instantancous
changes i the dfference fu phase along Lhe
referonce and uipnal Tiher pathr, let the loser
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Linht have a lroe space propogation constant k,
and a aingle wode propagation donstant k {oanide
the [ibers of length 1, vove diameter D, and
Index of cefraction n.  The optical phase delay
or relative vetardation of the 1i{ght that prop-
agatex through both fibers without medulation is

‘inuplu " ‘tcturancu * kL, LY
80 the reaulting output mighal la rero,

1€ the fiber in the nample arm ie deformed due
to applied streas, the resylting totnl sample
phese delay in

b = kb RAL + LAK, (2)

and the output wignal {s proportionsl te the phawe
difforenve

Moey, 8,

» kAL + L'k, (1)
0 the applied atvess I8 amall,
Fauation (V) may ba ovaluated as

Ay » {-’ KL(dv = 1) + L ::: An )

k
+ 1L l" Ah.

wheve P ois the pressure, B (s Young's wodulus

and v {s Polwion's vatio [19)y  For ITT«110 fiber,
the change {4 1o phase per undt prowsure por unit
fiber length may be approximated aa

0y =5 radiang
I B L it &

Changen v Ad causa the fringes at the output of
the Interlerometer to shift, Several authorve have
measured thin {ringe shift by scanning the optical
intensity diszribution using a photomultiplier
with a pinhole apercure [7,9),  IF instead the
interference pattern {8 fnterrogated with a
stratphe Ine spatial filter an whown in Plgure 1,
sensitivity {an inereased [20)s  Por example, if
the size of the pinhole Ls one~fourth the width of
otie feinge In a wquare pattern of 10 friogew,
spatial filtering lucreases total sensitivicy by
approximately three orders of magnitude.

To calibrate the interferometer, the differential
systam shown in Figure 2 was used. The two
interferomater layers were doubled back on theme
selves aid glued to opposite aides of a 0.3 cw
thick plexiglaus bar 6-cm wide and IS-cm long.
Clamping one end of the bar and bending it an a
cantilever produces tension in one fiber, compres=
sion in the other, and a fvinge shift at the
output, Figure 3 shows the de stratn wonuitivity
calibration for this aystem aw a Function of bar
length, = Strain is calculated as & = 3da/4L#,
whare d i the displacemant of the free end of the

bar, and a and L are the thickness and length of
tha bhar, vespectively, Averaga exparimental
atrain date apree within B percent to the theorete
ical value in equation (5) amd indicate an Im=
provement in the minimum detectable atrain to
approximately [0=10 by wpatial filcering [7,9].
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spatially filtering the output Interference pattern
prior to detaction, a gain in sennitivity ia
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DETECTION OF ACOUSTIC EMISSION IN COMPOBITES BY OPTICAL FIBER INTERFEROMETRY

JANET C, WADE, PAUL 8. ZERWEKN, and RICHARD 0. CLAUS

Desparcmant of Rlectrical Enginesring
Virginia Polytechnic Insticuve and State University
Blackeburg, VA 24061

Abstract

Acoustic emissicn i{n prestressed composite
panels ham been detecced using embedded singls mode
optical fibevs. Static loading of the composite
matrix produces acoustic emission events, pulsed
ultrasonic waves, which mechanically modulate the
embedded fiber geomatry and phase modulate the
cransmitted optical (ield. This modulation is de~
tected by optical interferometry and Fourier opti-
cal processing techniques to produce an electronic
signal proportional to acoustic field amplitude
integrated along the length of the fiber in the
spacimen. Experimental static and dynamic cali-
braties of the detection system is discumsed and
frequency domain characterisaction of the acoustic
field interaction with the fibar is presented,
Potential applications in the nondastructive
analysis of structural composites ars suggested.

. 1, Introduction

Optical fiber waveguida has been used as the
light tranamission pach in & Mach=Zehnder inter-
feromater to sense temparature and pressute (1}
and to detect low frequency acoustic waves in
liquids [2~5] as well as ultrssonic waves in lig-
uids and solide (6], By embedding an opttcal fi-
ber within & solid material, such an optical fiber
system may be used as an acoustic monitor to di-
rectly datect pulsed internal acoustic emission
events and slowly varying integrated residual
stresses [7-8]. The mechanical resemblence be~
tveen optical fiber waveguide and the fiber mem-
bers in a composite matrix suggests that replacing
composite fibers with opcical fiber sensors may
provide a viable method for the nondestructive
evaluation of composite materials. Specifically,
this suggests a convenient technique for internal
measurements in composites using a sensor waich
18 builet in during manufas.curing.

A modified MacheZshnuer fibuer interferometer
is used to measure the changes in the difdyiunce {n
phase dulay butween two optical fiber paths., As a
strain gauge in composites such a fiber system has
several advantages over conventional nondestructive
evaluation techniques, Flrst, the fiber may be
embedded inside the composite sv that direct incer-
action with i{nternal scress fields occurs. Inter-
nal fields thus are not inferrad from external sur-
face particle displacement and, in addition, sur~
face loading from external devices is eliminated.
Sucond, the technique has a high absolute pressure

sensitivity comparable to that of standard Wichel«
son and differential ascouatooptic interferometers
and greater than thoss of standard acoustic wave
methods, Third, cthe 10 micron two-dimensional re~
solution of the intarferometer is restvicted only
by the fiber diameter. The probleas of cime-band-
wideh and spatial resolution associated with pulsed
acoustic techniques are not limiting factors.
Fourth, the fiber sensing technique may be used for
ssasuresents of both high and low frequency CW
acoustic f{ielde as well as high fraquency scrass
vave cransien:. of the type associated with acous-
tic emiasion «.-ents. Tinally, abaolute calibration
of che system may be accomplished (9},

This paper teports the detection of acoustic
emission {n prestressed graphits~-epoxy composite
panels using embedded stngle mode optical {ibers
and auggescta tha use of internal filar probes in
the nondestrucctive evalustion of composites in
cricical high strength structursl applications.

2, Theory

A Mach~Zehnder intarferomater has been con-
etrucred as shown in Figure | using lengths of
optical fiber wavegu’de to tranamit the light {n
the veference and samply arms (2, 10, L1}, If the
optical pathlengths in the two fibers are naarly
equal, fixed, and less than the coherence length of
the common monochromatic input light source, opti-
cally heterodyning the output light from the two
fibers produces a stationary pattern of concentric
incerference fringes, If the differunce hetween
the optical pathlengths changes, this fringespat-
tern is displaced. By spatially filtering the
iight in the fringe pattern and optically detecting
the light transaitted by the filter, an elaectrical
signal relatead to cthe pathlangth difference Al may
be obtatined {12). In guneral, this relationship is
a complicated nonlinear function but if the path-
length is small, AL {s directly proportional to che
electrical output signal (1, 9.

Sevaral physical mechanisms may produce a
pathlength change in one of the {ibers; thewe much~
anisms are responsible for the performance of the
fiber interferomecer as an acoustic monitor, Let
the optical fibars {n both the sample and refsrence
arms have length L, core diameter D, and core in-
cdux of refraction n {1]. If the laser light has a
free space propagation constant kg and a single
mode propagation constant k inside the fiber, then
the optical phase delay or relative retardation of

preprint 1981 IEEE Ultrasonics Symposium,Chicago, IL
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the light chat propagutas through both the fibers
is

.lllplt * ‘rclnr-nco - kL, Y

and the resulting output signal in Figure 1 s
2ero, 1€ the fiber in the sample (s deformed due
to applied etress, a nonsero output aignal results,
The tocal sample phase delay t»

0, " klov L+ Lak (2)

and the output sigral is proporcional to the phase
difference

bo =0 . " kAL + Lak )}

{f the applied stress (s small., The effective
caunes of the optical phase modulaction have been
tuvestigated by several auchors [l, 10-13]. Tha
first term represents the phase modulation pro=
ducad by varying rhe leugth of the sample fiber in
the axial dirvection. The second term reprasents
modulation caused by an effective shange in the
propagation constant k produced either by the
stvain opeic effect in the fiber material or by
optical waveguide mode dispersion, Equation (3)
may be evaluated to detetwmine the fiber sensitivity
to gach of thess effacts (1],

An acoustic emission evant {(n a composite
sphecimen will sodulace the gmbedded fiber in two
vays., Fivst, Lf the event generates acoustic
waves that are perpendicular co the lateral sur~
tace of tha fibey, the fileld will compress the
fiber, thus altering n and k. An acoustic wvave
purpendicular to the axial direction of the fibar
will cause & change in the fibar length, cthus
modulacing the fibur. In the general case, tne
dvountic fleld will occur at an angle that (s
neither perpendicular to the axial ov lateral
surfaces s0 the modulaiion will be a combination of
thuse two affucts. Additionally, che acoustic
field will generate an uneven pressure distribution
tlong the fiber that (s spatially dependent upen
tha angle measurad from the radius of che source to
the [{ber, Several authors have analyszed this de-
pendence for a remote linsar source and have found
that 1t produces the same sound pressure on the
surface at the azimuchal angle as an indentical
source having the same velocity and being located
4t the surface of the cylinder at che same angle
[l6=18), CTscaume the output of the sample airm {s
effect{valy the vesult of the incegrated strain
along the encire length of the sample, wa assuma
that Equacion (3) may etill be applied co the
SVaLUM,

The adhesion of cthe embadded optical fiber to
the composite matrix as well as to the jacketing
material around the fiber will influence the per-
formance of the interferomecer as an acoustic moni-
tor. The elastic material jacket is deformed dur-
ing applied stresses which increases the overall
gensitiviey; however, the coupling characteristics
of the fiber-resin boundry limit the bandwidth
respense of the {nterfavometer [6].

.
LY d nirne
-
:

[::}:.n::'::.,\;:?nw

Mm.l.@

Fig. ) Basic optical system of stngle mode fiber
interferometer. Interfevence fringe pattern
at output is optically demodulaced using a
ruled spatial filter, then optically detece-
ed and electronically synchronously detected,

3. Experimant

The basic optical systoem dascribed above was
conetructed as showm in Figure 1, Light from ap
adaptively stabsifzed 0.5 mW hellum=neon laser
source i» collimated, expanded, focused, and di-
vided into two beams which are focused uaing stan-
dard 10X microscops ocbjectives onto tha itpput ende
of two ITT~110 single mode fibers having nominai
4. 3-micron~diareter cores. The external plastic
Jacketing and Liner RTV sleeving were removed from
the first several centimetrrs of bhoth endw of both
fibars, and approximataly com of exposed fiber
was painted with index matching mode strippiog
flutd.

Both optical fibers were nominally | m long,
The sample fiber was atcached to the wpecimin
using vaversl different techniques which are shown
{n Pigure 2. In Figure 2a the fiber i{s whown ad-
hes{vely bonded to the surface of a prestresasd
graphite~epoxy composite specimen bar. The orten~
tation of the fibar is perpendicular to cthe length
of the bar to eliminace integrated d¢ wtralu due
to loading; howaver, since acoustic emigsion event
location is not lknown, this geometry dows not per-
mir, optimal pulse wave detaction. A piczoulectric
transducer was placed bestde the fiber for com-
parison measurements. The mpecimen was clamped at
one end and a load force was applied at the other
and, bending the bar and tnducing acoustic cwmissfon
due to fiber breakage and layer delamination,
Yigure 2b shows the [ibar embedded in casting plau-
tic resin while Figure 2c shows the optical fiber
sounted {n an additional protective and sléeve and
wolded into an SMC short chopped fiber composite
panel. At the output, the sample fibers in all
three geometries ani reference fibers were placed
together in a three-axis fiber mount yn the two
emerging beams combined to produce a seraight line
{nterference pattern. The intensity piattern was
spatially {iltered with a Ronchi ruling and opti-
cally detected. Figure Ja shows the detuctod opti-
cal signal corresponding to a typlcal event In the
composite; Figure 3b shows the wame event dervcted
using the plezoelectri: rransducer,
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Fig, 2a Technique for compariug optical (iber mea-
surements to piezoslectric transducer mea-
suremants Ln a prestressed graphite epoxy
composite.

Fig. 2b Optical fibar emoedded Lo casting plastic

resin,
LAS SMC SMORT
;Lllsl!c CHOPPED FIBER
COMPOSITE
CPTICAL >
ABER .

Fig. 2¢ Optical fiber embadded in molded SMC short
chopped fiber composite block,
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1E=38
F{g. Ja Acoustic emission event in graphite-epoxy
composite decected by single mode optical
fiber. .

The intecvferometer was calibraced using &
plextglass bar clamped at one end as a cantilever
beam, Average exparimental strain dats agree with-
{n 8 percent of the theovectical value in Equation
{)) and indicate an improvament iu the minisum
Jetectable strain zo approximately 1010 by spatial
{{leering (4, 6, 19).

1e-3vTh
20

)

.: g \Aas AaAs B v Ty -

4 )
0 2 b tE-28

Yig. b Acoustic emtsesion event Ln graphite~epoxy
composite detected by surface contact
acoustic emission transducer,

4, Discussion

Recordad calibration dats agrees closely with
theory and in addition pulsed acoustic vave data
obtained vhan the fibar was adhesively bonded to
the composite surface Ls similar to plezoslactric
data takan using the same composite. The data
suggests further applicacion to a thren-dimensional
technique in ~hich multiple {iders could be manu-
facturad tn A thres=dimensionsl satrix array with=
in the componite and used to obtaln threu=dimen~
sional acoustic emisuion pulsed field meamureoment
resolucion,
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Pulsed ultrasonic leaky waves on a btitaniwa alumblnum boundary.
Richard 0. Claus (Dopartment of Electrical Engineering, Viviinia
Polytechnic Institute and State University, Blacksburm, VA #h061)
and Ronald A. Kline (General Motors Research Laboratory, Warren,

MI 48090)

Pulsed 2.1-MHz leoaky waves on an adhesively bonded titanium-
aluminum interface have been penerated and detectod by aluminum Rayleigh
wave mode conversion. Specimens were prepared by bonding 0L95-em x
1.27-cm etched titanium alloy bars to large aluminun subatratod aned
compressing no the thickness of the adhesive layer wan muiteh smuller than
the acoustic wavelength, ‘Total losses of less than 12 AR due Lo made
conversion and attenuation along the 1,27-em intevfnoe have bheen
observed.  The adheaive bond geometry is modeled as o liquid layer of
thicknens H separating two isotropic solid half-spaces [A. R. Banghuy,
0. S, Murty, and . V. V Raghavachavyulu, J. Acoust. Soe. An 6o,
1071-1078 (1976) ).  Measured leaky wave veloclty is approximately prelicted
by the case where H approuches uero and the visconity of the Hguid becomes
large [D. A, Tee and D, M. Corbly, IEEE Trana. Sonics Ultranon. HU-2L,
206212 (1977)].  Particle displacements near the boundary in both the
titanium and the aluminwn are derived for this ease and choanges in leuky
wave attenuation due to small variations in H are pradicted, [Work

partially supported by NS, ]
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PHLSE=FCHO INTERFAGE WAVE CHARACTERTZATION
OF BOLTED PLATES

CYHON M. TURNER, RICHARD O,

CLAUS and STEWART L. OCHELTREE

Departmont of Bleetrical Englneering
Virginda Polytechnle Fhstitute and State Univernity

Blavkabuy

Abrtract

Ultrasonlc waves whibch propagate along the plane
boundary separating two solbd substrates have been
used to characterize alumboun and titanium plates
adhesively bonded and holted together,  Gatoed

2.29 Mils surface avoustle wave pulbes were ponero-
ted using o Rayleiph=angle Tueite waedge on a
7079=T6H atuminum plate,  Phese pulses were then
used to produce fnterface wiaves batween the
alumipnum and o Ti-06A1-4V titaniam alloy bar by
normal mode conversion,  Interface wave reflections
trom bobt hales de i led chrough the interfave were
reconverted Lo surface wave pulses and detected by
the same wedge by standard pulse~echo techniques.
Time of flight measurements indicate that the
reflected waves are a superposition of lonpitudin-
21 modes and circularly symmotric waves that
fropagate around the bolt hote,  Potential
anplicatlons fn the non=destructive evialuat jon of
acrospive structures is discussed,

Introduct lon

Particle motion waves that travel along the
boundary between sollds are called interface wiaves,
Like waves which travel over free solid surfaces,
these witves have energy which s confined to the
two dimensions that define the foundary, Thw
motion of partfcles on efther side of the boundary
Ig attenuated rapidly with distance lnto each of
the substrates and the motion in general is ollip-
tical retroprade with respect to the dircection of
wave propagation,  The two=dimensional particle
motion [lelds are determined by the retationships
between the celastic constants of the two sollds
and by the wavelength of the acoustic wave along
the boundary (11,

Recently, several authors have reported the
application of interface wave techniques to the
evaluatfon of the material properties of the
contact zone between two adjacent solids [2,3],

Of particular importance muy bhe the use of ultra-
sonic interface waves to determine the fntegprity
of completed adhesive bonds between patrs of
structural materials, These types of bonds may be
evaluated using standard time and frequency domain
ultrasonic methods which can be used to {dentify
pross delamination between the adhesive and
adherent, or large volds either in the adhesive
layer itself or in the surfaces of the two
material surfaces.  Stimdard techniques, however,

CHIOSO-E/7R1 70000 0484 310,75 0 [98) M4k

1o VA 200061

are Insensitive to the most dmportant bonding
problem, that of the weak bond where the solids are
tn Intimate contact with no voids but there s
Tietle toterfactal ntrength,

Interface waves are ldeally sutted to this type o
bowl fnspection,  Since the wives travel alony the
interface rvather than through {t, they sample hond-
Line conditions over a larpe area,  Also, the
observables Ln the experimental measurement 8ystom,
Lhie attenuvation and velocity of the waves, are
functlons of the wateria) propevties of the
adheslve and adherent, the vivconlty aml soetace
conditions,

In this paper, recent experimental measurements of
pross bond defects using pulse~echo and piteh-
cvatch {nterface wave methods are discussed,  The
theories of Intertace wave propapgation along on
adhedive layer are flrst desceribed, the experi-
mental arrangement and results then presentod, and
conclusgions concerning applications {n non-
destructive evaluwition (inally discussed,

Theory,

There are several theorles which deseribe the
propagation of bound elastic wiaves along solid=-
solld interfaces, All have boen discussed exten-
gively in the Literature and so will only be
veviewed briefly here [3,4,9]. Flrse, the boundary
may be considered fdeal, that is, the solids are
modeled as infinite homogencous half=spaves Ip
contact over a perfect plane, By assuming exact
continuity of particle motlopn and stresses across
this plane, an cquation of motlon for waves bound
to the {nterface may be determined,  Real roots to
this cquation correspond to Stoneley waves, bound
elastle waves that propapite without attenuation
along the plane, The existence of real roots s
timited to a narrow ranpe of solid=solid material
properties so Stoncley waves do not exlst in
general on solid-solid boundaries. Stoneley waves
have been generated and detected by several
authors [1,6}.

The tnclusion of adhesive material between the
sollds complicates wthe physleal system and permiuy
several varfattions in the model. 1f the adliesive
layer is counsidered s a purely viscous material,
observed nond Lncar relationships botween wave
veloeity and boundary layer density may be ex-
plained [1]. 1f the mode! {4 broadened to a visco-
clastic approximation, «ime dependent modull
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vartations due to atrens and therml eyeling may
also be explatned [3),  Recent work by Kline
attempts to includa generalized effects character-
tstie of cach of these muleln (7],

Experimant

In this experiment, the offects of large defects in
boundary atructure on wave attenuit fon vere
measured. Surface waves were generated at 2.25 Mz
on a 53.2 cm aluminum bar 15 cm wide using
Harisonic ABMO204 plastic wedgas as shown in
Figure 1. The surface waves were {ncident upon a
1.0 em wide titantum bar 0.5 em thick which was
glued to the aluminum substrate. Part of the
energy in the incident wave was mode converted

into n wave on the interface between the aluminum
and titonium, At the oppusite side of the bar, the
vave was reconverted to a surface wave which was
dotocted by o second Harisonie transducer,
Metrotek ultragsonte pulsers and receivers wore used
to penerate and recefve the ultragonic pulses which
were observed on a monftor oscilloescope,

Three spearate cases were studied, Flat-bottomed
holes 0,64 em in diameter were deilled through the
titanium/aluminum block, The atcenuation of the
transmitied interface wave wias measured as o
function of distance along the bar near the hole
ind normal to the direction ol wave propagation,
Pulse=echo and pitch=ceteh measurements of reflec=-
tion and attenuation, respectively, were made for a
hole through both solids, Similar dota was obtafine-
ed s g function of hole depth by pradually
increasing the depth of the hole in i{ncrements
while measuring ultrasonie pulse amplitude,

Regults

The results of our measurements are shown n
Fipures 2, 3, and 4, Figure 2 shows the spatinl
cross dection response obtadned by pulsing one
transducer and detecting the transmitted pulse by
tiwe second transducer.  Signdffcant attenuation of
the pitehed sfgnal {8 evident at the location of
the hole.  Data shown In Figure 3 was obtalned by
pulsing one transducer and measuring the reflected
shmal detected by the some transducer o short time
later,  Here, a signifilcant retlection is obtained
at the locatdon corresponding to the center of the
heteo Data plotted Lo Flgure 4 curresponds to the
plteh=cateh attennatlon of inteviace waves {ncldent
upon a sample with a hole of Inereasing depth,
Attenuation {8 scen to fncrease with {oncrecasing
depthy more attenuatfon {8 observed for the
vhombnam than the titaniom due Lo the anequal divi-
ston of Jonpltudinal and shear wave component
cnergies in the two matordals (1],

tonelusion

Transmitted and reflected ultrasonic futerface
waves have been used to locate bolt holes in
adhes{vely bonded samples. Interface wave tech-
niques are suggested as sensitive nondestructive
methods In adhestive bond evaluat fon,

- Inpnt
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Abstract.- Ultrasonic Stoneley and leaky Interface wave techniques have buen
applied to the characterization of the hondline structure and the near-
surface bulk propertics of flat metal alloy samples separated by a thin layer
of polymer adhesive. Interface wave energy {8 confined Lo the replon con-
taining the polymer and extending approximately one ultrasonic wavelength

into cach of the metal substrates. The amplitude and distribution of local=-
1zed particle motions both normal and parallel to the interface are sensltive
to point defects at the polymer-metal boundaries as well as to grafn boundar-
fes and dislocations near the metal surfaces and to microcracks {n the
polymer. 1In this paper, the measured sensftivity of Interface wave nttenun=
tion to defects near the bondline and to varlations in the viscosity of the
adhesive layer 1s compared with theoretical changes predicted by the model
developed by Rokhlin. Two experimental techniques utilized to obtain these
measurements are presented, First, differential interferometric optical
measurements of interface wave attenuation due to defects near glass-polymer-
metal boundaries are discussed., This sensitive laser probe method allows -30
the detection of averaged periodic surface displacements as small as 4 x 10 "A
and localized reflections and scattering from individual burfed defuct sites.
Next, pit h=catch and pulse-echo methods which use vartable-angle wedpe
transducers to generate and receive modified interface waves and to measure
large bondline defects and adhesive viscosity are described, Potentinl
applications to the characterization of completed polymer adhesive bonds

are suggested,

l. Introduction.- Ultrasonic waves which propagate along the boundary between pairs
of solids and which have wave energy confined to a thin region on either side of the
boundary are known as interface waves. The spatial distributions of the particle
displacement fields in both media are determined by the mechanical boundary con-
ditions imposed at the interface and the velocity of the Interface waves {s bounded
by the lower of the specds of distortional waves in the bulk of cach substrate and
the higher of the speeds of Rayleigh waves on the free surfaces of cach material
independently., If the surfaces of both solids are in intimate contact such that
hoth particle displacement and stress are coptinuous across the boundary, an
equation of motion for classical unattenuated Stoneley waves bound to the surface
may be derived[1,2]. Real roots to this equation occur only for a Limited range of
nedia ##irs paking Stoneley wave propagation a case of limited practical interest|3].

hif @hther the . gsplacement or stress continuity conditions are not satisfied, smooth
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contact and slip contact approximitions to the ldeal welded contact cake are ob=
tained[4),

A physical model that is move appropriate for the conslderation of realistic
material boundaries assumes that the two solid maedia are separated by a thin layer
of uniform thickness N as shown in Figure 1. If this layer is thought of as the
combined microsurface layers of both medfa which have densities and clastie
properties different from those of the substrates, the system may be modeled as
three clastic layers and the propagation of a wave conflined near the middle layer
and {ts sensitivity to microsurface structural changes may be derived, [f lnstead
the layer s a ligquid, a thin film of adhesive, tor example, the rvelatlonship
between the Liquid viscosity n and the thickness I determines the propagation
characteristics. Specifically, {f the magnitudes of y and H are such that -l and
the ratfo n/h approaches zero, smooth bonding is defined while {f n approaches zero
but n/li remaing finite, loose bonding oceurs|[5). Finally, both the clastie and
viscous damping properties of the layer may he considered by assuming the laver to
be a Voipt solid and satisfying the eight acoustic potentfal continuity conditions
at the uppor and lower layer-substrate boundaries.  The resulting determinantal

characteristic ecquation may be expressed as
(L t A t + ™
o A“ + kr Ar [ =0, (1)

whure A; fs the characteristic function for antisymmetric Lamb waves is a visco-
clastic plate with unloaded surfaces, A; is the characteristic function for Raylelgh
waves on a viscoelastic halfespace, and KA, K;. and € are funetions ol the vlastic
constants of both substrates and the modified vincocolastic modul i of the Piquid
layer{o,7].

The viscoelastic layer model predicts several interface wave attenuiation
mechanisms which are of specific fmportance in the evaluation of adhesive bond
integrity. First, if there i8 a localized discontinuity In particle displacement at

one of the laver interfaces, the effective rigldity 18 moditicd locally, cansing

"'n'xl‘Pi
. ﬁ L2 L8 L L L L L LLLLLL
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Fig. 1. Geometry of solid media denoted by subscripts |
and 2 separated by a thin viscoelastie Tiguild Vilm,
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wave reflection and damping any a decrease in {nterface wave velocity, hue to thiy
effect, wave attenuation should proviue a measure of the pereentape ol the bondline
{n ideal rigid adhesion, Second, changes in the physical structure of the tayer
vary the time-dependunt viscogity and damping. Such changes have been related to

the scate of polymerization of the adhesive and the compressive stress applied 19
the laver(6]).

2, Experiment.- To measure the interface wave attenuation due to slip at the layer-
substrate boundaries, defects were introduced on one surface prior to bonding.
Optically flat 7740 pyre: specimens were ground with increasingly coarser grades of
optical abrasive polish, optically inspected to determine the surface defect size
distribution, and bonded using two-part epoxy polymer adhesive to aluminized poro-
silicate crown glass optical flats(8]. The attenuation as a function of surface
dofect diamcter shown in Figure 2 waa determined by optically measuring interface
wave amplitude along the fnterface using the differential interferometric nystem
shown in Figure 3. Here, the two arms of the interferometer are focused through the

Lircini; arent crown glass substrate to points at the inter ver separated by half an
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1)
2.25 MHz 2.25 MH:2 Fig, 4. Pltch=catch
TRANSDUCER TRANSDUCER ultrasonic geometry used
OUT to detect 2.25 Mz inter-
‘f”‘ face wave attenuation poad
f velocity variations as a

function of applied com-
pressive stress.

|, AA—AFRTT—AA

acoustic wavelength, Detected signal amplitude is proportional to the optical
pathlength difference between the two beams and thus to the amplitude of the normal
component ¢f particle displacement at the interface, Attenuation measurcments are
limited by a minfmum detectable wave amplitude of 4 x 10-3 K9],

To measure the attenuation due to varifations in boundary layer structure,
fnterface waves wvere generated and detected using the plech-cateh Raylelgh wave
conversion geometry shown in Figure 4, Rayleigh waves generated on the surface of
an optically polished nickel substrate were mode-converted into interface waves on
the nickel-aluminum boundary, and changes in the amplitude of the reconverted
Rayleigh waves at the output were measured. Boundary layer structure was varfed for
samples with and without an adhesive middle layer by applying an external compres-
sive stress to the materlals equal to seventy percent of the yield stress of the
aluminum, Without the adhesive present, the microsurfaces of the substrate
effectively form the layer since density near the surface is less than that in the
bulk, Compressive stress increases this surface density and, In qualitative agreoe-
ment with theory, nonlinearly increases both wave velocity and attenuation as shown

in Figure 5[10]., With the viscoeclastic adhesive present, stress increases layer

4
o
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o - 4
> ;E Fig. 5. Nonlinear changes in
o 2.25 MHz interface wave velocity
= and attenuation versus applied
g 2; 4 t compressive stress.
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Fip. 6. Hysteresis in 2,25 Miz
interface wave velocity versus sixiy
second compression cycling,

ATTENUATION (dB)

L) .
o} 100 200
LOAD (MPa)
viscosity, also causing velocity and attenuation to increase,  Figure 6 shows
representative velocity hysteresis measured for sixty second compression eyeling

duv to the time=varying behavior of w' in the laver,

3. Results.- Modeled effects on interface wave attenuation due to both boundary
defects and interface layer viscosity varfations have been cexperimentally measured,
Resulting wave attenuacion may be qscd to indicate the percentage of interfacial
arca not in ideal adhesion and the state of polymerization of interface adhesive

materials and thus to chavacterize interface bond integrity,
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CHARACTERIZATION OF METAL-POLYMER BOUNDARIES
USING STONELEY AND LEAKY WAVES
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ABSTRACT

Bondlines between polymer adhesive layers and aluminum and

; - .

nickel alloys adjacent to the layers have been characterized using

R RS SIS ISR BT LA SR A P

ultrasonic interface waves which propagate along the polymer-metal ;

boundary and sample bondline structure. Since the depth of pene-

tration ;f bounded wave motion is limited to approximately one :
acoustic wavelength within the material on either side of this %
boundary, sensitivity to subsurface defects may be altered by vary-

ing wave frequency. Interface wave propagation models based on o
viscous, elastic, and viscoelastic mechanical properties are review-

ed. Gross boundary anomalies such as large defects and localized

disbond regions have been measured using conventional high-frequency

pulse-echo and pitch-catch ultrasonic techniques. Bond durability |
has been estimated by comparing detected wave attenuation versus . i
frequency as a function of pre-bond surface preparation with the %
experimental limit obtained for perfect welded contact. Sensitivity
of interface acoustic field periodicity to both residual and dc
applied stress at the boundary surface has been observed as well as
hysteresis due to viscoelastic polymeric behavior as the applied
stress is cycled. Optical and acoustooptical techniques for bonded

surface inspection and interface wave detection are discussed.

International Symposium on Physicochemical Aspects of Polymer Surfaces,
New York, August 1981.
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INTRODUCS1ON

Ultrasonic waves which propagate along the boundary between
pairs of solids and which have wave ancrgy confined to a thin region
on eicher side of the boundary are known as interface waves., The
spatial distvibutions of the particle displacement fields in both
media arve determined by the mechanfcal boundary conditions tmposced
at the Intertface and the velocity of the interface waves s bounded
by the lower of the speeds of distortional waves in the bulk of cach
substrate and the higher of the speeds of Rayleigh waves on the free
surfaces of each matvrial Independently,

I the surlaces of both solids ave in intimate contact such
that both particle displacement and stress are continuous across the
boundaty, an equation of motion for classical unattenuated Stoneley
waves bound to the surface may be derived [1]. Real roots to this
equation occur only for a limited range of media pairs making Stone-

ley wave propagation a case of limited practical interest [2). If

either the displacement or strees continuity conditions are not satis-

fied, smooth contact and slip contact approximations to the ldeal
welded contact case are votained [3].

A physical model that {s more appropriate for the consideration
of realistic material boundaries assumes that the two solid media are
separated by a thin layer of uniform thickness H. If this layer is
thought of as the combined microsurface layers of both media which
have densities and elastic properties different from those of the
substrates, the system may be modeled as three clastic layers and

the propagation of a wave confined near the middle layer and Ius

-37-
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sensitivity to microsurface structural changes may be derlved. 1f
instead the layer is a liquid, a thin film of polymer adhesive, for
example, the relationship between the film viscosity n and {its thick-
ness H determines the propagation characteristics. Speclfically, if

the magnitudes of n and H are such that n>>H and the ratio n/H approaches
zero, smooth bonding is defined while if n approaches zero but n/H
remaing finite, loose bonding occurs {4]. Finally, both the elastic

and viscous damping properties of the layer may be considered by assuming
the layer to be a Voigt solid and satisfying the eight acoustic potential
continuity conditions at the upper and lower layer-substrate boundaries
(51,

Recent analytical research of the interface wave field problem huas
centered on the implications of solutions of this general case to
practical physical systems [6, 7). Specifically, the viscoclastic
layer model predicts several interface wave attenuation mechanisms
which are of direct importunce in the evaluation of the integrity of
completed adhesive bonds. First, if there is a localized discontinuity
in particle displacement at one of the layer interfaces, the effective
rigidity is modified locally, causing backward wave reflection and for=-
ward wave attenuation and a change in interface wave velocity. Due
to this effect, wave speed and damping provide an indication of the
percentage of the bondline that is in ideal rigid adhesion according to
this model. Second, changes in the physical structure of the layer may
also vary interface wave attenuation via modulation of layer viscosity.
Such changes may be related to the state of polymerization of the
adhesive or to either compressive stress applied externally to the

layer or internal residual stress.
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In this paper, analytical and experimental resulus obtained for
metal-polymer boundarics are revicwed. Interface wave models are
briefly described in terms of ultrasonic field parameters. Ultrasonic
wave detection of gross boundary defects by pulscd surface acounstic

wave techniques and small defects by continuous wave attenuat bon

measurements are discussed and observed nonl tnear changes and hystere-
8is in wave velocity due to applicd stress are explained in terms of a
simple nonlincar polymer density model. Tinally, optical measurement
systems for the detection of interface wave obscervables and their

advantages over surface contact transducer methods are noted,
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THEORY

A simple three layer model for the geometry of a polymer-metal
boundary is shown in Figure 1 where A and u are the Lamé constants
und p the density of the layers. Herxre the subscript 2 denotes the
metal substrate on the bottom, subscript 0 denotes the polymer material
of thickness H shown in the center, and subscript 1 refers to the

top layer. By specifying A » and p, and the boundary conditions

1'%
at the upper surface of the polymer layer, substrate 1 may be chosen
to be vacuum for the case of a simple polymer-metal bond or a second
metal substrate for the case of a metal-polymer adhesive-metal bond,
Ultrasonic wave propagation along the one or two resulting interfaces
is dependent upon the nine elastic constants shown and upon the
layer thicknesses. Since the wave-induced particle motion is con-
fined to a region extending approximately one acoustic wavelength
into each material in the z-direction, the field expressions that
may be derived assuming infinite half-space substrates must be modi-
fied 1f the layers are thinner than several wavelengths in order to
account for the field interactions at both boundaries of the polymer.
Typically, interface wavelengths at several megahertz are less than
one millimeter and the generated normal components of particle dis-
placement at the interfaces have maximum deviations from the unper-
turbed surface level of geveral tens of Angstroms.

For the simplified case of a thick polymer layer perfectly
bonded to a thick metal substrate, both particle displacement and
stress are continuous across the metal-polymer interface and inter-

face wave velocity, C, satisfies the resulting characteristic equation
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c ((o1 - nz) = (M + °2"1)("1"2 + "2"1”
+ 2PC2(91N2N2 = 0 MN = +0,)

2
+ P (Mlﬂl - 1)(M2N2 -1l) = A.

- 0.

In this equation,

M (L - cz/ajz)* c 4w, 2;

. N1 (1 - (22/612)!5 , and

: 2 2

where @ and a, are the dilitational (compressional) wave speeds in

the two media and 81 and 82 are the shear wave speeds. The range of
existence of real solutions for C in (1) is determined by the relation-
ship between substrate and layer elastic constants [8)., Because the
ratio of the ratios of density and rigidity modulus of many polymers
and nickel metal alloys are approximately unity, (1) has real solutions
for many boundaries of polymers with these materials [9). These real
solutions correspond to the propagation of unattenuated waves along

the interface and such waves are especially useful for the experimental
characterization of interfacial properties.

If instead of a single polymer-metal interface the more general
case of a film of polymer adhesive between two metal layers is con-
slderzd, solutions to two equations similar to (1) must be obtained
corresponding to waves at both film-metal boundaries. For thin films

the interaction of the two wave solutions with the opposite film
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boundaries causes a partial acoustic wave gulding clicct within the

layer and the equation for guided wave velocity baecones

2
) [Mo} ¥ JO(nIC)

o - n ———-
@ M 1 )%l "JJlﬁﬂf‘)
Y H]
-0 - gl 0
+ 5 (YSL BQl) + 2a " (5)

\d 2 -~
X ay(28, + W,) + AL (S, + aQy) = 0,

o2

= 0
where . k/kt’ h = kch.g = kl/kr' Ny ™ kt /kt'

y ' 2 2
[]0 ¥ klelk(_“; - (“2 - l)iv Y = (" - ¢ )'20

. 2 2. , 2%
By = (" - %) [qu/(uon) a”)®,
2 2.4 2 )
v, = (§ -a) a, = a = By, a, = 28y - W
0 0 | v M2 ' :
i
2 2 2 2 ] ?
W= a" + B, ”o a - BO , S1 - Bosinﬂﬂh

x ([sin(voﬁ)llvo}. Q = cos(Boﬁ) cos (B,h) cOS(Yoﬁ).
82 - Bosin(ﬁoﬁ) cos(yoﬁ), Q2 - cos(ﬁoﬁ) ([sin(yoh)]/yo}.

Ar - w2 - aazﬁy is the charactervistic function for the Rayleigh

waves; Aa o wozqz + lmzs2 is the characteristic function for the

antisymmetric Lamb waves in an elastic layer with free boundaries.

kt and kl are the wave numbers for the shear and longitudinal waves
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in the half-spaces. kto and klo are the corresponding wave numbers
for the layer. k is the wave number of the interface wave [10].

1f (5) is simplified into the form
A. + F(Ar + Aa + M0, (6)

vwherae A. is the characteristic equation for Stoneley wave propagation
fn (1) and F and M are constants, variation of F from zero to one
corresponds to the change in boundary conditions from the two media
interface wave case in (1) to the guided wave mode case in (3). The
effects of changes in field component solutions as a function of this

parameter are described clsewhere [11).
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POLYMER~-METAL SURFACE DEFECT EFFECTS

Experimentally, boundary conditions require that no relative
displacement occurs between the two media surfaces and that no voids
exist at the boundary. Stress discontinuities and slip at the inter-
face could originate at inclusions, voids, porosity, or regions of
poor adhesion. All of these factors can affect the propagation of
waves along the boundary and the wave observables may be used invarsely
to dotermine these factors.

The cffects of defects with dimensions both large and small
compared to an acoustic wavelength have been measured. Detection of
large defects at the boundary using conventional pulse-echo and pitch-
catch ultrasonic techniques was performed to demonstrate the capabili-
tics of interface wave probing using these standard surface acoustic
wave (SAW) methods. The interface wave generation and detection
geometry is shown in Figure 2. Repetitively gated ultrasonic SAW
pulses with 2.1, 8.0, and 9.0 Miz rf carrier frequencics were initially
generated on the plane surface of an optically reflective 14.2c¢m
x 6.8cm x 2.5cm aluminum substrate by an x-cut piezoelectric quartz
crystal transducer mounted on a conventional Rayleigh angle wedge.

SAW with 623 peak~to~-peak maximum surface particle displacement
amplitudes were optically measured one millimeter from the top of the
wedge. At the near edge of the 6.2cm x 6.2cm x 1.2cm titanium alloy
block shown bonded with polymer adhesive to the substrate in Figure 2,
more than 95% of the energy in the incident SAW was reflected and a
large SAW SWR was observed on the substrate surface between the trans-

ducer wedge and the block. Incident SAW were mode converted at the
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front corner of the block into waves on the interface between the
substrate and the block as well as into dilitational and sh ar waves
in both media. Interface wave attenuation from the front edge to the
back edge of the block was determined by optically measuring input

and output SAW amplitudes as shown.

Large defects at the boundary were produced by drilling 6.35 mm
dirmweter holes normally through the entire Al-polymer-Ti sandwich
at the center of the Ti block [12]. 'The location of these hvies
wvas ultrasonically determined by scanning both the positions of the
input waage transducer and similar output receiving tvansducers. The
location of the drilled holes is well characterized by the received
pulsed signal amplitudes plotted for both pitch~-catcli attenuation
and pulse echo magnitude modes in Figure 3,

Interface wave sensitivity to near-boundary defects and substrate
thickness has also been determined using a similar hole geometry.
By milling 6.35 mm diameter flat-bottomed holes of increasing depth
into the titanium alloy sample, the distance d between the hole bottom
and the interface may be modulated. As d decreases, tranamitted inter-
face wave pulse attenuation increases as shown in Figure 4 where the
theoretical decrease for a titanium sample and experimental data are
compared. It should be noted that asince the decay of field components
into each substrate occurs at a different rate, a different attenuation
versus depth curve would be obtained if the hole were drilled instead
through the aluminum block.

Much smaller interface geometry defects were generated by roughen=-

ing the metal substrate surfaces, which were originally polished optically
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flat, with different grades of optical abrasive. The substrates were

then cleaned and again bonded using polymer films. Surface pits opticully
measured prior to bonding were produced by abrasion and were filled

with the film material causing a nonuniform film thickness between

the substrates. Continucus interface wave attenuation due to the
variation of the thickness of thias film versus pit size is shown in

Figure 5. A significant difference in attenuation between 2.1 and

9 MHz waves has been observed [12].
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POLYMER LAYER AND BOUNDARY EFFECTS

Tnternal polymer Jayer and polymer-metal boundary propertics
may be charvacterized by observing interface wave velocity shifts coused
by changes in polymer structure. Such changes were produced in several
ways and the resulting shifts monitored., First, both external dc and
cycled compressive stresas loads were applied to the polymer layer
betwaen metal samples as shown in Figurce 6 such that the maximum
applicd stress was elghty percent of the lower yiold stress of the
two substrates. Assuming that the polymer under de compression behaves
as a randomly arranged molecular powder, the density of the polywer

layer may be modeled by the relation [13].

-a
p
- 3 ———
Ppolymer ~ Y0 P ' (7)
vhera Py is the density in the unstressed state, P is the applied
stress, P, is the yield stress, and a is a constant determiner by

0

the material, "he change in p with a static load P increcases wave
velocity as shown in Figure 7. If the load is repetitively cycled
from zero to P to zero again, hysteresis is observed. For a ramped
load cycle of 0.1 Hz the velocity hysteresis also shown in Figure 7

is obtained., The rate of decay of the stored energy per cycle in

this reaction may be directly related via polymer compression and
chain cross-linking to the internal friction [14] and shear modulus
modulation {15) in the layer. Finally, similar effects due to cross—
linking have been observed by allowing a thin film of polymer adhesive
between metal substrates to cure while monitoring the velocity of

the transmitted wave [12}.
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OPTICAL METHODS FOR POLYMER-METAL INTERFACE WAVE MEASUREMENTS

Non=contacting optical probe techniques may be used to minitor
interface wave characteristics with a minimum of intervaction with
wave cbservables. The probe beams indicated in Figure 2 ave part
of the differential interferometric system shown in Figurve 8, At
»he right side of that figure, dual laser probe beams are focused to
smill spots spaced half an acoustic wavelength apart on the substrate
surface. Upon reflection the beams, now slightly out of phase due
to the wave-induced differential path length difference, recombine
to form a shifted optical interference pattern. This pattern is
spatially flitered and the filter output is optically detccted,
Assuming small SAW amplitudes, point focusing and correct point

separation, the instantaneous detected signal power is

» ¥/ ‘
uli ouPiAL

P = -

8 2 A '

wheva P1 is the total incident laser power, a is the sensitivity

(ampere/watt optical power) of the opticel detector, X is the optical
wavelength, and AL is hdlf the instantaneous path length difference.

For a CW wave, AL = AL  cos mat, where AL, 18 the peak wave amplitude

0 0
and w, is the acoustic radian frequency. The resulting ac term in (8)

then is proportional to AL, and the normal component of particle motion

0
at the location of the focused beams [16]). Interface wave attenuation
and velocity are determined by comparing optical measuvements of input

and output waves. Optical system sensitivity allows the narrowband

detection of 0.01 Angstrom interface wave amplitudes [16].
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CONCLUSTONS

This research demonstrates the potential of using interface
wave techniques for the aevaluation of polymer-metal boundaries,
especially those in adhesively bonded astructures. It is recognized
that surface conditions and the viscoelastic properties of the inter-
face region are the mosat critical factors in ultrasonically deter-
mining the mechanical boundary behavior, Measurements »f interiace
wave attenuation as a function of boundary surface voughness and
velocity.as a function of polymer compression indicate that the
technique is scnsitive to changes in both interfacial conditions and
internal polymer layer propertics. Remote nondestructive measurements
of the curing of polymer adhesives using this experimental method
suggest its application in bond strength determination in high-
strength adhesive systems. Further attention now should be directed
toward assessing the effects of chemical surface contamination on

interface wave propagation observables.
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Figuve 1.

Figure 2.

Figure 3.

Figure 4.
Figure 5,

Figure 6.

Figure 7.

Figure 8,

FIGURE TITLES

Multilayer boundary geometry.

Generation and detection of 2.1 Miz ultrasonic inter-
face waves along the polymer layer between aluminum
and titanium substrates.

Pitch-catch (a) and pulse-echo (b) interface wave
scans of a 6.35 mm diameter hole in a metal-polymer-
metal boundary,

Pitch-catch attenuation caused by a 6.35 mm diameter
flat bottomed hole.

Attenuation of CW interface waves versus avervage
diameter of abrasive particle size.

Geometry for compressive stress loading of polymer
adhesive film,

Ultrasonic interface wave velocity modulation due to
dc stress applied to polymer layer between metal
substrates (a) and hysteresis caused by stress
cycling (b).

Differential interferometric optical system for
the detection of ultrasonic interface waves.
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WAVES GUIDED BY A THIN VISCOELASTIC LAYER BEIVEEN ELASTIC SOLIDS

Richard 0. Claus and Robert T. Rogers

Department of Electrical Enginesring
Virginia Polycechnic Institute and State Univereity
Blacksburg, VA 24061

Abscrace

The propagation of ultrasonic vaves guided
along a viscoelastic layer which separates two dise
similar elastic solid half-spacus {s described.
Layer and half-space wave potertial solutions to
the general eight=by-eight determinant equation ob-
tained by satisfying scress and displacement bound=-
ary conditions at both layer-substrate {nterfaces
are determined as functions of layer thickness and
elastic constants, For the limicing cames of ripgid
and soft bonding by a layer thin compared to acous-
tic wavelength, Stoneley and independent Rayleigh
wave characteristic equations, respectively, result.
For combinacions of layer rigidity and wave-length
that correspond to guided wave propagation, axter=~
nal evelic loading of the layer produces mechanical
ivsturesis and a resulting dynamic change in bond
properties. Experimental measurements of the ob-
derved velocity hysterecis in an aluminume-polymer
adhesive-aluminum system are described and poten-
tial applications in nondestructive bond character~
fzacion are indicated.

1. Introduczion

Ultrasonic waves which propagate along the in-
terface between two materials have been suggested
as 3 potential tool in the nondestructive evalua-
tion of adhesively bonded solids and layerad struc-
tural media. Unlike ulctrasonic bulk waves used in
localiied transmission or reflection bond inspec-
tion techniques, interface waves can propagate
along the boundary and integrate the effects of
bond structure over a long pathlength prior to
detection. As a function of propagation distance,
several incerface wave observables may vary depend=-
tng upon the thickness of the adhesive bond, the
structural incegrity of the bond, and ‘ocal elastic
constants of the bond and substrate materials.
Specifically, interface wave amplitude may be
Jttenudated and a redistribucion of wave energy into
components of particle motfon normal and parallel
tv the boundary may occur. In this peoer, inter-
fuce wave velocities are derived for several pairs
o medfa substrates, particle displacements versus
depth into each substrate are shown for several
media cumbinations and bond thicknesses, and quali-
tative experimental results which indicate a change
in {nterface wave velocity due to a change in bond

ness and density 1re presented.

‘eprint 1981 IEEE Ultrasonics Symposium

2. Theoty

Elastic particle wavaes which have energy con-
fined to the thin region on etther side of a mate-
rial boundary may exist for a wide range of sub-
strate pairs. Sctoneley first considered unattenu-
ated waves of this type (L] and the literature
which describes these classical Stonaley waves
and similar generalized attenuating waves with
complex speeds {s axtensive [2]. Recently, several
suthors have detected interface wave modes using
ultrasonic and optical imaging techniques (3,4,5).

Conaider the tdesl material bond geometry
between the substrates shown i{n Figure !. The dil-

z
Material |
AN B
PPN
Po Aa Mo
Material 2

Figure !, Macterial boundary cvordinate geometry.

atstional and shear wave displacement potentials
may be expressed hare as

&1 - nxp(-kAlx + 1kz ~ lwt),

wl s exp(~kB,x + lkz - {wc),

3
H

9, = exp(kA,x + tkz - tur),

Wz - exp(kbzx + {kz - lwe),

(Chicago, IL).
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where

. _ 2 2,4
Al'z t(l~c¢ /11'2 Y

oWl 2.4
By,2 %t (A =c/by 0% (2)
c = wlk,
and a amd b are the dilarational and shear

wave i#iodn tnl!‘dil 1 and 2, renpectively, From
(1), the displacements in both materisls may be
expresssd as

vy Iy
RS T RS T ]

1,2 Ix dz '
(3)
) 3
w -..tu¢._w_’u.2.
1,2 Jz ax ’

and the displacement and stress continuity equa=-
tions at the boundary become

\ll L4 “2
YLt
. . (4)

I TR By

1| 9% iz 2 W 3z

\ t )ul . 3w1] s Dul yﬁu: . Iw

1] —:}““ra';"‘:'a'; I

an
luz 7ﬁf .

By subscfrucing (1) and (3) into (4) we obtain
R4 2
Cluloy =0y - (08 SM Y (e N, + ole))

s
+ IPCT (0 M = M N -

o= MY - eyt ) (g

sl - Do, - 1 e o,

where

2 Y
”1.2 = (1-C /31’2 Yo,

o 2 2%
M2 = (1-C /b1.2 Y4, and

.
Pep - pzbzz).

Solutions to (3) have baen invastigated
by several suthors [2). Speed solutfons for the
media paire va have used for exparimental measure-
sante are given in Table 1 where, following Lee
end Corbly, speedis rather chan propagation
constants are exprassed in complex notation for
attenuating interface wvave modes (J). From these
spesds and (J) the particle displacement profiles
on either side of the x-y plane {n Figure ) may be
derived and they differ for materisls which support
unattenuated Stonsley waves and leaky waves. Such
a difference in displacements normal to tha bound-
ary is shown for steel/ticanium and steel/slumi-
num specimens in Figure 2.

TABLE 1
Materiale Interface Wave Speed(m/sec)
Stesl/Aluminum 3,148 x 103 - 3724
Steel/Titanium 3.209 x 103

Alustnua/Titanium 3.2% x 105 « §2.491 x 10
7740 Pyrex/Nickel 2.974 x 105
Yused Quartz/Nickel 3.240 x 103

o~
[}
Y]
-y
§ //q
o / (a)
]
-l
)
-
L]
A4
3

0

-8 0 8
z (wavalengths)

- (b)
o]
-t L
5 3
D
"]
- o
04
a1
R
S
>

-8 0 H
t (wavelengths)

Figure 2. Components of particle motion normal
to (a) steel/titanium and (h) asceel/
aluminum boundaries. Arbitraty units
on vertical axis may be novmalized to
any value of {nicial incerface wvave
amplitude.
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Por the three media geometry shown in Figure )
displacement profiles vary with intermedisce layer
thickness N and the elastic constante of all thres
nateriale. Assusing that an tnterface vave wode 1
axcited at one layer/subscrate boundacy and that
reflection/transmiasion continuity of wava compo=
nants at the other boundary is satisfied, particle
displacements and the beat lenjth of guided wave
mode energy transfer from one surface to the other
moy be deterained. The component of parcicle mo-
tdon in the s=direction at one value of x for the
real vave speeds on a stesl/cicanium/stesl speci-
men and complex epusds on stesl/titanium/sluminus
are shown tn Pigure 4.

z Material |
XT“WW

H Material 2

Material 3

Figure ), Bunded Three Matevial Geometry.

v (arbitrary amplitudes)
-

e 15...,...‘,v‘s.?::77771$ir=v-1-v-1

2 (wavalengths)

w (arbitrary asplitudes)

AASADAAS AMMAAAAEAAAS MASERAAS RS YAMLANA
0 -8
t (vavelengths)

v (arbitzary amplitudes)

v (arbirrary amplitudes)

v (arbitrary amplitudes)

w (arbitrary amplitudes)

al.
0
-8, (wavcleng:hl) 8
bl
W‘
(4]
-8, (wuvclun&:hn) !

b,
 — IS
d Y Y T T b T Y \

3 (wavelungths)
b,

bvv-'wvavv AN AAAS ARLS RASS RAAERARS RS ]

8, (wnw.leggchl) 8

Figure <. Components of particle motion normal boundry for (a) steel/titanfum/stecl and (b) sceel/titanium/
aluminum for K = (1) 6.8, {(2) 1.9, and (2J) 0.) wavelaenths.
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). Measuraoments

For practical messuremencs of incerface vaves
own bonded solids, the above theory may be applie!
tv soltd/adhestve/solid systems whare the adhesive
1w considered to be a viscoelastic matevrial (6],
From (5), incernal layer and boundary properties
mav be characterized by obasrving interface wave
valacity shifts caused by changes in layer struc-
ture, Such changes have been produced in several
wavs and the resulting shifts monttored. First,
hoth external dc and cycled compressive stress
loads vere applied to the polymer adhesive layer
between metal samples such that the maximum applied
tuad was eighty percent of the lower yiald stress
of the two substrates. Assuming that the surfaces
ander compresston behave ae randomly arrvanged molece
siar powders, tha layer densities may be modeled by

*palymar = 5 (P/%] 4 (6)
where o, {8 the Jensfey {n the unstressed state, P
ta the applied stress, P, {a the vield stress, and
s ia o constant Jetermined by the material, The
hange in ¢ with u static load P {ncreames wave
seloetey through (5) as shown i{n Figure § [3). 1If
the load {8 repetitively cycled from zero to P to
suro again, hysterests is observed, For a ramped
tvad vrele of 0.1 He the velocity hystavesis also
Jwown in Figure S is obtatined. The rate of decay
1f the stored enargy per cycle in this reaction may
ne Jivectly related to material compresaion [8] and
snear modulus modulation [5) 4n the layer. Finally,
similar effects due to cromalinking have been vbe
ierved oy allowing a cthin film of polymer adhesive
hotwaen metal substvates to cure while monitoring
the velocity of the transmitted wavel?].

PERCENT VELOOITY CHANGE

° 02 04 08 e 0
P/P,

Fiwure o, Change (n interface wave gpued produced
bv svelie loading of polymer adhesfive
hetween aluminum and ticanium plates.

4, Results

Interface vave speads and particle Jdisplace-
mont profiles hiave been derived fur soveral hondued
media geomatrien, A simple nonlinear modul of poly-
mer bond density qualitatively agrues with obsarved
hysterasie and changes tn gulded wave spewd aw
applied compresstive wtress in rycied.
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AN ULTRASONIC TRANSDUCER WITH GAUSSIAN RADIAL VELOCITY DISTRIBLIION
[ ]
P, 8. Zerwekh and R. O. Claus
Department of Elecerical Enginesring
Virginia Polytechnic Insticute and State Universicy i«
Blacksburg, Vieginia 24061 3
4
Abugract i
described a methud for generacing a velucity J
In materials evaluation applications discridbution wh.ch (s GCaunstan Ln one Jimunstion f
,1quiring the incervogation of modified far uttlising mulciple linear alectrodes {$). :
ticid patterns of an ultrasonic transducer, it §
18 Jesirablae to use a transducer which produces This reporc describes the design and con-
s baam wich 4 Coussian profila. A cransducer struction of a circular x~cut quartz transducer
with a velouity profile which is Caussian ae a vith mulciple, optimally placed, concencric ring
function of radius and indepandent of angle is electrodes which produce a Caussian radial els .cic
feseribed. Ihe transducer has been constvucted (leld and thereby tnduce a similar vwlociey
nv depostting o circularly symmeccic metallic discributi.n,
myltieelectrode array on a 19.1 mm diamater x-
cut quarex diwk. Cach elactrode is independently ¢ Electrode Dewign
sonnected to an impedance network optimiged to
produce the Gaussian discribution with less than An electric field discribution which 14
(w0 parcent maximum error, A compucer 8ided exclusively a function of radius may ba produced
cloctrode deslgn and calibrated three dimensional by a set of concentric annular eloccrodes., [f cne
interferometric optical and ultrasonic measure=~ circumference of the rings (s large vith respact to
munts of cthe far field distribution ars presented. the spacing betveen sucessive electrodes, the
slectric fiald in the gaps may he condidared to be
a linear funccion of radius. From this model, 4
placevise liuear function which approximates 1
1. Introduction Gaussian may then bhe generated on the face of the
plezoelectric ceystal by placing r'w proper volc-
The simplified theoretica: analysis of ages on the elactrodes. The degreu to which thiy
sevaral bulk ultrasonic phenomena require the funccion fits the desired Gaussfan {s determined
conideration of bounded ultrasonic beams having by the wideh of each electrode ring, ciw number of

velocity Jistributions which are Gausslan as a electrodes, and the distribution of the eluctroda

function of radius (1}, Additionally, stnce the radit on the radius of the transducer ceyseal,

heam profiles in the near and far (ield reglons Since the Jestred Gaussfan voltage function attalns
ire related by a Fourier transform operation, 4 particular value st only one mathematical poine,
caussian profile beams are particularly useful in the electrode vidth shoi.ld tend *o zaro. The
svperimencal situacions tn which a similarity photo~etching techniques used in vur transducer
betwaan near and far field patzerns is desired. construction, however, require a minimum eleccrode
A standard surface contact cransducer, hovever, width of approximately 0.5 mm. The depree of fit
tvpically generaces a field which s nearly uni= to the desired Caussfan shape miy alsu be improved
form in the region of concact and negligible by using a large number of eluctrodes, but this
elsewhers. The resuiting far field pactern thus requires thac the incterelectrode spacing be small,
containg significant sldelobe maxima which may be thereby lncreasing the possibility of clectrical
Jtfficult to disting Lsh from the cencral besm {n breakdown between udjacent rings when nigh voltagus

axpurimunts involving beam translation and actenu- are applied. It was found, however, that with as
ation, or mulciple beams produced by beam fow as % electrodes the mean abuolutu tit error
may be reduced to less than 1.5 porcenc of the peah

scatteving,
Since the radil of the rings are the variables over
Sevaral transducer designe employing single vwhich che greatest control may be wxercised during
clectrodes of various shapes have baen designed design, an iteracive computur routine to minimize
to provide a field which, when averaged around the absolute error by optimizing electrode placemunt
radit is & Saussian function of radius [2=4). wvas used, Optimization program oueput is shown (n

Thesc cluctrode patterns, howaver, introduce a Figure 1.

Jdistribution chat {s a funccion of angulac dis~
placement on the face of the transducer and not
purely 3 funceion of vadius, Breazoaiz has

sednts 1981 [EEE Ulcrasonics Svmposium (Chicapn, iL.)

-71~




A

S

ad

M

Clgure 1 = Computer Fit Optimization
J. Transducer Constvuction

The destgned electrode pactern was photo-
«t.hed Lnto a layer of chromium/gold on a 2,23 MHz
“reular x=cut quartz transducer. The capacitance
. stween the electrodus and the wear plate ground
 line was calculated and lacer emplrically veri-
Jied to be lese than 2 picofarads, giving rise to
weligable reactive tmpadance at che 2.25 Miz
operating frequency. Since this is low, a simple
resistive network may be usad to fix the desired
wt of electrode voltages.

Figure 2a shows the construction decails of
the aetual transducer. Leads were attached to
the ulectrodes using a ronauutive adhesive and a
jotie of epoxy was applied co the electrode side
ot the crvstal to provide mechanical suppore for
'he Jeads and to accenuate and disperss resonant
.urface wave modes. Furcther damping {s accom~
vushed by o thin semi-viscous layer of electri~
.11iv conductive adhesive placed on the oppusite
weodted side of the cransducer disk and under a
cain aluminum £o1l electrode/wear plate as shown
vt Cigure 25, The electrode leads were connected
© 0 the reslistive network and coaxial cuble and the
“tite transducer assembly was placed fn a 1.3 em
inaer diameter eylindrical PVC case and potted in

ler=loadued epoxy.

.

4, Transducer Performai:e

The beam profile of the prototype transducer

s neasured using hoth ultrasouic and acousto=-
nttval technigues. Firsc, quancitative measure-
<ruts were made by scanning the field distribution
wnerdted in g water tank using an aperture-
Sl Harisonics € 0204 plezoelectric detecting
seaesducer.  The 6,35 mm diamecter of che trans-
tucn ¢ owas effectively reduced by pliscing an aper-
ture mask In “ront of it., The mask was conscructed
cich o dtumeter of 2 millimeters using metal foil

ced with 2-3 mm of soft wax, Measurements were
widv in the cank wicth the receiver 4, 20, and 40 cm
{vm the prototype. The data from these measure-
sents L shown (n Figuve J.
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Figure 2 - Transducer Construct o, Det.ills

Second, thu beam prolfle wan canned by trans-
lating the sample arm of a Michelson (nterferomecer
with respect to the transducer face nd measuring
the incegrated i{ndex of refraction modulation
produced by the bheam. Since, for imill modulacion
indices, index, deonsicy, and pressure are pro-
portional, the data shown in Pleure 3 indicates
the presaurz profile of the transducer {0,7].

5, Concluston

An ultrasonic transducer which genecates a
Gaussian radial velocity discribution has been
d*x igned, conscructed, and tested. Although beum
divergence occurs, the far field distribution
retains {ts Gaussian shape and sidelobe maxima
are not Jderectable.

CRigtua;
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Broadbund optical interferometer for monitoring Rayleigh waves.

Richard 0., Claus (Department of Electrical Engineering, Virginid Polytechnic

Institute and State University, Blacksburg, VA 24061) and John I, Cantrell, Jr.

(NASA Langley Research Center, Hampton, VA 23665)

A wideband differential anterferometer has been developed to detect

P ] {!:ﬁ

* 3mmie ¥

ultrasonic surface wave pulses. The interferometer combines the advantages
of wideband Michelson techniques with those of similar narrowband differential

methods used to measure CW ultrasonic waves [C. H. Palmer, J. Acoust. Soc. Am,

53, 948 (1973); D. P. Jablonowski, Appl. Opt. 17, 2064 (1978)]. In our system,
two coherent light beams are focused on the surface supporting the pulsed
waves., The reflected beams are combined interferometrically, filtered, and

detected using a broadband optical receiver. Receiver output is proportional

to the difference between the normal components of surface particle displace-
ment at the location of the two beams. If an acoustic pulse arrives at one
beam focus at time ty and at the other at ty =t + At, output signal bandwidth
during At is limited only by detector response. For t > t2, bandwidth is
determined by the differential acoustic sensitivity which may be adjusted by
altering beam separation. Sensitivity calibration for a nominal 1 MHz band-

width and measurements of pulses on a 0.3 cm thick 7070 pyrex plate are

e A & o m i

presented.

Technical Committee: Physical Acoustics
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OPTICAL DETECTION OF PULSED SURFACE
PARTICLE DISPLACFMENTS

PAUL S. ZERWEKH

and RICHARD 0, CLAUS

Dapartment of Electrical Engineering
Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

Abstrace

The detection of acoustic surface wave pulses by a
wideband differential {nterfevometric laser tech-
nique which is fomensitive to low frequency noise
is deacribed., System bandwidth is determined by
the relutionship between acoustic wavelength and
the variable spacing between two laser proho heams
focused on the solid surface which supports the
wiavea., Theoretical sensitivity to surface dis-
placement amplitude s cqual to, or better than,
that of other elect ptical techniquea. Rosponse
to an {deal step function displacement is analyzed
and experimental measurements of gated 2.5 Mhz
pulses generated on an aluminfzed pyrex plate are
discussed. Potentinl applivation {n the character-
tznition of acoustie emission in composites is
described,

Introduction

Interferometric optical techniques offer exvellent
sensitivity for.the measurement of ultrasonic
nurface waves, Several modificationa of the
Michelson interferometer with independent sample
and reference arms have been used for acoustic
witve detection although the inherent pathlength
sensitivity to ambienc low frequency acoustical
noise makes the Michelson design unsuitable in
miny applications [1,2]. Such low frequency
acoustical vibrations may produce large changes in
the optical pathleagth of one arm resulting in
large shifts in the output fringe pattern. The
targe shifts mask small amplitnde high frequency
signals while slowly changing the operating point
and gain of the interferometer. For those appii-
catfons in which the acoustical signals and
aroustical nofse exist in separate frequency bands,
vieration effects miy be minimized by controlling
the length of the roference arm with a feedback
signal derived from the detector output [3,4]).
However, nonlinear stability criteria limit the
vffectiveness of such feedback systems,

By folding the arms of the Michelson interferometer
80 both sample anu reference beams are pacallel and
reflect off the same surface, insensitivity to
vibraticna 1s greatly {mproved because induced low
frequency changes in the optical path lengths of
both beams are made nearly the same. Narrowband

CW ultrasonic waves have been detected using such
differential intevferc-otric systems {5,6). In
this paper, the application of a similar technique

IEEE Region 3 Conf. (Huntsville, AL),
April; 1981.
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to the detection of widehand acoustic wurface wiave
pulses {s reported,

Experimont

The basie optical wystem {8 shown {n Fig, 1, Light
from a 2 mW HeNe Jaser {8 divided into twe parallel
and aliphtly separated collimapted heans of vqual
fntenaity by a fixed beamaplfttor, The beams are
partially tranamicted by o second heampliitier and
focuned to pofnta separated hy o distanee d on the
surface of the specimen,  Upon reflection the beams
arve partfally reflected by the second beamsplittoer
and supertmposod to form a straipht line inter-
ference pattern, This pattern ix filtered using a
stationary Ronchi ruling having the same spatial
periodicity as the interference pattern,  The trang-
mitced 1ight {x focused on o wideband optical
detector.  Although hall of the avallable 1iyht s
loat by the sccond beamsplitter, this arfangement
minimizen errors due to skewwd reflections at the
surface,

The interferometer (s sensitive to dilffeorential
changes {n the optical pathlenpths of the two boeams
which cause relative motions ot the output 1y fnpe
pattern with respect to the fixed spatial filter,
To maximize sensltivity if {8 neceasary to move the
filcer th periods from perfort allpnment |6},
Senattivity to fnittal filter position may by
eliminated uging o rotating Cllter-heamaptittor,

Remults

Assume now that the ditterontial pathleagth hanges
are caused by an ultrasonic wave propagating, in the
z direction on the spueetmen surface,  Assuming no
varfation {n x, wo may oxpresa the normal component
of particle displacement at the surface an

W(t) = 2A nin (w t - Kz), (1)

where A {5 the peak digplacement from equilibrium,
wy the acoustic radian frequency, and K the acous-
tic propagation constant. Svstem response to this
wave s maximized 1f (1) one focus podnt colncides
vith a local asurface diaplacement minimum when the
other codncides with a maxtmum, and (2> d ]| z.
Thus, the required separation betwaeen the focus
points, d( -?xl). is

d = (2n + 1)A/2, (2)

CHI650- 181225350491 $00.75 - 198) IEEE
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where n = {0, 1, 2,. + .} and A = 20/K in the
acoustic wavelenpth, For and A constant, the
aystem response decreases from this maximum it 1,00 b
either A or the divestion of K change.  Rosdponse

an a function of A may be caloulated for different
valuen of o In Fq, (2) and ts shown Ln Fig. 2 for
wow 0,06]) Plotted experimental data wan moanured
for a probe boam spacing of 0.5 mm, approximately
one hall the wavelength of gated 2.5 Mz pulses
generated on an aluminized pyrex plate, Variations
In wonsitivity as a function of K allow the direct-
fon of propagation of CW waves or repetitive pulsed
signals of known frequency to be determined by
votating ¢ for maximum output stgnel. Theoretical
and measured sensitivity versus the angle ©

between R and d 1x plotted for n= 0 tn Fig., 3,
Theoret fval response data in both Fig. 2 and Fig, )
were caleulated assuming that the Focuned optical
beam wiist 18 small compared to the acoustic wave-
length, A dotected 2.5 MHz gated pulse signal is 0.85 b
shown n Fig. 4, '

0,95 P

s

= THEORETICAL
®  EXPERIMENTAL

0.9

NORMALIZED SENSITIVITY
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Fig. 1. Basic optical system for dual beam wideband optical {nterferometer,
Separvation distance botween the probe points on the sample surface determines
the acoustic bandwidth of the detection system, Additional bandwidth vorrection
may be {ntroduced electronically after the optical signal {a demodulated,  This
system offers sensitivity similar to other interferometric acoustic detection
technijues while providing the low frequency pothiength fnsensitivity not
present in conventional Michelson system designs,
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WIDEBAND OPTICAL MEASUREMENTS OF ULTRASONIC PULSES ' NS 2 - l 1 1 3 2 j//

R. 0. Claus
Department of Electrical Enginecring, Virginia Polytechnic Institute and State
Univareity, Blacksburg, VA 24061 USA

J. H. Cantrell, Jr.
NASA Langley Research Center, Hampton, VA 23665 USA

Calibrated measurcements of acoustic surface wave pulses by a
wide bandwidth ditferential interferometric optical technique
are described. By interrogating the interference pattern formed
by superimposing two optical beams rceflected trom the surface

at slightly saparated points, an output signal proportional to
instantancous surface particle displacement is obtained. System
bandwidth 48 decormined by the relatlonship bewtween the acoustic
wavelength and the scparation and slze of the laser probe spots
on the surface. In this paper, response to ideal propagating
step function displacements 1is analyzed and measurements of
gated pulscs are described, Potential applications in the
detection < acoustic emission are suggested,

INTRODUCTLON

Acoustooptical techniques offer excellent sensitivity for the detection of ultra-
sonic waves, Interferometric systems in particular allow the simple localized mea-
surement of the normal component of motion of a surface wave by using the surface
that supports the wave as the reflecting surface in the sample arm of an optical
interferometer. Such systems, however, are inherently wideband, for although the
clectronic bandwidth of the Jetection electronics may be limited to the ultrasonic
range, low frequency specimen translations modulate the position of the operating
point and thus the gain of the interferometer. 1In many practical systems the
amplitudes of low frequency specimen motions produced by mechanical vibrational
nolse are larger than the peak surface wave amplitudes to he detected and changes
in the operating point pusltion do not permit continuous systcm calibration.

several methods may be used to obtailn proper calibration, First, the low frequency
surface motion component may be detected separately and electronically fedback in a
simple control loop to a f{ast transducer which changes the optical phase in the
reference arm of the interferumeter [1]. This effectively cancels the low frequency
¢ffect at the output but may generate harmonics In the output signnl and does not
allow unconditional stability [2), Wideband differential interferometry is an
alternative calibration technique and will be described below,

WIDEBAND DIFFERENTIAL INTERFEROMETRY

By aligning the two arms of a Michelson interferometer parallel so both sample and
reference beams reflect off the same surface, sensitivity to low frequency waves is
low because the low frequency changes in the difference in optical path length
between the two beams are small., Measurements of CW surface, interface, and bulk
waves obtained using this differential interferometric principle have been reported
by several authors [3-5].

Ultrasonics International 81 (Brighton, UK), June, 1981
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(u) _Wideband differential interferometric system

The basic optical systom is shown in Figure 1. Collimated cohorent light from the
Juser at left is divided Into two beams of approximately the same intensity and
mgled slightly with respuct to cach other, The two beamy are focused to two points
separated by a distance AX on the surface as shown in VFigure 2, Light reflected
from the surface at these polnts s deviated by a beamsplitter and superimposed to
form straight line fnterfercnce fringes. The fringes are spatially filtered using

4 binary trunsmission grating (Ronchl ruling) having a perfodicity equal to that of
the fringe spacing, Light transmitted by the grating is optically detec.ed to pro-
duee an eleetronde wipnal with an fnstantancouns amplitude proportional to that of
the surface wave on the gpecimen,

(h)__Theory,

Asgume that the surface displacement conged by an acoustle wave may bo czpressed as
A(x, t) = 2A0 Hin (uut - Kx), (1)

where A, ls the peak displacement amplitude, #, 18 the acoustic radian frequency,

and K the acoustic propagiation constant, System tesponse to this shgnal s moaxi-

mizod Lf

A% || %, (2)

nd ¢rommifi. PAGE 19

~2 pa0oR QUALITY,
Ax = (2n + 1) A/2, ¢

where n I8 a non=negat bve Integer and A = 21/K {8 the acoustle wavelength.,  For Ax

and A condtant, the system sengitivity changes Lf either A or the dircction of

K vary; these effects have been calculated and measured (6], Although maximum sen-
sitivity s obtalned 11 (2) and (3) are satisfied, acoustic waves may still be de-

tected with lower sensitivity If they are not.  From (W), o 3dB acoustic bandwldtih

seiponse to Ax s obtalned for o two decade varlatlon fn Af2,7]).

(v) _Pulped coustic wave response

Response Lo an acoustlc wiave pulse differs from that obtatned for a (W signal., If
(M s satlsffed, a propagating step dlsplacement arvives at one optical locus point
before the other. Durinyg the time t = Ax/v, whare v la the wave veloclty, inter-
ferometric system sensitivity 48 unlimited in froquency because the position of only
une beam {8 acousticilly modulated., Tn this case, low frec oo - vibratlons muy still
be neglected, however, duce to the differential property o he  ystems Typloal
pulsed wave response is shown In Figure 3,

(d) Dual differential interferometry

I{ two pairs of optical beams such as those shown in ¢ gure L are focused on the
surface and arlented so one pair is parallel to X as in Figure " and one palr is
parallel to ¥, both X and y components of the wave may he determined [8). Frequency
roesponse in this case is again wideband with low frequency isolation., By recording
both x and y channels of directional wave information ¢ 1 combining them algebra=
fcally, wave amplitude and direction of propagation may be determined and the com-
plete time evolution of ultrasonic frequency dl placements in the A2/2 x A/Z/f area
containing the four focus points may be calculati. [9]. A complete analysis of
peneralized dual differential system response and the measurement of broadband
ultrasonic waves generated by pulsed transducers and acoustic emission cvents 18 in
preparation, -83-
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CONCLUSION

Wideband differential interferometry may bhe used to make collbrated measurements of
wideband CW and pulsed surface acoustic wave amplitudes while avolding low frequcicy
specimen translations. Uncompensated acoustic bandwidths of two frequency decades
have been obtained, By superimposing two differential optical beam patterns orient-
ed 1n orthogonal dirccetions on the specimen surface, the localized time evolution

of ultrasonic wave amplitude and direction may be determined,
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DUAL DIFFERENTIAL INTERFEROMRTER FOR
MEASURDMENTS OF BROADBAND SURPACE ACOUSTIC WAVES

TYSON M. TURNER and RICRARD O. ClLAUS

Deparcment of Electrical Engineering
Virginia Polytechnic Instituce & State Universicy
Blackaburg, VA 24061

Abstrace

A simple dual incevferometer which uses two
pai¢s of orthogonally polarized optical beasms to
weasur”s both the amplitude and direction of propa~
gati«- of broadband ultrasonic surface waves {8
described, Each pair of focused lassr probe beame
t3 used {n a sepsrate wideband differential inter~
ferometer to independently detecc the component of
surface vave motion along one direction on the sur=
face. By combining the two output sigrials corte-
aponding to both components, the two~dimensional
surface profile and its variation 4 a function of
time may be determined. Although the systeam has
an opeically adjuscable =3dB acoustic bandwidth of
more than two decades (eg. JOkHz to 3IMHs for
scoustic emismion measuremenca) and can detect peak
displacements in the sub-Angstrom rauge, it is
insensitive to low frequency specimen translations.
Potential applicacions i{n nondestructive evaluation
are described.

1. Intrvoduction

The development of robust mechods for the
detection and analvsis of surface acoustic vaves
(SAW) is of continuing importance due to increased
interest in 5AW applications fu nondestructive
evaluation, macerials evaluation, and signal pro-
vessing devices, A wide variety of practical SAW
sensing and analysis techniques exist including a
number of optical methods which esploy different
tvpes of optical surface lmaging. One such method
is the differential interferometric system intro-
duced by Palmer for measurements of SAW on solide
(1) and later adapted to che detection of dilaca~-
tional and shear wavas in solids (2] and interface
waves at the boundaries between transparent media
i3], This paper describes the extension of this
tvpe of acoustooptic sensing system to allow the
simultaneous detection of multidirectional SAW
amplitude components as well as the orientation of
propagation,

The differenctial incerferomecer exhibice
aeveral characceriscics which are useful for SAW
measurements. First, the output signel is pro-
porcional to the 5AW amplitude, phase {nformation
may be determined and the system can be vasily
calibrated {2},
tv {s grester than or equal to ocher optical or
mechanical techniquaes. The acoustic bandwidth may
be varied to allow selectivicy {n SAW detection
{¢}]. Finally, the fnterfarometer is tolsrant of
npeical miselignment, surilace irregularities, and

Second, absolute systea sensitivi-

lov frequency specimen trenslations of the type
associated vith roos vibrations or mechanical
specimen losding. The unique combination of chese
properties insures reliable, reproducible SAW mea-
suremants even in advarse testing environments.

2. Specimen Surface Profile

The tvo beam system does have limitacions.
The modulation of the two focused spots is de~
pendent not only on SAW amplitude but also on the
sngular oriencation of SAW propagation with ve~
spect to & chord passing through the spota. The
detected SAW amplitude i{s thus the amplitude
component of surface wave motion along the direc-
tion parallel co this chord as showm {n Figure 1.
This component {s given by A, = Agcos0 where Ay is
the modulating amplitude and A, (s the SAW ampli-
tude. Accordingly, detected signals corvesponding
to SAWs of unequal amplitude and different angu-
lar ordientations appear {dentical at the output of
the two-beam interferometer. In fact, a SAW pro-
pagating at a 90" incidence to the reference chord
would ideally generate no output signal.

ol |

Angular Sensitiviey of a Differential
Intarfercastar

Figure 1.

preprint 1981 IEEE Ultrasonics Sympcsium, (Chicago, IL).
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To overcoss thess limitations, two approaches
can be agtempted. One 48 to rotate the spscimen
for maninua signal medulacion, For randomly gen-
erated pulsed SAWs, hovever, rotation is an im-
practical solution. The other approach Le to in-
corporate & second differencial incerferometer to
detsct the orthogonal wotion component of a SAV
nropagecing at an arbitvary angle with respect to
the direccion of maximum sensitivity of tha first
interferometer. The resulting two simultansous
outputs may then be corvelated to determine the
SAW amplitude and sngle of propagstion with raspect
to & surface veference. By positioning the inter~
ferometears in the crosshatr configuration shown in
Figure 2, the relationship becween the true ampli-
tude and that component referencad to the sero
angle s # cosine function, This (s Ag = Agcond
where Ay {s the modulation smplitude o the B
{nterferometer focus pointe, The amplitude of the
orthogonal component is related by A, = IA.ltnot
where A, {8 cthe amplitude component parallel to
the A incerferometer, SAW amplitude as wall as
angular orientacion of propagation can thus be
uniquely determined. Unequal placament from che
center point distinguishes one 45° plane (rom the
other., Surface profile information as conceptu-
Jlized, however, does not {ndicace the direct..n of
propagation of a measured SAW. The detarmination
of this propagacion direction can be made by either
adding a third interferometer displaced slightly
from the previous two or by skewing the two patrs
of beam spots to obtain a third variable. This
latcer method, howevar, is not useful if SAW are
normally incident to the orientation of either
focus pair.

l AR '

| |
) A
.::\; !, 'Y
Kz
b A nsebu—

igure 2, Dual Interferomecer Focus Poinc
Geometry

3. Dual Interfurometer Discription

The separation of four beams {nto two non=
interacting pairs {s accomplished by orcthogonally
polarizing che pairs as shown in Figure ). Since
orthogonal polarizations can be sepavated by opti-
val filtering, both patrs are transmitted through
common optics and lacter separated for non-inter-
active measurement, A polariiing beamsplitcer

located before the dxcectors is used here co
separate the polarizations.
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Figure 3. Optical systesm for Dual Dual-Differen~
tisl Interferometser

The dual two~beam incterferomuter system tivse
genarates two pairs of parallel beams cach having
a forty=five degree polarization angle with reapace
to the horizontal as shown in Figure 4. The polar-
ization angle of the incident light is obtatred by
rotating a linearly polarized HeNe lasor appropri-
ately. As shown, the two pairs of beams are split
at right angles to each other and a dove prism
mounted at a forty-five degree angle to the hori-
tontal i2 inserted in one beam to rotate one pair
so that its axis {s oriented normally with respect
to that of the ocher, Both pairs arv then aligned
and positionad by a polarizing beamspliccter. This
alignment also results in the heams being pnlar-
izad by pairs and of equal intensity. The beams
propagate to the specimen surface through anocher
beamsplitter orientated 9y the reflected, modulated
beams avre veflected toward the detectors, A second
polarizing beamsplicter separates the reflected
pairs and each pair is tndividually spatially fil-
tered and detected,

Both {nterferometer beam pairs mav be expand-
ed and refocusesd onto the surface hy 1 vartable
focus lenas system., With this syscem, the separa-
tion of the focused spots can be varied. Beam spot
separation is more easily manipulated, howsver, by
ssparacing pairs appropriately at the pmuat of
generation at the front of the system and is accom-
plished by a trauslation of the mirror pair adja~
cent to the pair of beamsplicters.

4, Sysctem Limitacions

Although the dual two~beam differancial in-
terferometer does not have any disadvantages in
comparison to the single interferometer, some
of the single interferometer limitations remain.
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Two such limications sre the ervors ansociated with
the detection of signals from SAW edge effect re-
wions and high frequency attenuation. A3 shown tn
Flguras 4, SAW edge effecth can create an amplitude
differential over s distance parallel to the vave-
front causing erronsous signal generation, Thia
would be particularly avident vhen the BAW vave-
front is parallel incident to s spot pair ay shown,
High frequency SAW attenuation is similasr in ics
effects. Over a short distance the amplitule
variation dus to attenustion causss lose of eignal
modulution and therafore errvoneous amplitude com-
ponunt computations as shown in Figure 3.

Man | [LL ]

o - -
SRECINEN
ot wAracK

S PACRMMATING OUT OF PANK
B (/0 OWPEAENTIAL SATHLENETN MOOULATION

Figure 4, Edge Effect Modulation

AN | [{ L1 R ]

s |

1PLCINEN

suRralt L__

S - AMPLITUDE OF Saw AT Blaw 2
o= ATYINUATION CONSTAN'

Figure 5, Loss of Modulation Due to Attenuation

5, Experiment

Confirmation of the angular relationships in
amplitude for the dua) differential inverferomecer
was made by votating a pulsed 2,25 MHix wedge trani-
ducer around the focus spot patrs, The interferu~
matric eignal was datected by a broadband optical
detector and the resulting rf outpur signel fil-
tered by & 2.2% Miz bandpass filter. Thu recefved
signal vas calibrated for detectad SAW amplitude
folloving tha procedure outlined by Palmer, Claus
and Pick [2}, By combining data from both output
signal channels, & calibrated averaye of point
displacements over the spot pactern may be ob=
tatned, Typical single=polarization wave amplitude
system output daca ty shown {n Figute b, A com~
plete desceiption of system performance {u fn
praparation,

6, Concluston

An improvement of the SAW differential {nter=
feromatric technique has been developed, The dual
dual-differential intarferometer has all the ad-
vantages of the differancial interferometer bue {u
not dependent on the incident angle of SAW. The
dual dusl-differential fnterferometer is well sute~ '
ed for the measurement of transient 5AW ia non-
destructive testing and acoustic emission appli-
cations.

Figure 6. Interfarvometer Output (or Pulsed SaW
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OPTICAL PROBING OF PULSED ACOUSTIC SURFACE WAVES USING o i)///\’
WIDEBAND DIFFERENTIAL INTERFEROMETRY L

Richard O, Claus' * ancl John 3, Cantrell Ty

' Department of Klectrical Engineering, Virginia Polytechnic nstitute amd State University,
Blyckshurg, Virginia 24061, USA.

3INASA- Langley Research Center, Hampion, Virginia 23665, UNA,

Abstract

Detection of acoustic surface ware pulses by a widehamd differontial terferomerrie
optical technique which is insensitl. s 10 low frequeney avonstical nolse Is deseribed Sistem
bandwidth is determined by the relaionship hetween acoustical wavelength and the adpant
able spacing between two optical probing heams focused on the surface whicl sipports
the waves, Sensitivity to surface displacement amplitwde is equal 1o, or better than, that
of other techniques,

Interferometric optical technigues offer excellent sensitivity 101 the measuresment ol il
coitie surface waves. Several modiications of the Michelson mterleiometes with mdepend-
ent sample and reference arms have been used for neoustic wave detection |1 althouph
the wherent pathiength sensitvity to ambieat low froquency acoustical noie mikes the
Michelon design uisuitable in nany appheations 2] Such low hrequency aconsthical
vibrations may produce large changes in the optical pathlength of one mm, resubiongg m
Large shifts in the output fringe pattern. The large shitts mask soall amplitude igh hieg-
ueney signals while slowly changing the operating point and gain of the interferometer. >
For those apphications i which the acoustical signals and acousticil noise exit inseparate
frequency bands, vibiation effecis may be minimized by controlling the length of the iel.
erence am with a feedback signal derived from the detectan outpul |3, 4. However,
nonlinear stability criteria limiv the elffectiveness of such feedbach systems.

By folding the arn of the Michelson interferometer xo hoth sample and reference beamn
are paraltel and teflect of T the same supface, insensitivity 1o vibiations is greatly improved
hecause induced low frequency changes in the optical path lengths of hoth beams e ,
made nearly the same, Nanowband CW ultrasonic waves have been detected usmg such
differential interferometric systems {8, 0], In this paper, the application of a sular tech: *
nigque 1o the detection of wideband acoustic surface wave pulses is reported.

Detector

Lens

ExEExs  Ronchi ruling

;:g. h 1 bt F
y Pgled
: —— = e o (|
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Figure 1. Differential interferometyic sysiem.

[ *Visiting Scientist, NASA-Langley Research Conter, Hampion, VA 23665, USA ‘

T

ouitisine P ottere U'nl € Al 1981



.

2 Claus, Caomrell

The hasie ophical system is shown i Figure 1. Light from @ SmW HeNe laser i divided
mio two paratlel s slightly separated collimited heams of el imtensity hy o hixed
beamaplitter. “The beams are partially transmitted by o recond o, sphitior and focused
1o poits separated by a distance d on the surfuce of the specimen. Upon reflection the
beams are partially refleeted by the second heamsplitter and superimposed 1o Torm i
straight line mtesference patsern. This pattern is filtered using o stationary Ronchi raling
having the same spatial periodicity us the interference pattern. The transmitied hght iy
focused on o widehand optical detector, Although hall of the aviniluble light s fost by the
sevond beamsplitter, s arrangement minimizes errors due 1o skewed reflections w the
sirfiee,

The mterterometer is sensitive 1o differential changes in the optical pathlengths of the
twir beams which cause relative motions of the outpnt fringe pattern with iespect 1o the
Pixed spatial Dbver Yo mixinize sensitivity b is necessiny 10 movwe the hiter ¥ Y% periads
from perfeet abgnment [6]. Sensitivity to inivial Piler position may be eliminated g o
sotating Nilter-beamsplitier (o],

Assime now that the differentinl pathlength changes are caused by i ulirisomic wave
propagatmg m the 7 direction on the specimen mnface. Ascming no varition in k, we
iy express the normal companent of particle displacement i the sartace us

W(1) = 2A sin(wyt ~ Kz), (h)

where A s the peak displacement from equilibrium, w, the scoustic radinn fiequency,
and K the acoustic propagation constant, System response to this wave is maximized i
(1) one foeus point coincides with o local surfuce displacement minimim when the other
comerdes with s maximum, and € 2) 17, Thus, the required separation between the focus
pants, di=1d'Don

d = (n+ )AL ()

whew n {(), 000 bas A= 20/K s the acoustic wavelength, For dand A constan,
the system response deereanes From this maxinun if either A or the direction of K change.
Response as o function of A may be caleulated for different values of 0 in Eg. (2) and i
own e Fige 2 for n= 0 (o Ploted experimental data was mensted for a probe
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Figure 3 bertesomerer esponse versis angle 0 between dand k- for 2 SMI2 pated
pubses and 1 O Y ().

beam spacing of O Sm, approximately one bl the wavelength of gated 2.5 MEZ pubes
generated on an alunnmzed pyrex plate, Vinitons nosensitwity as a binchion ol ko allow
the chireetion of propagation of CW waves or repetitive pulsed sinals of Known Dreguiency
to be determined by otating d for maxmim outpot signad Phearetieal sd nieasuied
senstbvaty versus the angle 1 between Kland o' is podded dorn 0w bpane b Fheorencal
response data i both Pgure Y and Figure 3 were caleulated assummg, that the focised
aptical heam waist sosmall compared 1o the acoushie wavelenpth . A detected 2y MI
pated pulse signal i shown i fagure 4

Figure 4. Gated 2.5M!2 surface wave pulses detecied by widehand ditieiential
interferarelty.,

Response to the ficst halt eycle of a gated acoustic wave pulse differs from the €W
response, Let the tine at wineh the leading edge of the pulse arvives at the location ol one
focus pomnthe 1= £ During the time interval 1 <1<ty +dfv = 1, where visthe veloeity
of the wave and € 0, the output signal is only a function of the displacement ar the Tirs
point mdependent of acoustic signal Trequency. A L= (3, the Teadig edge of the palse
arvives at the secomd paint, and for £ 15 response is identical 10 that i the CW e,

Now consider the case of an acoustic pulse travelling in an mbitiny direchion il
contmning 4 wide bandwidith of fiequency components, Such i pubse could be generved.
tor example, by acoustie emission in selids. During the intesval =70 <7 1y Cddea )y 1y
the owtput signal is prapmional to e instantaneous point displacement cinned by the
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wideband pubse. For 1oy, frequency [esponse 15 Jgiil hnted by the dhisesontial gam
function determined by 0 in Eqg. (2). The center Licquency of the ditterentnd passhand
may vliectively he shifted by varying 0. A complete analyss ol the generalized wyaicin
repoise and the measuremant of pulbsed broadband wltrasonic sipnals is o prepaciation.
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