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Chapter1

IntroductionandTestbed

Introduction TheNewYorkCitysteamsystemisadistrictheatingsystem
whichtakessteamproducedbysteamgeneratingstationsandcarriesitunderthe
streetsofManhattantoheatorsupplypowertohighrisebuildingsandbusinesses.
SomeNewYorkbusinessesandfacilitiesalsousethesteamforcleaning,climate
controlanddisinfection.ConsolidatedEdison,Inc.(ConEd)operatesthissteam
system,thatwithits105milesofmainsandservicepipesisthelargestinthe
UnitedStates.In Manhattan,1800customersareservedbythissystem. Table
1.1showssteamvaporbeingventedonastreetofManhattanbecauseofaleakin
thesystemorproducedbycoolerwatercontactingtheoutsideofasteampipe.

Table1.1:Aschematicofamanholetoaccessasteampipe,steambeingvented.

Inordertopreventtheformationofliquidwaterthatcouldslowthesteam
flow,thepipeshavetobeperiodicallyinspected. Thelevelofcondensedwater
couldbemonitoredforlongtimesusingultrasounds.TheobjectiveofNDEAAlab
wastodevelopafixture(strap)andatransducercapableofcontinuousoperation
atthetemperatureof250℃,thatistherequirementsetbyConEd.Thetaskofmy
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two-monthsinternshipwastotestdifferentmaterialstobeusedtobuildanhigh
temperaturetransducer,todevelopsomeprototypesandtotesttheirperformance,
toassesthereliabilityofacommercialproductratedforsuchatemperature,as
wellastocollaborateindevelopingthesignalprocessingcodeto measurethe
condensedwaterlevel.

Table1.2:Thehalf-pipesectiontestbedwithanaluminumprototypeofthefixture,
schematicsofthestrap.

Testbeds Table1.2showsthestrapusedtotestthedifferenttransducerson
asteelhalf-pipetestbed. Thethicknessofthepipeis1cm,whiletheexternal
diameteris40cm.Beingtheenvironmentalchambernotpressurized,thetestfluid
usedwasalubrificationsiliconoilwithalongtermstabilityupto250℃(Diphenyl-
DimethylSilicone400,ClearcoProducts).
Someproblemsaboutthatfluidstillhavetobeaddressed:thespeedofsound

onthistestfluidhasbeenmeasuredonlyatroomtemperaturewhile,asexplained
in[2]andinmanybasicultrasoundtextbooks,thebulkmodulus,andconsequently
thespeedofsound,decreasewiththetemperature. Whenwillbepossibleto
measuretheoillevelwithamillimeterprecision,willbepossibletocalculatethe
speedofsoundatdifferenttemperatures,takingintoaccountthelargeexpansion
coefficientoftheoilandthegeometryofthehalfpipe. Anotherissuewiththat
particularfluidistheattenuationcoefficient.Asdescribedin[3],theattenuation
coefficientofsiliconeoilislargerthanthewateroneofmanyordersofmagnitude.
Furthermore,asreportedin[2],theamountofabsorbedultrasoundenergyin
viscousmediacoulddecreasesignificantlywiththetemperature,makingdifficult
torelateachangeoftheechoenergytotheperformanceofthetransduceronly.
Forthepreviousreasons,manytestshavebeenperformedonasimplealuminum
block.
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Chapter2

Measuringdevicesand
interfaces

2.1 Environmentalchambers

TheenvironmentalchamberoriginallyavailableinthelabistheSPXBlue M
ElecticshownintheleftpictureofTable2.1.Thisfurnacecouldbeprogrammed
totargetdifferenttemperaturesortovarythetemperatureatagivenrate.The
temperaturesensorthatdrivesthecontrollerofthisfurnacemeasurestheinternal
wallstemperature. Theairtemperature,duringanheatingprocesscarriedout
atthedefaultrate,isabout15℃ lessthanthetemperatureofthewalls. For
thisreason,amoreaccuratemeasurementofthespecimenundertestisusually
takenwiththeTypeKtermocouple,whosevoltagecouldbereadwithaNational
InstrumentUSB-TC01measuringdevice,showninFigure2.2.Thisenvironmental
chamberislargeenoughtocontainthehalf-pipesectiontestbed,butbecauseof
itsdimensions,whenheatedover250℃takesmorethan2hourstocooldownto
lessthan100℃,thatisacomfortabletemperaturetoopenthefrontdoorand
possiblymanipulateobjectsinsidethechamberusingthermalovengloves.
Inordertorunhightemperaturetestsina moreflexibleway,thesmaller

environmentalchamberEC10(rightpictureinTable2.1)manufacturedbySun
ElectronicSystemshasbeensetup. Thischamberiscapableofusingliquid
nitrogenorCO2asacoolant,butit’spossibletooperateitalsowithanormal
aircooling. TheEC10featuresexcellentcommunicationcapabilitiessinceit’s
equippedwithananalogport,aGPIB(IEEE488)portandaparallelport(RS-232
withaminimal"3-wire"connection,asexplainedin[2]).Thischamberisprovided
withafailsafeswitchthatshutsdownthewholesystemifacertaintemperature
isreached. Duringthefirstrun,thefailsafeswitchtriggeredat205℃andwas
thennecessarytoraisethemaximumallowedtemperatureto275℃followingthe
instructionofthemanual[2]. TheEC10isequippedwithatemperaturesensor
thatmeasuresthewalltemperatureandwithitsowndeployabletermocouple.A
lateralportandaspecialfoamplugallowbringingcablesandconnectorsinsidethe
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Table2.1:TheBlueMElectricSPXandtheSunElectronicsEC10environmental
chambers.

Table2.2:AtermocoupleattachedtoaNationalInstrumentUSB-TC01measuring
device

chamberwithoutthermalloss.TheEC10chamberwasalwaysusedbymanually
programmingthePIDcontroller,butthankstoitsfeatures,inthefutureitcould
alsobecontrolledremotelyusingaPC.

2.2 Echo-pulsetestequipment

Inordertodrivegenericpiezoelectricactuatorsandmeasurethevoltageandthe
current,NDEAAlabisequippedwithsystemscomposedofwaveformgenerators,
amplifiersandanoscilloscopes.Thespecificversionofthissystemdesignedtodrive
anultrasonicprobeiscomposedofananalogpulser/amplifierPANAMETRIX
5052PRandthedigitaloscilloscopeTEKTRONIXTDS2024B.

Pulser/Amplifier ThePANAMETRIX5052PRisadevicespecificallydesigned
forNondestructiveTesting.ThegeneralworkingprinciplesofaPulser/Amplifier

7



Table2.3:PANAMETRIX5052PRPulser/Amplifier

Table2.4:ExtremelysimplifiedschematicsofaPulser/Amplifier.

devicearedescribedin[1].SuchadevicecouldbeeffectivelydividedinaPulser
partandanAmplifierpartandalsothepositionofthecontrolsonthefrontpanel
(Table2.3)highlightsthatdistinction.Figure2.4showsanextremelysimplified
schematicsofthedevice.
ThecontrolsRepRate,EnergyandDampingarerelativetothePulserpart

anddetermine,respectively,thefrequenciesofthespikes,theenergystoredinthe
capacitor(thatisproportionaltothecapacitorcapacitance)andtheresistanceof
thedampingresistor.Sincethecapacitance-resistance-transducergridcouldbe
modeledasanRCresonatingcircuit,thecharacteristicdampingtimeisaltered
bychangingthevalueofthedampingresistance,thatis,byproducinganhigh-
passfilter.FurtherfilteringismadebytheAmplifierpartthat,inthismodel,is
supposedtohaveanhighinputresistanceanddoesn’taffectinanywaythePulser
part.
In[1]isalsodescribedthemethodtocalculatethevalueoftheequivalent

circuitalcomponentsofthePulser,inorderto modelproperlytheinteraction
withanydifferenttransducer.Sincetheimpedanceofthepiezoelectrictransducers
varywiththetemperature,suchamodelingoftheinteractionbetweenthePulser
andthetransducercouldbeusedinthefuturetovarythecircuitalparameters
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Table2.5: WaveformofthespikeproducedbythePulser/Receiverwhenattached
toanhighimpedance.

Table2.6:TEKTRONIXTDS2024Boscilloscope.

accordinglytothetemperatureinordertoobtainthebestechosignalpossible,in
termsofamplitudeandnoisedamping.

Oscilloscope TheTEKTRONIXTDS2024B(Table2.6)isageneralpurpose
oscilloscopecapableofasamplingrateof2GS/sandausablebandwidthofabout
200MHz.Afterbeingtriggered,theoscilloscopeiscapableofrecording2500data
points.Limiteddatacouldbestoredinaninternalmemoryorinamemorystick.
Theoscilloscopeisconnectedtoatriggersource,tothesignalsourceandtoa
PCviaanUSBport.InordertoestablishaGPIB-likeserialcommunicationand
storedatadirectlyonthePC,it’snecessarytoinstallaUSBTMC(USBTestand
MeasurementClass)opensourcedriver,thatisacommonrequirementforUSB
measuringdevices. OnLinuxand Windowssystems,thecommunicationisthen
troughavirtualGPIBinterface.Otherproprietarydriversarenecessarytocontrol
theOscilloscopeusingLabView.
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Table2.7:AgilentHP4294Aimpedanceanalyzer.

2.3 ImpedanceScanningtestequipment

TheAgilentHP4294A(Table2.7)isaprecisionindustrialimpedanceanalyzer.
Thisinstrumentallowstomeasuretheimpedance(compleximpedanceorequiva-
lentcircuitsparameters)ofapiezoelectricdeviceatdifferentfrequencies.Alimited
amountofimpedancescanningscouldbestoredintheinternalmemoryorina
floppydrive.It’salsopossibletowriteBASIC-likeprogramtobeexecutedfromthe
internalmemory.Thedevicehavetobecalibratedtocompensatetheimpedance
ofanyadaptors/cableusedinsteadofthestandardgrippersfollowingtheinstruc-
tiononitsmanual[3]. ThisdeviceisfeaturedwithaGPIB(IEEE488)port,a
24and8bitI/OportsandanEthernetport. Asexplainedintheprogramming
manual[4],theEthernetconnectionallowsforTelnetserialcommunication,stan-
dardFTPfileexchangeandapeculiarkindofsocketscommunication.TheGPIB
andtheTelnetinterfacesharethesameprogramminglanguage. Thecommuni-
cationcapabilitiesofthisimpedancescannerareidealtobuildhighlyautomated
experimentalsetups.

2.4 Software

Controllingthe Oscilloscope Theoriginalinterfaceavailableinthelabto
controltheTektronixOscilloscopewaswritteninLabView. Thisprogramcom-
putetheautocorrelationofthesignalinordertoidentifytheechoes,aswellasthe
timeofflightandthefluiddepth.Theprogramwasupdatedincollaborationwith
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Table2.8:UserinterfaceoftheLabViewprogram.

otherresearchertoallowscontinuousstoringoftheretrievedwaveforms.The2500
8-bitprecisiondatapointsareacquiredusingtheBinaryformatinapproximately
210microseconds. ThebottleneckthatlimitthespeedotheLabViewinterface,
makingitabletoretrievelessthanasinglewaveformpersecond,seemstobe
duetothepoorperformanceoftheprogramitself,ortotheburdenofhandling
acomplexgraphicalinterface("Frontpanel",showninTable2.8). Areduction
oftherefreshrateoftheuserinterfacewillimprovetheperformances,aswellas
theimplementationofanalgorithmthatsuspendthedatavisualizationwhenan
highersamplingrate(waveformsperseconds)isrequired,forexamplewhenmajor
changesintheechosaredetected.
ThemainissuesencounteredworkingwithLabViewwererelatedtothedifficul-
tiestohandleanunstructuredandinsufficientlycommentedprogram.Theblock
diagramoftheprogramaftersomeupdatesisshowninTables2.9and2.10.
InordertodemonstratethatatraditionalprogrammingalternativetoLab-

Viewisfeasible,aPythonscriptwasdeveloped. Pythonisageneral-purpose,
interpretedhigh-levelprogramminglanguage.Itsinterpreterunder Windowsand
UNIXsystemsisfreeandopen-source.Becauseofthis,implementationofPython
anditsexpansionpackagescouldbeperformedonanymachinewithoutanylicense.
BecauseofthecomplexJPLlicensedeploymentsystem,obtainingtheproperli-
censetorunproprietarysoftwarecouldbecomeamajorconcernonnon-standard
computers,suchastheEmbeddedPC’sdesignedforfieldtesting.Pythonisvery
popularintheparticlephysicscommunityandit’sregardedtobeasreliableas
proprietaryprograms.ThefollowingPythonscriptperformsmostofthetasksof
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Table2.9:BlockDiagramoftheLabViewinterface(part1).
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Table2.10:BlockDiagramoftheLabViewinterface(part2).
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theLabViewprogram,thatis,retrievesthewaveformdata,plotandstoreiton
afile. Thisscriptcouldbeeasilyrearrangedinaclasstobeimplementedina
largerprogramcapableofperformingthesignalprocessingcomputation.Thenon
capitallettersintheGPIBcommandsareoptional.

#PythonGPIBinterfaceforTektronix2024B
#NDEAALab-JetpropulsionLaboratory
#Version1.0
#AlessandroBruno-al.bruno@sssup.it

importvisa
importtime
importStringIO
importcsv
importnumbers
importnumpy
fromstructimportunpack
importscipy
importmatplotlib.pyplot

#Printthetitleoftheprogram
print"SignalProcessingforUltrasonicEdgeDetection"
print"NDEAALab-JetPropulsionLaboratory"

#Defineadeviceobject
oscilloscope=visa.instrument("USB0::0x138A::0x0005::3911ac4ce700::RAW")

#Diagnostics:askthedeviceforitsname
printoscilloscope.ask("*IDN?")

#Setthedatasource
oscilloscope.write("DATa:SOUrceCH1")

#SetthedataencodingtotheASCIIformat
oscilloscope.write("DATa:ENCdgRIB")

#Setthebyterapresentationmode
#oscilloscope.write("WFMO:BYTE_NR2")

#Setthedatawidth(asinFactorysettings)
oscilloscope.write("DATa:WIDth1")

#Setthepositionofthefirstsample,inXUNITSrelativetothetriggersignal.
oscilloscope.write("WFMPre:XZEro0")

#ReadthepositionofthefirstsampleinXUNITs
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XZEROstring=oscilloscope.ask("WFMPre:XZEro?")
XZEROstring=XZEROstring.split(’’)[1]
XZERO=float(XZEROstring)

#ReadtheoffsetinYUNITs
YZEROstring=oscilloscope.ask("WFMPre:YZERO?")
YZEROstring=YZEROstring.split(’’)[1]
YZERO=float(YZEROstring)

#ReadtheoffsetinYUNITs
YOFFstring=oscilloscope.ask("WFMPre:YOFf?")
YOFFstring=YOFFstring.split(’’)[1]
YOFF=float(YOFFstring)

#ReadtheYmultiplier
YMULTstring=oscilloscope.ask("WFMPre:YMUlt?")
YMULTstring=YMULTstring.split(’’)[1]
YMULT=float(YMULTstring)

#ReadtheXincrementbetweendatapoints
XINCRstring=oscilloscope.ask("WFMPre:XINcr?")
XINCRstring=XINCRstring.split(’’)[1]
XINCR=float(XINCRstring)

#Readdatapointsfromtheoscilloscope.
stringdatapoints=oscilloscope.ask("CURVe?")

#Debugonly:printthepreamble
printoscilloscope.ask("WFMPre?")

#Readdatapointsfromtheoscilloscope.
stringdatapoints=oscilloscope.ask("CURVe?")

#Processthebinarydata
rawdatapoints=numpy.frombuffer(stringdatapoints,dtype=numpy.dtype(’int16’).newbyteorder(’>’),offset=len(stringdatapoints[1])+2)

printrawdatapoints

foriin range(0,len(rawdatapoints)):
printrawdatapoints[i]

#Debugonly:testthetransferspeed
startingtime=time.clock()
foryinrange(0,10):

stringdatapoints2=oscilloscope.ask("CURVe?")
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elapsedtime=time.clock()-startingtime
print"Totaltimeelapsedfor10datatransfers:",elapsedtime,"seconds."

#Debugonly:showconstants
print"xzerois",XZERO
print"yoffis",YOFF
print"xincris",XINCR
print"ymultis",YMULT
print"yzerois",YZERO

#Calculatedatapoints
datapoints=YMULT*(YOFF+rawdatapoints)+YZERO

#Debugonly:
foriin range(0,len(datapoints)):

printdatapoints[i]

timepoints=numpy.arange(0,XINCR*len(datapoints),XINCR)

#Plotthewaveform
matplotlib.pyplot.plot(timepoints,datapoints)
matplotlib.pyplot.show()

ControllingtheImpedanceScanner A Matlabprogramwasdevelopedto
communicatewiththeImpedanceScannerusingtheTelnetprotocol. Thepro-
gramcreateatimerobjectthatperiodicallylaunchascripttoretrievethecurrent
impedancespectrum.ThefollowingisthecodeofitsmainM-file:

% MatlabinterfaceforAgilentHP4294A
% NDEAALab-JetpropulsionLaboratory
% Version1.0
% AlessandroBruno-al.bruno@sssup.it

% Mainprogram

%Constantssettings
time_delay=5*60
%StartandEndFrequencies(readthemonthedevice)
start_freq=2e6
end_freq=3e6
filename=’impedance_scan_’

%Resetcounter
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counter=0;

%Createatimerobject
scanner=timer

%Settheexecutionmode,thefunctiontobeexecuted,
%andthetimedelaybetweenthestartofeachexecution
set(scanner,’executionMode’,’fixedRate’)
set(scanner,’TimerFcn’,’read_data’)
set(scanner,’period’,time_delay)
get(scanner)

start(scanner)

ThescriptreliesontheopensourceTelnetclientGNUNetcat.Theanswers
toanyrequesttotheImpedanceAnalizerisstreamedontheoperatingsystem
standardoutputandisreadbytheMatlabscript.

%Scriptread_data.m

%Updatethecounter
counter=counter+1;

%Displaytheacquisitionstartingmessage
counter_string=num2str(counter)
message=strcat(’Acquisition ’,counter_string,’inprogress.’)
display(message)

%Buildthecommandstring
input_file=strcat(’command.txt’);
output_file=strcat(filename,counter_string,’.txt’);
command1=strcat(current_directory,’nc192.168.1.323-v-w7 < ’);
command=strcat(command1,input_file,’ > ’,output_file)

%Debugonly
[status,result]=system(’dir’,’-echo’);

[status,result]=system(command,’-echo’);

ThelistoftheGPIBcommandstosentisprovidedtotheNetcatprogram
troughacommand.txtfile,thatinthisminimalexamplereadasfollows:

*IDN?
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:OUTPDATA?

Datapostprocessing Alltheprogramspreviouslydescribedsaverawdata
astextfiles.Inordertoanalyzethosedata,some Matlabparsingscriptshas
beendeveloped.ThefollowingloadsallthewaveformsrecordedwiththeLabView
programinasingleMatlabmatrix:

%ExampleofparsingprogramforLabViewoutput
%Thefilenameisdefinedinthefilenamestringvariable
%example:filename=’test’

filenumber=0

whiletrue

filenumber_string=num2str(filenumber);
completefilename=strcat(filename,filenumber_string);

%Readeachwaveformfile,storetheminamatrix.

%Triestoopenthefile,ifitdoesn’tsucceed,ilwillexitfromthe
%whileloop.
try
fileID=fopen(completefilename)

catch
message=strcat(’Aquired’,filenumber_string,’files.’)
display(message)
break

end

%Readthefiles
A=fscanf(fileID,’%s\t%s\t%s’)

%Splitthestring
parts1=regexp(A,’,’,’split’);
part2=regexp(parts1(1),’.’,’split’);

%Readthetime
timestring=part2(1);

%CountinhowmanychunksAhasbeensplitted
nel=size(parts1);
nel=nel(2);
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%Extracttheinterestingchunk
datapointsstring=parts1(2:nel);

%Converttodouble
datapoints=str2double(datapointsstring);

%Storesdatapointsinamatrix
waves(filenumber+1,:)=datapoints(:);

message=strcat(’File’,filenumber_string,’acquired.’)
display(message)

%Increasethecounter
filenumber=filenumber+1;

end

Asimilarscripthasbeenwrittentoreadtheimpedancescanningsretrieved
withtheMatlab-GNUNetcatprogram.Allthepreviousscriptscouldberewritten
inordertosavedatainamoreconsistentformat,suchasCSV(commaseparated
ASCIIfile)orbinary.

2.5 Experimentalsetup

Thewiringfortheecho-pulseexperimentsinsidetheEnvironmentalChamberare
summarizedinTable2.11.ThePulser/Amplifiertriggerstheoscilloscopetrough
theTRGchannel,whilesendingpulsestotheultrasonictransducer,thatiscon-
nectedwithanhightemperaturecoaxialcable.Thesignalistransmittedtothe
oscilloscope,thatcommunicateswiththecomputerrunningtheLabVieworthe
PythonprogramviaanUSBconnectionaspreviouslydescribed. Thecomputer
storesalsothetemperaturedatausingaproprietaryNationalInstrumentlogging
programorasubroutineofthepreviouslydescribedLabViewprogram.
ThewiringfortheimpedancescanningexperimentsinsidetheEnvironmental

ChamberisshowninTable2.12. Thistime,thecomputerisconnectedwithan
EthernetcableandisrunningtheMatlab-Netcatprogramalreadydescribed.
Inthefuturewillbepossibletocarryoutveryextendedorcomplexhigh

temperaturetestscontrollingtheEnvironmentalChambertroughtheparallelport.
UsingTCP/IPsocketcommunication,orasimpleSMTPmailserver,thestatus
ofthesystemcouldbeeasilymonitoredfromremote,allowingovernighttesting.
ThisproposedsettingisshownintheTable2.13.
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Table2.11: Wiringfortheecho-pulseexperiments.

Table2.12: Wiringfortheimpedancescanningexperiments.
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Table2.13:Proposedsettingsforveryextendedautomatictesting.
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Chapter3

BibliographicSurveyand
CommercialExamples

3.1 CommercialExamplesexaminedatNDEAALab

NDEAALabexaminedinthepasttwodifferentkindofhightemperatureultra-
sonictransducers. Thefirstkindofdesign,showninFigure3.1,iscomposed
ofapolymericcasingsurroundingthepiezoelectricdiskandatungsten-polymer
backingtoabsorbwavesdirectedtowardtherearpartofthetransducer. The
matchinglayerispolymericaswell,andtheflatwire(lessthan0.5mmwideand
approximately0.1thick)aresolderedtotheelectrode. Asit’spossibletoseein
microphotographsofadismantledmodel(Table3.1),thesolderingmateriallayer
isextremelythin. Thisobservationsuggestthattheelectrodesweren’tsoldered
usingatraditionaltechniques.TransducerofthiskindaremanufacturedbySigma
Transducers,Inc,butallthemodelsexaminedatNDEAALabhadsomestruc-
turalintegrityproblemwhenexposedto250℃.

Table3.1: Flatwiresolderedonfrontelectrode,transducer manufacturedby
Sigma,Inc.OpticalMicroscope60X200X
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Figure3.1:Generalschematicsofatransducerwithapolymericstructure.

AdifferentdesignisshowninTable3.2.Inthisdesign,thereisnobackinglayer,
whilethematchinglayerismetallic.Thewholecaseactasagroundelectrodeand
thesignalwireisconnectedtotherearelectrodeofthetransducer.Inanearly
versionofthismodel,manufacturedbyNDTTransducers,themetallicmatching
layerdetachedfromthefrontpartofthecase. Anupdatedversionofthesame
modeliscurrentlyundertestatNDEAALab.Preliminaryresultsaresummarized
inthenextchapters.

3.2 OtherCommercialExamples

Afirstliteraturesearchwasmadetogathersomeknowledgeaboutthecomposition
oftransducersbackingandthegeneraltransducerbuildingprocess.
CommercialexamplesofhightemperatureultrasonicprobesarethetwoGen-

eralElectrictransducersshowninTable3.2. Thosetransducers(models66593
SEB4KVand67471B4GVN)arecapableofcontinuousoperationonsurfaces
at250℃,butthemanufacturingcompanydoesn’tprovidedanyinformationabout
theallowedenvironmentaltemperature. Othercompaniesclaimingtobeableto
producetransducersworkingcontinuouslyat250℃ areApplusRTDandGilar-
doni(see[ApplusCatalog]and[GilardoniCatalog]). Noinformationisprovided
aboutthematerialsandthemanufacturingprocess.Asreportedby[Correia],

Generallyisverydifficulttofindtheappropriatetechnicalinforma-
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Figure3.2:Generalschematicsofatransducerwithanaluminummatchinglayer
andnobacking.

Table3.2: GeneralElectric66593SEB4KVand67471B4GVNultrasonic
transducers.
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Figure3.3: From[Correia]. Acousticimpedanceandabsorptioncoefficientof
Bakelite-tungstencompositesasfunctionsofvolumepercentageoftungsten.

tiontodevelopspecificultrasonictransducersbecauseitispartofthe
"knowhow"ofcommercialcompanies.

3.3 BibliographicSurvey

Bakelite-Tungstencomposites Somearticlesandpatentscharacterizingcom-
positebackingmaterialssuitabletolowtemperatureusagewerefound.[Correia]
and[Rubio]describetheproductionofcompositesofBakelite(thermosettingphe-
nolformaldehyderesin)andtungsten.BothBakeliteandtungstenwereprovided
aspowders,mixedandthencuredinanhydraulicpress.Thesizeofthetungsten
particlesreportedin[Correia]is0.6-1µm. Acousticimpedanceandattenua-
tioncoefficientfordifferentvolumefractionsareshowninFigure3.3. Asnoted
by[Correia],themaximumattenuationliesnearthe10%ofvolumeoftungsten,
whiletheacousticimpedanceseemstobeanincreasingfunctionofthetungsten
concentration.

Epoxy-Aluminumcomposites Asshownin[Ruangsawad],Epoxy-Aluminum
(Al)compositesareeffectiveasbackingmaterialsforprobestobeoperatedin
air. AsshowninFigure3.4,theattenuationincreasewiththeconcentrationof
aluminumpowderinthemixture.

Epoxy-TungtenandEpoxy-Aluminacomposites Anextendedanalysisof
theacousticalproprietiesofEpoxy-TungstenandEpoxy-Alumina(Al2O3)compos-
itesisdescribedby[Wang].ThearticleshowsasimplerelationdevelopedbyA.
J.DevaneyandH.Levinetocalculatethebulkmodulus,theshearmodulusand
consequentlytherealpartoftheacousticimpedanceoftwo-phasecomposites,
giventhehypothesisthattheultrasoundwavesarescatteredmultipletimesby
theparticlesofacomponentandthateachofthoseparticleissurroundedbythe
othercomponent.Thespeedoflongitudinalwavesinasolidmediumis
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Figure3.4:From[Ruangsawad]. AttenuationanacousticimpedanceinEpoxy-
Aluminumcomposites.

v=
K+43G

ρ
(3.1)

Thedensityofthetwo-phasecompositeisthevolumeaverageddensity:

ρ=V1ρ1+V2ρ2 (3.2)

beingV1andV2respectivelythevolumefractionofthe matrixandofthe
particles.Theequationsreferredby[Wang]arethefollowing:

K=K1+V2
(3K+4G)(K2−K1)

3K+4G+3(K2−K1)
(3.3)

G=G1+V2
5(3K+4G)G(G2−G1)

15K+20G)G+6(K+2G)(G2−G1)
(3.4)

[Wang]doesn’treportthesolvingmethod,butit’seasytosolvethatsystemof
nonlinearequationsnumericallyusingMatlab.Thearticlecomparesthepredicted
acousticimpedanceoftheepoxy-aluminaandepoxy-tungstencompositeswiththe
experimentalcalculatedones. ResultsareshowninFigure3.5and3.6,together
withtheacousticattenuationmeasurement,foratestfrequencyof30MHz.It’s
possibletoseethattheacousticimpedancefollowsthemodelverywell. Asit’s
shown,theattenuationpeakisbetween7and9%volumefractionofparticlesfiller.
Aspointedoutby[Grewe],theattenuationcoefficientdependsonthesizeof

theparticlesandit’sonlyapproximatelylinearwiththefrequency. Asshownin
Table3.3,foratestfrequencyof5MHzandparticlesizesbetweenafractionof
micrometerandsomemicrometers,theattenuationincreasesstronglywiththesize
oftheparticles.Thatarticle,togetherwiththeonefrom[Wang],isthebestthat
waspossibletogetduringthisquickbibliographicsurvey.
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Figure3.5:From[Wang].Acousticimpedanceandattenuationcoefficientofepoxy-
aluminacomposites.Testfrequency:30MHz.Aluminaparticlesdiameter:3µm.

Figure3.6:From[Wang].Acousticimpedanceandattenuationcoefficientofepoxy-
tungstencomposites.Testfrequency:30MHz.Tungstenparticlesize:lessthan5
µm.
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Table3.3:From[Grewe].AttenuationandAcousticimpedanceforepoxy-alumina
andepoxy-tungstencomposites.Testfrequence:5MHz

Figure3.7:From[Ju-Zhen].ComparisonofresidualwavedurationinTungsten-
EpoxyandTungsten-Cerium-Epoxycompositesinsameexperimentalconditions.

[Ju-Zhen]patentedthefactthataddingceriumoxidetothepowdermixture
improvesthedampingproprieties,asshowninFigure3.7. Thebackingofthe
patentedtransducerismadeoftungsten/ceriumoxidefilledepoxy. Thepowder
addedtotheepoxyisclaimedtobe18ofthetotalweightofthecomposite,while
theceriumoxideisreportedtobethe2%inweightofthepowder.

VeryHighTemperature Alistofproposeddampingmaterialsforveryhigh-
temperatureapplicationswasfoundin[Mrasek].Thearticlestatethatispossible
toobtaingoodultrasonicreadingsupto700℃usingalithiumniobate(LiNbO3)
transducerandaporousceramicbacking. Thatceramicswasmanufacturedby
KagerIndustrieprodukte,aGermancompanyspecializedinhigh-temperaturema-
terials,andthencoatedwithglass. Thesoftenedglass,togetherwiththeforce
generatedbyaspring,keepstheprobepartsmechanicallylinked,asshowninTa-
ble3.4(right).Thearticledescribesalsoasimpleexperimentalsettingthatallows
totestdifferentmaterialsusingasinglepiezoelectricdisk.AsshowninTable3.4
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(left),mechanicalcontactbetweencomponentsisassuredusinganexternalforce.
Providedthatthecomponentshavesufficientlysmoothsurfaces,andeventually
usingafluidcouplant,asettingsimilartoTable3.4(left)couldbeassembledat
NDEAALabtoquicklyevaluateanumberofdifferentmaterials.Inordertohave
apressureconstantatdifferenttemperatures,forceshouldbeprovidedbymeans
ofgravity.

Table3.4:From[Mrasek].Left:experimentalsettingforbackingmaterialtesting.
Right:veryhightemperatureprobeassembly.
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Chapter4

Piezoelectric MaterialSelection

IndustrialProductionProcess TheFigure4.1,extractedfrom[8],summa-
rizetheproductionprocessofpiezoceramicsmaterials.Piezoceramicbulkelements
areindustriallymanufacturedfromspray-driedgranularmaterial.Theprocessto
producebulkdisksstartswithmixingoftherawmaterials(foraPZT:PbO,TiO2,
ZrO2andvariousdopants).Next,themixtureisheatedto75%ofthesintering
temperaturetoacceleratereactionofthecomponents.Thepolycrystalline,calci-
natedpowderisballmilledtoincreaseitsreactivity.Granulationwiththebinder
isnexttoimproveprocessingproperties. Aftershapingandpressingthe(green)
ceramicsisheatedto750℃ toburnoutthebinder.Thenextphaseissintering
attemperaturesbetween1250℃ and1350℃.Thesinteredceramicmaterialis
hardandcanbesawncut,ground,polished,lapped,etc.,tothedesiredshape
andtoleranceifrequired.Screenprintingisusedtometallizethepiezoelements
andsputteringprocesses(PhisicalVapourDeposition)areemployedforthinsilver
layers.Thesinteredelementsarethenpolarized.Thelaststepisthepolingpro-
cesswhichtakesplaceinaheatedsiliconoilbathatelectricalfieldsuptoseveral
kV/mm.

4.1 CurieTemperature

Asexplainedin[3]and[7]thetemperatureaffectgreatlythebehaviorofpiezoelec-
tricmaterial.TheCurie-Weisstemperatureforapiezoelectricmaterialisdefined
asthetemperatureatwhichthedielectricconstantreachitsmaximumor,al-
ternatively,thetemperatureabovewhichthemateriallosesitspolarizationand
piezoelectriccharacteristics.Asshownin[3],inPZTthepiezoelectricd33(thatis
theratiobetweenthestrainandtheelectricfieldindirectioni3atzerostress)in-
creasewiththetemperature,thatis,oscillationsoflargeramplitudearerequiredto
recordthesamevoltageoutput.Conversely,thecouplingfactor,thatexpressthe
efficiencyofthemechanical/electrical/mechanicalenergyconversion,willdecrease.
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Table4.1:Industrialmanufacturingprocessofpiezoceramics.

4.2 QualitativeTests

Asdiscussedinthethesis[4]andinthetechnicalguide[5],formostpiezoceramic
materials,themaximumreasonablecontinuousoperatingtemperatureisabout
one-halfoftheCurietemperature,expressedinCelsiusdegrees.
Inordertoprototypeanultrasonictransducercapableofcontinuousoperation
at250℃NDEAALabhasbeenprovidedwithPZT5piezoceramicdisks. These
disksaremanufacturedbyAPCInternationalandtheirmaterialcodeis851.This
materialseemedtobeverysensibleeventotheheattransmittedduringsoldering
process.InTable4.3areshownimpedancescanningscoveringtheresonantfre-
quency,beforeandafterbrazingawireonthepiezowithoutapplyinganystrategy
tocontaintheamountofheattransmitted.
TheCurieTemperaturereportedinthedatasheetofPZT5851is360℃.In

ordertocomparequalitativelytheeffectofheatondifferentpiezoelectricmaterials
availableatNDEAALab,4specimenshavebeenselectedforatest.

1.PZT5-851

2.PZT5-851(alreadyexposedtoheatwhilebrazingwiresonitselectrodes)

3.Acommonpiezoelectricbuzzer(TapecastPZT5A)

4.PZT5H
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Table4.2:From[3].Temperatureeffectoncouplingfactorin"soft"PZT.

Table4.3:ImpedanceAnalysisofPZT5-851fromAPCInternational(D=10mm
h=0.675mm)Absolutevalueofcompleximpedanceandphase.Before(left)and
afterroughsolderingprocess.

Impedancescanningwereperformedatroomtemperature. Afirstscanwas
performedforeachspecimen,thenallthepiezoshavebeenkeptintheBlueMlab
ovenatatemperatureof250℃fortwohours.Animpedancescanningwasthen
repeatedforeachspecimen.Table4.4showstheimpedancescanningofthePZT5
851beforeandafterheatexposure. Asiteasytosee,thepiezoelectricresponse
ismuchweaker,provingthatthepiezohasbeendamaged. Table4.5showsthat
thereisfurtherdegradationofthepiezoelectricresponsealsointhePZT5that
underwentasolderingoperation.Theimpedancescanningofthebuzzerexposed
toheatiscomparedtoasimilarone.Inthiscase,(Table4.6)isnotpossibleto
assesanykindofchangeintheimpedancespectrum.AsshowninTable??,the
PZT5Hlostcompletelyit’spiezoelectricbehaviorafterheatexposure.
Sincethisanalysiswasonlyqualitative,wasn’tpossibletoconcludethatthe

PZT5-851disksarenotsuitableforcontinuousoperationat250℃.Themore
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Table4.4:ImpedanceAnalysisofaPZT5(D=10mm,h=mm0.675mm).Real
andimaginarypartsofcompleximpedance. Before(left)andafterexposureto
250℃for2hours.

Table4.5:ImpedanceAnalysisofaPZT5-851thatunderwentaroughsoldering
operation(D=10mm,h=mm0.675mm).Realandimaginarypartsofcomplex
impedance.Before(left)andafterexposureto250℃for2hours.
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Table4.6:ImpedanceAnalysisoftheTapecastPZT5Abuzzer.Realandimaginary
partsofcompleximpedance. Right: heatexposedspecimen. Left:reference
specimen.

complexequipmentdescribedinthepreviouschapterswasthenassembledand
programmedtoallowamoredetailedtests.

4.3 TestofPZT5-851piezoceramics

4.3.1 In-Temperature Measurements

InordertoquantifytheperformanceparametersofthePZT5-851disksatdifferent
temperatures,anin-temperatureimpedancescanningtestwasperformed. The
compleximpedancewasrecordedatintervalsof5minutesfrom2 MHzto2.5
MHzwitharesolutionof2.5KHz.ThetestwasperformedintheEC01chamber
raisingthetemperatureinstepstill180℃,coolingdowntoroomtemperature
andthenraisingthetemperatureagainto250℃.AMatlabscriptwaswrittento
mountallthedatainamovie,aswellastocalculatetheplanarcouplingcoefficient
kpandtheh33piezoelectricconstant.TheFigures4.7,4.8,4.9,4.10,4.11showthe
impedancescanningandthetemperaturerecordingrespectivelyatthebeginning
ofthetest,whenthespecimenreached180℃,atthebeginningofthesecondtest
after12hours,whenthesamplereached210℃,whenthesamplereached250℃.
TheexperimentalsettingisshowninTable4.12. Anaccuratedescriptionof

thedeviceshasbeenalreadygiveninthepastchapters.

4.3.2 QuantitativeResults

AMatlabscriptwasdevelopedtoestimatethepiezoelectricparametersh33andkt.
Thisscriptusesanonlinerregressiontechniquetofitthedatawithaparametric
modelofthecompleximpedanceasafunctionofthefrequencyf. Asshownin
[1]and[2]amodelofthecompleximpedanceZforafreevibrating(unclamped)
transducerisgivenby:
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Table4.7:ImpedancescanningsofPZT5-851diskwithD=10mmandh=
0.675mm.Unsymmetricalclampingwithabout0.1kg,fixture-calibrationofthe
impedancescannernotperformed.

Table4.8:ImpedancescanningsofPZT5-851diskwithD=10mmandh=
0.675mm.Unsymmetricalclampingwithabout0.1kg,fixture-calibrationofthe
impedancescannernotperformed.
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Table4.9:ImpedancescanningsofPZT5-851diskwithD=10mmandh=
0.675mm.Unsymmetricalclampingwithabout0.1kg,fixture-calibrationofthe
impedancescannernotperformed.

Table4.10:ImpedancescanningsofPZT5-851diskwithD=10mmandh=
0.675mm.Unsymmetricalclampingwithabout0.1kg,fixture-calibrationofthe
impedancescannernotperformed.
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Table4.11:ImpedancescanningsofPZT5-851diskwithD=10mmandh=
0.675mm.Unsymmetricalclampingwithabout0.1kg,fixture-calibrationofthe
impedancescannernotperformed.

Table4.12:Experimentalsettingforin-temperatureimpedancescanningtests.

39



Z(f)=
L

i2πfS33A





1−k

2
t

tanπfL ρ
cD33

πfL ρ
cD33





 (4.1)

whereZ,thestiffnessconstantcD33andthe
S
33arecomplexparameter,whileKt

isarealparameter.Theothervariables(L,A,ρ),assumedtobeconstant,describe
thegeometryofthediskanditsdensity.
Thecomplexcharge-stresspiezoelectricconstanth33,expressedinN/Corin

V/m,couldbecomputedfollowingthedefinitionofkt:

h33=Kt
cD33
S
33

(4.2)

AsdescribedintheMatlabdocumentation,thefunctionnlinfitperformalin-
earregressionusingtheGauss-Newtonalgorithm.Asubsetofdatapointsaround
theresonantfrequencywasselectedtorunthealgorithmandthecoefficientstaken
fromthedatasheetwereusedasstartingpointsoftheiterations.Theresultsofthis
approachareshownintheTable4.14.Theresultingtrendisconsistentwithwhat
describedin[3],buttheerrorofthealgorithmissupposedtoberelevantwhenthe
resonancepeaksbecamebarelydetectable. Thedisappearingoftheimpedance
peak,togetherwithastrongdecreasingtrendofthepiezoelectriccoefficient,con-
firmedthedepolarizationofthespecimen.Aweakresidualpiezoelectriceffectwas
noticedaftercoolingdown.

4.4 TestofTapecastPZT5APiezoceramics

ThistestinvolvesacommonandinexpensivepiezoelectricbuzzermadeofPXT5A,
manufacturedwiththetapecasttechnology.Theexperimentalsettingisthesame
ofthepreviouslydescribedPZT5-851test. Thistimethetemperaturewasin-
creasedlinearlyusingtheRATE=commandoftheEnvironmentalChamber. The
specimentemperaturewasrecordedautomaticallyusingatermocouple. Figure
4.15showstheimpedancescanningatthebeginningofthetest,Figures4.16and
4.17showtheimpedanceat250℃andat100℃duringcoolingdown.Thistest
confirmedthatPZT5Aissuitableforhightemperatureuse.
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Table4.13:PostprocessingofimpedancescanningsofPZT5-851diskwithD=
10mmandh=0.675mm.Unsymmetricalclampingwithabout0.1kg,fixture-
calibrationoftheimpedancescannernotperformed.
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Table4.14:PostprocessingofimpedancescanningsofPZT5-851diskwithD=
10mmandh=0.675mm.Unsymmetricalclampingwithabout0.1kg,fixture-
calibrationoftheimpedancescannernotperformed.
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Table4.15:ImpedancescanningsofPZT5Atapecastbuzzer. Unsymmetrical
clampingwithabout0.1kg.

Table4.16:ImpedancescanningsofPZT5Atapecastbuzzer. Unsymmetrical
clampingwithabout0.1kg.
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Table4.17:ImpedancescanningsofPZT5Atapecastbuzzer. Unsymmetrical
clampingwithabout0.1kg.
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Chapter5

FabricationTechnologiesand
Materials

5.1 ElectricalConnection

5.1.1 Electrodes

Thefacesofpiezoelectricdisksareusuallyscreen-printedwithsilverpastesor
sputteredwithatomicsilver. Accordingto[1]and[3],thethicknessofthose
layersrangefrom1to10νm. Theadhesionstrengthofthislayerisoriginally
quitehigh(about5 MPaforscreenprintedlayers)butitbecame moreweak
afterheatexposure,forexampleafterafailedsolderingattempt. Manufacturers
ofpiezoelectricdevicesseemstobecompletelyawarethatsolderingthosesilver
electrodescouldbechallengingandthatexcessiveheatcoulddamagetheceramic
aswellastheelectrode. Furthermore,asreportedby[1]and[2],therecanbe
problemswithwettingthesolderonthesilversurfaceandsolderingcanthen
bedifficult. Thisphenomenonismainlycausedbyareactionbetweensulphuric
moleculesintheatmospherewiththesilversurfacewiththeformationofasilver
sulphidelayeronthesurfaceofthepart.Theformationandthicknessofthislayer
isinfluencedbyseveralfactorssuchasage,pH,humidity,etc.Inordertoovercame
thiseffect,manufacturersrecommendtoscratchgentlythesurfaceusingaglass
brushorasteelwool,butgoodresultshavebeenachievedalsowithsandpaper.

5.1.2 Soldering

Manufacturersagreethatthesolderingtimeshouldn’texceedacoupleofseconds.
Afluxpasteisnecessarytoprotecttheelectrodeandthesolderingmaterialfrom
oxidationduringtheprocess. Asdescribedin[2],apossibletechniqueistowet
thewirewithsolderingmaterial(tinning),thandepositadropoffluxpasteon
theelectrode,immersethetinnedwireinthatfluxdropandthenapplythetipof
thesolderingironontopofthewire.Analternativetechniqueistoletfalladrop
ofsolderingmaterialontheelectrode,alreadywetwithfluxpaste,positionthe
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tinnedwireandthenapplythetipofthesolderingirontomeltandletcoalescethe
solderingmaterial. Withthisprocedurewaspossibletoobtainconnectionsthick
lessthanamillimiter.Inordertofabricateconnectionsthatcanstand250℃,
anhightemperaturesolderingmaterial(Multicore/Loctite- MM01006)with
93.5%lead,5%tinand1.5%silverwasselected.Thismaterialmeltsatabout
300℃,whilecommonsolderingmaterialswithanalmosteutecticratiooflead
andtinmeltat188℃. Wasnoticedthatevenfollowingaverystrictprocedure
andkeepingtheirontipincontactforlessthanasinglesecond,theimpedance
scanningofPZT5-851piezoceramicschangednoticeably,denotingalocaldamage.
Table5.2showstheimpedancescanningbeforeandafterthesolderingprocedure
performedatNDEEAlabwithhighmeltingpointsolderanda Weller WESD51
solderingstationandbasicelectronicequipment.

Table5.1:ImpedancescanningofPZT5-851beforeandaftersolderingwithtra-
ditionalequipment.

Inordertoassesthesensitivityofthesolderingprocesstotheabilityofthe
operator,solderingoftwoPZT5-851wascommissionedtotheElectronicAssem-
bly/PackagingLab. Theoperationwasperformedbyhighlyskilledtechnicians
thatreportedhowthisunusualkindofsolderingmaterialisdifficulttohandle.
Thesolderingwasperformedonanhotplateat100℃ usingthealreadymen-
tionedhighmeltingpointsolderingmaterialandAlpha615Flux,usingadvanced
equipmentsuchasabinocularmicroscopeandspecialmanipulators.Thesolder-
ingismorecompactthantheoneobtainedusingtraditionalmethods(lessthan
amillimeterinthickness),butasshowninFigure5.3,theresultingdamageis
comparable.

5.1.3 SilverPaintingandConductivePolymers

Analternativeelectricalconnectiontechnologywastheninvestigated. Colloidal
silverpaintisasuspensionofsub-micrometricsilverflakesiniso-butylmethylke-
tone. Afterevaporationonthealcohol,thesilverflakesformathinandsmooth
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Table5.2:PZT5-851solderedusingbasicelectronicequipment,twoPZR-851sol-
deredwithadvancedelectronicequipmentatElectronicAssembly/PackagingLab.

Table5.3:ImpedancescanningofPZT5-851beforeandaftersolderingwithad-
vancedequipmentatElectronicAssembly/PackagingLab.

conductivefilm.Thismaterialisusedtopreparespecimensforscanningelectron
microscopy,butcouldbeusedalsotorepairtheelectrodeofapiezoceramicor
moregenerallytocreateelectricalconnections.Evenifwithcolloidalsilverispos-
sibletowireapiezowithoutexposingittoheat,thesilverlayerwasfoundtobe
tofragile.
Thesolutionwasfoundtobethegluingwithsilverfilledpolymericmaterial.That
kindofmaterials,becauseoftheneedtohaveveryaccuratenanoparticles/polymer
ratios,aregenerallyavailableonlyinpremixedform.Forthisreason,suchmateri-
alshavebekeptatcryogenictemperaturestopreventthepolymerizationreaction
tobegin. Thesilverfilledurethanetestedseemedtobefarmorestrongthan
thesilverpaint,butprobablylessconductive. TheAiT MC8880allowscuring
attemperaturesintherangefrom125℃ to175℃ allowingelectricalconnec-
tionoftemperaturesensitivesmaterialsaswellasfastbondingwhenthereisno
temperaturelimitation.
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5.2 Polymer Molding

Analuminummoldwithaverysimpledesignwasmachined.Inordertohave
ultrasonicwaveswiththesamephaseonthewholesurfaceofthepiezoelectricdisk,
thematchinglayerhavetobeofveryconstantthickness.Toachievethisresult,
averyaccuratepositioningofthediskisrequired. Thelowerpartofthemold
wasthenfabricatedwithanindentationof0.5mmtoholdthediskinposition.
Alittlechiselwasalsofiledofftohousethewireattachedonthefrontside.The
mainproblemswasrelatedtotheresinsstickingtothemoldsurfaces,evenusing
manylayersofmoldrelease.Anoterproblewasthattheviscosityofmostresins
isquitehighatroomtemperature,becameextremelylowwhenheatedandstart
toincreaseagainonlywhenpolymerizationstarttakingplace. Forthisreason,
thefluidpolymercouldeasilyinfiltratebetweenthedifferentpartsofthemold
andflowaway.Thisproblemwasaddressedcoatingallthepartofthemoldwith
aspraymoldreleaseandthenwettingthesurfacejunctionswithepoxyresin.A
fastcuringofthemoldaloneensuresapropersealingofanygap.Thesameresult
couldhavebeenreachedusingroomtemperaturegluesorbuildingamoldwith
extremelytightmechanicaltolerances. Table5.4showsacylindricalaluminum
moldwithwithadiameterof14mm.

Table5.4:ImpedancescanningofPZT5-851beforeandaftersolderingwithad-
vancedequipmentatElectronicAssembly/PackagingLab.
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Chapter6

In-HouseBuiltPrototypes

6.1 Earlyprototypes

AfirstprototypewasbuilttotestthedampingproprietiesoftheSOLITHANE
113urethaneresin.Theresinwasretrievedpremixedwithacuringagentanda
plasticiziser. Thispremixedformhastobestoredatthetemperatureof-80oC
and,asinstructedbythetechniciansofthePolymericsApplicationLaboratory,
hasapotlifeoflessthanhalfanhour. TherefrigeratoravailableatNDEEA
labisnotcapableofreachingtherequiredtemperatureof-80oC,thenisnot
suitableforalongtermstorageofthepolymer.Storageinacommonrefrigerator
(temperatureofabout-20oC),evenforafewhours,isstronglyunrecommended.
ATRSCeramicsPZT4Piezoelectriccrystalwithadiameterof12mmandan
heightof4mmwasused.Theresonantfrequencyofthistransducerisabout500
KHz.Thispiezoelectricmaterialisnotsuitableforhightemperaturetesting,for
thisreasoncommonwireswereused.Thewaveformproducedbyapulse-echotest
isshowninFigure6.1.Asreportedbythedatasheet,theelasticmodulusofthe
polymerislessthan4MPa.Thespeedofsoundinamaterialis

v=
E

ρ
(6.1)

thentheacousticimpedancewillbe
√
ρE.Theacousticimpedanceofthispolymer

willbethenverydifferentfromtheoneofsteel.Sincethispolymerwasexpected
tobecomeevenmoresoftathightemperatures,thispolymericmaterialwasdis-
carded. Asexpected,thedampingofthefirstpulsewasalsoinsufficient. The
transducerwastestedona10cmaluminumblockandproducedthesignalshown
inTable6.1. Asit’spossibletosee,thefirstechoisalmostcompletelycovered
bythenoise. Theamplitudeofthesecondsignalisabouttwotimetheaverage
noisebetween50and100microseconds. Thematchinglayer,thicklessthana
millimeter,provedtohaveatoolowacousticalimpedancetotransmitproperly
thesignal.
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Table6.1:Afirstin-housebuiltprototypeofultrasonictransducerandtheecho-
pulsereadingovera10cmaluminumblock.

Anotherprototypewasbuiltusingatwopartepoxyforaerospacebonding
purposes,theHysolEA9361,anda2mmPZT4piezoelectricdiskwitharesonant
frequencyof1.200MHz.Asimilarbehaviorwasobserved:thedampingofthefirst
pulsewasinsufficient.Figure6.2showsthesignalpostprocessedwithabandpass
filter.

-1.5

-1

-0.5

0

0.5

1

1.5

-2e-005 0 2e-005 4e-005 6e-005 8e-005 0.0001

Table6.2:Signalrecordedfromthesecondin-housebuiltprototypeofultrasonic
transducerwhentestedovera10cmaluminumblock.Effectoftheapplicationof
aband-passfiltertothesignal.
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6.2 Prototypes

6.2.1 Polymeric multilayertransducer

Toreducethenoiseandallowthedetectionofanevenmoreweakecho,amultilayer
transducerwasbuilt.Thefabricationwasmadeinmultiplestepsandbecauseof
itscomplexitywassuccessfulonlyatthethirdattempt.Thewholeprocesscould
besummarizedasfollows:

Wiresconnection. Thewireswerehammeredtoreducetheirthicknessand
thenattachedusingaverylittleamountofsilverfilledurethane MC8880
fromAiT.Thecuringofthediskandthewireswasperformedat125℃for2
hoursfollowingtheinstructionofthedatasheet.Heattolerantpiezoceramics
allowstocureathighertemperaturesforshortertimes.

Moldsealing. Themoldwasassembledandsealedusingtheproceduredescribed
inthepreviouschapter.Anewdesignofthemoldormorestrictdimensional
tolerancescouldallowtoskipthisstep.

PositioningofthepiezoceramicThetransducerwasputinthemoldandcare-
fullypositionedinordertohaveitsfacesperpendiculartothemoldaxis.The
frontfaceofthepiezowasatlessthanamillimetertothebottomendofthe
mold.Intheonlysuccessfulmolding,positioningwasachievedholdingthe
piezobybothofitswiresusingacommonthirdhand(holderforelectronic
operations). Analternativeapproachtohaveabetterangulartolerance
couldbetostickarodonthebackofthepiezousingaveryweakglueand
thenuseadedicatedsupporttoholdtherodalignedwiththemold.

Moldingofthe matchinglayer. SomedropsofDuralco4460resinwaspoured
inthemold. Anextremelythinlayerofresinfilledcompletelythespace
betweenthefrontoftheceramicandthebottomendofthemold. Much
attentionwaspaidtonotwetthebacklayerofthepiezoceramicdisk.The
curingat120℃for4hourspolymerizedthefrontlayer.

Moldingofthebackinglayer. About1ccofamixtureoftungstenpowder(
10%involume)andMC7880urethaneresinfromAiTwaspouredontop
ofthepiezo.Curingat125℃for30minutespolymerizedthebackinglayer

Final moldingInordertohaveatransducereasiertohandle,the moldwas
toppedupwithaboutother3ccofDuralco4460resin.Curingwasagainat
120℃for4hours.Inthefuture,thisstepcouldbeusedtobondametallic
attachmentoranelectricalconnectorjustimmersingitintothepolymer.

Openingofthe mold. Thetransducerwascarefullyextractedfromthealu-
minummold.
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This multilayertransducerisshowninTable6.3. Asexpected,thetung-
sten/urethanebackingsucceedindampingthepulsesinaveryshorttime. The
transducerproducedresultsinferiortocommercialtransducerswhiletestedonthe
aluminumblockbutwasabletodetecttheoil-airinterfacewhenputontheback
ofthehalf-pipetestbed.Therequiredpressurewasparticularlyhighandhadto
beappliedinaveryasymmetricwaytoobtainagoodsignal.Fieldusageofthis
prototypeisthereforecompletelyunpractical,consideringthatthepiezoelectric
materialisnotcapableofworkingathightemperature.Table6.3showsboththe
transducerandtheveryweaksignalthatwaspossibletogather.

Table6.3: A multilayerpiezoelectrictransducer. Signalwhentestedoverthe
half-pipetestbed.Thearrowpointtotheechoreflectedfromtheoil-airinterface.

6.2.2 No matchinglayer/bulkbrassbacking

Anotherdesignwasexploredtotesttheperformanceofametallicbacking.This
prototype,showninTablewasbuiltwithoutconnectinganythingtothefrontlayer.
Thefrontelectrode,touchingthealluminumblock,waselectricallyconnectedto
itduringtest. Forthisreason,thegroundcablewasattacheddirectlytothe
aluminumblock,whilethesignalcablewaslinkedtotherearelectrodeusing
conductiveepoxy. ThepiezoelectricdiskwasmadeofLeadZirconiumTitanate
(EC-64)andmanufacturedbyEDOCeramics.Thebrasswaschiseledtohousethe
bulkwireattachment,andthepiezoelectricdiskwasattachedtothebrassbacking
usingalittleamountofDuralco4460epoxy.Thetransducerandatheresulting
waveformobtainedduringtheusualtestonthealuminumblockareshownin
Table6.4.Asit’spossibletosee,thesignalhasaveryhighamplitude.Thisresult
underlinethatmostoftheissuesencounteredinbuildinganultrasonictransducer
arerelatedtothematchinglayer. Theabsenceofarealmatchinglayer,with
thesputteredsilverelectrodetouchingdirectlytheobjectundertest,resultedin
echoesofgreatamplitude.
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Table6.4: A multilayerpiezoelectrictransducer. Signalwhentestedoverthe
half-pipetestbed.

6.2.3 Thincopper-copperassembly

Inordertoobservethebehaviorofatransducerwithoutabacking,thatis,ir-
radiatinginfreeairontherearside,anextremelysimpleprototypewasbuilt
(Figure6.5).Copperfoilswerescratchedgentlywithsandpapertoimprovethe
adhesionstrengthandattachedtoaPZT5-851diskusingthesilverfilledurethane
MC8880fromAiT.Thediskhasathicknessof1mm,adiameterof10mmand
aresonancefrequencyofabout2MHz.Curingwasperformedat125℃inorder
preventthepiezoelectricfromdamaging.Theonlychallengingpartofthisprocess
wastomakesurethatthesilverfilledurethanedidn’tcrateanycontactbetween
theelectrodes.Ameasurementwithanelectricaltesterconfirmedthattherewas
noelectricalconnection(shorting)betweentheelectrodes. Thetransducerwas
testedontheusual5cmaluminumblock.Inthisprototypethefrontcopperfoil
actbothasamatchinglayerandasanelectrode.ResultsareshowninTable6.5.
It’spossibletoseethattheobtainedsignalisquitesharp. Wasalsonoticedthat
pressingthetransduceragainsttheobjectbeingsensedwithametallictoolorwith
afingerchangedrasticallythenoiselevel.Thisobservationsuggestthepossibility
ofusingsuchasimpletransducertotestagreatvarietyofbackingmaterialsjust
pressingthemontherearcopperelectrode.
Thistransducerwastheonlyabletomeasureclearlythethicknessofthe5

cmaluminumblockusingboththe20dBandthe40dBvoltagegainprovided
bythepulser/amplifier,thatis,wastheonlyabletoworkwithlargeandsmall
signals.Table6.6showsthisachievement.Thistransducerwasalsoabletodetect
theoillevelinthehalfpipetestbed. AsshowninTable6.7,thequalityofthe
signaliscomparabletowhatobtainedwithcommercialproducts.Inorderto
ensurethattheechoeffectivelycomesfromtheoil-airinterface,asmallbasinwas
immersedupside-down,keepingsomeairinsideandwasusedtomovetheoil-air
surfaceupanddown.Theshiftoftheechoaccordinglytotheoil-surfaceposition
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Table6.5:Coppermatchinglayer/nobackingtransducer.

Table6.6:Signalfromthecoppermatchinglayer/nobackingtransducerwhen
testedoverthealuminumblock.Voltageamplificationwassetto20dB(left)and
40dB(right).

definitivelyconfirmedthisresult. Thequalityofthesignalwasnoticedtobe
extremelydependenttothequalityofthemechanicalcontactofthetransducer
withthesteelpipeaswellastothesmoothnessoftheoil-airinterface.Anunsteady
surface,causedforexamplebyafastmovementofanobjectimmersedintheoil,
makethesignalmorefaint.Evenifthistransducerwasbyfarthemostsimpleto
build,itsperformancesovercometheonesofalltheotherprototypes.
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Table6.7:Signalfromthecoppermatchinglayer/nobackingtransducerwhen
positionedonthebackofthehalfpipetestbed.
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Chapter7

Summary

Thischapterwillsummarizetheconclusionsofthepresentwork,discusswhich
arethecurrentissuesanddifficultiesanddiscusssomeproposaltoaddressthose.

7.1 Conclusions

Thebestresultswereobtainedfromanextremelysimpletransducer Transducers
withametallicmatchinglayerseemstoperformbetterthantransducerwith
apolymericmatchinglayerandapolymericbacking.

PZT5-851andPZT4arenotsuitabletohightemperatureuseCoherently
withthedatasheetprovidedbyAPCInternational,wasshownthatPZT5-
851isnotsuitableforhightemperatureuse.

Silverfilledurethaneisaveryeffective materialto makeelectricalconnection
Theusageofthiscompositetoconnecttermosensitivematerialiscommon
amongmaterialscientistsworkingonpiezoelectricmaterials.Thistechnique
allowsalsotocreateconnectionmoreflatthansoldering.

TheurethaneresinSolithane113isnotstiffenoughtobuildtransducers
Theelasticmodulusofthispolymeratroomtemperatureislessthan4MPa.
Theacousticimpedanceisthejusttwotimetheimpedanceofthewaterand
it’snotenoughtocoupleceramicandsteel.

Thetungstenfilledurethaneiseffectiveindampingvibrations Thechar-
acteristicdampingtimeofthepulseinapiezoelectricdisk(PZT5-851)di-
minishmorewhenembeddedinatransducerwithatungstenfilledurethane
backingthanwhenembeddedintransducermadeonlyofepoxy.
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7.2 Issuesandopenproblemswithproposedsolutions

Thedepolarizationwasn’tquantifiedexceptforasinglecase Inthepre-
viouschapterswereshowntheresultsofthecomputationofthepiezoelec-
triccoefficientsusingnonlinearregression(Gauss-newtonalgorithm)over
theimpedancespectrum.Evenifthedecreasingtrendwasclearlyidentified,
wasn’tpossibletocalculatetheexactcoefficients.Thealgorithmcurrently
inusetakesintoaccountonlythecompleximpedance,whileit’simmediate
toshowthatlittledeviationsfromthecompleximpedanceZ=R+jXcould
resultinlargedeviationsfromthecomplexadmittanceY=Z−1=G+jB.
ThealgorithmshouldthenberewrittentooptimizethefitbothonZand
onY.

It’sdifficulttopositionthepiezoelectriccrystalinthe moldIt’sveryim-
portanttohaveamatchinglayerofthesamethicknessonthewholesurface
ofthedisk.Apossiblesolutiontohavethecrystalperpendiculartotheaxis
istostickthecrystaltoametallicrod,thatiseasiertotakeinplace,using
aweakglue.(Seechapter6formoredetailsaboutthefabricationprocess)

TherecordeddataaresensibletothesettingsofthePulser/Amplifier
It’squitedifficulttocomparedifferenttransducertestedindifferenttimes.
TheLabViewprogramcouldbeupdatedagaintotakeintoaccounteach
particularsettingoftheOscilloscope.SincethePulse/Amplifierisananalog
device,isnotpossibletodothesameandthesettingshavetoberecorded
manuallyorphotographed.AnewprogrammablePulser/Amplifierwouldal-
lowtorecordthosesettingsautomaticallyandalsochangethemdynamically
whilethetemperatureincreasetofitthenewelectromechanicalproprieties
ofthetransducer.

Thesiliconoilchangeitsacousticproprietiesoverawiderange Wasob-
servedthatthespeedofsoundinsiliconoilat250℃ isaboutonehalfof
thespeedatroomtemperature.Thisproblemhavetobeaddressedinterpo-
latingwitapolinomialthespeedofsoundasafunctionofthetemperature.
Thermalexpansionandthegeometryofthepipewillhavetobetakeninto
account.

Most materialshavebeentestedonlybeforeandafterheatexposure Since
thethesoftwareinterfaceisalreadyinplace,willbepossibletomaketests
inanhighlyautomatedway,takingmeasurementinawiderangeoftemper-
atures.

Thecouplantfluidcurrentlyinusewithstandoxidationreaction Thecou-
plantfluidcurrentlyinuse,evenifratedfortemperaturetill350℃,burn
aftersomeminutesat250℃,leavingnothingmorethanacrustthatdoesn’t

60



allowmechanicalcoupling. Manytestsproducedwrongresultsfromacer-
tainpointonbecauseofthisphenomena.Adifferentcouplantfluidshould
beidentified.

enddescription
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