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Nonlinearultrasonicdetectionforcuringpropertiesoftheliner
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Abstract:Therelationshipbetweenultrasonicnonlinearityandmicrostructureofthelinerwasstudiedduringthewholecuring
processbyultrasonictransmissionmethodandinfraredspectroscopy.Nonlinearityofinputinstrumentationwasminimizedby
thenaturalfilteringeffectofpiezoelectricdiscsandthemaximumexcitationenergywasacquiredsimultaneouslysoasto
improvetheaccuracyofthemeasuringdata.Theexperimentalresultsindicatethatinthelinercuringreactionat40 ℃
ultrasonicnonlinearityparameterdecreasesgraduallyafterasharpdecline,whichisconsistentwiththeoutcomeofinfrared
spectroscopyasthecuringdegreeincreases.Theresearchsuggestsaneffectivenondestructiveapproachtodetectthecuring
propertiesofthelinerinanonlinearultrasonicway.
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0 Introduction
 Inthesolidrocketmotor,thelinerbetweenthe
shellandthe propellantactsas heatinsulating
structuretoprotecttheshellfromdirecterosionand
ablationcomingfrom hightemperaturepropellant
gas[1].Theadhesivequalityofshell/linerdirectly
affectsthesafetyandperformanceoftheengine.Itis
easierfortraditionalultrasonicnondestructivetesting
todetectthecompletedebondflawonshell/liner/
propellantinterface,butitbecomesdifficulttodetect
defectssuchaspooradhesiveinterfaceandkissing
bond[2-4].Recentstudiesshowthatthenonlinear
effectiscloselyrelatedtothecuringstateoftheliner
andthechangeofitsmechanicalproperties[5-8].Wu,
etal.provedultrasonicnonlinearcoefficientcouldbe
used as a bridge between macroscopic and
microscopiccharacterizationofmechanicalproperties
ofmaterialsdegradation[4].HirsekornSpointedout
thatunderthefinite amplitude ultrasonic wave
excitation,thenonlinearstress-strainrelationofthe
linermedium wouldleadtodistortionofultrasonic
waveformandcreatingofhighharmonicsignal[9].
Therefore,higherharmonicsina monochromatic
longitudinalwavegiveinformationaboutthecuring
stateoftheliner.

 Thispaperpresentedamethodofmonitoringthe
nonlinearultrasoniccoefficientofthelinerbetween
theshellandthepropellantduringthecuringprocess
usingtransmittedp-wave.Bycomparingtheresults
ofultrasonicmonitoringandinfraredspectroscopy,
thenondestructivedetectionofthecuringstateof
linerisachieved.

1 Theoryofnonlinearultrasound
 Under the monochromatic finite amplitude
longitudinalultrasoundexcitation,nonlinearequation
inisotropicmaterialsis

ρ
∂2u
∂t2 = K3-βK2

∂u
∂x  ∂2u∂x2+δ∂∂t

∂2u
∂x2  +Fext(x,t),

(1)

whereρrepresentsdensity,u(x,t)istheparticle
displacementonxaxis,K2=ρc2 meansthesecond
orderelasticity,K3isthethirdorderelasticity,β=
-(3K2+k3)/K2representsthenonlinearcoefficient
ofmaterial,δissoundattenuationfactorandFext(x,
t)isexternalforceperunitarea.
 Forsemi-infinite material (x>0),whenthe
externalforceexertedontheboundaryisthesingle-
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frequency sine wave,according to perturbation
theory[10],theapproximatesolutionsofnonlinear
Eq.(1)canbegotby

u(x,t)= 18k
2
0A2

1x
︸

A0

+A1sin(-k0(x-ct))-

1
8βk

2
0A2

1x
  

A2

sin(-2k0(x-ct))+…, (2)

wherewavenumberk0=2πf0/c,f0isthefrequency
ofthe sinusoidalsignal,x isthetransmission
distance,A0representsDCrate,A1representsthe
fundamentalfrequencyofthesignalamplitude,and
An(n>1)isthenthharmonic.
 Therefore,thenonlinearcoefficientofthematerial
canbecalculatedby

β= 8
k20x

A2

A2
1
. (3)

 Therelativenonlinearcoefficientofthematerialis

β'=A2

A2
1
. (4)

 Comparing Eqs.(3)and (4),forthe exact
frequencyf0andtransmissiondistancex,relative
nonlinearcoefficientβ'isproportionaltoβ,soβ'is
oftenusedtoreplaceβ.

2 Specimenandultrasonicdetection
method

 Thespecimentobetestedwasmadeof80mm×
65mmsteelsheet/insulationadhesivestructure,the
firstlayerwasa4mmsteelsheet,thesecondlayer
wasa0.5mmlinerandthethirdlayerwasa2mm
insulation layer.Theliner was compounded of
hydroxy-terminatedpolybutadiene(HTPB),toluene
di-isocyanate (TDI) and accessory ingredient
accordingtoacertainproportion,anditshouldbe
stirredbyheating magneticstirrerto makesure
excludebubblesbeforeuse.
 Thep-wavetransmissionmethodwasusedinthe
experiment,andtheproposeddetectingsystemis
shown in Fig.1.The system includesfunction
generator(RAM-SNAP),matchedimpedance,high-
energy low-pass filter, attenuator,transducer,
oscilloscope,computer,onlinetestspecimenand
fixture.Temperaturecontrolsystem wasprimarily
usedtocontrolthelinercuringtemperatureandto
refrigeratethetransducers.

Fig.1 Experimentalsetupofnonlinearultrasonicdetection
system

 Theamplitudesofthefundamentalandthesecond
harmonic wave were measured by transmission
methodinthisexperimentalsystem.Atoneburst
signalat5MHzfromafunctiongeneratorwasfed
intothematchedimpedanceduringthelinercuring.
Thenthesignalpassedthroughahighenergylow-
passfiltertofilterhighfrequencyinterferencesignal
createdbyradiofrequency(RF)gate.Piezoelectric
disc,withcenterfrequencyof5MHz,wasusedasa
transmitterandcommercialbroad-band;withcenter
frequencyof10MHz,itwasusedasareceiver.Two
transducers were longitudinal wave right angle
probe,andtheeffectivediameterwas10mm.
 Thetransducerswerecoupledtothespecimenwith
salol.Thefixturewasusedtokeeptwotransducers
on the same centerline axis. The transmitted
ultrasonic wave was averaged 256 times with
oscilloscope,andthentransferredtoacomputerfor
furthersignalprocessing.Thefundamentalandthe
secondharmonicsignalamplitudesweremeasuredby
fastfouriertransform(FFT).
 Inordertoreducetheinfluenceofthenonlinearity
from thefunction generator,low-passfilterand
couplingagent,thetransmittingtransducercouldbe
usedasanaturalfilter[11].Fig.2showsthefrequency
response of the piezoelectric disc used as the
transmitter.Innonlinearmeasuring,thefrequency
closetoaresonantpeakinthefrequencyresponse
wasusuallyselectedtomaximizetheexcitationlevel
withinthespecimen.Fig.3showsthenonlinear
coefficientduetothetransducercharacteristicsatthe
harmonicscomparedtothatatthedrivefrequency.It
canbeseenfrom Fig.3thatforthetransducer
frequenciesof2.3MHzand5MHz,bothresultin
minimizing the influence of apparatus-induced
nonlinearity and at the same time maximizing
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excitationenergy.

Fig.2 Frequencyresponseofpiezoelectricdisc

Fig.3 Filteringeffectoftransmittingtransducer

3 Infraredspectroscopyexperiment
 LinersamplewasequablysmearedonKBrsalt
tablets,makingsurethecoatwastransparent.The
salttabletswasthenputintotemperatorat40℃and
measuredonceeverytenminutesbyThermoNicolet
CorporationFouriertransforminfraredspectrometer
(FTIR,Impact420).Fig.4showstheFTIRspectra
ofthelineratdifferentcuringtimesat40℃.

Fig.4 FTIRspectraofthelineratdifferentcuringtimes

 Duringthecuringreaction,theconcentrationof
-NCOgropedecreasesas-NCOgroupgradually
reacts with -OH. On the contrary, the
concentrationof-CH3remainsthesamebecauseit
doesnotparticipateinreaction.Asaresult,-NCO
(characteristicpeak)and-CH3 (referencepeak)are
suitableforquantitativeanalysis.Assumingthatthe
transmittanceofthecharacteristicpeakiss0andthe
transmittanceofthereferencepeakiss'

0,theratioof
themisC,namely

C=s'
0

s0
. (5)

 AccordingtotheLambert-beerlaw,absorption
peakintensityisproportionaltoitsconcentration.
Therefore,parameterCcanreflectthechangeof
-NCOconcentrationinTDIrevealingcuringdepth
ofthelineranditsbondingproperties.

4 Resultandanalysis
 Thebondedshell/liner/propellantspecimenwas
monitored online using nonlinear ultrasonic
measurementsystem.

Fig.5 Exampleoftransmittedtime-domainsignal

Fig.6 Fundamental and 2nd harmonic amplitudes at
differentcuringtimes
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 Fig.5showsanexampleofatransmittedtime-
domainsignalwhichhasbecomedistorted.Fig.6
showstheFourierspectraoftransmittedsignalat
different curing reaction times, including
fundamentalamplitude and the second harmonic
amplitude. Compared with the fundamental
amplitude,thesecondharmonicamplitudeisvery
small.Fig.6showsthesecondharmonicclearlyin
thefundamentalwavefigure.
 Inordertovisuallyrevealthecuringpropertiesof
theliner,curingstrengthwastestedwhilemonitored
by nonlinear ultrasonic approach. The curing
propertiesofthelineratdifferentcuringtimesare
showninTable1.

Table1 Curingpropertiesofthelineratdifferentcuringtimes

Curingtime(h) Stateofliner σ(MPa)

4 Sticky,wiredrawing 0.83
6 Slightlysticky 0.95
10 Softer,inelastic 1.12
16 Clastic 1.08
25 Elastic 1.14
40 Elastic 1.16

 Fig.7showstheresultsofnormalizednonlinear
coefficient(NLP)andinfraredspectroscopyatcuring
temperature40℃.

Fig.7 Normalizedrelativenonlinearparameterandthe
contentof-NCOvs.curingtime

 The-NCOgroupthatreactswith-OHcauses
theconcentrationtodeclinerapidlyandviscosityto
increaseduringthefirst10hreaction.Network
structurehasalreadyformedinthelinerandthe
modulusofthelinerbasicallyremainsthesameafter
10h.Althoughtheconcentrationof-NCOgroup
(about 30%-40% )continues to decline,the
bonding strength of the liner changes a little
accordingtothedatain Table1.Thechemical
crosslinkdensityoftheinterfacebetweentheliner,
theshell,andthepropellantincreasesrapidlyduring

thefirst10hreaction.Atthesametime,the
influence of nonlinear stress-strain relation on
ultrasounddecreasessignificantly,andtheNLPfalls
offrapidly withincreasingcuringtime.Onthe
whole,chemicalcrosslinkcometotheendforthe
nextfewhours,themilddescentofNLPreveales
thatcuringpropertiesoflinerchangesalittle,this
phenomenonisinaccordwiththelawsummarizedby
Ref.[12].
 Infrared spectroscopy technology reflects the
curing process of the liner through chemical
reactions.Forthecuringprocessofthelinerincludes
not only chemical reactions but also physical
crosslink,bymeasuringthenonlinearstress-strain
interactionoftheultrasoundwiththemicrostructure
oftheliner,wecanreasonablyrevealthechangesof
bondingpropertiesduringitscuringprocess.

5 Conclusions
 1)Inthiswork,thecuringprocessofsolidrocket
motor liner is monitored using nonlinear
characteristicsoftransmittedultrasoundwave.The
NLPrapidlydecreases,andthenslowlydeclines
duringthecuringreactionat40℃.Thechangelaw
ofthelinerisinaccordwiththeresultofinfrared
spectroscopy detection, which indicates that
nonlinearultrasonicapproachcantrulycharacterize
thechangesofbondingpropertiesduringitscuring
process.
 2)Thefrequencyresponseandfilteringeffectof
piezoelectricdiscshowthattransmittingtransducer
can maximizetheexcitationlevelattheresonant
frequency of 5MHz, minimize the input
instrumentation nonlinearities and improve
measurementaccuracysimultaneously.
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衬层固化性能的非线性超声检测
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摘 要: 基于超声纵波透射法,结合衬层样本的红外光谱图,研究了衬层固化过程中其微观组织结构与超

声非线性系数间的关系。利用铌酸锂晶片的滤波特性,在获得最大激励能量的同时有效减少了前端仪器引

入的非线性,提高了测量数据的准确性。检测结果表明,在40℃固化温度下,随固化度增加,超声非线性系

数先急剧下降而后逐渐减小,与红外光谱技术检测结果一致。因此,利用超声非线性系数可以对衬层的固化

性能进行超声无损检测。
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