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craCKSNewNew specimenspecimen designdesign forfor studyingstudying thethe growthgrowth ofof smaUsmaU fatiguefatigue cracks 
withwith surfacesurface acousticacoustic waveswaves 
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TheThe studystudy ofof smallsmall surfacesurface fatiguefatigue crackscracks inin AISIAISI 41404140 quenchedquenched andand temperedtempered steelsteel byby aa 
nondestructivenondestructive surfacesurface acousticacoustic wavewave techniquetechnique isis summarized.summarized. AA novelnovel cantileveredcantilevered bending,bending, 
plate-typeplate-type fatiguefatigue specimenspecimen isis describeddescribed thatthat isis compatiblecompatible withwith thethe acousticacoustic method.method. SmallSmall crackscracks 
areare initiatedinitiated fromfrom aa 25-/.lm25-/.lm deepdeep surfacesurface pitpit producedproduced byby anan electrosparkelectrospark machine.machine. TheThe importanceimportance 
ofof studyingstudying thesethese crackscracks whichwhich closelyclosely approximateapproximate naturallynaturally occurringoccurring fatiguefatigue crackscracks isis brieflybriefly 
discussed.discussed. 

iNTRODUCTIONiNTRODUCTION 

TheThe studystudy ofof thethe growthgrowth behaviorbehavior ofof smallsmall surfacesurface fatiguefatigue 
crackscracks hashas takentaken aa majormajor rolerole inin thethe fatiguefatigue literatureliterature withinwithin 
thethe pastpast decade.decade. TheThe anomalousanomalous behaviorbehavior ofof microcrackmicrocrack 
growthgrowth comparedcompared toto thethe well-documented,well-documented, moremore predictablepredictable 
growthgrowth ofof largelarge crackscracks waswas describeddescribed nearlynearly 1010 yryr agoago byby 
Pearson.Pearson. 1I TheseThese smallsmall crackscracks werewere shownshown toto growgrow atat aa rapidrapid 
raterate belowbelow thethe longlong crackcrack thresholdthreshold stressstress intensityintensity factorfactor 

(.:lK'h)rangerange (..1K'h) asas shownshown inin Fig.Fig. 1.1. SinceSince thatthat timetime researchresearch hashas 
concentratedconcentrated onon thethe variousvarious metallurgica1,2-7 mechani­mechani­metallurgicaI,2-7 
cal,8-13cal,8-13 andand environmentalenvironmental l4l4

••
1515 factorsfactors responsibleresponsible forfor thisthis 

smallsmall crackcrack effect.effect. SeveralSeveral excellentexcellent reviewreview articlesarticles 16-1816-18 havehave 
recentlyrecently beenbeen published.published. 

TheThe mostmost commoncommon wayway toto monitormonitor thethe growthgrowth ofof smallsmall 
surfacesurface crackscracks isis toto measuremeasure thethe increaseincrease inin crackcrack lengthlength atat 
thethe surfacesurface causedcaused byby fatiguefatigue cycles.cycles. However,However, crackcrack propa­propa­
gationgation intointo thethe loadload bearingbearing sectionsection ofof thethe material,material, thatthat is,is, inin 
depth,depth, isis muchmuch moremore critical.critical. Unfortunately,Unfortunately, itit isis notnot directlydirectly 
possiblepossible toto measuremeasure crackcrack growthgrowth inin depthdepth byby examiningexamining thethe 

alc,surface.surface. IfIf thethe crackcrack aspectaspect ratioratio ale, wherewhere aa isis thethe crackcrack 
depthdepth andand ce isis halfhalf thethe surfacesurface length,length, isis knownknown thenthen surfacesurface 
growthgrowth cancan bebe relatedrelated toto growthgrowth inin depth,depth, butbut thisthis ratioratio isis 
rarelyrarely knownknown forfor aa smallsmall growinggrowing fatiguefatigue crack.crack. 

AA nondestructivenondestructive techniquetechnique usingusing ultrasonicultrasonic surfacesurface 
acousticacoustic waveswaves (SA(SAW)W) hashas recentlyrecently beenbeen developeddeveloped byby ReschResch 

smalletet al.,al., 19-2119-21 andand appliedapplied toto thethe studystudy ofof smaU surfacesurface cracks.cracks. 
BasedBased onon thethe acousticacoustic scatteringscattering theorytheory ofof KinoKino2222 andand 
Auld,23Auld,23 thethe techniquetechnique usesuses thethe reflectionreflection ofof surfacesurface waveswaves 
fromfrom thethe crackcrack toto predictpredict thethe crackcrack depthdepth andand monitormonitor crackcrack 
growthgrowth onon thethe surfacesurface andand inin depth.depth. TheThe purposepurpose ofof thethe pres­pres­
entent workwork isis toto describedescribe aa suitablesuitable samplesample designdesign compatiblecompatible 
withwith thethe acousticacoustic methodmethod andand satisfyingsatisfying experimentalexperimental re­re­
quirementsquirements specificspecific toto thethe studystudy ofof smallsmall cracks.cracks. 

I.I. EXPERIMENTALEXPERIMENTAL PROCEDURESPROCEDURES 

TheThe majormajor componentscomponents ofofthethe surfacesurface acousticacoustic wavewave sys­sys­
temtem areare shownshown inin Fig.Fig. 2.2. AA 3-MHz3-MHz sinesine wavewave pulsepulse ofof threethree 
wavelengthswavelengths durationduration isis amplifiedamplified toto aa zero-to-peakzero-to-peak ampli­ampli­
tudetUde ofof 1010 V.V. TheThe pulsepulse isis thenthen inputinput toto thethe sendingsending trans­trans­
ducer.ducer. TheThe transducertransducer consistsconsists ofofaa thinthin sliceslice ofofPZTPZT piezoe-piezoe­

lectriclectric crystalcrystal embeddedembedded inin aa RRTVTV siliconesilicone wedgewedge whichwhich isis 
castcast intointo aa mountingmounting block.block. TheThe entireentire transducertransducer measuresmeasures 
1313 XX 1212 XX 1111 mm.mm. TheThe couplingcoupling mediummedium betweenbetween thethe trans­trans­
ducerducer andand thethe samplesample isis aa smallsmall amountamount oflowoflow viscosityviscosity diag­diag­
nosticnostic medicalmedical ultrasonicultrasonic couplantcouplant spreadspread onon thethe bottombottom ofof 
thethe siliconesilicone wedge.wedge. TheThe PZTPZT crystalcrystal isis positionedpositioned atat thethe 
properproper angleangle soso thatthat thethe longitudinallongitudinal wavewave launchedlaunched throughthrough 
thethe RTVRTV siliconesilicone willwill produceproduce aa surfacesurface (Rayleigh)(Rayleigh) wavewave onon 
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FIG.FIG. I.I. TheThe standardstandard wayway toto presentpresent fatiguefatigue crackcrack growthgrowth datadata isis toto correlatecorrelate 
theIhe growthgrowth raterate daldN.daldN. wherewhere aa isis thethe crackcrack depthdepth andand NN isis thethe numbernumber ofof 

cycles, .:JK.fatiguefatigue cycles. withwith thethe stressstress intensityintensity factorfactor rangerange iJK. LongLong throughthrough 
crackscracks followfollow aa fairlyfairly predictablepredictable line.line. TheseThese crackscracks willwill notnot propagatepropagate be­be­

.:JK,h'lowlow thethe thresholdthreshold stressstress intensityintensity factorfactor rangerange iJK'h' SmallSmall surfacesurface part­part­
throughthrough crackscracks maymay showshow anomalousanomalous growthgrowth behaviorbehavior byby propagatingpropagating veryvery 
rapidlyrapidly belowbelow iJKth ·JJK'h' 
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FIG.FIG. 2.2. SchematicSchematic diagramdiagram ofof surfacesurface acousticacoustic wavewave systemsystem toto monitormonitor thethe 
growthgrowth ofof smallsmall surfacesurface fatiguefatigue cracks.cracks. 

thethe specimen.specimen. TheThe RayleighRayleigh wavewave packetpacket travelstravels onon thethe speci­speci­
mmmenmen surfacesurface inin aa directed,directed, narrownarrow beambeam approximatelyapproximately 44 rom 

inin widthwidth withwith aa slightslight amountamount ofof beambeam spreading.spreading. AA crackcrack inin 
thethe acousticacoustic pathpath willwill causecause thethe beambeam toto reflectreflect backback toto thethe 
receivingreceiving transducer.transducer. TheThe reflectedreflected signalsignal isis thenthen amplifiedamplified 
andand thethe outputoutput isis monitoredmonitored onon anan oscilloscope.oscilloscope. TheThe ampli­ampli­

signa]tudetude ofof thethe reflectedreflected signal isis usuallyusually betweenbetween 0.1-1.00.1-1.0 V,V, 
dependingdepending onon thethe sizesize ofof thethe crack.crack. 

TheThe detailsdetails ofof thisthis acousticacoustic techniquetechnique areare explainedexplained ade­ade­
quatelyquately inin Refs.Refs. 19-21,19-21, butbut severalseveral keykey pointspoints shouldshould bebe men­men­
tionedtioned here.here. SmallSmall surfacesurface crackscracks maymay bebe tightlytightly closedclosed whenwhen 
thethe samplesample isis notnot underunder anan appliedapplied stress.stress. Thus,Thus, toto obtainobtain aa 
reflectionreflection fromfrom aa crack,crack, aa remoteremote tensiletensile stressstress generallygenerally 
mustmust bebe appliedapplied toto causecause thethe crackcrack facesfaces toto part.part. ExaminingExamining 
crackscracks inin steel,steel, thethe acousticacoustic techniquetechnique cancan gathergather quantita­quantita­
tivetive informationinformation forfor crackcrack depthsdepths greatergreater thanthan 5050 f.lm,f.lm, limit­limit­
eded byby thethe "noise""noise" levellevel inherentinherent inin thethe experimentalexperimental system,system, 
upup toto 160160 f.lm,f.lm, representingrepresenting thethe upperupper limitlimit ofof validityvalidity ofof thethe 
acousticacoustic scatteringscattering theorytheory forfor aa frequencyfrequency ofof 33 MHz.MHz. Cur­Cur­
rently,rently, aa majormajor limitationlimitation ofof thethe acousticacoustic techniquetechnique isis thatthat 
onlyonly oneone isolatedisolated fatiguefatigue crackcrack cancan bebe examined.examined. MultipleMultiple 
reflectionsreflections fromfrom severalseveral surfacesurface crackscracks couldcould createcreate compli­compli­
catedcated interferenceinterference patternspatterns whichwhich thethe presentpresent theorytheory cannotcannot 
treat.treat. Finally,Finally, itit shouldshould bebe notednoted thatthat thethe transducerstransducers areare 
attachedattached toto thethe sample,sample, usingusing aa simplesimple c-clampc-clamp devicedevice whichwhich 
fitsfits aroundaround thethe specimen,specimen, throughoutthroughout thethe fatiguefatigue testtest soso thatthat 
in-situin-situ crackcrack growthgrowth cancan bebe monitored.monitored. 
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SectionSection A-AA-A 

FIG.FIG. 3.3. CantileveredCantilevered bendingbending fatiguefatigue specimen.specimen. TheThe crackcrack initiationinitiation pitpit isis 
locatedlocated onon thethe centercenter ofof thethe flatflat surfacesurface ofof sectionsection A-A.A-A. AllAll dimensionsdimensions areare 
inin millimeters.millimeters. 

AISIAISI 41404140 steelsteel waswas usedused forfor thethe presentpresent study.study. TheThe steelsteel 
waswas speciallyspecially processed,processed, includingincluding vacuumvacuum degassingdegassing andand 
calciumcalcium treatment,treatment, toto ensureensure aa minimalminimal levellevel ofof impuritiesimpurities inin 
thethe finalfinal product.product. TheThe samplessamples werewere austenitizedaustenitized atat 850850 DCDC 
forfor 11 hh (in(in vacuum),vacuum), oiloil quenched,quenched, temperedtempered atat 400400 DCDC forfor 11 hh 
(in(in vacuum),vacuum), andand furnacefurnace cooled.cooled. TheThe yieldyield strengthstrength waswas ap­ap­
proximatelyproximately 12801280 MPaMPa (185(185 ksi).ksi). 

A.A. SampleSample designdesign 

BeforeBefore experimentalexperimental workwork onon acousticallyacoustically monitoringmonitoring 
thethe growthgrowth ofof smallsmall fatiguefatigue crackscracks couldcould begin,begin, anan appropri­appropri­
ateate samplesample designdesign hadhad toto bebe developed.developed. ThisThis designdesign neededneeded toto 
satisfysatisfy thethe followingfollowing requirements.requirements. First,First, thethe samplesample hadhad toto 
bebe compatiblecompatible withwith surfacesurface acousticacoustic waves.waves. ThisThis requiresrequires aa 
flat,flat, polishedpolished surfacesurface andand aa thicknessthickness greatergreater thanthan aboutabout 55 
mm.mm. Second,Second, sincesince thethe acousticacoustic theorytheory cancan onlyonly dealdeal withwith oneone 
crack,crack, thethe designdesign hadhad toto produceproduce aa single,single, isolatedisolated fatiguefatigue 

FIG.FIG. 4.4. SurfaceSurface acousticacoustic wavewave reflectionreflection signalsignal fromfrom aa smallsmall surfacesurface crackcrack inin 
aa quenchedquenched andand temperedtempered 41404140 steelsteel samplesample underunder aa stressstress slightlyslightly greatergreater 
thanthan thatthat necessarynecessary forfor completecomplete crackcrack opening.opening. EachEach horizontalhorizontal divisiondivision 
correspondscorresponds toto 22 JlsJls andand eacheach verticalvertical divisiondivision toto 200200 mmV.V. 



FIG.FIG. 5.5. OpticalOptical micrographmicrograph ofofaa smallsmall surfacesurface crackcrack initiatedinitiated fromfrom thethe starterstarter 
pit.pit. TheThe pitpit isis locatedlocated midwaymidway betweenbetween thethe beveledbeveled edgesedges shownshown inin Fig.Fig. 3.3. 
TheThe sizesize ofof thisthis crackcrack isis justjust greatergreater thanthan thethe minimumminimum forfor detectiondetection byby thethe 
surfacesurface acousticacoustic wavewave technique.technique. TheThe loadingloading axisaxis isis perpendicularperpendicular toto thethe 
crackcrack plane.plane. 

crack.crack. ThisThis crackcrack neededneeded toto bebe naturallynaturally initiated,initiated, becausebecause 
crackscracks startedstarted artificiallyartificially fromfrom largelarge notchesnotches couldcould showshow an­an­
omlousomlous behaviorbehavior duedue toto thethe methodmethod ofofinitiation.initiation. TheThe overalloverall 
sizesize ofof thethe samplesample hadhad toto bebe smallsmall enoughenough toto fitfit intointo aa typicaltypical 
scanningscanning electronelectron microscopemicroscope (SEM)(SEM) chamberchamber forfor highhigh mag­mag­

wen-char­nificationnification studiesstudies oftheofthe surfacesurface cracks.cracks. Finally,Finally, aa well-char­
acterizedacterized stressstress statestate waswas required.required. 

TheThe finalfinal samplesample designdesign isis shownshown inin Fig.Fig. 3.3. TheThe samplesample 
waswas loadedloaded inin cantileveredcantilevered bending.bending. AllAll experimentsexperiments werewere 
performedperformed onon aa servohydraulicservohydraulic testingtesting machinemachine underunder RR == 00 
loadingloading conditionsconditions (i.e.,(i.e., zero-to-maximumzero-to-maximum tensiontension loading).loading). 

f1.mInIn orderorder toto localizelocalize thethe initiationinitiation site,site, aa smallsmall pitpit 2525 JLm inin 
depthdepth waswas producedproduced onon thethe specimenspecimen surfacesurface usingusing anan elec­elec­
tro-sparktro-spark machinemachine withwith anan extremelyextremely sharp,sharp, highlyhighly polishedpolished 

smaIlelectrode.electrode. TheThe pitpit isis smaIl. enoughenough forfor thethe crackcrack toto growgrow wellwell 
awayaway fromfrom itsits influenceinfluence andand toto actact asas aa naturallynaturally initiatedinitiated 
crack,crack, whilewhile stillstill beingbeing withinwithin thethe crackcrack depthdepth regimeregime capa­capa­
bleble ofof beingbeing monitoredmonitored byby thethe acousticacoustic technique.technique. TheThe crosscross 
sectionsection ofof thethe samplesample atat thethe throatthroat waswas tapered,tapered, creatingcreating aa 
uniformuniform highlyhighly stressedstressed centralcentral region,region, withwith thethe stressstress gradu­gradu­
allyally decreasingdecreasing toto zerozero wherewhere thethe edgesedges intersectintersect thethe neutralneutral 
axis.axis. ThisThis servedserved thethe dualdual purposepurpose ofof furtherfurther localizinglocalizing thethe 
crackcrack initiationinitiation regionregion andand preventingpreventing crackscracks fromfrom nucleat­nucleat­
inging atat thethe cornerscorners ofof aa rectangularrectangular crosscross section.section. 

II.II. RESULTSRESULTS ANDAND DISCUSSiONDISCUSSiON 

TheThe samplesample designdesign waswas foundfound toto bebe compatiblecompatible withwith thethe 
SAWSAW technique.technique. NoNo extraextra acousticacoustic reflectionsreflections thatthat couldcould 
possiblypossibly interfereinterfere withwith thethe crackcrack signalsignal werewere present.present. TheThe 
reliabilityreliability ofof acousticacoustic signalssignals fromfrom crackscracks inin thesethese samplessamples 
(Fig.(Fig. 4)4) waswas verifiedverified byby correspondencecorrespondence toto similarsimilar datadata takentaken 
onon otherother specimensspecimens usedused toto verifyverify thethe accuracyaccuracy ofof thethe tech­tech­
nique.nique. 1919

--
2121 

TheThe smallsmall pitpit onon thethe surfacesurface actedacted asas anan adequateadequate initia­initia­
tiontion sitesite forfor thethe surfacesurface crackscracks (Fig.(Fig. 5).5). TheThe numbernumber ofof cyclescycles 
forfor crackcrack initiationinitiation variedvaried greatlygreatly fromfrom aboutabout 6060 000000 toto moremore 
thanthan 300000,300000, atat aa maximummaximum stressstress levellevel ofof 70-78%70-78% ofof thethe 
yieldyield stress.stress. TheThe largelarge amountamount ofof scatterscatter inin thethe cyclescycles re-re­

quiredquired forfor crackcrack initiationinitiation isis typicaltypical ofof highhigh strengthstrength steel.steel. 2424 

NoNo unwantedunwanted crackscracks formedformed onon thethe specimenspecimen surface.surface. Pre­Pre­
viousvious samplesample designsdesigns allowedallowed multiplemultiple crackscracks toto initiateinitiate oror 
crackscracks initiatedinitiated atat corners,corners, neitherneither ofof whichwhich cancan bebe treatedtreated 
withwith thethe presentpresent acousticacoustic theory.theory. 

TheThe importanceimportance ofof thethe abilityability toto studystudy crackscracks whichwhich clo­clo­
naturaHyselysely approximateapproximate naturaIIy occurringoccurring onesones lieslies inin thethe naturenature 

ofof thethe initiatedinitiated cracks.cracks. InIn previousprevious studiesstudies withwith thethe acousticacoustic 
19techniquetechnique l9

--
2121 smallsmall crackscracks werewere producedproduced byby creatingcreating aa rel­rel­

ativelyatively largelarge damageddamaged areaarea ofof severalseveral hundredhundred micronsmicrons onon 
thethe surface,surface, growinggrowing aa crackcrack fromfrom thisthis area,area, andand thenthen ma­ma­
chiningchining awayaway thethe damagedamage leavingleaving aa surfacesurface crackcrack ofof smallsmall 
dimensions.dimensions. AA crackcrack soso producedproduced possessespossesses aa nonequilibri­nonequilibri­
urnurn aspectaspect ratio.ratio. UponUpon subsequentsubsequent growthgrowth thethe crackcrack maymay 

equil.ibri­showshow anomalousanomalous transienttransient behaviorbehavior inin attainingattaining itsits equilibri­
umum a/a/cc value.value. Also,Also, thethe effectseffects ofofmachiningmachining thethe surfacesurface con­con­
tainingtaining thethe crackcrack areare notnot easilyeasily quantifiable.quantifiable. TheThe newnew crackcrack 
initiationinitiation techniquetechnique describeddescribed hereinherein solvessolves thethe aboveabove prob­prob­
lems,lems, allowingallowing thethe studystudy ofof moremore realisticrealistic smallsmall fatiguefatigue 
cracks.cracks. 
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