
Vol.10No.1,Mar.2019 JournalofMeasurementScienceandInstrumentation 97
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Abstract:Thispaperpresentsanon-destrcutiveevaluationmethodfortheevolutionofcorrosionfatigueofQ235Asteel.
Specimensurfacedegradationduetocorrosionfatiguefromthecombinedinteractionofcorrosionandcyclicloadingleadsto
harmonicgenerationduringRayleighwavepropagationalongthespecimensurface,whichallowsforanearlypredictionof
materialfatiguelife.Therelativenonlinearityparameterβasanevaluationparameter,whichisdenotedasaratioof
fundamentalandsecond-orderharmonicamplitudes,ismeasuredbyusinganexperimentalplatformbasedonapairofwedge
transducerstolaunchandreceiveRayleighwavesignal.Subjectedtoanimmersioncorrosionmethodwith10% NaClsolution
anda20Hzcyclicloading,acorrosion-fatiguespecimenwasmade,anditsrelativenonlinearityparameterwasmeasuredevery
105cyclesuntilto7×105cycles.A measuredcurveofrelativenonlinearityparameterversusfatigueloadcycles,whichis
producedbysurfacedegradationofspecimencorrosionfatigue,showedaninitialsteadytrendfollowedbyarapidincrease.
ExperimentalresultsdemonstratethatcorrosionfatigueresultsinthesuddendestructionofaQ235Asteelspecimenand
nonlinearRayleighsurfacewavesmeasurementtechniquecanbeusedtoquantitativelycharacterizefatiguelifeofQ235Asteel.
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0 Introduction
 Steelcomponentsofdeep-waterorlargeoffshore
structuresareexposedtoacorrosiveenvironment
withhighhumidityandhighsalinityforlongperiods
undergoingcyclicloadingcausedbyocean waves.
Metalstructuresurfacepeelsasaresultofthe
electrochemicalinteraction ofcorrosiveliquid or
waterwiththemetalsurface,andthencontinuous
cyclicloading makesdiscontinuouspointsonthe
surfacegenerated,whichmayextendtocracksand
imperfectionsandfinallyresultinstructuralfailure.
Thecoupledeffectofacorrosivemediumandacyclic
loadingleadstocorrosion-fatiguedamagegenerated,
whichisanimportantfailureformofsteelstructures
andanthreatentothesafetyandreliableoperationof
keystructuralcomponents.
 Nonlinearultrasoundisapromisingtechniqueto
evaluateengineeringmaterialdegradationandearly
damage,anditreliesonthemeasurementofhigher-
orderharmonicsthatareextractedfromtheelastic
nonlinearity from lattice anharmonicity and the
materialnonlinearityofself-organizedsubstructures.

Extensive experimental measurements[1-9] have
demonstrated that the nonlinearity parameter
calculatedfrom thefundamentalandsecond-order
harmonicamplitudesofcyclicloading metalscan
estimatematerialfatiguelifeduringfatiguecycles.
Cantrell,etal.[10]obtainedafunctionofthefatigue
lifeofanIN100 nickel-based superalloy bythe
analyticalmodelofmicroelastic-plasticnonlinearity
fromdislocationsandcracksduringeachstateofthe
fatiguelife.Besidethesecond-orderharmonic,other
nonlinearityphenomenaalso wereusedtoassess
fatigue state. Xiang,et al.[11-12] evaluated the
thermaldegradation using second-order harmonic
extractedfromaninteractionofLambwavewitha
microvoidevolvedinthealloysteelduringaging.
Liu,etal.[13] used acollinear wave mixingto
characterizeplasticdeformationin Al-6061alloys.
Straka,etal.[14]observedexperimentallynonlinear
elastic wave modulation that is generated on
aluminumalloygrade6082afteranumberoffatigue
cyclesto50000cycles,andthenmadeaconclusion
thattherelationship between second-orderinter-

①

Receiveddate:2018-11-03
 Foundation items: National Natural Science Foundation of China (No.11604304); Natural Science Foundation of Shanxi Province

(No.201701D221127)

 Correspondingauthor:LIHai-yang(13520151406@163.com)



modulation products increased steadily with an
increasingnumberoffatiguecycles.
 Rayleigh surface wave with lots of obvious
advantages,suchasaone-sidepitch-catchaccessof
measurementconfigurationandalongpropagation
energythatisconcentratednearthefreesurface,is
animprovedmethodtoevaluatethemetalsurface
properties.Herrmann,etal.[15]performedareliable
receptionofRayleighwave’ssecond-harmonicbya
laserultrasonictechnique,andthenassesseddamage
innickel-basedhigh-temperaturealloyspecimens,at
lastquantitatively measured materialnonlinearity
undervariousloadingconditions.Liu,etal.[16]

presentedthefeasibilityofameasuredresidualstress
bythemethodofnonlinearRayleighsurfacewave
and observed experimentally alargeincreasein
proportional relation between the nonlinearity
parameterandtheresidualstress.
 Weexperimentallycharacterizedsurfacedamageof
Q235A steel specimens under the combined
interactionofacorrosivemediumandacyclicloading
byanonlinearacousticmethodofRayleighsurface
wave.Twowedgetransducerswereusedtoachieve
ultrasonicsignalemissionandreception.Therelative
nonlinearity parameter, which is defined by
fundamentalandsecond-orderharmonicamplitudes,
was measured as an evaluation parameter for
corrosion-fatiguespecimensatdifferentstagesof
fatiguelife.Experimentaldatawerefittedtoacurve
ofthe number ofload cycles,and showed an
increasingrelationshiptopredicttheremaininglifeof
thecorrosion-fatiguespecimens.

1 Theoreticalanalysis
 The Rayleigh wave is a superposition of
longitudinalwaveandshear wave withthesame
propagationvelocity,whichcanbedecomposedinto
longitudinaland shear displacementcomponents.
Because ofthe symmetry ofthird-order elastic
constantsinisotropicsolidmaterials,theshearwave
nonlinearcoefficientdisappears.Therefore,thehigh-
order Rayleigh wave is only related to the
longitudinalwave[3-4].Herrmann,etal.[15]obtained

anexpressionforacousticnonlinearityparameterin
terms of measured normal surface displacement
componentsas

β= 8A2

ω2A2
1X
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2cs
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2

-1
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wherecR,clandcsaretheRayleighwavevelocity,
longitudinalwavevelocityandshearwavevelocity,
respectively;A1andA2aretheamplitudesofthe
fundamentaland second-order harmonic signals,
respectively;Xisthepropagationdistanceofthe
Rayleighwaveinasolid material;andωisthe
angularfrequency.
 Inactualexperiments,cR,cl,csandX remain
unchanged.Therefore,thenonlinearityparameteris
onlyrelatedtothefundamentalandsecond-order
harmonicamplitudes,andtherelativenonlinearity
parametercanbeusedtorepresentthevariationof
nonlinearity parameter of Rayleigh wave, as
expressedby

β'=A2

A2
1
. (2)

 Therelativenonlinearityparameterβ'isusedasan
evaluationparameterforfatiguespecimensthatare
subjectedtocyclicloading,andacurvethatisbased
onEq.(2)versusfatiguecycleshasbeenrecognized
byKim[9],Cantrell[10]andotherresearchers.Inthis
research,therelativenonlinearityparameterisalso
takenasaparametertoevaluatethecorrosionfatigue
ofmetalspecimens.

2 Experimentalprocedure

2.1 Samplepreparation

 An experimentalspecimen of Q235A steelis
machinedintoashapewithastress-concentration
zoneinthemiddle.
 ThespecimendimensionsareprovidedinFig.1,
wherethespecimenthicknessisapproximatelynine
timesthe wavelength ofthe Rayleigh wave at
5MHz,whichsatisfieshalffreespaceforgenerated
conditionofRayleighwaves.

Fig.1 Geometricdimensionsofspecimen
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 Acorrosion-fatiguespecimenisproducedbythe
immersion-corrosion method with NaCl solution
beingthecorrosionmedium.Theconcentrationof
corrosive-medium is 10%, and the time for
immersionis20days.A 20 Hzsine-wavecyclic
loaingisobtainedbyaPA-100fatiguemachine.The
ratioofthemaximumstresstominimumstressis
0.25,andthecenterpowerandloadamplitudeis
10kN.To observethe materialnonlinearity at
differentstagesoffatiguelife,fatiguetestingisfrom
1×105to7×105cyclesofcyclicloading,andfinally
the corrosion-fatigue specimen shows bending
deformation.

Fig.2 Corrosionmedium

2.2 Experimentalsetup
 ExcitationandreceptionsystembasedonRayleigh
surface wavedetection methodisbuilt,andthe
schematicofexperimentalplatform isshownin
Fig.3.

Fig.3 Experimentalsetup

 Atoneburstsignalof20cycleswithacenter
frequencyat5MHzisgeneratedbyRETICRAM-
5000SNAPusingahigh-powergatedamplifier,and
thenpassesthroughaRT-50resistance,whichcan
suppresstransientbehaviorfromamismatchbetween
theamplifierandthetransducer[2].Alow-passfilter

of5MHzandahigh-passfilterof10MHzareused
to reduce noise and nonlinearity of detection
system[3].TwocommercialPZT-basedpiezoeletric
transducerswithcenterfrequenciesof5and10MHz
respectivelyarealignedononesideofthespecimenin
astraightlineasatransmitterandareceiver.The
ultrasonicwaveisexcitedbytheemissiontransducer
intotheorganicglass wedge,andthen Rayleigh
surfacewaveattheinterfaceofthewedgeandthe
specimenisgeneratedtopropagateonthespecimen
surface.Thenonlinear Rayleighsurface waveis
receivedbytheorganicglasswedgeandthereceiver
transducer.Thetwowedgesatthelaunchingand
receivingpositionshavethesameangle,andall
contactinterfacesarecoupledwiththecouplant.
 Becauseofsurfacedamageofthecorrosion-fatigue
thatcausesadistortionintimedomainduringthe
Rayleigh surface wave propagation process,the
second-orderharmonicsignalisgenerated,andthe
powerofwhichissoweakthatitcanbesubmerged
inthefundamentalsignalandnoise.Therefore,the
fundamentalandsecond-orderharmonicsignalshould
bereceivedseparately.Thefundamentalsignalis
backedtothereceptionendoftheRETICRAM-5000
SNAP.Thesecond-orderharmonicsignalneedsto
passfirstlythrougha10MHzhigh-passfilteranda
20dBsignalamplifierbeforebeingsentbacktothe
detectionsystem.Allacquiredultrasonicsignalsare
displayedassynchronizedontheoscilloscope.

2.3 Angleofwedge

 ARayleighwaveisexcitedbythewedgemethod.
The longitudinal wave excited by a emission
transducerpropagatesthroughthewedgeatacertain
angle,andRayleighsurfacewaveisgeneratedand
propagatedalongthespecimensurface.Theincident
angleandtherefractionangleatthe wedgeand
specimeninterfaceareshowninFig.4andsatisfy
Snell’sLawwas

c1
c2 =sinθ1sinθ2

, (3)

wherec1 is the longitudinal wave velocity of
2680m/sintheorganicglasswedgeandc2isthe
Rayleighwavevelocityof3013m/sonthespecimen
surface. Therefore,the incident angle of the
longitudinalwaveinthewedgeis

sinθ1 =c1
c2
sin90°=c1

c2
. (4)

 Bysubstitutingthevaluesofc1andc2intoEq.(4),
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θ1= 60°isobtained.Therefore,whentheincident
angleis60°,theRayleighsurfacewaveasadetection
signalcanbeexcited.

Fig.4 Wedgeangle

3 Resultsandanalysis
 Thetime-domainwavesignaloffundamentaland
second-orderharmonicwavesareacquiredaccording
totheexperimentalprocedureasshowninFigs.5and
6,respectively.

Fig.5 Timesignaloffundamentalwave

Fig.6 Timesignalofsecond-orderharmonicwave

 Toremovetheinfluenceofrandom noisefrom
experimentaldetectionandtoguaranteetheaccuracy
andreliabilityofexperimentalresults,theabove
detectionprocessisrepeatedthreetimes,andthe
averageexperimentaldataareusedasanevaluation
parameter.
 The fundamental and second-order harmonic

signalsarewindowed,andafast-Fouriertransformis
usedtoobtainthefundamentalamplitudeA1andthe
second-orderharmonicamplitudeA2,asshownin
Fig.7.Thedashedlineisthespectrumofsecond-
orderharmonicwavesignal.

Fig.7 Fundamentalandsecond-order harmonic waves’
amplitudes

 Theamplitudeoffundamentalandsecond-order
harmonicwaveofRayleighsurfacewavesignalfrom
Fig.7aresubstitutedinto Eq.(2)toobtainthe
relative nonlinearity parameter. The relative
nonlinearityparameteroftheinitialspecimenwithout
corrosionfatigueisrecordedasβ0.Therelative
nonlinearity parameters of the corrosion-fatigue
specimenareregularizedbyusingaratioofβ/β0,
whichcanrevealavariationofmaterialnonlinearity
thatiscausedbycorrosionfatigue.
 To ensurethat measured nonlinearity results
mainlyfrom materialinherentratherthanfrom
systemnoise,alinearrelationshipbetweenthewave
propagationdistanceandtheamplitudeofsecond-
orderharmonicwavefrom Eq.(1)isobtained,as
showninFig.8.

Fig.8 Second-orderharmonicsamplitudeasafunctionof
propagationdistance

 Fig.8 showsthatthe second-order harmonic
amplitudeis accumulated from the propagation
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distanceofRayleighwave.From2cmto4cm,the
amplitudeofthesecond-orderharmonicisunsteady
becauseoftheinfluenceofnearfieldtransducer.
From4cmto15cm,thesecond-orderharmonic
amplitudeisalmostlinearwithincreasingdistance
duetoamplitudecumulativeeffect.Therefore,the
distance between the emitting and receiving
transducersmustexceed4cmtoavoidmeasurement
inaccuraciesinthenearfieldofthetransducer.
 Basedonthemeasurementmethod,arelationship
between the regularized relative nonlinearity
parametersandthefatiguecycleofthecorrosion
fatiguespecimenisplottedasafittedcurveinFig.9.

Fig.9 Relationshipbetweenregularizedrelativenonlinearity
parametersandfatiguecycles

 Fig.9showsthatthiscurvecanbedividedintotwo
stages.Inthefirststagebefore5106times,the
relativenonlinearityparameterincreasesinitiallywith
fatiguecycles,andthenthetrendremainssteady.
Thisispossiblybecauseoflittlematerialdegradation
occurscomparedwiththeperfectstateduringthe
firststageofthefatiguelife,thentherelative
nonlinearityparametervariationisnotobvious.In
thesecondstageafter5106times,therelative
nonlinearity parameter has a rapidly increasing
tendency, which may be due to a so rapid
deteriorationinthelatefatigueofthecorrosion-
fatiguespecimenthatmacroscopiccracksemergein
the material. The fitted curve of the relative
nonlinearityparameterofcorrosion-fatiguespecimen
isverydifferentfromthatofKim and Cantrell,
whichshowsthatthenonlinearityparameterofa
fatigue specimen with cyclic loading only is
approximatelyproportionaltothenumberofcyclic
loading. This occurs because of a gradual
accumulationofdislocationandpersistentslipbands
with an increasing number of cyclicloads,as
reflectedinthemonotonicallyincreasingtendencyof
the nonlinearity parameter. However,corrosion

fatiguespecimensaresubjectedtonotonlycyclic
loading,butalsocorrosionmedium,andthisleadsto
thefittedcurveofthenonlinearityparameternot
increasingmonotonically,butincreasingrapidlyand
suddenly,althoughitappearsthatthespecimenis
almostperfectatfirst.Thus,corrosionfatiguewith
acombinedinteractionofcorrosionandcyclicloading
ismoredangerousthanfatigueonlywithasingle
cyclicloading,andthenonlinearacousticmethodby
usingRayleighwavecanmonitorthehealthofmetal
materials and potentially predict the remaining
fatiguelife.

4 Conclusion
 Thenonlinear Rayleighsurface wavedetection
methodisusedtoachievenon-destructivedetection
forcorrosion fatigue damage ofa Q235A steel
specimen. Experimental results show that the
relativenonlinearityparameterbasedon Rayleigh
surfacewavecancharacterizethecorrosionfatigue
damageofQ235A steelspecimenvery well,and
thereforethisnon-destructivedetectiontechniqueis
veryusefulfortheassessmentforcorrosionfatigue
damageandlifepredictioninindustrialcomponents.
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Q235钢材腐蚀疲劳损伤的非线性

Rayleigh表面波评价方法研究

李海洋1,王召巴1,潘强华2

(1.中北大学 电子测试技术重点实验室,山西 太原030051;
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摘 要: 本文研究了Q235A钢腐蚀疲劳的评价方法。在腐蚀和循环载荷共同作用下,试样表面退化,并导

致Rayleigh波沿试样表面传播过程中产生二次谐波,这种现象可以用于腐蚀疲劳损伤的早期评价。以楔形

换能器为基础,搭建了Rayleigh波信号的发射和接收实验平台,测量了相对非线性参数的变化趋势。在

10%NaCl溶液和20Hz循环载荷的共同作用下进行腐蚀腐蚀试验,制备腐蚀疲劳试样,每105 次疲劳周期

测量一次相对非线性参数,直至疲劳周期数为7×105 次。然后绘制试样腐蚀疲劳试验中表面退化产生的相

对非线性参数与疲劳载荷循环的测量曲线,该曲线显示出初始稳定,之后迅速增加的变化趋势。实验结果表

明,腐蚀疲劳会导致Q235A钢试样的突然破坏,非线性Rayleigh表面波测量技术可用于定量表征 Q235A
钢的疲劳寿命。
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