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SYNOPSIS

There is currently an increase in the usage of composite materials both in civilian and
military aircraft because of their mechanical resistance, high toughness, reduced weight
and immunity to corrosion. Any damage in the fibers of these composites requires an
evaluation in order to ensure the integrity of aircraft structures. Composite materials are
subject to various degrees of damage during their service life and therefore maintenance
of these light-weight structures is a new challenge for non-destructive testing (NDT)
which requires techniques that respond with a high probability of detection of defects on
such high-specific strength materials.

In this thesis, Digital shearography and Infrared Thermography (IRT) techniques are
employed to test aircraft composite materials. Background information on the techniques
has been presented and the literature survey has confirmed the use of these techniques on
aircraft structures. Much of the inspection work reviewed in the literature has focused on
qualitative evaluation of the defects rather than quantitative. There is however, need to
quantify the defects if the threshold rejection criterion of whether the component
inspected is fit for service has to be established. In this thesis, therefore, quantitative
analysis of the defects on helicopter main rotor blades and Unmanned Aerospace Vehicle
(UAV)' composite material is presented. The fringe patterns exhibited by Digital
shearography were used to quantify the defects by relating the number of fringes created
to the depth of the defect or flaw. Qualitative evaluation of defects with IRT was
achieved through a hot spot temperature indication above the flaw on the surface of the
material. In this part of the present work, however, the shearographic technique proved to

be more sensitive than the IRT technique.

It should be mentioned that there is “no set standard procedure” tailored for testing of
composites. Each composite material tested is more likely to respond differently to defect
detection and this depends generally on the component geometry and a suitable selection
of the loading system to suit a particular test. The experimental work that has been
covered in this thesis can however, be used as a basis for designing a testing procedure

for a particular composite material component or structure.
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NOTATION

a Thermal diffusivity
K Thermal conductivity
P Density
C Specific heat capacity
T Temperature
t Time (seconds)
o, Magnitude of the shear
0, Function of object beam
Pyand P, Source points of light waves
Ag Phase difference between the light waves
%;!— Rate of surface displacement
it Deformation in x-axis
Ox
ow Deformation in y-axis
dy
A Wavelength for laser light
n Number of fringes
I(x,y) Measured intensity of the interferogram
I,(x,y) Background intensity
I,(xy) Modulation intensity

#(x,y) Phase difference between the object and reference beam



#,(x, )
g,(x, )

Ap (x,Y)

Il (X, y)

I,(x, y)

Phase before deformation
Phase after deformation

Phase difference between the phases of the interfering speckle
patterns

Intensity distribution before loading

Intensity distribution after loading
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CCD

CFRP

IRT

NDE

NDT

DSSI

PZT

PC

UAV

IFWIT

MIA

BVID

ACRONYM

Charge -Coupled Devices

Pulsed Thermography

Carbon Fiber Reinforced Plastic

Infrared Thermography

Non destructive Evaluation

Non destructive testing

Digital Shearography Speckle Interferometry
Piezoelectric Transducer

Personal Computer.

Unmanned Aerospace Vehicle
Instrumented falling weight impact testing
Mechanical Impedance Analysis

Barely Visible Impact Damage

vii



TABLE OF CONTENTS

DECLARATION I
ACKNOWLEDGEMENTS i
DEDICATION 411
SYNOPSIS v
NOTATION v
ACRONYM Vi
CHAPTER 1 -1-
1. INTRODUCTION ...ccovieernrsenssnniscsessacnnsssrsssssssrssarosssassesossansesssasssssssssssansserssessernsassasssssasasssnsasssasssess -1~
L Overview of Nondestructive testing 1€CRRIGQUES............c.coviioveencrrnvesinisnereseeseassacsssnes -1-
1.2 BACRGPOUNA .......cooovoreiiiiintiecnie ettt et e a e sar s e resen s seaen -1-
1.3 Infrared ThermOGraPRY ............c.cocovvrmivvcrisniiieiereeiisitreins et e st esasasonn -4
1.4 Digital SRearography .............ccoicvoriiicriniciiceaee et sreee s se et ana b et -7-
14.1 INSHUMENIALION .....ooviriiriirnririsinnsies st suos sy sosssess s sbe s s sass samsbsmss s e s e kbbb sbet absb s somsameasneresern -8
1.4.2 Methods of stressing the ODJEOL......cccvureerirrsniimmnenmecmresmemi s aesissesssersersassetorsessssstsessrens -9
1.5 Research OBJECtiVes .......cocoooviviiviinevriceirioiineieecscsin s e ens et sn e e anenen -12-
16 Procedure used 10 gather IRfOrmation ... neiiitsessesenons - 13-
1.7 ROGA GP.......covciini ettt et st e et s cr st re e en e anssr e seaennis -13-
CHAPTER 2 -14 -
2. LITERATURE REVIEW ...covioiiininvniorsrossnuinnimsisosssonsiossssesstsssansisssessssenssatorsosesossessasssasanssnesssresesssesens -14 -
2.1 Pulse TREFMOGTAPHY ........oovvvveireresrsisine sttt srsae e saesasasasrasnanssnns -14.
211 ANalysis W PT .o st sosscstnessseseesssssssssssisessssnsssnsssesss -14 -
2.1.2 Some applications of PT CanrektEessia ey eR S eSO R SRRSO PR SR A SO Sh b has e SRS SE SRS A s R VR R o ER S -16-
213 Heat diffusion model in 8 material. ...t sessseenioes -20-
2.1.4 Defect detection........
2.1.5 Non-uniform surface heating
216 Summary of IRT teChIIQUES ... imiiimmmmmiririmesr oo ssisms ot orsssesssssassesnssessseoss
2.2 Principles of Digital SRearography............ccc.ccccuvaearerciieninenenressnesssasssssssssssianes -22-
221 Background theOory i i s e s s seasasiaes -22-
222 The Speckle interferometric theOrY ..o st s nt s st srrssesnssens -24 -



223 LIBSET ...t ceritinneseiesie s esnsessrans s st oasesonsrassresnavssaneasssnonsentntesnsananss . -25-

224 Principle of measurement with Digital Shearography.......ccvrcncconiiencnmmomeisssssssereoserssren -25-

225 Interpretation of fringes in ShEArOZrAPNY. ....coveereeisrinmreirssasriresmsammernssessssmas sssssssessessesssossssassssos -30-

226 Phased-Stepped Shearography ... e .~34.
226.1 Phase- STEPPING ......covrerscrmenrmsrrimsaearirsisssssssessmsesessasssesessssessssesssess smsnsssns -34-

2.2.6.2 Phase Change Distribution-Calculation -35-

2263 Filtering of Phase fringe PatteIns ... cconanmorc inissssecssmsssressessssssssssssssessssssssss -37-
CHAPTER 3 -50-
3. IMPACT DAMAGE DETECTION IN AIRCRAFT COMPOSITE MATERIALS ...covvueeiireeerinrerionsscsssennesnnnas -50-
3.1 Damage in Composite MAterials ..............ccoeceiiiiiniecserecenrninieneiasisiecs s s esessssens -50-
3.2 LOW-VEIOCTEY TIMPACE .......c.orveiiecereeieesriesieireer v ansireressssstosaesanssessesstsans saeassarsessensassnsssans -51-
3.3 Modes of failure in low-velocity IMPACE ..........coovrviminicininneirivenercesnieressstosssssases -53-
331 Matrix damage sestssenvasessiressrenaasstanensnnnonsrsnensrenstess s @ RgEenHeR LIRS SO ared a8 A0S0 SR SRS e On e enees -53-

332 Delamination MIOGE ... it s s st esssasossesasssesesssssessseasssssarssesssesassen - 54 -

333 Fibre failure .......cconcnnennne . R et rastse s sase sereesens rrenarssanspenane -55-
CHAPTER 4 - 56 -
4 EXPERIMENTAL TECHNIQUES .....ccvoitieiieriansssmsterosessarsmsssssorscoesasarsase sonsasssansssssesssassassassssesarssesssssern - 56 -
4.1 Digital Shearography SEUP ..............ccccveiimneiiiciriin s eeseasese e st esesesseseses -57-
4.1.1 Preparation of the test specimen no.1: Helicopter main rotor blade.......coovveeneerrerrencnscsvnreserieanes - 64 -

4.1.2 EXperiment NO. T oo st s e e sa s - 66 -
4.1.2.1 Test Specimen 1: Inspection during far side heating ... cvercenniienecrcnnenninrcrinenneens - 66 -

4.1.3 Experimentno.2 ......... reoreeenreisn s e erens -67 -
4131 Test specimen 1: Inspection during front heating..... creroreencsaresaeasnarasens -67-

4.14 EXPETHNENE 0.3 crorniiriiiscriscrsiin st e tsis st st et essssesass bome s st 4 st s Em s b ms Sre b bbeseashenstacsransos one - 68 -
4.1.4.1 Test specimen 1: Uniform stressing.......oreemieneinssimrnmnsonemsmrie -68-

4.1.5 Experiment 104 .....c.cocenriinsrnnsnens cerersessissentasnsraraarrinyens - 69 -
4.15.1 Impact damage testing of UAV composite material -69 -

4.2 Experiment no.5: IRT and Shearographic testing

4.2.1 Background of IRT .....coconmeniceniimmnessosnenmicssicssronnes

4232 An overview of IRISYS IRI -1011 operation

423 Components of the IRI 1011 Thermal Imager ... . cveneerisis canssrsaaens = Th -
424 Software Button OPETatiOns ... e imisssiisis sreesesessieescessoresonesesssctesesssossnsassosnsesssesessassassesss -76-
42.5 Snapshot transfer from a ‘Pocket PC’ 10 8 PC ... oo =77 -
4.2.6 Experiment n0.5: testing ProCEAUIE ... wuriininiioininiiminssecoestsrsess i eseaessssasssssesssoesmseesnees -77-

ix



CHAPTER S -81-
5 RESULTS AND ANALYSIS cecvtierrerrsrsersrssuersrnssnsesessssnsssnssssstsstsssssssssnstsasssssassessnsassasssssnsassssassassransass -81-
5.1 Digital Shearographic 1St FeSUILS..........coueerercecierenrcencstrrcscsanesesscssnesscscssssessssssensraes -81-

5.1.1 Experiment no.1 test results: test specimen NO. 1 i - 81-

5.1.1.1 Test specimen no. 1 thermally stressed at the far side for one second ....evvvvcrvecrnricnrcnonnenn - 81 -

5.1.1.2 Specimen no.1 thermally stressed at the far side for 2 seconds -83-

5113 Specimen no.1 thermally stressed at the far side for 3 seconds .......cccoceverveercencnicvenennns -84.

5.1.14 Data collected and graphical presentation of inSPection ..........ccucvearrvmueinnesensimnnes -85-

5.1.2 Experiment no.2: Specimen no. 1 thermally stressed from front side - 86 -

513 Resuilts of experiments Ceessrea eSS E LSRR R0 E SO sa SO e b nassages e aninaes -89-

5.1.3.1 Experiment no.1: Specimen no. 1 thermally stressed from far side -89

5132 Experiment no.2: Specimen no.1 thermally stressed from front side........covoeeerrvernreinnieene -91-

5133 Experiment no.3: Specimen no. 1 thermally stressed uniformly seesessesanseas -93.

5.1.34 Experiment no.4: Impact damage testing of UAV cOMPOSIE...cc..cnrrrmivercrcsorionssninnsesansense -95-

5.13.5 Experiment no.5: IRT and Shearographic system resuliS ... vemecnnccnsinnviseennns - 100 -

5.1.3.6 Analysis of experiment no.5: IRT and Shearographic SYStEmSs ........cevvevmemsinensenirsceenns -119-
CONCLUSION -121 -
REFERENCES -122-
APPENDICES -~ 136 -
APPENDDC A ..ocecvenmnmsaecronsonsraraisoisisesesaraisisorarssaosstorsesasenssossasssssssasssstsssssssnorssasns onsorsesssesansesansrsasosssasses -137-



LIST OF FIGURES

FIGURE 1.1: THE EXTENT OF COMPOSITE MATERIALS IN JAS39 GRIPEN [6] ...oevuvererrrrnrrneivrennnrnvvrssessrns -3-
FIGURE 1.2: INFRARED THERMOGRAPHY TESTING SETUP .cvvuerecnrrersconsnrensanmssssssssntssmammasosssssrosstssrassssessassons -5.
FIGURE 1.3: THERMAL WAVE IMAGES WITH EXTENSIVE FLUID INTRUSION......ccovveviresrusvioneesorserssseseseronsorosors -6
FIGURE 1.4: FLUID INGRESS IN F-15 RUDDER DETECTED BY IRT [11].rrevcriirecrrerceeerersceesnesnsnsiesenes -7-
FIGURE 1.5: SIMPLIFIED SETUP OF DIGITAL SHEAROGRAPHY [15]...ccvverievrrrerevirmnnisressaosserssosassesssotsssssnas -9.-
FIGURE 1.6: FRINGE PATTERNS OF DEBONDS FOR3MM AND 6 MM [13] ...oocivrieninieeeriieennncecseanneaesanes -11-
FIGURE 1.7: FRINGE PATTERNS OF DEBONDS AT DIFFERENT DEPTHS (9 AND 12MM) {13].cccvevvvvnrnccvrenenne -11-

FIGURE 2.1: CONFIGURATION IN ACTIVE THERMOGRAPHY IN REFLECTION AND TRANSMISSION (1) HEAT
SOURCE, (2) SPECIMEN, (3) IR CAMERA, AND (4) PC FOR DATA DISPLAY, RECORDING AND PROCESSING

(I8 crverrersrrerrnnsrssserseasnessnstsscsrsassnsssnsusnensnassesesesnssnensensessanesas tntsansess sasensssasentansasnsensaranssensanssssnsnens -15.-
FIGURE 2.2: PHOTOGRAPHY OF BVID AFTER FATIGUE TESTS [21]...cciiviniriiinmrnnnncsennnsesnssensrnsasnasaoneraraesens -17-
FIGURE 2.3: INSPECTION OF THE B747 INTERNAL DOUBLER FOR THE PRESENCE OF DISBONDS [23]........... -18-
FIGURE 2.4: THERMAL IMAGE OF AN F-15 TEST SPECIMEN......ccoceomiissitsinsiesstnisresmrossarsesssarstsarssssssssssassens -19-
FIGURE 2.5: THERMAL CONDUCTION IN (A) STEEL AND (B) COMPOSITE SAMPLES [26]......c.ccoverecniraseraeranes -21-
FIGURE 2.6: MAGNIFIED SPECKLE PATTERN OF A SHEAROGRAPHIC IMAGE [13] ..ov i -24.
FIGURE 2.7: TYPICAL DIGITAL SHEAROGRAPHY SETUP [34] co.eiiiiririiiiiicrnctcnccnnroressonsmuesacsssreseorssasannonses -26-

FIGURE 2. 8: (A) AND (B) FRINGE PATTERNS FOR A CENTRALLY POINT-LOADED CIRCULAR PLATE (A)
FORMATION OF SHEAROGRAPHIC FRINGES DUE TO SMALL IMAGE SHEARING. (B) FORMATION OF
CONCENTRIC CIRCULAR ESPI OR HOLOGRAPHIC FRINGES DUE TO LARGE IMAGE-SHEARING [35] ....- 27 -

FIGURE 2.9; FRINGE PATTERNS WITH DARK FRINGES ...ccvcvvvvuernrersnsesersosssmrassesassssasssassorassssssnssssasnons

FIGURE 2.10: DOUBLE BULL’S EYE IN SHEAROGRAPHY AND PEAK TO PEAK LINE PROFILE [38]

FIGURE 2.11: PROCESS OF FRINGE PATTERN FORMATION (SHEAROGRAM) [34]...coviveecnrrcencviannannes

FIGURE 2.12: (A) CONSTANT STRAIN, LE. LINEARLY INCREASING DEFORMATION GIVES RISE TO EQUALLY
SPACED FRINGES; (B) HIGH STRAIN RATE WILL GIVE FRINGES THAT ARE CLOSER TOGETHER [40] ....- 32 -

FIGURE 2.13: FRINGE PATTERNS DEPICTING THE DEFLECTION DERIVATIVES OF A RECTANGULAR PLATE
CLAMPED ALONG ITS BOUNDARIES AND SUBJECTED TO UNIFORM PRESSURE:

(A)?—M:;(B)—a—w—.[lB,M] ................................................................................................................ -33-
Ox Oy
FIGURE 2.14: THREE-DIMENSIONAL (3D) PLOT OF THE PHASE DISTRIBUTION DETERMINED BY THE PHASE
SHIFT TECHNIQUE [A2]....oiciiiisinsrnreniernnnercssssnaosesasiicsssrosssassassssassessussssssssesssassassnesssossnes sonssans -33.
FIGURE 2.15: (A) PHASE FRINGE PATTERN AFFECTED BY NOISE (B) PHASE FRINGE PATTERN EXCELLENTLY
FILTERED ...veevereeerormesstsonensissessesss snesninsanesessassasssssssersessssusssonsontvossnsms oot tossent o esaes sy snsasssssarsasssssntasssnsons -38-
FIGURE 2.16: SHEAROGRAPHY FRINGE PATTERN REVEALING SEPARATION ALONG THE STEEL BELT-EDGE OF A
TRUCK TYRE [13] ittt sanisassnt st saesas st e s s sesorsusssonnessass sosonosaess sanaon

FIGURE 2.17: COMPOSITE HELICOPTER PANEL (ABOVE LEFT)
FIGURE 2.18: IMPROVED D-IMAGE (4BOVE RIGHT)
FIGURE 2.19: PHASE IMAGE (4BOVE LEFT)....cuvreeenns
FIGURE 2.20; FILTERED PHASE IMAGE (4BOVE RIGHT) eu..corvverennn
FIGURE 2.21: FULL HELICOPTER TAIL UNIT (ABOVE LEFT) .cvvvevvirnmurvcssorsvssiosssnssossaransisssssassssssassssssossasssonos
FIGURE 2. 22: WRAPPED PHASE MAP OF 3M X 3M AREA OF THE TAIL UNIT .ocoviiivinncniimnincsoinnsesnenmsaesens
FIGURE 2.23: MOBILE SHEAROGRAPHIC EQUIPMENT APPLIED ON AN AIRCRAFT WING [53]
FIGURE 2.24: SHEAROGRAPHIC HEAD BOX APPLIED ON AN AIRCRAFT FUSELAGE [53] ..coocccvenninninicninnns
FIGURE 2.25: X-RAY RESULT IMAGE (ABOVE LEFT) c.vvvvvirvnvnvivrconensscssssniussssssssanaersssans
FIGURE 2.26: SHEAROGRAPHIC RESULT IMAGE (4BOVE RIGHT)




FIGURE 2.27; INSPECTION RESULTS ON BOTH SIDES OF 800X600MM’FIELD ON THE ROTOR BLADE WITH

DEFECTS [56] .o rovcrcrerinrinessriissnssssantsessassasossssossnssess sensasesesssssnensasssessscssnsntassssseses ssassstossassasaresestosssons -46-
FIGURE 2.28: SHEAROGRAPHY RESULTS ON: (A) DISBOND TYPE I, AN AREA LEFT WITHOUT ADHESIVE, (B)

DISBOND TYPE I, A PLASTIC FOIL TAPED TO THE SKIN [ 58] ....coiincrinnvnnriiemnnsnsensnesnersescnnrnsnssssnnans -48.
FIGURE 2. 29: SHEAROGRAPHY RESULTS ON THICKER SAMPLES [58]...vveerrcenimenniseecrensnnsercnssansanessssecens -48 -
FIGURE 2.30: SKIN TO HONEYCOMB DISBONDS WITH A VARIETY OF “DOUBLE BULL’S EYES [59] ..cconenn. -49.
FIGURE 3.1: TYPICAL CRACK AND DELAMINATION PATTERN [67, 73] .. iciviiinviincnneeennesenessessessvensaessesees -53-
FIGURE 4.1: EQUIPMENT SETUP....oecvvevviseirensesessassorsessossacserarossessessssssssssssssessmensossontestassssssessassessserssssansansas -58-
FIGURE 4.2: WINDOWS USER INTERFACE .....cccvereurorrsrncrserasrissasrsssssscossororasoncorsssasesssssnosrssssesssssonsassssasssses -60 -
FIGURE 4.3: HELICOPTER MAIN ROTOR BLADE WITH NINE CREATED FLAWS PREPARED FOR TESTING ........ - 64 -
FIGURE 4.4: CROSS SECTION VIEW OF HELICOPTER MAIN ROTOR BLADE ....covcuvetiiercarernerersascessesressssssosseses -65-
FIGURE 4.5: EXPERIMENT NO. 1 TEST SPECIMEN SET UP c.vvevvererennecsecesrsrosesssmmsssssssssssesssssssssssensssssssns saveses -66 -
FIGURE 4.6: EXPERIMENT NO.2 TEST SPECIMEN SETUP.....cvcuiteterenssseserancesassorarasassasasessossasssssassssassasassssasssns -67-
FIGURE 4.7: EXPERIMENT NO.3, SPECIMEN POSITIONED IN THE HEATING CABINET ..ccovivurvvcceressnreseresessenns -68 -
FIGURE 4.8: SPECIMEN ILLUMINATED BY TWO LASERS ..vvvvvvevesrvesesvuvassssossrsssassssasssessasessssossssssonssnssessossans -69-
FIGURE 4.9: PART OF ORIGINAL UAV WING FROM WHICH THE SPECIMEN WAS CUT ..covecvvverererrerorsesosassornene -7 -
FIGURE 4.10: EXPERIMENT NO.4 SETUP OF THE EQUIPMENT .....vevvevururissusessesunmessnssssessassnesssssssssanesseassnsssans -71 -
FIGURE 4.11: EXPERIMENT NO.4 SET UP TO CREATE IMPACT .cvoviererernesscssensarensmsessreeenssssssesseasssssssssssess -72-
FIGURE 4.12: IRISYS IRI -101 1 THERMAL IMAGER [76]....civernninmiinniirireincnncssisnsissnsssmsesssssesssssssssssens -73-
FIGURE 4.13: SCREENSHOT OF IRISYS 1011 IMAGER ‘POCKET PC’ SOFTWARE [78]....cconmrincrmsensnserannes -T75-
FIGURE 4.14: UAV SPECIMEN CONTAINING THE BVID DEFECT ..ooucoversmenriestersnannensermsasnerscesisnsnestsessnsssons -79-
FIGURE 4.15: HELICOPTER MAIN ROTOR BLADE WITH THREE ARTIFICIALLY CREATED FLAWS ....coccviveiirens -80-
FIGURE 4.16: HELICOPTER MAIN ROTOR BLADE WITH NINE ARTIFICIALLY CREATED FLAWS ...covvvruercriorinens -80-
FIGURE 5.1: (A)-(G): AVERAGED FRINGE PATTERNS FOR | SECOND STRESS ....ccccceerereivemiorersessssasaasssscrssses -82-
FIGURE 5.2: (A)-(G): AVERAGED FRINGE PATTERNS FOR 2 SECONDS STRESS .....crvuereriarrsmserenesseresssssnessanes -83.-
FIGURE 5.3: (A)(G): AVERAGED FRINGE PATTERNS FOR 3 SECONDS STRESS.....0cecvrurmecescrronasssaressasessessecons -84 .
FIGURE 5.4: NUMBER OF FRINGES AS A FUNCTION OF DEPTH 1.uovisccsinnsisresssimmisnserssosssossanssssssarosassssesssaeas - 86 -
FIGURE 5. 5: (A)-(D): FRINGE PATTERNS DUE TO FRONT HEATING ..c.coeireeerrcsserrsessressssearssisssensensasessssesans -87-
FIGURE 5.6: A GRAPHICAL PRESENTATION OF AVERAGE TIME VERSES DEPTH OF DEFECT .c.cooseevvearersseseseces -88-

FIGURE 5.7: (A) TYPICAL FRINGES FOR DEFECT NEARER TO OBSERVER. (B) TYPICAL FRINGES FOR DEFECT
FURTHER FROM OBSERVER. .cccvvererecirsueestserseresssssessersassesssssssssssssssessttorsestssssessssansssssansstosnssessaorosssanas -90-
FIGURE 5. 8: (A) TYPICAL FRINGES FOR “SHALLOW DEFECT” (B) TYPICAL FRINGES FOR

“DEEPER DEFECT ... cottertererermecsrssansmnesorocsases srassesssssausssosassssssssasssrassessssesasssnessasssanessasnsnesssvensessassssasasas -92-
FIGURE 5. 9: FLAWS 1, 2, 3 AND 4, SHOWING A HIGH CONCENTRATION OF FRINGES ..ovvvvevevereerarenneseesaeeresnes -93-
FIGURE 5.10: FRINGE PATTERNS FOR FLAWS 7, 8, AND 9 CLEARLY VISIBLE ...c.ccocevveeneniirerecsessseensnssssecnsanses -94 .

Xii



FIGURE 5. 11: FLAWS 1,2, AND 3 DEPICTING REDUCED NUMBER OF FRINGES .........oooecvnivenesnssnssssossossenne -94.
FIGURE 5.12: PHASE FRINGES CAPTURED INITIALLY (1°" INSPECTION INTERVAL) CREATED DURING

J0.50 SEC..ueerereieriornerasssssasssssiasstsssensenssnesssssarsssstossrssssssserarasssssratsssarasssessassssnnsssnsse sesssassnensarsssnsassasssss -97.
FIGURE 5.13: PHASE FILTER FOR FRINGES AS IN FIGURE 5.13...ccciiiiiecerimnininnesnsessrisnsssessessessessassssssenes -97-
FIGURE 5.14: CAPTURING TIME OF FRINGES VERSES INSPECTION INTERVALS......covereererinicoenseranssessossesenss -98.
FIGURE 5. 15: PHASE FILTERED IMAGES ON APPLICATION OF HEAT STRESSING ...cocecveereiernceeeneesesssnsaessnene -99.

FIGURE 5. 16: PHASE FILTERED IMAGES AFTER REFRESHING AND DURING FURTHER COOLING OF THE

SPECIMEN SHOWN IN FIGURE 5.1 ..ottt ae s scstescsnensesesseessasennesssasssenes -99-
FIGURE 5.17: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM..ovvvvcesrereconsrnamecersererssssssessasseresssansns -101-
FIGURE 5.18: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM. ..ccoruiirivsnecunsonsssmssesesnsssmsssnsesnssersaessoss -101-
FIGURE 5.19: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM....ocuconerererivnnmmsceensicsonisssmsssscnnsosessssanss -102-
FIGURE 5.20: (A) IRISY'S SYSTEM; (B) SHEAROGRAPHIC SYSTEM.ccesavesircsmrmmmrmrnearsessesssasssssssssnssesessssons -102-
FIGURE 5. 21: (o) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM c..c.vevvireuercarerrvnsansisenersssastsarssssssesssensens -103-
FIGURE 5.22: (A)IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM....eeucveriicteriiecssrioneraararesesessnssasessosennss -103 -
FIGURE 5.23: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM......ceceeniisesuniianrersscssnmseresssessnseassssesssosss <104 -
FIGURE 5.24: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM......cececrenorcermnmnrerresssoransssrsessasasssescssass - 104 -
FIGURE 5.25: (A) IRISY S SYSTEM; (B) SHEAROGRAPHIC SYSTEM. ..cervcnirersisnmnnansermansarssssssenensersseesssarsenes -105-
FIGURE 5.26: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...covueinersrvnrncssmnsmsessersrsrssssesescsssasssasssns -105-
FIGURE 5. 27: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM ...coiiiinissorenennerirsirinmensssosorssassersesreres -106-
FIGURE 5. 28: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...ccvriursrcsiarsrorcorsraressacsssossrasssconsssnsans - 106 -
FIGURE 5. 29: (o) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM .....ceninisorermersrecssssracasssesisossessrsnsasssseses -107-
FIGURE 5. 30: (o) IRISYS sYSTEM; (B) SHEAROGRAPHIC SYSTEM c.uciciiuiintinnnerisontennsssssessssisssssesassoss -107 -
FIGURE 5. 31: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM ....ectiritinicnrecmsrsnsiorssnssssecrssssessscsssonsars -108 -
FIGURE 5. 32: (o) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM ....coivrimermianinnisicnsisisssssrssssassarssssessanss - 108 -
FIGURE 5.33: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM.ceccvsienimrssessasercussrsssorarmerscsssssncsssnssseossons -109 -
FIGURE 5. 34: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM.....ovvverincrunsiernesssemmrensmssesnnscssssssseessssne -109 -
FIGURE 5. 35: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...coiiiirirerennssnessosesnsssssssserensssssssssssns -110-
FIGURE 5. 36: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM .ecivciorirseiernrnersrussrsnseessvssisssasassenissosises -110-
FIGURE 5.37: (A) IRISY S SYSTEM; (B) SHEAROGRAPHIC SYSTEM. ...cuecrevemrmrersasmsesesssnsssessescossarsnsessesses -111-
FIGURE 5.38: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM..ciciiieriiirisennmsssssressresssssesronssssnsrsessns -111.
FIGURE 5.39: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...c.cierimiusroeninsemissssennsresessssissanssessssasises -112-
FIGURE 5.40: (A) IRISY S SYSTEM; (B) SHEAROGRAPHIC SYSTEM....ccrnieeimisininisissnensmiasisssssinsnes -112 -
FIGURE 5.41: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM ...ccovvirmneeniscasrensosessussiosssssrossosassessronsons -113-
FIGURE 5. 42: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...oruviirirersrernenesesnssossssesesessssesansannssesoses -113-
FIGURE 5.43: (A) IRISY S SYSTEM; (B) SHEAROGRAPHIC SYSTEM...cccviirsntsnncneransenirinsmsenssssssserseasssisesenes -114-
FIGURE 5. 44: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM....cocvnirineniiecneroneseressnsssscssrossoressesseons -114 -
FIGURE 5.45: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM....cccviuimmimirearansisteneseronsesssessossscsssasssssns -115-

Xiii



FIGURE 5.46: (A) IRISY'S SYSTEM; (B) SHEAROGRAPHIC SYSTEM. .....vuuveumsunssrensessssssnssessnsensasssssssses -115-

FIGURE 5. 47: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM ..v.ucecrvriurusmresssesessssssssasarossosssassossssnsasaes -116-
FIGURE 5. 48: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM .uicuerrueecvnsssssssssarsssanssersnnessnssssnssnesssessas -116-
FIGURE 5.49 (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...ccocemnrerarrerrniresssesaonsssesessesssssesassssassees -117-
FIGURE 5.50: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM..c.ccinvuierniosanseressssiconasreresansassesersnnonssesse -117-
FIGURE 5.51: (A) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...ccoronuinennnessssmressarsassusssssssssassassessussess -118-
FIGURE 5.52: (o) IRISYS SYSTEM; (B) SHEAROGRAPHIC SYSTEM...coruresssamrarsvnercssnnirsrsessisrosssssassasssasorssaes -118-

Xiv



LIST OF TABLES

TABLE 4. L: FLAW DEPTHS ....cooiireireiomnonecrnennonisesareesssnsncconsorseassesssessens

TABLE 5.1: NUMBER OF FRINGES AS A FUNCTION OF DEPTH OF DEFECT

.....................................................

TABLE 5.2: DEPTH OF DEFECT AS A FUNCTION OF AVERAGE TIME IN SECONDS ....eocviiiniesusmvissessensessessscssese

TABLE 5. 3: INSPECTION INTERVALS VERSES CAPTURING TIME OF FRINGES IN PHASE ....cvcennuvinrercvorsvosaenons

TABLE 5.4: IMPACTLEVELS A TOE .ot scsssesnnees

.....................................................

XV



CHAPTER 1

1. Introduction

1.1  Overview of Nondestructive testing techniques

“Nondestructive testing (NDT) is a very broad, interdisciplinary field that plays a critical
role in assuring that structural components and systems perform their function in a
reliable and cost effective fashion.” {1] It involves all aspects of uniformity, quality and
serviceability of materials and structures. Essentially, NDT refers to all the methods
which allow testing or inspection of a system without impairing its future usefulness even
without taking it out of service. “NDT engineers and technicians define and apply tests
that locate and describe material conditions and flaws that might otherwise cause
airplanes to crash, reactors to fail, trains to derail, pipelines to burst, and a range of less

visible, but equally troubling events” [1]

In general, the use of NDT will fall into one of the following categories: determination of
material properties; detection, characterization, location and sizing of discontinuities or
defects; determining quality of manufacture or fabrication of a component or structure;
and checking for deterioration after a period of service for a component or structure [2].
“Because it permits inspection without interfering with a product’s final use, NDT
provides a tremendous balance between quality control and cost- effectiveness” [1].
Technology that is used in NDT in some instances is similar to those used in the medical
industry; yet, obviously on inanimate objects. Some of the benefits derived from NDT are

increased productivity, improved serviceability and safety

1.2  Background

Non-destructive testing and evaluation (NDT&E) techniques are widely used in the
manufacturing, power, petrochemical and Aircraft industries, both as tool to certify the



integrity of manufactured components and for routine maintenance inspections. For
example in aircraft maintenance programs, it is necessary to check the mechanical
damage and evaluate the scope of the repair work. However, in scheduled maintenance it
is not easy to find the defects quickly, as the maintenance of aircraft must be completed
within scheduled time normally aimed at returning the aircraft very quickly back to

operation.

Khan, A.U [3] reveals that, during aircraft maintenance, NDT is the most economical
way of performing inspection and perhaps the only way of discovering defects. It can
-simply be said that NDT can detect cracks or any other abnormalities in the airframe
structure and engine components which apparently are not visible to the naked eye. Khan
further highlights the fact that “Structures and assemblies of aircraft are made from
various materials, such as aluminum alloy, steel, titanium and composite materials. To
dismantle the aircraft in pieces and then examine each component would take a long

time, so the NDT method and equipment selection must be fast and effective”.

There are many NDT methods available and in order to maintain the aircraft defects free
and ensure a high degree of reliability, as part of the inspection program, many of the
following methods may be applied: liquid penetrant, magnetic particle, eddy current,
ultrasonic, radiography, infrared thermography, visual and optical interference inspection
techniques only to mention but a few. This work focuses on the capabilities of selected
inspection techniques in the detection of flaws or defects on some aircraft components.

There are different materials used on the aircraft such as metals, composites adhesively
bonded and including welded regions, and hence no single NDT is capable of inspecting
the aircraft as a whole. Many other complementary NDT techniques are to be used in a
particular routine inspection [4]. The task therefore of this work is to identify and
evaluate new and advanced NDT techniques whose capabilities are to meet the most
recent range of inspection problem areas which has arisen as a result of the increasing
usage of relatively newly developed composite material. For instance, “the Airbus A380
has led the way with about 25 percent of aircraft using composite material, and the

Boeing 787 will be having up to 50 percent composites, including the entire fuselage”



[5). I'rom his study, Nyman, T [6] observed that: “a modern combat aircraft today
contains high percentages of advanced composile material in [ight critical primary
strirctures such as those found in B-2 Stealth bomber, the F-22 advanced tactical fighter,
the F-117A Stealth fighter, and the Y-22 tilt-rotor.” In addition the author noted that, the
new Swedish fighter JAS39 Gripen, for example, uses about 20% by weight, carbon
fiber/cpoxy composite laminates in the primary structure and the weight distribution is
illustrated in Figure [.1 below. Maintenance of these light-weight structures therefore is a
new challenge for NDT which requires methods that respond with a high probability of
detection (POD) to such high-specific strength materials and their defects.

# Carbon-Fiber Compasite (CFRP}
B Glass-Fiber Composte (GFRP)
B Aramid-Fiber Composite (AFRF)

Finl 1
Yertical fin

Equipmenl door Fillet

Main wing

Radare Capar Leading edge faps

~~~ pose amrding
Jear doars

ALgEDe
oo

Wo.n Iarva-ing
qear door

Figure L1: The extent of composite materials in JAS3Y Gripen |6

Some convenlional NDT mcthods such as x-ray inspection or ultrasound which were
designed for the needs of metal structures cannot meet the challenges which composite
materials can offer. Some defects are due to errors inherent in the manufacturing process;

others are due to in-use damage. Therefore one needs robust methods which respond and
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provide consistent results in an industrial environment within short time. This suggests
that contacting point-by-point methods are too time-consuming for most large-scale

inspections.

In this work, Infrared Thermography and Digital Shearography techniques were used in
the testing of some aircraft composite component structures and an overview of these
techniques are presented in sections, 1.3 and 1.4, respectively. Chapter 2 deals with
background theories of the techniques in detail as well as previous detection work done

using the same techniques.

1.3 Infrared Thermography

Infrared thermography (IRT) is a nondestructive evaluation (NDE) method used for the
localization and characterization of thermally resistive defects. The method is based on
the principle that heat flow in a material is altered by the presence of some types of
anomalies [3]. These changes in heat flow cause localized temperature differences or
thermal patterns in the material. The heating of the material can be done with quartz
lamps or hot air from a dryer. Active heating (with lamps or forced air) of the material
under investigation can also be used to expose severe subsurface defects and the surface
temperature can be viewed accordingly. For many applications however, “flash lamps
provide the fastest most compact way to heat the surface uniformly, although alternative

sources may be used for particular applications.” [7]

IRT is a non contact, non-intrusive optical technique which makes it possible for us to see
thermal energy. The technique uses an Infrared camera which transforms the energy
radiated from objects in the infrared band of the electromagnetic spectrum into an
electronic video signal and eventually into a detectable image; and each energy level may
be characterized by a colour, or a grey level [8]. In other words, images on the video or
film record the temperature variations of the surface ranging from white for warm regions
to black for cooler areas with black and white cameras. Color cameras produce the image

in reds and blues. The resulting images help determine whether differences in



temperatures are present. 'Lhe terms “infrared” and ‘thermal’ are used interchangeably in
some context. 'Thermal refers to the physical phenomenon of heat, and this involves the
movement of molecules. Infrared (below the colour red) designate radiation between the
visible and microwave regions of the electromagnetic spectrum.

IRT basically includes a camcra, cquipped with a scrics of changeable optics, and a

computer, Figure 1.2]2], shows a typical sctup of an IRT system.

i d T Free ConvecTion i
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Figonre 1.2: Infrared (hermography testing setup

The core of the camera is the infrared detector, which absorbs the infrared energy cmitted
by the objeet (whose surface temperature is to be measured} and converts it into electrical

voltage or current.

Wong, B.S., ef o/ [9] testified that IRT is one of the many other NDT technigues which
can be used for the detection of flaws in awcraft materials such as composites. The
authors further pointed out that IRT can be potentially useful in the aerospace industry,
because it s fast, real time and is able to inspect a relatively large area in one inspection

procedure.



Gryzagoridis and Iindeis [10] have affitmed that , IRT systems have been used lor the
detection of impact damage m acrospace structures made from honeycomb  and
composites and that these systems, operate in real tme producing picturcs known as
thermograms through optics that are sensitive to infrared radiation. Khan, A.U [3] equally
ohserved that “infrarcd thermography has been chosen for quick operational use and
refiable in detecting *hguid contamination’ in the composite sandwich as compared to %-
ray method”. The method 1s also capable of detecling thermal overheating in clectrical

and hydraulic systems.

There are specific areas which can be mmspeeted on aircraft stiroetures using IR and these
include: compesite laminate parts for delamination, debonding or damage due 1o foreign
objects, composite sandwich parts for debonding and liquid contamination, metallic
bonded parts-for debonding of corresion. Proof of the location ol problems can be
visnalized in the detailed report through photos. Figure 1.3, shows two thermal wave
images of a composite spoiler structure of an aircrafl, whose Nomex honeycomb had
extensive fluid intrusion [11]. The Mwd shows as dark regions, because of its heat-
sinking influence at the skin. The image in Figurel .3 {(a) was taken from above and
shows wicking of the fluid up Lo the skin. When the spoiler was tumed over and imaged

from below, the luid collected at the skin, and this 15 represented in Figure 1.3 (b)

(a) (b)

Figure 1.3: Thermal wave images with excensive fluid intrusion
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Fluid/water ingress can also be detected when it takes place in aluminum koneycomb
composite structure, such as is used in the construction of the I-15 aircraft rudder. Figure

|4, shows this type of defect.

Figure 1.4 Fluid ingress in F-15 rodder detegted by TRT {11

In Figure 1.4, the upper left region (dark grey) contins hydravlic fluid in the cell,
whereas the lower right (black) contains water, The three squares were placed on the
tmage by the thermal wave imaging software, and indicate regions tor which

temperature-time curves can be plotted.

1.4  Digital Shearegraphy

Digital Shecarography is an emerging technique very well suited for the inspection of
components in the aerospace indusiry. 1t is a laser based speckle interlerometric optical
technique, originally developed for strain measurement. The technique is highly sensitive
to surface displacement gradients, resulting from subsurface flaws associated with
internal de-bonds, delaminations and cracks [12]. It uses a special shearing device and

hence it measures a gradient of displacement, and not the displacemeni itsell’

Shearography detects both surface and hidden defects by sensing abnormal strains
induced by areas of weakness tn the structure without physteally contacting the test
surlace. It allows full-field measurement of strains for rapid inspection ol composites,

bonded structurcs and other advanced materials |13]. Strains arc  functions of



displacement gradients; thus, shearography yields strain information directly. Because
defects in objects usually induce strain concentration, it is easier to reveal defects with
strain anomalies than with displacement anomalies. Moreover, a rigid-body motion does
not produce strain; thus shearography is insensitive to such motion. This is an important
advantage of shearography, which signify the usefulness of shearography in typical

industry operation.

Although Digital Shearography has several advantages, its successful application for
NDT in industries still depends on depth and type of defects, the type of materials, the

shearing amount and direction, the manner of load and laser illumination, and so on.

1.4.1 Instrumentation

Digital Shearography consists of three parts: a digital camera, a shearing unit and a laser
device for illumination. The object to be evaluated is illuminated by the laser, and imaged
by a video Charge-Coupled-Device (CCD) camera consisting of imaging shearing device.
The shearing device splits one object point into two in the image plane. Consequently, a
pair of laterally-sheared image is received by the image sensor, and thus the technique is
named as shearogarphy [14]. The shearing unit is a key component of shearography.
Basically, any device which is able to bring light scattered from two points on object
surface through the lens of digital camera at one point of the image plane can be used as a

shearing device.

Different researchers have used different shearing devices such as optical glass wedge, a
bi-angle prism, a doubly-refractive prism, a modified Michelson Interferometer and so
on[12,14]. In digital shearography, the phase-shifting technique (discussed later) is
applied. Hence, one important issue to select a shearing device is whether a phase-
shifting can easily be introduced in the shearing device. Among the shearing devices
which have been used, the modified Michelson Interferometer is the best method which

can easily change the shearing amount and the direction by changing the tilting angle and



direction from one of two mirrors and also can easily introduce a phase-shift by moving

the other mirror. A simplified setup of digital shearography is shown in Figure 1.5[15].

Mirror2
camera

R —
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Computer
&

Expander

Video
Monitor

Figure 1.5: Simplified setup of digital shearography [15]

Theoretically, the 90, 180, and 270-degree phase shifts can be obtained by moving the
mirror through small displacements A/8, A/4, and 31/8, respectively. However, a

control for the accurate movements is difficult practically. Therefore a calibration method

of phase shift is required.

1.4.2 Methods of stressing the object

The identification of flaws in materials is critical and unless a proper loading system is
used, the whole inspection process is bound to be unsatisfactory. Therefore it is important
to choose a loading method which will facilitate the manifestation of flaws as localized
surface deformations which would otherwise not be present in the structure in the
absence of flaws. Sridhar krishnaswamy [16] describes the three most common methods

of loading the test structure as: acoustic loading where the structure is made to vibrate at



various frequencies; pressure loading where the structure is deformed by application of
external pressure (or evacuation); and thermal loading where the structure is heated. The

author further describes these methods as follows:

Acoustic loading

This loading is useful for the detection of subsurface disbonds and delaminations in the
structure. The excitation of the structure is achieved by using electromechanical
appliances such as piezoelectric transducers or indeed speakers. Single frequency, swept
frequency, or broadband excitation can be used to stimulate resonances in the test
structure. For modal analysis, the resonant response itself is of inherent interest. For the
detection of flaws in adhesively-bonded structures which have debonded regions, these
regions can be expected to reveal different resonant modes than the adjacent well-bonded

structure.

With vibration excitation, an area which is perfectly bonded for example appears as dark,
and if there is any departure from “perfect darkness” then it means there is a weak bond
which in this case will manifest itself as a bright region (unbonded area). Figure 1.6 and
Figure 1.7, are typical examples of fringe patterns of debonds at 3, 6, 9 and 12 mm
respectively [13]. It should be noted that the one closest to the surface has the highest

fringe density and vice versa.

100
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Flzure 1.7: Fringe patterns of debuds at differcnt depihs {9 and 12mmy) |13]
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Pressure loading

Pressure loading is in essence a slow mechanical loading method that has proven useful
in the testing of pressure vessels, tyres, and honeycomb structures. The loading system
has also been useful in the testing of composite laminates especially for debonds that are
deep inside the structure. Pressure loading operates by acquiring one image of the test
object when it is under normal operating pressure, and then to evacuate or pressurize the
structure in order to induce a mechanical deformation of the test object. This mode of
loading is suitable for objects that are naturally pressurizable such as tyres and pressure
vessels. However, structures which are not usually subject to pressure loading during
their operation cycle need to be enclosed in a pressure chamber either wholly or in part.
Delaminations in composite material such as a honeycomb panel of a helicopter can be
detected by shearography and since the skin of the panel is graphite epoxy, the means of

stressing is partial vacuum,

Thermal loading

Thermal loading is a simple non-contact method that is useful particularly for materials
that have low thermal diffusivity, such as polymer based composites. The structure under
investigation is heated up and the resulting deformation in the structure is observed
during the heating up and cooling down process. Usually, flash lamps or lasers are used
to heat the structure. The technique is useful for the detection of delaminatibns. Again a
continuous sequence of deformed states is available for optical comparison when an

object is subject to thermal stressing.

1.5 Research Objectives

o To assess suitability of each inspection technique when testing or inspecting

various aircraft components.
e To assess if any of these techniques are vulnerable to environmental conditions.

e To assess the quality of defects’ detection.

12



1.6  Procedure used to gather Information

The information on which this thesis is based was gathered by means of:
¢ Books

e Articles

e Journals

e Internet searches

e Meetings with my supervisor
1.7 Road map

This thesis is organized into six main chapters and one appendix. Chapter 1 began with
an introduction of NDT in general, and an overview of NDT techniques to be used in the

testing of some aircraft composite component structures.

Chapter two establishes the literature survey of the inspection techniques and the defect
detection work done by other researchers. Infrared thermography lays the emphasis on
reliable detection and interpretation of thermal signatures of the defects. Digital
Shearography is discussed with regard to displacement gradient measurement and fringe

pattern formation and interpretation.
Chapter three is a link between chapter two and chapter four. Impact behavior of
composite materials in aircraft is discussed in this chapter.

Chapter four explains the experimental procedure for the inspection of defects.

Chapter five lays out the results of the experimental investigation, and finally the thesis is

concluded.
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CHAPTER 2

2. Literature Review

This section focu_ses on the application of IRT and Digital Shearographic techniques in
relation to composite materials in some aircraft component structures. Pulse
Thermography (PT) will be discussed as one of the IRT systems used on aircraft
composites. Other research work done by the users of the same techniques is also

evaluated.

2.1  Pulse Thermography

PT is a thermal stimulation technique where the surface under investigation is pulse
heated using one or more pulse heating sources such as xenon flash tubes, scanning
lasers, or hot air jet. The duration of heating depends on the material being investigated.
Composites are low conductive materials, and hence require only a few seconds of
heating. Metals on the other hand are high conductive materials and hence require a few
milliseconds of heating. The resulting thermal transient at the surface is then observed

using a thermal camera [17].
. 2.1.1 Analysis with PT

Two modes of heat transmission can be used to analyze the temperature patterns in PT,
and these are: transmission and reflection modes respectively. In the transmission mode,
the infrared camera views the rear face of object i.e. opposite to the heating or cooling
source. In real applications, however, the opposite side is often not accessible and so the
reflection mode must be applied with both the infrared camera and stimulating source on
the same side [8].

14



ln his study. Clemente, C.I[18] ohserved that, “reflection is used when inspecting defecls
closer to the heated surlace, whilst transmission ts preferred for detecting defects closer
to the non-heated surface (ie. decper defects)”. The author further noted that generally,
resolution is higher in reflection and it was casier to set up given that both sides of the
specimen do not need to be available. Other observations made arc that, as much as
deeper defects could be detected in transmission, depth information is lost because
thermal waves will travel the sume distance regardless of the reduetion in strength duc to
the presence of a defect or not, and this implied that depth quantification is not pessible

i transmission| 18.19].

Figure 2.1 shows a typical experimental configuration in active thermography in

reflection and transmission.

Procaszirg I Camera Specimen

\
ij

Figure 2.1: Configuration in active theemogeaphy in reflection and transmission (1) Heat source, (2)
specinien, (3) [R camera, and (4) PC for data display, recording and proecssing [15]

[n PT, the qualitative thermal images can be translated into quantlitative results by
analyzing the time and spatial dependency of the surface temperature. Thus, information
concerning the size of a detected defect can be achieved. However, PT is an inherently

near surface technique whose cffcctivencss decrcases with defect depth and il is also

dependent on Lthe thermal properties of the investigated material [20].
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2.1.2 Some applications of PT

Common applications of active PT scheme are in quantitative subsurface defect
assessment (cracks, delaminations, impact damages, disbondings, moisture),
thermophysical property evaluation; in all kinds of industries (aerospace, metal, buildings
etc). In aerospace industry, PT is a widely used approach for investigating aircraft
materials and structures [17]. It is a rapid, large area technique with the additional
advantages of being single-sided and non-contact. These attributes make this technique
particularly suitable for surveying impact damage either on carbon fiber-reinforced

plastics (CFRP) single panels or on sandwich structures.

Takeda, S., [21] conducted durability tests of a composite wing structure of an aircraft in
order to verify its health monitoring capabilities for long-term use. The durability tests
included drop-weight impact tests and two periodic fatigue tests based on the design
service life of the aircraft. Barely Visible Impact Damage(BVID) was also introduced in
the wing structure .The damage evolutions in the test panel were evaluated by using
Pulsed Thermography, Acoustic Emission (AE), and ultrasonic C-scan NDT techniques.
A commercial PT system (Echo Therm, Thermal imaging) was used every 1/10 of the
design life during the fatigue tests for the evaluation of the increased impact damaged
areas, and high-power xenon flash lamps of 4800J were used in this case. The authors
concluded that all the techniques were able to detect the fatigue and BVID. Pulsed
Thermography, however, only took 20 seconds from the flash of the lamps to the end of
the data collection period. Figure 2.2, shows the photographs of the BVID after the
fatigue tests.

16



Ultrasomic C-Scan Pulsed Thermography

leanpract A

Ilmpnet B

Figure 2.2: Photography of BYID after Batigue tests |21

Avdelidis and Almond [22] did a study to cstablish the ability of Pulsed Thermography to
locate anchoring points bencath the outer skin of aircraft structures, to facilitate
automated drilling and fixing during the assembly operation, Typical test structures,
comprising of 1.6 mm thick sluminium skins and both 2 mm and 4 mm thick CFRP
composile skins over both aluminium and composite struts respectively were used in the
cxperiment. The ability of the technique to detect subsurface fixing and to offer
informuation about its location was investigated. The authors concluded that the technigue
demonstrated o work well for CFRP and aluminium alloy skins, and that, the results
indicated that PT can be used cffectively for the detection of subsurface features located
beneath composite and aluminium alloy skins. It was further observed that, the technique

showed great potential as far as [ocating the centre ol a fixing accurately.
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Xiaovan. Favro and Thomas [23] presented examples of disbonds, delaminations and
corrosion inspections in metal aircraft and composite structures respectively, using
thermal (IR) imaging technique. The metal structure which was inspected for the
presence of disbonds, in a B 747 aircraft was an intemal doubler. Composite structures
inspections included sound-deadening structures used in engine cowlings for commercial
aircrafts and composite spoiler structure, whose core is aluminum honeycomb. Figure
2.3, shows a photograph of the pulse echo thermal wave imaging system in operation to
inspect a B747 aircraft for the presence ol disbonded internat doubler structure. The
inspection can be confirmed by the authors operating the syslem from an extendable [ifi

platform. from which they were using the hand- held thermal imager.

Figure 2.3: Tnspection of the B747 internal donliler Tor the prescuce of dishonds [23]

In addition. the authors also presented inspected composite structures on £-130, C-141,
and I'-15 aircrafts by United States Air Force (USAL) personnel. Figure 2.4, shows an

image of an F-15 test specimen, depicting a region of machined core.
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Figure 2.4 Theemal iimage of an F-15 test specimen

The technigue showed the capability to image aluminium honeycomb structures beneath
the five plics of boron-fiber-reinforced composite skin in a region. Figure 2.4 also shows
a machined corc defect (simulated skin-to-core disbond), which is obvious from the

missing walls ol the aluminum hooeycomb (dark) in that region of the image.

Capriotti, e af [24] did a comparative evaluation of different NIDI" techniques [or the
investigation of deftets caused by low-energy impacls on specimens made of CFRP. The
same technigues were also vsed on the inspection of structures ol military airerall such as
the main landing gear (MLG)Y secondary door, in order {o evaluate ihe capability 1o
discover damages that could happen during the in-service life ol the aircrafl. The NDT
methods which were used, include. Ultrasouic, X-Ray Radiography, Visual Inspeciion,
IR Thermography and Mechanical Tmpedance Analysis (MIA), During the IRT testing, a
surface of about 400 cm’of the main landing gear door (MLG} was heated by flush tubes
[or 10 ms duration and the cooling process was observed for 63 seconds by an inirared
camera. The authors concluded that, all the methodologies used were able to detect the
damages inside the part. The PT results, showed the capability of finding the defects with
a qualitative indication about their depths. The same indications were found by using
Ultrasonic mcthod as well. 1t was observed, however, thal. the MIA, il applicd only on a

single surface. was not able to find all the defects inside the part.
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2.1.3 Heat diffusion model in a material

In order to understand the heat distribution through a material with a subsurface defect
and the resultant temperature evolution, a Fourier diffusion equation is presented as:

VZT—l—a—T—'=O Eq(2.1)
a Ot

Where « is the thermal diffusivity (m’s™), which is equal to k/pC with kthe thermal
conductivity (Wm'Kh, p the density (kgm>) and C the specific heat capacity (Jkg'K™")
of the material, T is the temperature and ¢ is the time. For uniform heating and in the
case of a homogeneous material, the surface temperature distribution would be uniform.

The distribution of heat, however, is not uniform in the presence of a defect and this

results in a localized temperature difference [8], [25].
2.1.4 Defect detection

The sensitivity of thermographic inspection has its limitations when it comes to type and
size of a defect to be inspected. Because different materials possess different values of
thermal conductivity, regions such as disbonds or air inclusions tend to build up heat,
thus indicating the location and size of the flaw. The thermal pattern within the composite
material for example is altered once a disbond, delamination or other anomaly has been

introduced in it [26].

Figure 2.5 shows a comparison between thermal patterns in steel and composite
materials. If equal magnitude and duration of the heat imposed onto both samples were
assumed, the composite sample will conduct heat at a slower rate, i.e. thermal energy
does not spread as rapidly throughout the part as it would in the case of a steel sample of
comparable dimensions. Also, as may be seen, heat propagation will occur more rapidly

along the fiber direction.
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Figure 2.5: Thermal conduction in (a) steel and (b) composite samples [26]

The significantly higher conductivity of carbon facilitates quick and more heat
propagation compared to the transverse direction. Non uniform heating is also an

important parameter worth considering. This is discussed briefly in the next section.
2.1.5 Non-uniform surface heating

It is natural to experience variations in the surface temperatures during the heating up of a
material particularly for a non perfect flat surface in active thermography. However, there
are still several factors to take into consideration during the inspection of any material,
and a flat surface material is no exception. Therefore issues such as the position of the
heating source, serviceability of the equipment in use, external heating or cooling
sources, and irregularities in optical properties of the surface being inspected, will
stimulate non-uniformities[18]. Primarily, defect detection principle is based on
temperature differences; it therefore implies that the presence of non-uniform heating
may create uncertainty in the results especially for defect quantification. The temperature

should thus be the same at the first instance for an evenly heated object.
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2.1.6 Summary of IRT techniques

IRT is an NDT&E technique used for localizing and characterizing defects that are
thermally resistive. It is based on the principle that heat flow in a material is changed by
the existence of some types of abnormalities [3]. For many applications flash lamps are
used to heat the surface of the material uniformly and these have been considered to
provide the fastest most compact way of heating, although other sources may be used for

particular applications [7].

IRT uses an Infrared camera which converts the energy radiated from objects in the
infrared band of the electromagnetic spectrum into an electronic video signal and finally
into a detectable image [8]. Color cameras produce the images in reds and blues. The

resulting images assists in establishing whether a disparity in temperature exists.

Non-uniformities of heating, emissivity variations, and surface geometry can have a

large impact on thermal data.

The key, to using an IRT system is to combine skilled operation of the imaging system
with a good understanding of how Infrared radiation interacts with the object(s) being
imaged. In view of this, the principles of Infrared radiation are vital to the understanding

of the subject.

2.2  Principles of Digital Shearography

2.2.1 Background theory

Digital Shearography, also referred to as Digital Speckle pattern Shearing Interferometry
(DSSI), is described as a robust measuring technique due to its simple optical setup and
relative insensitivity against ambient noise [27]. It is an emerging technique very well

suited for the inspection of components in many applications, including the aerospace

industry {12, 13]. It is a laser based speckle interferometric optical technique, originally
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developed for strain measurement. The technique is highly sensitive to surface
displacement gradients, resulting from subsurface flaws associated with internal de-

bonds, de-laminations and cracks.

DSSI measures derivatives of surface displacements, thus eliminating the need to
numerically differentiate displacement data to yield strains. Strains are functions of
displacement derivatives, thus shearography yields directly the strain information and it is
suited well for NDT [28, 29]. Steinchen, W., et al [29], however, observes that, “the
application of shearography for strain measurement has not been widely adopted in
industry, because the shearogram usually contains both the out-of-plane component and
the in-plane strain component”. The authoré further noted that, “Although the out-of-
plane component can be separated out of the shearogram by manipulating the
illuminating and viewing direction normal to the tested surface, the pure in-plane strain

component can never be determined exactly by adjusting the illumination angle.”

/
\

There is however, an approach which permits pure in-plane strain to be determined and
this is the adoption of two linearly independent directions of illumination [13, 29]. In this
case the shearograms for each illuminating direction is calculated by using the phase
shifting technique (discussed later).The phase maps of the two shearograms are
subtracted and this results into a new fringe pattern which represents the pure in-plane
strain component. When the phase maps are added the fringe pattern formed correspond
to the pure out-of plane component. Therefore, the in-plane strain component can be
determined directly without differentiating displacement data numerically [29]. It can
therefore be said that, by using the phase shift technique, digital shearography allows the
shearogram to be evaluated automatically and numerically. This offers new possibilities
for applications of shearography in industry. Although the theory for digital and
photographic shearography is the same optically, digital shearography is technically a
computerized process which does not use the film wet processing and reconstruction.
This therefore makes it possible to quickly increase the testing speed so that the

shearogram can be observed more or less in real time.
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Speckle mterleromeltry and laser theories are essential to the understanding of Digital

shearography, and the [ellowmg three scotions describe these coneepls briefly.

2.2.2  The Speckle interferometric theory

Speckle interferometric techniques rely on the very basic phenomenon of light
interference namely that objects illuminated with laser light have a granular appearance.
Speckle is observed when an object is illuminated with coherent laser light. ligure

2.613], shows a magnified speckle pattern of a shearographic image.

Figore 2.6: Magnified Speckle pattern ol a shearographic image | 13]

Most objects are optically rough even if they are rough only at a microscopic level
However, a speckle field can only be created il the height vanation ol a surface 1s of the

order of or greater than the optical wavelength of the illuminating light.
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2.2.3 Laser

Laser stands for light amplification by stimulated emission of radiation and it is an optical
oscillator consisting of a light amplifying medium.Kim, H.J, et al [30], observed that:
“Lasers produce unique light which is coherent, collimated and monochromatic. The
other feature of a laser is the fact that it is possible to concentrate energy and to produce
pulses of light which have short wave length. Because of these characteristics, lasers are

used for measurements, manufacturing and communications.”

The laser does not emit a simple form of light but it has variables that are quite constant
with time and can be measured with high precision. This implies that lasers offer
brightness, high degree of coherence and are monochromatic, which makes them the
ideal light source for interferometry. However, a laser beam is only monochromatic over
a certain distance and will approximate a sine wave of fixed frequency for a certain
distance, known as the coherence length [31].

There are different types of lasers available with varying power, wavelength and
coherence length that can be used for interferometry. The most commonly used laser is
the Helium Neon (HeNe) laser, which is relatively inexpensive and easily available. The
wavelength of the HeNe laser is 632.8nm, with power varying from 0.1 to 50 mw and the
coherence length varying from 5 to 30 cm.

2.2.4 Principle of measurement with Digital shearography
Digital Shearography was developed using either a Michelson shearing interferometer or
a birefringent crystal [32] as the image-shearing device. It has also been observed that,

the key of shearography is the ‘shearing” of the image [33].

A typical layout for digital shearography using a modified Michelson Interferometer as a

shearing device is shown in Figure 2.7{34].
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Figure 2.7: Typical Digital Shearography seiup [34]

Obtaining a speckle interference pattern or image of the unstressed object is the very first
thing you do In Digital Shearography. The image captured is then digitized and stored as
a reference image. The Michelsen inlerferometer brings the light waves from two points:
P, and P, on the object surface into one point: P, on the image planc by tilting the
micror 1 a very small angle (Figure 2.7). The intensity of the interferogram is then

registered by a CCD camera and saved in the computer through a frame grabber board.

As an illustration. a circular plate with fully clamped boundary subjected to central point
load increment between two exposures with the use of small image shearing, shows the
familiar double bulls eye that depict loci of constant displacement-gradients
(shearography fringes). On the other hand, when large image shearing is used. concentric
circular fringes that represent loci of constant out-of-planc displacements (holographic or
ESP] fringes) ave displayed [35]. This thesis, however, has not discussed holographic and

[ESPI techniques. Reference to the techniques has only been made due to the fact that,
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shearography is an off spring of the two techniques, and hence it suffices to mention the
other techmiques with reference to fringe pattern formation if any distinclion has to be

made. Figure 2 .8(a) and Figurc 2.8 (b) demonstrate the type of fringes oblained.

(a)

Figure 2. 8; (a) and (b) Fringe patterns for a centrally point-loaded circular plate {a) Farmalion of
shearngraphic tringes due to small image shearing. (b} Formatian of concentric circular ESFI or
holegraphic fringes due (o large image-shearing [35)

‘The intensily of any point un the speckle interference patiern, of the unstressed object.

can be described mathematically by the following equation [36]:

1= 2A% (14cos ( B + & — &) Eq (2.2)

Where A is complex amplitude of the combined wave fronts and is a function of the
object illuntination, & is the magnitude of the shear and & is a function of vhject beam
and object surface orientation, The ohject is then stressed by either mechanical, pressurc
or thermal methods, Stressing of the object causcs the relative displacement between two
points on the surface of the objcet to change, which in turn causcs the laser path length to
change. This change of path length then alters the density distribution of the speckle

pattern andl the intensity can be expressed by the following equation as:

Jo = 2A° (1=cos ({ o+ e - )+ Agh)) liq (2.3)
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The variable A¢ in equation (2.3) represents the phase difference between the light
waves from the two points P; and P,, or derivative of object deflection, occurring due to
the object being stressed. The speckle interference pattern, of the stressed object, is then
digitized and stored. The phase difference A¢ can be extracted by either adding or
subtracting the reference image from the stressed object image, described by equations
(2.2) and (2.3) respectively. The subtraction process is achieved through the computer

software, and this result in an interferogram with an intensity distribution as:
L=I-I= 4Azsin((ac + & - 6) + ézfj sinAT¢ Eq (2.4)

The interferogram produced by equation (2.4) above maps the phase contours, which
consists of black and white fringe patterns. This is due to areas of pixel intensity
correlating or decorrelating, when the two images are subtracted, to form the
interferogram. Correlation will take place when the phase difference is as follows
{37}

Ap=2nm wheren=0,1,2 ... Eq (2.5)

This condition corresponds to the dark fringes on the interferogram. In contrast

decorrelation will take place when the phase difference is as follows:
Ag=(2n+1)n  wheren=0,1,2... Eq (2.6)

This condition corresponds to the bright fringes on the interferogram. The fringes can be
modeled by the following mathematical equation [37]:

_4n(od
Ag= -:1—( > jS Eq (2.7)

Where Agis the correlation phase, %1— is the rate of surface displacement, § is the
x

magnitude of shear (distance between common point that are sheared) and A is the
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wavelength for laser light. The above equation shows that the correlaton [ringes
represent lines of constant displacement rates, where Ag 15 constani. The sensitivity of
the interferometer can be varied by increasing or decreasing the angle of shear and
thereby varying the magnitude of shear 8. Therefore il can be seen from equation (2.7)
that the greater the magnitude of shear the larger the phase difference Ag, this therefore

increases the sensitivity of the interferometer.

If the phase difference in equation (2.7} is replaced by equation (2.5) then the spacing
between adjacent fringes as function of the displacement gradient can be obtained and is

desenbed by equation (2.8):

S, Bi Where # = number of fringes Eq (2.8}

-

dx
Fyuation (2.8) confirms that for a given surface area, an increase mm displacement
gradient will produce a corresponding increase in the number of fringes. Furlhermore (he

number of fringes atound a defect area indicates the amplitude of the Jocalized

displacement induced, which is influenced by the size of the defect and its depth.

Figure 2.9 shows the image, where the dark foinges represent the case of #=0,1,23....a5

mentioned above,

Fipure 2.9: Fringe patterus with dark fringes
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2,2,5 Interpretation of fringes in shearography

Shearography measures surface deformation and therefore yields derivatives of the
surface displacements. The fringe pallern of shearography is a double concenwic fringe
pattern, and a plot of the deflection derivative of a clamped circular plate loaded centrally

will appear as shown in Figure 2.10 below [28].

Figure 2.10, also shows that, there are two lobes in the displacement derivative plot
which explain why a double bull’s eyes fringe pattern is formed in shearography. The size
of the defect in shearography 1s thus determined by measuring peak to peak the line
profile, where the length between two peaks 1s varied according lo the change of the

effective factors [39].
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Figure Z.10: Ioeble boll™s eye in Shearography and peak ro peak line profile [38]

If a malerial or specimen has a defeet and 15 adequately loaded by vacuum, thermal or
mechanical loading, it will experience a “buckling effect” on the surface which will

facilitate the detection of the flaw by shearography. In other words shearography will
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detect the flaw by looking [or strain induced by the defect. Figurc2.11 below illustrates

the concept of flaw detection and Iringe putiern lormalion.
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Figwre 2.11: Process of fringe pattern focmation (shearogram) [34]

Fringes can appear cither vertically or horizontally due to deformations in the sensilivily
direction (either x-axis or y-axis). Therelore vertical fringes appear along the x-uxis and
horizontal Iringes appear in the y-axis, Each [ringe represents a line where all poinls
along it undergo the same amount of delormation. This implies that. the fringes are
comtour lines of constant displucement in the particular direction or axis. The closer the
fringes ave to each other, the bigger change in deformation has occurred, This means that,

there is a higher sirain in that area [40].

Fringes will also appear differently, depeading on whether deformation is lincar or it
vaties, Figure 2.12(a) shows how the fringe pattem will appear as equal distant fringes
when the strain is constant. This suggests thal, the deformation is linear, If the strain
varies as 1/x, the fringes will appear closer logether where the strain rate is high, as can
be seen in Figure 2.12(h).
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Figure 2.12: {a) Constanl strain, i.c. linearly increasing deflormation gives rise 10 cqually spaced

fringes; () High strain rate will give fringes that are closer together [40]

To illustraic how the phase maps {fringes) appear when there 18 deformation in x- and y-
: . e g ; y ;
axis respeetively {— ;—a 3; fringes of a rectangular plate clamped along its boundaries

dx

and subjceted to uniform pressure can be used as an example, 'These are shown in Iigure

2.13.
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The corresponding three-dimensional plot of the phase distribution tn fringe pattems of

Figure 2.13{a) produced by phasc determination technique is shown in Figure 2.14

below.
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Figure 2.14: Three-dimensional (3D} plot of the phase distribution determined by the phase shifi
techmlque [42)
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2.2.6 Phased-Stepped Shearography

Digital Shearography, as described above, produces intensity based fringe patterns, which
do not provide any information regarding the direction of object displacement. In order to
quantify the object’s rate of displacement, the modulation of the laser phase due to the
applied stress needs to be determined as well[43]. This can be achieved using a technique
called phase stepping. This technique eliminates the need of human interpretation of the
fringe pattern [44]. The following sections describe the analysis of speckle patterns and
the resulting phase map that is manifested when using phase-stepped shearographic NDE.

Filtering is discussed as means of substantially improving the phase image quality.
2.2.6.1 Phase- Stepping

Phase-stepping is a quantitative method of data measurement and is derived from the
intensity integration method [45]. This technique requires a minimum of three
measurements (i.e. interferograms) to solve for three unknowns at each point in a fringe
pattern; however, four measurements or interferograms are more commonly used. Phase
measurement is based on superimposing a uniform phase on the original fringe pattern,
thus producing a phase shift in the fringe pattern. Digitizing three fringe patterns with
different amounts of phase shift provides three equations for the solution of three

unknowns, and the phase distribution is thus determined.

Phase steps are produced by micro displacements of a piezo-electrically driven mirror,

which is calibrated before testing can commence. Each micro displacement of the

calibrated piezo-electrically driven mirror initiates phase steps of % increments, which

is equivalent to changing the path length of the beam by a quarter of a wavelength.

The piezo-electrically driven mirror can be attached to either arm of the Michelson

Interferometer. After each phase-step an interferogram, is grabbed by the image
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processing system. The measured intensity /;(x, y) of the interferogram, at any given co-

ordinate (x, y),can be described by the following equation [46]:
IL(x,y)=I,(x,y)+1,(x,y)cos(¢(x,y)+ia) i=1,2...N Eq(2.9)

where, I,(x,y), is the background intensity, 7,(x,y), is the modulation intensity,

#(x,y), is the phase difference between the object and reference beam and «, is the
relative phase (i.e. %). When four images are grabbed (i.e. when i goes from 1 to 4),

the process is known as the 4-bucket system [47].

Since cos(é’ +%) =-sin@ and cos(@ + 7) = —cosf Eq (2.10)
1, (x,y) = I (x,y) - I,,(x, y)sin(§(x, y)) Eq (2.11)
Iz(x,y)=IB(x,y)—Im(x,y)cos(¢(x,y)) Eq(212)
I(x,y) = Iy (x, ) + I, (x, y) sin(¢(x, y)) Eq (2.13)
I,(x%,y) =I5 (%, y) + 1, (x, y) cos($(x, y)) Eq(2.14)

It can be seen that equation (2.10) produces four trigonometric equations as described by
equations (2.11)-(2.14), which can be solved to eliminate the unknown background

intensity I,(x,y).The phase difference can only be calculated after the background

intensity I,(x,y)is eliminated as discussed in the next section.

2.2.6.2 Phase Change Distribution-Calculation

The technique described above provides a wrapped phase distribution, ¢(x, y), which still
contains the spatially random phase distribution described by the background intensity
I,(x,y). The background intensity I,(x,y)is removed by subtracting equation (2.12)
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from (2.14) and equation (2.11) from equation (2.13) which yields equation (2.15) and
(2.16 ) respectively.

I, =1, =21, (x, y)cos(¢(x, y)) Eq (2.15)

I, -1, =21, (x, y)sin(¢(x, y)) Eq (2.16)

The phase can be described as a function of the four intensities by the following equation
[48]

Lxy)-1 (x,y)J Eq(2.17)

Pox) = tan (14 &N -1, %)

The phase difference y(x, y)can then be calculated by using the following equation:

v(x, ) =8,(x,y) = 4,(x, ) Eq(2.18)

where, ¢,(x,y)and ¢,(x,y)represent the phase before and after deformation

respectively. The inverse tangent in equation (2.17) ranges between — % to % but does

not provide the true phase since values after % till 37 » are not within the limits. If the

sign of the sine and cosine were taken into consideration then this solves the problem. If
the cosine is negative, then it will be in the second and third quadrant and zis added to

the arctangent value to get the correct phase. The phase difference w(x,y)is then

calculated using equation (2.18) and is limited to the range of —2z to 27 and thus
contains 47 discontinuities. This range is then shortened so that the limit is from 0 to
27 since a wave repeats itself after every 2z . Taking the absolute of the phase difference
is one method of shortening the range but this method produces noise, a second and better

method is to add 27 to the negative result of the subtraction of the two waves.

Upon calculating the true phase difference through, the image processing software, a
phase map consisting of fringes ranging from black to white and suddenly changing back

to black will be produced. This “saw tooth Pattern” continues throughout the image. This
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drastic change occurs due to phase difference increasing towards 27 and then jumping
back to zero when the limit of 27 is reached. This means that in the final image black
represents the smallest phase difference and white the largest. The regions where these
discontinuities occur are called 2z discontinuities and they are the main characteristics of
phase stepping in helping to determine the relative direction in which deformation takes

place.

2.2.6.3 Filtering of Phase fringe patterns

After calculating the phase difference for the individual pixels in an image and a phase
map is produced, a common way to improve visibility of the fringes is to filter it. Speckle
noise and 27 discontinuities in phase fringe patterns are characterized by high spatial
frequencies. Hence, by applying a low-pass filter not only reduces the noise, but also
smears out the discontinuities[49].This problem is solved by calculating the sine and
cosine of the wrapped fringe patterns , which leads to continuous fringe patterns. These
sine and cosine fringe patterns are then filtered separately using an average filter, which
considers the average value of a group of neighbouring n x npixels for each pixel in the
image, where nis an odd integer number. From the filtered sine and cosine fringe pattern
the phase fringe pattern is calculated by the four-quadrant inverse tangent of the sine and
cosine patterns. This process of filtering can be repeated two or three times. Figure
2.15(a) shows an unfiltered phase-stepped image and Figure 2.15(b) shows a filtered

phase map.
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(a) {b}

Figure 2.15: {a) Phase fringe pattern affected by noise (b) Phase fringe pattern excellently filtered

It can be seen from Figure 2.15(b}, that an average filter applied say 30 timecs with
intermediate phase recalculation viclds an cxceliently filtered tmage. The noise is

cffectively suppressed and all fringes arc perfectly preserved.

In his study, Hung.Y.Y |13]. observed that, shearography had alrcady received wide
industrial aceeptance for NDT and that, currently the rubber industry routincly uscs
shearography for evaluating tyres, and acrospace industry has adopted it for NDT of
aircraft structures, in particular, composite structures. Figure 2.16 is a shearography

fringe pattern revealing scparation along the steel belt-edge of a truck tvrc.

Figure 2.16: Shearograpliy Mringe pattern revealing sepuration along the steel belt-edpe of o truck
tyre |13]



Hung Y.Y, [38], further did an in-depth comparative study of Digital Sheareeraphy and
ESPl and observed that: “Shearography requires a simpler optical setup, thus clininating
the eptical alignment problems; Shearography provides a wider and morc contrellable
range ol sensitivity, thus allowing large deformations to be inspected which is not the
case in ESP'TIESDT 1s too sensitive for many practical NDE  applications); nzd body
motion does not influence the resulting fringe patterns, since Shearographic NDFE uses a
“common path™ optical arrangement and finally the coherent length requirement is

greatty reduced”.

Maver, I [50] also confirms that shcarogarphy aflows large compencnt areas Lo be
measured in a short time and thus it is the optimal technique for fault detection. The
author, fwther affirms that the shearogrmphy systern is already used in lyre lesling
machines lor quahiy control n industrial conditions and that the techmque 15 ideal
especially for the airerall manulacturing and mamtenance, in which large component
surfaces can be tested n short ttme. Other applications ol shearography mclude
nmeasurement of struins, nwtenal properlies, residual stresses, 3D shapes, as well as
vibration studies, All these advantages have rendered shearography a prachcal

measurement tool.

Gryzagoridis and Findeis [51] carred out an experiment 1o compare the capabilities ol
portable shearography and portable ESPI in the detection of composite atrcrafi
compencnts, In order to compare the perfonmance of each prototype, suitable test samples
with known defects had to be manulactured. The authors used a 500 mm length of the
rotor blade and five delects were introduced inte this sample. The inspections were
conducted owside the laboratory cnvironment, It was concluded that, both svstems
performed well owside the laboratory environment without any special additional
vibration isolation requirements, and that both techniques were also able to detect the
presence of the intermal delaminations. However, when considering the implementation
of the two techmiques, the authors observed that, ESPI produced the best results only

during the cooling process. It was lurther noted that, Shearography gencrated good results
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by either viewing the effect of applying heat to the test piece or by viewing the cooling

down process,

Pezzoni [52] investigated the capability of shearography in the testing of large arca
composite helicopter structures. Lnitially a composite structural clement pancl of a tail
umi of a helicopter as shown in Figure 2.17 was investigated. This part is a typical
structure with 4 nomex honeycomb core and lwo exiernal skins in graphile/epoxy uni-
directional cross-ply. The iluckness of the honeycomb was about 13 mm, and each of the
external surfaces measured gboul 1 mm in thickness, This sample was specially prepared
with several typical delamination faults, synthetically introduced using Teflon inserts. For
inspeclion, this panel was thermally loaded with a sct of up to four IR lamps. The results
in Figure 2,18, showed an image of an unloaded and thermally induced deformed panel
cxhibiting very low contrast and stromg noise, Additionatly the image revealed some
impact damages which can casily be seen on the outer surface. After image improvement
operation using an appropriate combination of filtering and contrast operations the fringe

visibility was significantly improved although the defect visibility was relatively poor.

Fipure 2.17: Compasite helicopter panel fabove fefl)

Figure 2.18: Improved D-imape fahove righy)
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Phase shifting technique and fillering were applied to the Images and the results are
shown in Figure 2,15 and Figure 220. The phase shifi could casily be introduced by

moving one of the two mitrors of the shearing element.

Figure 2.1%: Phase image (wleve feff)
Figure 2.20: Filtered phase image (ahave right)

Pczzoni, increased the size of the sample to be tested significantty by taking an original
full tail unit of a helicopter. This unil measured about 3.5 m in height and 3.5 m 10 width
On the lower night part, a disbond was introduced between the honcycomb core and the
outer skin, The defeet was round shaped and measured about 70 nun in size. Besides the
defect detection the other interest was in structural leatures of the sample. Figure 221
shows an imagc of a full helicopter tail unit. The corresponding phase map is shown in
Figurc 2.22. The author concluded that shearography. allows the real-time non-contact
and non-destructive detection of delects and structural properties of composites and other
hghtweight structures. B was (urther, observed, thalt the use of pulsed laser [or
illumination shows significant benefits due to large inspection arca {up to 10 m1°} and
suppression of environmental influences, which makes the system also useful for “in-

aitu” applications outside a laboratory.
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Figure 2,21: Full helicopter tail unit {ahove left)
Figure 2. 22: Wrapped phase map of 3o x 3m area of the tail unit
(theemal loading) fabave righi)

It was therefore, deduced that, the technique is capable of detecting defeets in wide scale
structures, strongly reducing the inspection time. and henee it was validated as very
promising in the {ield of® aerospace {(composiics. lightweight structures) particularly for
the production-NDT of aircratt components, fatigue testing monitoring and mainicnance

inspections.

Kalms and Juepter [53] in collaboration with Airbus Germany (NDT-Group Bremen) and
EADC Military Aircrafts carried out shearographic imvestigations on  airplane
components. An airerafl wing and an aluminium body of the aircraft were investigated
for defects under thermal {oading. The aluminium honeyeomb structure from the aircratt
was a metal-metal bonded aluminium type with pocket damages through the honeycomb
structure. The size of the smallest defect was 10 x 10 mm. Figure 2.23 shows the mobile
shearographic equipment setup used for the inspection of an aireralt wing. The inspection

was done in a real mainlenance environment.
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Figure 2.23: Mohile Shezrographic egnipment applied on an airceaft wing |53

Figure 2.24 below shows an inspection of aircrafl fuselage, metal-metal bonded
aluminium with pocket damages through the honeveomb, in progress. The authors did
other tests on honeyeombr sandwich siructure such as the rudder in which the eomponcnt
was inspected for water ingress. Other aircralt componcnls investigated were skin

damage over the stringer, siringer debondings, and damages of the airbrake localed at the

wings of the airplanes.
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Aircraft i‘u selage

Shegmgraphit head box 2

Figure 2.24: Shearographic head box applied on anaicveaft fuselage [53]

I all the inspections dong, it was reported that, all damages were clearly visible, and that
shearography wus even uble to locate the uitknown damage which was equally detected
by radiographic investigation (white marked area in Figure 2.25). Figure 2,25 and Figure

2.26 shows the successful X-ray and shearographic measurement results respectively.
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Figure 2.25; X-ray vesult image (ehove leff)
Figure 2.246: Shearographic result image faliove right)

The authors finally confibmed that shearography was a successtul and comprehensive

testing device for the imspection of aircrall slructures.

Hung, Y.Y. [54] did a comparative study ofdigital shearography with a C-scan ultrasonic
technique in the test of a graphite sandwich panel. Two laws in the inspection were
revealed by both techniques. However, digital shearograply revealed the Maws as soon as
the stress was applicd. whereas the ultrasonic technigue required point-by-point scanning
of the part. Morcover, tluid coupling of the transducer W the test object was needed in the
ultrasonic testing, thus making the technique cumbersome and loo stow for production
inspection, and shearography did not require any contact. It was observed that the time
luken to reveal the flaws (unbonds and edge pullout) by shearography was 8 seconds

while C-scan ultrasonic took 10 minutes to scan the part.
Siew-Lok Toh and I'ook-Siong Chau [55] used digital shearography to test a composite

plate with suspected debonds using vacupm stressing. The simulated glass-reinforced

polyester (GRP) flal plate of about 270 x 250 millimeters was used in the investigation.
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The GRP plate was placed in a specially constructed vacuum chamber and double-
exposuie shearography was performed; one exposure before and one alter a vacuum
pressure weie applied. It was oberseved that, vacuum stressing is an effective method for
the detection of delaminations or debonds in composiles and thal the technique has the

advantage of being non-contacting, yickling o fast response, and covering the full field.

Honlet, Ettemeyer and Walz [56] used an aulomaicd inspection system which uses tascr
shearography and vacuum chamber for the inspection of helicopter rotor blade for
defects, The rolor blade was positioned in the vacuum chamber and loaded with slight
pressure changes of less than 50 mbar. The pressure change in the vacuum chamber was
intended to produce slighl deformations on the surface of the rotor blade so thal
shearography could observe these deformations, and automaticalty indicate defects such
as delaminations, debondings, etc.. which would show up hy typical deformation
patterns. The authors concluded thal the automalic inspection system signilicantly
reduced the clapsed time for a complele inspection cycle of lurge, main rotor blades in
comparison to the manual inspection. Figure 2,27 shows the inspection results on hoth
sides of $00x600mm” ficld on the rotor blade with defects, manifcsting as locat

delaminations.

Local delaminations

- L
0 L L

Figure 2.27: Inspection results on both sides of 300x600mm Tield on the rotor blade with defeets |56]
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Sim C.W, ef al [57] carried out a comparison study of vibration analysis and non-
destructive testing of the specimen with real-time shecarography. In the study, the
potential of using dynamic stressing in real-tinie shearcgraphy was cxplored. The eniire
cxperiment consisted of two phases. Phasc one invelved vibration analysis using real-
time shearography and the specimen under lest was a square cantilever alumimum plate
with sides of 50 mm and thickness of (L88 wmm. This plale was 1lluminated by an
expanded beam of a 60 mW HeMe laser of 6328 nm wavelength. The real-time
shearograms corresponding to five resonance vibration modes at increasing excitation
frequency were recorded. Phase two of the experiment involved non-destructive flaw
detection in composites plates made from mats ol glass-fibres, A 60 mW HeNe laser of
632.8 nm was also used to illuminate the specimen. It was deduced that, real-time
shearography coupled with vibrational mcans of stressing ig a convenient and cffeetive
way 0l determiming the oul-of-plane displacement gradient of a vibrating structure at
resonance mode. Il was [urther established that, shearography can be used o detect

debonds or delaminations in composite plates.

Andersson and Barend [38] did a [easibility study of various NDT methods in order (o
identity and verify a cost effective mspection method for a sulf siamless steel skin
sandwich construction with a low-density core. The study required the detection of
artificially created disbonds in the structure. The investigation included literature studies,
scleclion of feasible metheds, evaluation of the methods and finally selection of a
preferred WDT-method and application wrials. The NDT methods uscd included:
Ulieasonic, resonance technique (described as spectroscopy), Mechanical Inpedance
technique, Pitch-and-catch technigue (described as velocimetric method), Bondimeter
technique and shearography. The first lour techniques mentioned did nol give reliable
indications of the defects. Some techniques only gave vaguc indications that were not
different 1o the pencral variation obtained in defoct free arces. The authors, however,
continyed the invesligation wilh the application of shearography, and the lollowing were
considered al the application Lrials; cxeitaton method, geometry elfect on resulls,
inspection areas {limitation of technique) and defect characterization (sizing and depth

position). Other mmspections were made on thicker and thicker lest samples to try (o find
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the skin thickness limitation for shearography. For thicker skins larger temperature
differences were necessary to detect defects, It was found that from the 50 mm diamcter.
defect detection was vaguely distinguished from the background noise on doubler bonded
to foam core, and the 25 mm diameter defect was deteeted in bondline between the 3 mm
skin and 2 mm doubler. The authors concluded that, shearography successfully detected
and cstimated depth pesition of the defects in relatively stiff areas, Figure 2.2% and Figure

2.29 shows shearographic results of the defects,

Fipure 2.28: Shearopraphy results on: ¢a) Dishond tvpe [ an area left withoul adhesive, (B Dishond

tvpe 1L A plastic Toit taped todlie skin [58]

Tt flafect ine beonr
2 mm o

Fignre 2, 29: Shearvographby results oo thicher saungles |55
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Lt. Col. Slawomir er af [39] camried out a study to detcrmine damages which could be
detected und which happen during the serviee life ol main rotor blades (MRB) of
helicoplers used i Polish Armed lForces. The dumages under imvestigation included:
dishonds (skin to honeycomb, skin 1o spar) both metal and composile MRB;
delaminations (composite skin); cracks (mainly in the metal MRB); and water ingress
(honeycomb cells). Selected NDT techniques such as: D-Sight. Shearography, MIA,
Pitch-Cateh, Ulirasound, Ultrasound Phased Array, and Eddy Current were used in the
study. Shearography with vacuum loading was applied for disbonds inspection, and the
authors ruted the technique Lo have good sensitivity and high speed of inspection. Figure
2.30 shows the rcsults of the shearographic inspection of the skin to honeycomb

disbonds.

Fiznre L3 Skin 1o heneyeminb disbouds will a varicty of “double bull’s eyes™ |59)
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CHAPTER 3

3. Impact damage detection in aircraft composite materials

3.1 Damage in Composite materials

Composite materials and in particular Carbon Fiber Reinforced Plastics (CFRP) are
currently used more in structures and components of both civilian and military aircraft
because of their mechanical resistance, high toughness, low- specific weight and
resistance to corrosion in comparison to metals. Thus, accordingly with non-
homogeneous nature of the material, measures must be taken to preserve the structural
integrity of the aircraft. This can be achieved by ensuring that the frame pattern of the
fibers is not compromised [24]. Composite materials are exposed to various damages
during their service life which may be due to static loading, low energy impact during the

manufacture and environmental factors such as moisture ingress etc.

Sala, G. [60] confirms that, environmental agents that cause damage to composites are
“electromagnetic effects, fire and high temperatures; lightning and electrical discharges,
ozone (chemical degradation); ultra-violet radiation (UV); out-gassing at high-vacuum;
erosion by rain and sand; low-energy impacts (by hail or gravel) that induce BVID;
moisture uptake, and contact with organic liquids such as fuels, lubricants and de-icing
fluids.” The author also pointed out that, during normal service, aircraft are exposed to all
these agents with time, and hence, the critical aspects of the defects to be detected
required more attention. The author further observed that. “In particular large
delaminations between layers are generated by collision even at low energy due to falling
tools, hail storm, flying birds or debris. This and other causes can give not only hidden
delaminations but also cracks. The impact damage is usually underestimated since the

projectile does not indent the surface due to low energy of impact.”
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Ibekwe et al [61] also considers BVID from a low velocity impact event as very
dangerous because they cannot be detected visually and lead to structural failure at loads
well below design levels. The authors revealed that “the loss of strength and stiffness of
laminated composites at elevated temperatures is intensified by the increased rate of
water absorption at high temperatures.” They further investigated that the UV radiation
alone has a significant effect on reducing the residual load carrying capacity of impact
damaged laminates.

Galea et al [62] also confirmed that “while impact can cause a significant amount of
delamination, often the only external indication is a very slight surface indentation and
this type of damage is frequently referred to as barely visible impact damage (BVID)”.
Many other researchers [63] also, consider low-velocity impact particularly BVID as
potentially dangerous, because it reduces the loading resistance and may destructively
propagate. Kim J.K [64] too, confirms that, “it has been proven that, the presence of
internal damage in BVID causes substantial losses in strength and stiffness of the

composite components”.

In order to appreciate damage due to impact in composite materials, it is necessary to

understand the concept of low-velocity impact. This is thus, discussed in the next section.
3.2 Low-velocity impact

Defects due to impact in composite materials are much more complex, and less well
understood than metallic ones [65]. Based on this fact, it is necessary, to know the
behaviour of these materials at impact in order to quantify the defects accurately, and
therefore, the understanding of failure modes which results from low velocity impacts is
essential. Hancox N.L [66] defines impact as “the relatively sudden application of an
impulsive force, to a limited volume of material or part of a structure”. The author,
however, further justifies his definition and considers the terms ‘relatively’ and ‘limited’

as being subjected to a wide range of interpretations.
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Generally, impacts are categorized into either low or high velocity, but there is not a clear
shift between classes and usually there is a disagreement on their definition. Sjsblom et
al, and Shivakumar in [67], define low-velocity impact as “events which can be treated as
quasi-static, the upper limit of which can vary from one to tens of ms™” depending on the

target stiffness, material properties and the impactor’s mass and stiffness”.

Olsson, R [68] recommends that, the most common way of classifying impact events is to
differentiate between “high velocity” and “low velocity” impact. He therefore suggests
that, even though no consensus has been established on criteria for these two categories,
the upper limit of low velocity impact ranges from 10 to 100m/s. Abrate, S. [69] also
considers low-velocity impacts as those which occur for impact speeds of less than 100 m
/s. Other researchers in [66] suggest that the type of impact can be classed according to
the damage incurred, especially if damage is the prime concern. It is, however, noted that,
High velocity is characterized by penetration induced fibre breakage, and low velocity by

delamination and matrix cracking.

Davies and Robinson in [70] suggests that, the term “low velocity” should be defined
since high velocity produces local ballistic types of damage, far from invisible, and
extremely local. The authors, hence, define low velocity as “that lower bound which does
not excite through thickness stress waves but allows the material to respond dynamically
so that it can deform without producing the local 3-D stress fields”. The authors further
observe that this velocity turns out to be about 20m/sec in CFRP if tool drop and similar
accidents are considered, and that Low velocity impact damage may occur during
manufacture, maintenance, or in service by accidentally dropped tools, runway debris or

hailstorms.

In low-velocity impact, the dynamic structural response of the structure is extremely
important as the contact duration is long enough for the entire structure to respond to the
impact and therefore, more energy is absorbed elastically [71]. However, the
understanding of the modes of failure in composites is important, and this is discussed in

the next section.
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3.3 Modes of failure in low-velocity impact

By virtual of being heterogeneous and anisotropic, the fiber reinforced plastic (FRP)
laminates produces four major modes of failure. Short, G.J et al [72] observes that, “the
main damage modes in laminates composite are, matrix cracking, fiber-matrix
debonding, delaminations, and fiber fracture”. Matrix damage, delamination and fibre

failure/fracture are briefly discussed in the following sections.
3.3.1 Matrix damage

Matrix damage is the first type of failure induced by transverse low-velocity impact, and
usually takes the form of matrix cracking but also debonding between fiber and matrix
[67, 72]. Matrix cracks occur due to property mismatching between the fiber and matrix,

and are usually oriented in planes parallel to the fiber direction in unidirectional layers.

Islam and Craig [73] observed that, “matrix cracking is the cracking of the resin within a
layer, and that, fibers perpendicular to the loading direction produce stress concentrations
in the matrix”. The authors further examined that, since the failure strain of the matrix is
lower than that of the fiber, when subjected to a load, the difference in failure strain
causes the matrix to crack. A general picture or analysis of a typical crack and

delamination pattern is shown in Figure 3.1 below.

S
L XZINNIw
\delamimm
{a) mansverse view (&) longiudinel view

Figure 3.1: Typical erack and delamination pattern [67, 73]

53



The matrix cracks in the upper layers in Figure 3.1 (a) and the middle layer in Figure 3.1
(b) start under the edges of the impactor. These shear cracks are formed by the very high
transverse shear stress through the material, and are inclined at approximately 45°. There
is also a relationship between transverse shear stresses, the contact force and contact area
respectively. The crack on the bottom layer of Figure 3.1 (a) is referred to as a bending
crack because it is brought about by high tensile bending stresses and is typically vertical.

3.3.2 Delamination mode

A delamination is a crack which can propagate in the resin-rich area between plies with
different fiber orientation [67, 74]. Further studies byYen, C.F, [74] revealed that,
“Delaminations which are caused by transverse impact usually come about after an
energy threshold has been reached and that delamination only occurs in the presence of
matrix cracks®. This type of damage appears as debonding of adjoining plies in laminated
composites. Stresses that lead to delamination could result from out-plane stresses such
as mismatch (i.e. the different fiber orientations between the layers) in Poisson ratios
between plies, which results in shear stresses near the ply interface. These shear stresses
produce a bending moment that is balanced by a stress in the thickness direction. Just like
in matrix cracking where the main contribution to damage occurs at the tension side,
delamination is also prominent on the tension side. At very short times after impact,

however, it begins on the neutral plane, where maximum shear stresses are present.

Morais et al [75] assessed that, the pfesencc of delaminations may not be critical if only
tensile stresses are to be of concern. The authors, however, observed that “delaminated
areas will affect the flexural stiffness of laminates, and the initiation of delamination
depended on laminate thickness”. They further noted that, “the maximum value of
shear stresses at the neutral plane of a laminate subjected to ‘bending like’ impact events
must, in fact, be carefully taken into account, and that, laminates with an elastic mismatch
due to laminate geometry, stacking sequence or materials properties can have huge

delaminations due to shear stresses.”
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3.3.3 Fibre failure

It has been reported [67] that there is less information on this type of damage, as research
has concentrated on the low-energy modes of damage. This damage mode however,
usually takes place much later in the fracture process than matrix cracking and
delamination. Further details in the report disclose that, fibre failure occurs under the
impactor due to locally high stresses and indentation effects and that these effects are
principally managed by shear forces and on the non-impacted face due to high bending
stresses. It should also be mentioned that, fibre failure initiate much earlier in the service

life of the laminates composite and accumulate quickly until the final failure [72].
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CHAPTER 4

4 Experimental techniques

Helicopter rotor blades are important safety and highly complicated parts composed of a
mixture of materials and components. Each rotor blade is fabricated as a composite, with
foam or honeycomb materials forming the core of the blade, covered with one or more
layers of fibre reinforced plastics on the outside. Reinforcement of these plastics is
achieved by adding, Kevlar or glass fibers. Stressed areas such as the leading edge of the
blade are reinforced with metallic layers to increase the strength [56]. From the NDT
point of view, the complexity of this material requires NDT techniques that have a high
probability of detection (POD) in terms of sensitivity, if defects or flaws in such materials

can be detected and quantified.

Digital shearography and IRT are optical techniques that are able to detect defects in
composites, and were used in the experiment to detect the artificially created flaws in the
specimens provided. Original pieces cut from different helicopter main rotor blades, a
composite material cut from an original Unmanned Aerospace Vehicle (UAV) wing, and
part of the UAV wing itself were the specimens used in the experiments. These
specimens were donated to the NDT optical laboratory of the University of Cape Town,
in the Mechanical Engineering Department. This section therefore outlines the procedure

and setup used to test the specimens for defects, using Digital shearography and IRT.

The testing was divided into five experiments: experiment number one involved the
inspection of specimen number one. This specimen was part of the helicopter main rotor
blade with nine artificially created flaws in it. The specimen was stressed from the far
side (from the back) and was inspected from the front side where the defects could not be
seen; the second experiment involved stressing the same specimen from the inspection
side (front side). The third experiment involved soaking the whole specimen (helicopter
main rotor blade) in the drying cabinet in order to stress it uniformly. However, in all

these tests, the inspection was done from the front side. The objective of the tests was to
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quantify the defects by relating the number of fringes created to the depth where the
defect was located. Experiment number four involved the testing of BVID in a composite
material from the UAV wing. Finally, experiment number five involved the testing of
three different specimens: part of helicopter main rotor blade with three artificially
created flaws and only one flaw was investigated; part of helicopter main rotor blade with
nine artificially created flaws and only one flaw was investigated; the third specimen was
part of the UAV wing with one artificially created BVID. In all these three specimens
each flaw was stressed from the far side and the front side respectively, and each flaw
was inspected six times. Thermal stressing using the regulated infrared lamp was used to
stress the specimens, and the stressing times were 5 seconds, 10 seconds, and 15 seconds
respectively. All the defects during the testing in experiment number five were

simultaneously exposed to shearographic and IRT testing.

The general standard inspection procedures for shearography and IRT systems and
equipment setup are initially discussed in the next section, and this is followed by

descriptions of setups pertaining to each experiment.

4.1 Digital Shearography Setup

The equipment setup comprises the following items:

1. A continuous wave 30mW Helium-Neon (HeNe) laser with a wavelength of 632.8nm
and coherence length of 100mm. A continuous wave laser is used as it is
characterized by the continuous (steady-state) emission of coherent light at relatively
low power.

2. A Microsoft XP personal computer (PC) with an Intel Pentium 4 processor. Custom

written software is installed on the computer. The PC is also fitted with a digitizer

card and an expansion card.

A PC monitor to view the fringe patterns.

Tripod stand to secure the infrared lamp

Test specimen in place (helicopter main rotor blade).

A e

Infrared lamp to heat the specimen.

57



7. Beam expander to disperse the laser light so that the entire inspection arca is
illuminated.

$. Adjustable mirror to guide the laser through the beam expander,

9. Shearography unit with camera, mirrors and focusing unit

10. Additional laser

I I. magnetic stands to provide support to the specimen

12. Vibration Irec optical table

13. Counter weight to halance the tripod

Figure 4.7 shows the equipment setup with the specimen in position.

Fipure 4.1: Equipment setup

Testing Environment

The experiments took place in the optical laboratory at the University of Cape Town in
the Mechanical Lngineering Department. The set up of the equipment was done on a
vibration free oplical table, although vibration isolation is not necessarily a requirement

for shearography. The table’s surface is a 25mm steel plate which lies on inflated rubber
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tubes that rests on a solid steel base. The specimen was fixed in place as long as its

stability was not compromised.

CCD Camera connections

Two CCD camera cables were used. One cable supplies power to the CCD camera from
the computer. The other cable called a Camera Link cable which connects to the frame
grabber or digitizer card on the computer was used to transmit data from the CCD camera
to the computer. Moreover, the Camera Link cable also transmits data from the computer
to the CCD camera so that the gain of camera can be controlled using Graphical User
Interface (GUI) software since the camera has a built-in look-up table (LUT) for dynamic
range control. This arrangement permits the user to control the contrast and brightness of

the CDD camera detector directly.

PC start up and CCD camera focus

When the computer is started up, the CCD camera is also switched on because the latter
is powered by the computer, and this happens simultaneously. Once the custom software
is opened and loaded a Windows style interface as shown in Figure 4.2, allows the user to
view the live video of the specimen being inspected. This also permits the user to focus
the CCD camera by adjusting the focusing éontrols and zoom on the closed circuit
television (CCTV) lens. The mode controls used are: Video green button to trigger video
motion; video pause button; video stop button; video mode for setting up specimen at
correct shear; shear mode to capture the image; phase mode; slider for brightness;

viewing space for created fringes and filter button. Other controls are optional to the user.
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Fipure 4. 2: Windows user interface

The sofiware controls the digitizer card, the expansion card, real-lime image acquisition

and subtraction processes for the fringe pattern generaton.

Shear Application
Shear is established once the camera is focused. This is done by adjusting the two screws
on the miniaturc angle mount. The sensitivity of the interferometer 1s altained by

increasing the amount of shear. This, however, results in the reduction of the maxinnun
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area that can be inspected. Focusing the camera should be the priority because it is
difficult to distinguish whether the CCD camera is focused or not when the image on the

screen is sheared.

Lens adjustment

The laser is powered and the beam expander is attuned so that the laser light dispersed
can illuminate the required area of the specimen under test. The viewed specimen’s
surface at this point will appear “grainy” due to speckle. The speckle can be made bigger
or smaller by adjusting the aperture of the lens. Reducing the speckle size permits the
device to detect smaller displacements. Speckle size, nevertheless, is limited by the
resolution of the CCD camera and thus when the speckle reaches a certain size it can no
longer be resolved. The resolution of the CCD camera is 1300 x 1030. A small test can be
done by lightly pushing the finger down on the vibration isolation table to determine
whether the speckle will “twinkle”. If the speckle (i.e. black and white spots) appear like
they are moving around when the table is depressed, then the speckle should be able to
detect minimal displacements. The aperture does not only affect speckle size but it is also
adjusted so that the right amount of light will enter the detector of the CCD camera.
However, the amount of light and speckle work together so much that, if the speckle can

be clearly seen then that is the correct amount of light.

Switching to shearography mode

The interferogram can be observed by pressing the shearography button shown on the
windows interface on the right in Figure 4.2 above. Subsequent to pressing the button the
software will capture or grab an image of the live video so that an “unstressed” image of
the object can be stored in the computer. This image is used in the subtraction process to

generate the fringe patterns.
Switching to phase-stepped shearography mode

Selection of the type of mode is optional. The user can either chose normal shearography

mode or phase-stepped shearography mode. If the user wishes to use the shearography
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mode, then this step will be skipped, but if the user wants to go into Phase-stepped
shearography mode then the other mode will be skipped.

Getting into Phased-stepped shearography mode requires the user to press the Phased-
stepped shearography button on the right side of the viewing screen on the user interface
shown in Figure 4.2. Phased-stepped shearography will only work if the piezo-electric
transducer (PZT) is connected to the expansion card on the computer. The software
controls the (PZT) by sending a binary number to the expansion card. The binary number
is converted into a voltage by a digital to analogue converter and sent to the PZT through
the cable that connects it to the computer so that a calibrated micro-displacement can
occur. When the button is pressed, an image of the unstressed object is stored in the
computer for use in the fringe generation routines. A clicking sound will then be heard as

the PZT goes through its micro-displacements.

Stressing the object

The object can be stressed by using one of the following: (1) thermal stressing (2)
mechanical stressing (3) vacuum or pressure stressing and (4) vibration stressing or
acoustic loading. The manner of stressing is dependent on operator’s choice. During
thermal stressing, heat is provided and applied by either a hairdryer or infrared lamp for
the stipulated or set time. Heating the surface of the object generates a thermal wave that
propagates through the material. Defects within the material will disturb the generated
temperature gradient and lead to localized strains and therefore the presence of a flaw can
be identified.

As soon as the object is stressed, fringe patterns will appear on the viewing screen. The
computer performs the subtraction process near real-time and constantly updates the
viewed video feed. This is due to the fact that the frame grabber is set on continuous grab
and therefore the entire process of formation and later the degradation of the fringe
patterns can be observed. The degradation of the fringe patterns can occur due to two

reasons; (1) the heat supplied to the object has dissipated or (2) too much heat has been
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provided which will cause the fringes to run over one another hence canceling the
fringes.

Brightness and Contrast adjustments

This is an optional operation on the part of the user. It is done whilst stressing the object
under inspection and when the resulting fringe patterns are viewed. This is achieved by
moving the respective slider on the user interface shown in Figure 4.2, so that clear and
prominent fringe patterns can be observed. The brightness and contrast slider on the user
interface act independently of the Graphical User Interface (GUI) software controlling
the CCD camera and changes the brightness and contrast of the video feed after being
retrieved from the CCD camera.

Fringe pattern storage

Fringes are captured once an indication of further creation of fringes is observed. This is
characterized by the diminishing signs of creation of the already created fringes. The next
thing is to pause the live viewing of the fringe patterns by pressing the pause button on
the user interface. Then the live video which is now a frozen image can be carefully
scrutinized or stored for later use. Windows photo editor can be used to make further

adjustments such as cropping and auto balance to improve visibility of the overall image.

Filtering stage of fringe patterns

In Phase-stepped shearography, once the fringe pattern is paused the user has the option
of filtering the image by pressing the filter button on the right hand side of the interface
shown in Figure 4.2. Before this is done the user can adjust the number of loops of the
filter by moving the number of loops slider left or right. This prevents the image from
becoming over filtered and hence causing vital information to be lost. Once the image is

filtered it can also be stored for later use.
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4.1.1 Preparation of the test specimen no.1: Helicopter main roter blade

Ninc artificial flaws cqually spaced and with varying tlaw depihs were created in the
specimen. A 44 mm diameter hole-saw was used to drill the specimen such that the
carbon-fiber skin was removed. The honcycomb was then extracted in order to expose the
Naw depth. The center distance between holes was 140 mm, and the depth of Naws were:
2 mnt, 5 mm, 10 mm, 13 mm, 16 mm, 30 mm, 43 mm, 57 mm and 64 mm respectively,
and these are shown in Figure 4.5 below, and [Taw depths are shown in Table 4.1, It
should also be mentioned that, the depih of Naw is the distance from the imspection side
where the flaw cannot be seen to the surfuce of the honeycomb. In other words the area lo
be inspected is the thickness of the honeycomb left afier exiracting the drilled portion o
create the flaw. A crass scetion view of the helicopter main rotor blade s also shown in

Figure 4.4

Figure £.3: Helicopter main rotor blade with nine ereated Muws prepared Tor lesting
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Talle 4. 1: Flaw depths

Flaw number Diameter of flaw (mm) | Depth of flaw (mm)
I 44 2
2 44 5
3 44 10
4 44 I3
3 4 16
) 4 30
7 S 43
g -+ 57
g 4 64

1railing edge with

Leading edge with
Alumintum reinforcement

metalBe reinlorecment

Carban-1ber shan

Haneveamb

Cilass- {iber

Figure 4.4: Cross seclion view of helicopler main votor Blade



4.1.2 Experiment no.l
4.1.2.1 Test Specimen 1: Inspection during far side heating

The specimen was positioned 235 mm away from the infrared lamp, and the lamp was
secured in place by using the tripod stand. Each flaw was inspected five times and the
fringe patterns were obtained after initially stressing the flaw at the far side for onc
second. The purpose of subjecting the flaw to more than one inspection event was to
increase accuracy by averaging the number of fringes obtained. The same procedurc was
applied to two and three seconds stressing respectively, In all the inspections, the stress
time was controlled by a rcgulator, designed to cut off the supply of infrared heat
automatically afler the preset time has clapsed. In this way the amount of heat supplied to

each Maw was controlled. Figure 4.5 shows the setup during the tar side heating.

et _-..!WE

[ofereed Longs

L

ALY
el

Specimen

Fignre 4.5; Experiment no, 1 fest specimen sct up
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4.1.3 Experiment no.2

4.1.3.1 Test speeimen | Inspection <uring tront heating

In order o quaniify the defects during Iremt heating, it was imperative to make some
adjustments in the setup ol the equipment. In view of this, the infrared lamp was
positioned very close lo the specimen al a distance of 65 mm away from the inspection
surface, and the stress time was set to 3 seconds this time. Only four ditfercnt flaws were
chosen for this test, and in order to incrcase the accuracy in the number of fringes
obtained, cach flaw was inspected cight times, and the time taken to create the fringe
patterns for each flaw was rccorded. Consequently the average time to gencrate the
fringes for each flaw was recorded. The tripod stand was also adjusted for cach flaw in
order 1o accurately align the infrared lamp with the flaw pesition. Alignment of the flaw
with the lamp was critical so that the desired amount ef heat was received by the tlaw.

Figure 4.6 shows the sctup for experiment no.2,

Infrared lamp

Inspection side of Tripod stand
Specimen

Figure 4.6: Experiment ne.2 test specimen setup




4.1.4 Experiment no.3
4.1.4.1 Test specimen 1: Uniform stressing

The objective of this test was to view all the flaws in a single video show, in erder to
capture and compare the fiinge patterns to the law depths. The specimen was positioned
in a heating cabinet and lefl 1o seak in the heat for onc hour, al a temperature of 45°C.
The ambient emperature at (he time was 22°C. 1t was later placed on the optical table for
testing after one hour of soaking. All the setup requiremcnts to fulfill the objective were
done, and as part of the requirements, the specimen was adequatcly illuminated by using
two lasers, Figure 4.7, is a demonstration ot the specimen positioned in the heating
cabinet with the thermometer for recording the specimen lemperalure in place. Different
images were then captured and stored by the CCI} camera and the digilizer in the PC.

Figure 4.8, shows the specimen positioned at the table ready for testing.

Opened heating cabinet

Spwectnten

Figure 4.7: Experiment no.3, Specimen gositioned in the bealing cabinet
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Specimen illuminated by two lasers

Figure 4 & Specimen il itated by two lasers
4.1.5 Experiment nod
4.1.5.1 Impact damage testing of UAY composite material

The main objective of this test was to detect Barely Visible Impacted Damage (BVID) in
the composite material using digital shearography. This was to be achieved by creating
artificial defects of different magnitude in the specimen using the impactor, The impact
events were conirolled to low magnitude s that the specimen was nol penetrated and
only internal or barcly visibie damage was introduced. In order to achicve ditferent levels
of damage, impact heights were varied initially from 180 mm to 1} mm for the first
specimen. In the second specimen five BYID were created and the impact heights varied
over the range 260-60 mm. After impact, the specimens were immediately inspected
using shearography und, the fringes created were captured at intervals during the

“recovery” process.
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In shearographic testing, the amount of deformation or strain around the defect has a
relationship with the number or density of [mnges created, and consequently
guantification becomes cvident. Therefore, for the purpose of quantification, the fringe
patterns created in two defects for the first specimen were observed five times ar an
miterval of thirly minuies of cooling down, and the number of fringes created for cach
defeet was monitored dunng the cooling process. The images were capured in phasc
mode and the time to capture these fringes was recorded. For the sceond specimen with
five created defecls, the iniltal pictures showing fringes were captured and the specimen

was left to relax for approximately 15 hours before subjecting it to farther inspection.

The speeimen {pancl) used for testing, was cut from part of the original wing of an
Unmanned Aerospace Vehicle (UAV). The wing was donated to the Universily of Cape
Town, NDT optical laboratory. The panel consisted ol twg liber glass skins sandwiching
a honevcomb, with overall dimensions o 304 x 100 x 7 mm, and thms was secured finmly
into a fixture prior to lesting. Figure 4.9 shows part of the original wing [rom which the
specimen was cul. The sewp of the expenmenl belore impact 15 also shown in Figure

4.10. Figure 4.11 shows the sctup nscd to ¢reate impact damage in the specimen.

Figure 4.11 below, shows a steel rule (1) magnctized at arrow pesition (2) to the basc
plate (3} and vertically positioned to measure the beights from which impact damage was
to be initiated. The impactor (4) was beld in position te coincide with the marked or
circled area on top of the specimen (5).The wmpactor was hemisphenical, 20 mm in
diameter and weighed 0,065 kg. It was allowed lo [all [reely on the specimen and the
delects were created accordingly. Precautions were also taken to ensure that the specimen
was beld firmly while releasing the impactor, The motion of the impactor was achieved
by means of the gearing system (nol shown in the Hgure).BVID were created and the

specimen was ready for inspection.
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Figure 4.9: Part of original UAV wing from which the specinen was cut

Shearography unit with
camera and mirrors

Mugnet to hold fixture Specimen held in a

Figure 4.10; Experiment nod setup of the squipment
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Figure 4.11: Expeciment no.d Sel up (o create ingpact
4.2  Experiment no.5: IRT and Shearographic testing

4.2.1 DBackeround of IRT

In this experiment the IRISYS IRI -1011 Thermal [mager was used simuitancously with
shearographic svstem during the testing of the following specimens: part of helicopler
main rotor blade with three artificially created flaws and only one flaw was investigated:
part of helicopter main riior klade with nine artificially created flaws and only one flaw
was investigated; the third specimen was part of the UAV wing with one artificially
crealed BVID. IRISYS IRI Thermal Imager 1011 has so Tar been considered a modern
thermal imager product, and is currently popular among professional uscrs including the
military. It is handy and very similar in size to a digital still camera. This imager
incorporates devices such as: detector, drive electronics, optical modulator, laser pointer

and four standard or rechargeable batteries [76]. Power can also be supplied from an
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external DC supply. The system includes an optional pistol grip handle (not shown in the
figure) which holds the ‘Pocket PC as a combined processing, display unit and image
storage device. As an option, the output of the imager can be shown and processed in real
time using a PC, and temperatures can be precisely measured. Figure 4.12 shows the
picture of the IRISYS IRl 1011, Details of the equipment are presented in subsequent

sections.

Switch €hn/OffF

Laser Button Lens
* ¥ »
+* hd '
- i "
[ 3 Ld -

Figure 4.12; IRISYS IRI-1011 Thermel fmgier [76|

4.2.2  An overview of IRISYS IR] -1011 operation

It has been reported that, the IRISYS IR1 -1011 Thermal Imager has been developed from
the successful IRISYS IRI 1001 hand held industrial thermal imager, using the well-
proven IRISYS proprictary infrarcd array bascd detector (ABD) system. The technology
used is comparable to the single-element passive infrared (PIR) detectors used in

everyday security, alarm and motion sensing systems, [Chas an integrated circuit mounted
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ceramic detector which generates a 256 pixel real-time temperature display, and this
eliminates completely the need for sophisticated and costly cryogenic cooling [77]. An
optical system projects the external scene on to the detector array, enabling the
temperature at each of the 256 pixels to be accurately measured at a rate of eight times
every second, over a range from -10 to +300C, over a 20 degree field of view, with a

sensitivity of 0.5K at 30C.

An option to display the thermal images can be made to either use Grey scale, Red-blue
or Green-blue color. In this experiment the Red-blue color option was used. Two
moveable temperature measurement cursors are also available to evaluate the temperature
anywhere in the thermal image. Both individual and temperature difference values are
displayed and over one thousand (1000) images can be saved to the pocket PC for
retrieval or downloading to a PC [77].

4.2.3 Components of the IRI 1011 Thermal Imager

The successful operation of the IRI 1011 Thermal Imager depends on the following
components: the hardware, using the laser pointer, using the IRI 1011 Thermal Imager
with a “Pocket PC’, and using PC Software-IRISYS 1011 Imager. These components are

discussed in the following section.

Hardware
The IRI 1011 system is designed for use with a ‘Pocket PC’ and the imager is connected
through an RS232 serial sync cable. The IRI 1011 has an ‘on/off” switch, while the

‘Pocket PC’ has a separate power switch.

Using the Laser Pointer
This feature is used to allow the operator to illuminate and identify the centre of the scene
that the Thermal Imager is viewing. When the IRI 1011 unit is switched ‘ON’, the laser

button can be pressed to view the position of the scene under investigation.

ol
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The itlumination of the area of interest 1o be viewed 15 usually by deflault temperature
measurement pixel. The later is the central point on the “Pocket PC’ which is indicated by
a red circle. Figure 4.13 shows a screenshot of [RISYS 1011 Imager “Pocket PC° and

s0ime other imporiant features of 3 *Pocket PC°,

‘E{;’| 1000 Serles HH. Im ¢ {§ 5:12

Selected
Temperature
Delnult Eange

Laser Pixel

Temperafute
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curset anrd
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covresponding temperature
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tenperatere cursors

reading

Lemperature L0 14,057 i O7LO%
Range | } £ .

Pocket PC Battery
" Indicator
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Figure 4, 13; Sereenshat of IRISYS 101 Imager *Pocket PC” Software | 73]

An indication ol the pixel dimension is given by the {ength of the laser bar, and in order
for the IRISYS 1011 to provide a precise temperature reading, the minimum area of the
picture being viewed must be a square that totally surround the |aser bar. This therelore
makes the laser ponter uselul lor achieving the maximum viewing range of the IRISYS

101 lin specific applications.
Using the IRISYS 1011 Thermal Imager with a '‘Pocket PC'
In this experiment, the IRISYS 1001 Thermai Imager was used with the *Pocket PC” and

was run on Microsoll ‘Pocket PC™ 2002, The “Pocket PC” was used to display, process
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and store snapshots of thermal images. In order to display the snapshots from the ‘Pocket
PC’ onto the PC, ActiveSync was installed on the PC and communicating with the
‘Pocket PC’.

4.2.4 Software Button Operations

This section discusses some important software buttons used within the IRISYS 1011

Imager software. The discussion is with reference to Figure 4.13 above.

Grab

This button takes a snapshot of the currently displayed image. The user decides whether
to save the image or not. Choosing ‘No’ implies that the snapshot taken has to be
discarded and hence prompting the user to return to live mode. If an image has to be

saved, then the option has to be ‘Yes’ and the image is thus stored for future use.

Auto

This button operates in two modes: “ticked box” Continuous Auto, and Unticked box”
continuous Auto, In “ticked box” Continuous Auto mode, the temperature range and
sensitivity of the image for ease of viewing is continuously adjusted, where as in
Unticked box” continuous Auto mode the ‘Auto’ button can be used to switch
continuous Auto on or off. In the ‘Unticked box” continuous Auto, the ‘Auto’ button is
used in a one shot mode i.e. each time the button is pushed it will automatically adjust the

temperature range and sensitivity for the present scene.

Tools

This feature provides access to the following: image label, where the user can enter their
own selected name for saved snapshot; image folder where the user can set the path
directory to which snapshot images are saved;‘ ambient (°C), where the user can set the
ambient temperature and the software compensates for this to give more accurate
temperature readings. This is, however, limited to 200°C. Calibration is yet another

setting, and if there is more than one calibration file available for the imager, the user can
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select the appropriate file from this box. For one calibration file, this selection box may
not be displayed; setting the correct emissivity for the material being imaged is important
to achieve the accuracy of temperature readings. Hence emissivity is another image label
found in the tool’s button. The number of image frames to be integrated can be set to
‘Integration OFF’ or up to 10 frames using the integration label. This function reduces
“noise” on the image and it is turned off when imaging a moving scene. Other features in
» egnd

the tools button are ‘interpolate Element’ and ‘continuous Auto’ details of which

can be found in the user manual.

4.2.5 Snapshot transfer from a ‘Pocket PC’ to a PC

Microsoft ActiveSync must be installed to be able to transfer Snapshot images from the
‘Pocket PC’ to a PC. From the file menu in ActiveSync “Explore” is selected and this
opens a “Mobile Device” window. A double click is made on “My Pocket PC’ and then a
'double click' is made finally on “My Documents” and eventually the Snapshots are

selected. The Snapshots are then copied to a suitable folder on the PC for future use.

4.2.6 Experiment no.5: testing procedure

This section describes the experimental procedure used during the testing of the
following specimens: part of helicopter main rotor blade with three artificially created
flaws and only one flaw was investigated; part of helicopter main rotor blade with nine
artificially created flaws and only one flaw was investigated; the third specimen was part
of the UAV wing with one artificially created BVID. Digital Shearographic and IRT
techniques were simultaneously used in the testing of the specimens. The shearographic
system was positioned on the laboratory’s optical table facing the test specimen and
connected to the personal computer. The IRISYS IRI 1011 system was mounted on the
tripod stand with the camera also facing the specimen as for example figure 4.15. The
laser pointer from the IRISYS IRI 1011 system camera was used to locate the IRT

camera viewing the exact surface position where the flaw existed beneath it.
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The testing procedure for each flaw in the specimens was done sequentially; the first
sequence involved capturing the first image (i.e. a reference image for the Shearographic
system) when the specimen was at room temperature conditions. The specimen was
heated and both images i.e. (The IRT and shearographic) were stored while displaying
the typical hot spot and bull’s eye respectively and both indicating the presence of the
flaw. Because the intention of this test was to establish a comparison of “sensitivity” of
the two systems, the specimens had to be left to return to room temperature. This was
dictated by the fact that when storing the initial shearographic image it cancelled the
reference image. Therefore the procedure had to be repeated and the specimens were
allowed to cool down to room iemperature again under observation, for the evidence of
which system continued to display the presence of the defect while the other no longer
indicated it.

Each specimen was thermally stressed from the back and front side for a specific time,
and each flaw was inspected six times. The stress times used were; 5 seconds, 10
seconds, and 15 seconds respectively. Typical arrangements of the specimen used in the
experiment are shown from Figure 4.14 to Figure 4.16. Figure 4.14 for example is the
setup for a UAV specimen containing the BVID defect. The results of the tests are

presented in chapter five of the thesis.
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Shearographic System’s Optical head

IRISYS Thermal System

Position of BV1D LAYV {specimen)

Figure 4. 14: UAY specimen containing the BY T deleet

Figure 4.15 below shows the setup of the helicopter main rotor blade with three
artificially created flaws and the middle flaw as shown in the figure was investigated. The

figure shows the specimen positioned for far side heating.
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Shearographic System’s Optical head

TRISYS Thermal Systcm

Specunen

Figure 4.15: Helicopier main roter blade with three artificially creaced flaws

Figure 4.16 below shows the setup of the helicopter main rotor blade with nine art ficially

created tlaws and the flaw investigated is shown in the figure,

TRISY S, Thermal System

/

Shearographic System’s Optical head

Flaw inspeeted

Figure 4. 16: Helicopler main rotor blade with oine actileially ereaied flaws
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CHAPTER 5

5 Results and analysis

5.1 Digital Shearographic test results
5.1.1 Experiment no.1 test results: test specimen no. 1

Specimen 1, with defects at various depths from the inspecting surface, was tested using
digital shearography. The software was set to real-time mode so that the response of the
specimen to stressing could be observed almost instantaneously. The tests were carried
out using horizontal shear. In other words shearing was along the x-axis. The results are

presented and analyzed in subsequent sections.

5.1.1.1 Test specimen no. 1 thermally stressed at the far side for one second

The seven fringe patterns shown in Figure 5.1(a)-(g), are typical results obtained whilst
inspecting the defects from the near surface of the specimen, where the defects could not
be seen. Each flaw was inspected five times and the patterns were obtained after
thermally stressing the flaw at the far side for one second. The purpose of subjecting the
flaw to more than one inspection event was to increase accuracy by averaging the
maximum number of fringes obtained before they began to disappear again due to the
cooling of the specimens. The same procedure was applied to two and three seconds

thermal stressing respectively.
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(d) 30 mmn depth (¢} 43 mm depth (F1 37 mm depth

() 04 mm depih

Figore 5.1: (aH{z): Avernged fringe patterny for | sccond stresy

The presence and locaiion of the detects are clearly identified by the familiar “double
bull’s eve”. The number of Iringes around a defect usually indicates the amplitude of the
localized displacement induced, and this is influenced by the depth and size of the delect.
However, the basis for comparison of depth or size of defecis depends on whether the
delects are perturbed uniformly for the same time. It can be observed that the paiterns are
characterized either by an increased or reduced number ol [ringes, as an indication of the

presence and location ol the defect, relative to its closeness to the inspecied surface.




5.1.1.2 Specimen no. | thermally stressed al the far side for 2 seconds

Figure 5.2 (u)(g) shows the averaged fringe patterns obtained after stressing the
specimen for two seconds. 1t should be observed that, the number of fringes increased lor
each flaw as compared to a one sccond stress inspection. 'This alse suggests that the more

stress you apply to the specimen, the more fringes vou expect.

(1) 2 mm cdepth (b) 13 mm depth () 16 mm depth

(e} 43 mm depth (f) 57 mn depeh

{) 64 mun depth

Figure 5.2: (a){g): Averaged fringe palterns for 1 seconds stress
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S 13 Specimen no.l thermally stressed at the Lae side for 3 seconds

Figure 5.3 (a)-(g). shows the averaged finge patterns oblxined after stressing the

specimen [ three seconds.

(1) 2 mm depth (b} 13 mum depth {ch 16 mm depih

(dy 30 mm depth (¢) 43 mm depeh (N 57 mwm depth

() 64 mm depth

Figure 5.3: (a2} Averaged fringe pallerss for 5 seconds siress
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3.1.1.4 Dadu collected and graplireal presentation of inspection

Table 5.1, shows the data collected for the avemge number of fringes and the

corresponding depths for each flaw, The results are represented in graphical lorm as

depicted in Figure 5.4.

Table 5.0 Nomber of fringes as a function of depth of defect

| Depth ofdefect  Fringesinl | Fringes in 2 Fringes in 3
{(mm) second of stress | seconds of stress | seconds of siress

2 - 0.3 bES

13 3 b b

i 26 45 S T
30 2 325 5

43 1.75 L B

il 1.5 2.5 B

64 8 Y 3 .




Digital shearography inspection
araphs:helicepter blade(far side heating)
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Figure 5.4: Number of fringes as a function of depth

512 Experiment no.2; Speciinen ne. | thermally stressed from front side

In order to quantify the defects in the selected Naws in the specimen, there was need to
capturc a predeterimined number of fringes for each flaw and thus a different testing
procedure was used. This time the infrared lamp was pesitiened 65 min away from the
front surface of the specimen. Four flaws of differeni depths were chosen from the
specimen for analysis, and each was siressed for 5 scconds and inspected cight times.
Again the number of inspections done on each flaw was to enhance the accuracy in the
number of fringes obtained, and hence an average time lor ali the eight lesls was noted
for cach flaw. As usuai. the inspection was done from the near surface where the Maws
could not be seer. [t must be mentioned that ibe average time indicated is the time it took
to caplure the predetermined number of fringes per flaw. The four fringe patterms shown

in Figure 5.5 (a)-{(d), are typicai results obtained for this inspection.
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{c} 43 mnt depth {th) 64 mm dlepeh

Figure 5. 5: (a){d): Fringe putterns due lo froni healing

‘Fable 5.2 shows the data collecled lor this test. For convenienee, the defects or flaws
were labeled rom L to 9 and each number comresponds to a specific depth as shown in

table 5.2.
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Table 5.1: Depth of defect as a function of gaverage time in seconds

. Defeet number Corresponding | Average time taken
depth of defect | to capture fringes
; (mm) ot i
:' {sceonds)
1 2 B YT
2 7 =
3 " ) ;
[~ 4 13 64.01
5 x g
6 - 1 ) 2
7 43 59.4
8 : 3
9 64 499

A graphical presenlation ol the data collected for the test (front heating) is shown in

Tigure 5.6 below.

Digital shearography Inspectlon: helicopter main rotor
blade (front heating)

= Siress tor & seconds —— Lincar [Stress for 5 oyeonnds)

10

o 2 4 1= o

Defect number

Figwre 5.1: A praphical presentation of average time versos defect number
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51.3 Resulis of experiments

5.1.3.1 Experiment ne.1; Specimen no. 1 thermally stressed from far side

When the specimen is heated from the far side, the heat generated encounters the flaw
nmch quicker and therefore gets localized faster as it further propagates through the
material, There is less background noise during back heating (far side), and therefore the
number of fringes created is fewer as opposed to when the specimen is front heated.
Moreover, the Iringes created, are of good quality and cven, as compared to those created
through front heating. The number of fringes created is also related to the depth of the
flaw, and this can be observed from Figure 5.1{a)-(g), where the 2 mm defect depth,
shown in figure 5.1(a}, has more {ringes than the other flaw depths. It should also be
menticned that, according to the design of the {laws in the specimen, the 2 mm {law {s
along the trailing edge of the helicopter blade and much of the honeycomb had o be
removed in order to obtain the desired flaw depth, This resulted in exposing the carbon
fiber skin of the blade through which localization of heat took place. This implied that,
the heal generated had direct contact with the carbon fiber skin and thus many fringes
where created faster for this particular flaw. Figure 5.7 below (viewed from the top),
shows the flaw positions (a) and (b) in red colour, and the heat {low through and around

thern, The blue boundary line represents the assumed thickness for the specimen.

89



Carbon fiber skin ({ront side) Honeyecomb

Front side of specimen

|

. g5 |

- Jr{h']‘
| 4 T T T Back side of le‘.:l:inwnT : T T
| .

Q) — Heat applicd from the back side of specimen as shown by arrows.

I'he flow of heat is imitially linear before encountering the flaw.
Direction of heat changes on contact with flaw. Results for defeets (a)
and (b) arc shown in the images below.

P

(1)

Flgure 5.7: (a} Typical lvinges for defect nearer to nbhserver. (b} Typical fringes fur defect

further from observer.

For a “deeper [law™, the thickness of the honeycomb when measured from the inspeciion

surlace is obviously larger, and the heat has to filter through this thicker potion of the
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honeycomb before encountering the inspection surface. This implies that the heat
dissipates or degrades through the thickness of the honeycomb core from the flaw to the
inspection surface. Thus the temperature at the surface is not high enough to create a
large number of fringes. Consequently fewer fringes are created for a “deeper flaw”.
Figures 5.1(b)-(g) shows the trend of fringe pattern creation in relation to the depth of
flaw, with the “deepest flaw” having the least number of fringes. Based on these findings,
it is therefore, possible to quantify the depth of a defect or flaw during the inspection

process.

5.1.3.2 Experiment no.2: Specimen no.1 thermally stressed from front side

During front heating, flaw manifestation is more complex, and there is considerable
background noise generated in the image of the surface being inspected. Initially, the heat
generated permeates through the carbon fiber skin, and then through the honeycomb
matrix before encountering the flaw. The core beneath the surface acts as a conduit
accelerating the rate of heat propagation toward the flaw space. When the heat flow
reaches the “delamination” it slows down as it encounters a less conductive medium. It is
only then that the build up of heat in the space between skin (inspection surface) and
depth of flaw begins to increase affecting the surface temperature and hence the creation
of fringes. For delaminations very near the inspection surface the build up of heat is faster
hence the creation of large number of fringes at the beginning of the process. By the time
the deeper flaws begin to manifest their presence the ones near the surface have cooled
down and show reduced number of fringes. The shapes of fringes also are not as even,

compared to those created by back heating.

The procedure, however, in terms of quantification of defects or flaws is similar in both
cases. In this case, “smaller depths” from the inspecting surface, produces more fringes
initially than deeper ones and this can be confirmed by the results obtained in Figure
5.5(a)-(d). This is also graphically represented in Figure 5.6 above. Figure 5.8 in the top

view, is an illustration of the heat flow through the specimen, and the resulting fringes
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created during ltont heating. The depth of the defect is measured from the front side of

the specimen.

Q = lleat applied on inspection side (front side) of specimen

l J. l Frmllt side ifspccirlnen l Jr

X D ¢
N VAV
SN N

Back side of specimen

() Trapped heat (ii) Hcat is conducted

in the honeycomb, in honeveomb before it

resulting in mare encounters the defect,

and uneven Iringes as resulting in uncven fewer

shown in (a} below. fringes shown in (b) below,
| =

| '

{a} (b}

Fiowee 5. % {a} Typical Tringes for ~shallow defeet™ {b) Typical [vioges for “deeper defect”



5.1.3.3 Experiment ned: Specimen no. 1 thermally stressed uniformly

The flaw depths were numbered from 1 to 9. to correspond to their respective depth sizes
as discussed earlicr. Tniially, a high concentration of fringes was observed [rom laws 1,
2.3, and 4 as seen in Figure 3.9. These were the shallow [aws and the fnnyge patiems
were captured as they [ormed. Tt was obviously nol possible 1o see all the (laws clearly
during the first video show because of variations in the lemperature dilferences between
the flaws, which were dependent on the [law depih, and therelore the cooling rates were
different. Other flaws started showing [ringes afier refreshing the video. Thias was,
however, expected especially [rom deeper (laws (more malenial). By then Maws 1, 2, and
3, int Figure 5,10, showed a diminished number of [finges as compared (o the reat of the
ilaws. On the other hand, fringe patterns for flaws 7, 8, and 9 became more visible after

(urther cooling,.

Anomaly 1

Anomaly 2 :

Figure 5. 9: Flaws 1, 2, 3 and 4, shewing a high concentration of [ringes
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Figure 5 11: Flaws 1, 2, and 3 dezwcting reduced number of fringes

There were some distortions in the matc-ial which were revealed by shearography dunng
the initial stages of fringe creazion. This is dawoenstrated by anomaly 1 and 2 shown in
Figure 5.9 above. This is also an indication of “he sensitivity of digital shearography to
flaw detection. A large portior along flaws 7, 8, and % in Figure 3.9, near the leading
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edge of the blade, shows a distorted pattern, and hence the fringe patterns around these
flaws are not as clear as was expected. However, after further cooling, a different picture
of fringe patterns free from distortion was exposed. This is clearly illustrated in Figure
5.10 and Figure 5.11 above. The reduced number of fringes for flaws 1, 2, and 3, was
expected after further cooling. This was due to small temperature difference taking place
around each flaw. In other words, the flaw depths are smaller, hence lesser amount of
material as compared to those with large portions of honeycomb. This therefore results in

their inability to create further fringes, later during the cooling down period.

5.1.3.4 Experiment no.4: Impact damage testing of UAV composite

A preliminary investigation was conducted during the experiment and several samples of
the same material were initially inspected for artificially created BVID, before carrying
out inspections on the actual test specimens. It was discovered that the material could not
retain the created damage permanently in some instances. Initially, Shearography did
reveal very vividly the “defects” created immediately after impact without any stressing
(thermal or otherwise) and it was possible to count the number of fringes created within
these first few minutes of inspection. The situation, however, was different once the
specimen had relaxed from the impact after a longer time. The initially recorded image
of fringes depicting the familiar “double bull’s eye” was not visible again as expected
when the specimen was thermally stressed. It clearly showed that, the material recovered

from impact to a large extent as long as the skin material was not cracked or perforated.

Based on the observations made above, it became apparent that, the relaxation time of the
material could be monitored with a view of establishing the BVID threshold. The first
specimen was therefore, prepared and two BVID were created at different heights. The
specimen was then inspected six times at intervals of thirty minutes while the material
appeared to self recover or heals itself. The results obtained are presented in table 5.3

below.
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Table & 3 baspection intervals verses capluriog Gaoe al fringes in phase

Capturing time Number of Number of
Taspection of fringes in fringes fringes
Inicrvals phase Captured for Captured for
mode(seconds) | defect one (22 | defect two (14
mun height) mm height)
| 14 ] & +
i XI; 3 ¢
541 3 q
B 897 5 4
. 1258 5 i
f 1656 5 4

It should be noted that during the relaxation period of three hours (i.c. six obscrvations,
one half hour (30 min) apart) the arbitrary choice of observing the creation of four
fringes, yielded ever incrcasing time period. For example initially the rate of recovery
from the impact 18 very fast in that it takes 30.5 seconds to produce four fringes. In
contrast afier the fourth interval (i.c. 2 hours inle the est} the ate of relaxation has been
considerably reduced and it took 897 seconds to produce 4 fiinges again. After capturing
the last image, the specimen was left to relax further, and only subjected to shearographic
wspection by thermal inspectlion on the following day. The images caplured on this day,
did nul, however, produce the same number of fringes or for that matter the characteristic
bull’s eye as shown in figure 5.12 and 5.13. A graphical presentation of the data shown in
table 5.3 is shown in Figure 5.14. The graph suggests that after prolonged relaxation,
more time wauld be required to create a (chosen) “significant” number of fringes. and
these fringes were likely 10 reduce significantly 0 a point where it may nol be possible or

buarely sec the damage, particularly the “faw™ created by impact.

In order to study the behavior of the specimen’s material to impact, another specimen

was prepared with live BVID introduced from five different impact heights. The images
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obtained after the specimen had relaxed for approximately 15 hours are presented in
Figurc 5.15 and Figure 5.16 respectively. The desighations A and B in the images reler to
defects with live and lour Iringes in the lell [obe respectively, The image with less

number of fringes (B) had reccived lesser impact.

Fizure 5.12: Phase fringes captured initiolly (1% inspection interval) created during 30.50 sec

Figure 5,13: Phase filier for fringes as in Figure 5015,
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impact testing of UAVspecimen: Digital shearography
inspection

| o Phase mode — Linear (Fhase mode) |

2000
S 1500 -
-
EU
= i 1000 -
28
& 00
Bk
% 9

P S B NS SO SR N

Inspection intervals

Figure 304 Caploving tiwe of frioges verses inspeclion intervals

Figure 3.13 below shows {he image captured oo a specunen thal was subjected o
different impact levels, was lelt to relax and finally thermally stressed to reveal iF any

damage was permancnt. Table 3.4 shows the nmpact fevels A w E.

Table 5.4: lmpact bevels A to [

Lmpact position Impaet bheight (mom)
A RIS
B 210
C 160
1 | H)
B o]
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At position “E” (Figure 5.15) you can hardly see the [ringes, but there is still an indication
of the position of impact. Position ‘E’, appears to be. the threshold for BVID in this
experiment. Interestingly, the flaw at position ‘A’ (with highest impact) is not significant
in Uigure 3.13. This, however, is revealed by the “kink” at "A” in Figure 5.16(5ee circled

spot) after further phase filtering.

Figure 5, 16: Phase filtered images after refreshing and duriog (urther couling of the specimen shown

in figure 5.15
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Specimen: UAV wing with BVID, front heating for 5 seconds

The results for this type of inspection are shown in Figure 3.17 and Figure 3,18

fin) el spod® alter lussing (o) mhesrogrnphic *lesee paiern”

Figure 3.17: {a) IRISYS systeen; (b) Shearographic system

Link™ spot

{] Mo chaet spot” Dnaze after coolinge (] Frimge padtern after cosling

Figure 5.18: (a) HRISY S system; (b} Shearvographic system
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Specimen: UAV wing with BVID, front heating for 10 seconds

Typical results are shown in Figure 5,19 and Figure 5.20

Rl 1 2oC

214
5 20.8
0.2

19,6

1.0

Gk DLt apat® anfrer Beatine (1) Sheavagraphic *fringe pattern’

Figure 5.049: (a) IRISYS system; (b} Shearopraphte system

“Kigh" spat

(a) Mo ‘hot spol® alter eooling (b Frage pand Gerae adles cooling

Fipure 5.240: (a) IRISYS system; (b) Shearograpliic system
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Specimen: UAV wing with BVID, front heating for 13 seconds

Typical results are shown in Figure 5.21 and Figure 5.22

{a) *Hot spot’ after heatling (b)) Shearocraplie frinee pattern’

Fipure 5. 21: (a) ERISYS system; {b) Sheavographic sysicin

“Iigk” spot

ta] Mo thot spot” Tavree after cosling thy Fringe patieri alter

Fimure 5,220 (a) TRISY S systems (b)) Shearogreaphic system
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Specimen: UAV wing with BVID, far side heating for 5 seconds

lypical results are shown in Figure 5.23 and Figure 5.24

{a} "Hot spot? after heating (b} Shearopraphic ‘Tringe pallern

tigure 5 23 (a) IRISYS system; {h) Shearographic systom

gk spot

() Moo bl spod” Totage afler cooting (b} Fringe paliera after cooline

Figure 5.24: {a) ERESY'S systenn; (b)) Shearographic system
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Specimen: UAV wing with BVID, far side heating for 10 secanids
Typical results are shown in Figure 5.25 and Figure 5.26

{n) *Hot spot” after heating (b} Shearographic ‘fringe pattern®

Figure 5.25: (a) IRISYS system: (b} Shearographiv syslem

" spot

{a) No *hat spot” Image after cooling (h) Iringe paitern after cooling

Figure 5.26: (a) IRISYS system; (b) Shearographic system
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Specimen: UAV wing with BVID, far side rearing for 13 seconds

Typical results arce shown in Figure 5.27 and Figure 5.28

fa) "ot spot’ after heating () Shearegraphic 'fringe pattern’

Figure 5 27: (a) IRISYS system; (b) Shearngraphic sysiem

210 7 L7 st
T20.6

20.2
"19.8

194

184

fa) No “hol spot” Lnage after couling {b) Fringe pattern after conling

Fipure 5. 28: {a) IRISYS system; () Shearographie system
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Specimen: Helicopter blade with 3 defects, far side heating for 3 see

Typical results arc shown in Figure 5.29 and I'igure 5.30

fap Het spot® aller lweating (b) Shearvgraphic “fringe pattern®

Flgure 5, 2% (a) IRISYS s¥stems (b) Shearograpliic system

{a) Mo *hot spot™ Image alter cooling (b} Double bull's cye after cooting

Figure 5. 30: (a) IRISYS system: {b) Shearographic system
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Specimen: Helicopter Made with 3 defects, far side heating for 10 sec

Typical results are shown in Figure 5.31 and Figure 5.32

0.8
20.2
19.6

- 100

{a) “Hot spot’ after beating {1} Shearographic *Mringe pattern’

Figure 5 31: (a) ERESY S system; (b)) Shearngraphic system

(i) No “hol spotl” Lmage alter couling (b} Doubde bioll*s eye aficr coaling

Figure 5 32: (4} IRISYS system; (b)) Shearographic system
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Specimen: Helicopter blade with 3 defects, fur side heating for 15 sec

Typical results are shown in Figure 5.33 and Figure 5.34

{a) "Hud spot” aler heating () Shearogrphic *Ivnge padlern’

Fipure 5,33 (a} IRISY'S system; {h) Shearographic system

(a) Mo thot spot” Imape after cooling (h} Drouble Lull's eye after coaling

Figure 5 34: (3) IRISYS system; (b} Shearopraphic system
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Specimen: Helicopter blade with 3 defects, frant heating for 5 sec

Typical results are shown in Figure 5.35 and Figure 5.36

Sl 15 6°C

0.8
204

iR,

{u) “Hot spot® after healing (I+) Shearszraplic *Irnnge paticrn’

Figure 5. 35: {a) IRISYS system; {(b) Shearographic system

(a) Mo *haot spet® Tmage after caoling (1) Drouble bull's eyve after coaling

Figure 5. 30z (a) IRISY S system; (b} Shearographic system
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Specimen: Helicopter blade with 3 defects, front heating for 10 sec

Typical results arc shown in Figure 3.37 and Figure 5.38

{a) *“Huf spot” after heating (b Shearppraphic *fringe pattern®

Figure 5.37: (a) TRISYS systen; (I Shearographic sysivm

{a) No “hot spot® tmage after eooling {h) Doubte bult® eye after cooling

Figure 5.38: (a} IRESYS system; (b} Shearographic system
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Specimen: Helicopter blade with 3 defects, front heating for 15 sec

Typical results arc shown in Figure 5.39 and Figure 5.40

{a) “Lhat spot’ alter heating (D) Shearooraphic fringe pattern®

Figure 5.39: ja) IRISYS systems (h) Shearographic systeo

(#) No “hot spot” Image after cooling (b} Double bull’s eye alter conling

Figure 5.440: (a) IRISYS system; (b} Shearographic system




Specimen: Helicopter blade with 9 defects, front heating for 3 sec

T'vpical results are shown in Figure 5.4 and Figure 5.42

13.0

{u} *Het spot® after heating (¥} shearographic “lringe patiern’

Figure 5. 41: {a) IRISYS systems {b) Shearographic system

{n) No ‘hot spot’ [mage after cooling (b} Doulle bull’s eye afier cooling

Figure 5. 42: (o) IRISYS system; (b} Shearographic sysiem




Specinen: Helicapter blade with 9 defects, fromt heating for 1) sec

Typical results are shown in Figure 5.43 and Figure 5.44

(a} ‘Hot spt” aller bealing (k) Shearographiv *lrioge patiern®

Figure 5,43: (2) IRISYS sysiem; (b} Shearographic system

19.6°C

{a) Mo hol spot’ alier eoaling (b} Double bull’s eye after eooling

Figure 5. 44: (1) IRISYS s¥siem; {b) Shearographic system
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Specimen: Helicopter blade with 9 defects, front heating for 153 sec

Typical results are shown tn Figure 5.45 and Fipure 5.46
¥B £ E

24,0
3.4
228
22.2

216

P!

{a) *Hot spot” after heating () Shesrographic *fringe pattern’

Figure 5.45: (a) IRISYS system; (b) Shearvgraphic sysiem

e

(a) Mo ‘ot spol” after cooling () Bouble bill™s cye after cooling

Lizure 5.46: (a) LRISYS systems (b) Shearogeaphie svsiem




Specimen: Helicopier blade with 9 defects, far side heating for 5 sec

Typical results are shown in Figure 5.47 and Figure 5.48

{a) ‘Lot spot” after henting (1) Shearagraphic *fringe pattern’

Fignre 5, 47; () TRISYS system; (b} Shearographic system

S 10 2°C

s B

26,2

(i) Mo “hol spol® image alier cooling h) Double bull's eve affer cooling

Figure 5. 48: (a) IRISYS system; (b) Shearograplic system




Specimen: Helicopter blade with 9 defects, far side heating for 10 sec

Typical results are shown in Figure 549 and Figure 5.50

- 2140
e

0.2

194

140

(o) *Hod spot® aler heating {b) Shearvgraphic ‘lringe pattern®

Figure 5.49 (a) IRISYS sysiem; (b) Shearographic system

"N
184
192
3.8
18.4

120

{:1) Pagr ~hot spot” imepee wlter cooling i) Dunhle hall's exe after cooling

Figuwee 55600 () IRISYS systemy (b Shevuoeaphic system
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Specimen: Helicopter blade with 9 defects, far side heating for 15 sec

Typical results are shown in Figure 5.51 and Figure 5.52

{a) ‘Hot spat’ nfter llf.'lﬁn=- (b Shearoeraphic *Ivinge pullern®

Figure 3,51: {0) TRISYS system; (b) Shearographic system

{1} No “hot spot” image alfer cooling (b} Dounble holl*s eve alter cooling

Figure 5.52: [2) IRTSY'S systen; (b} Shearogrplioc system
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5.1.3.6 Analysis of experiment no.5: IRT and Shearographic systems

The results presented in figures 5.17 to 5.52 above clearly demonstrates that both
techniques, that is, IRT and shearography, detect and show readily the location of defects
in the composite materials. Moreover, the IRT images were not only indicating the
position of the defect or flaw, but produced data concerning the temperature of the region

of the defect in relation to the cooler surrounding material.

The Shearographic system however, was exceptional in the display of the results. The
system was not just as sensitive as IRT in responding to the radiant heat and readily
displayed the image, but was also able to show the image much longer than the IRT
system. This can be confirmed by the results presented above. In all the test results
shown, Shearographic system showed the live fringes while IRT system had lost the ‘hot
spot’.

It should also be mentioned that, the amount of heating of the specimen has a direct effect
on the number of fringes observed in the shearogram, and therefore flaws that are closer
to the surface would reveal more fringes and those far away from the inspection surface
would exhibit less fringes. The IRT system is characterized by a brighter colour at the
‘hot spot’ if more heat is applied. The distance at which the heat source is positioned,

however, has also an influence on the outcome of the image produced.

Another interesting observation made is that both techniques were able to detect the
BVID in the UAV specimen instantly. This certainly confirms the sensitivity of the
techniques in defect detection of BVID in composite materials of this nature. The
shearographic system nevertheless, was more sensitive in the detection of BVID in the
UAYV specimen. While IRT system had given up the ‘hot spot’, shearographic system
showed the presence of the defect by a “kink’ in the fringes (see circled spot). In all the
images shown in figures 5.18, 5.20...5.28, there is a “kink” spot present which indicates
the position of the defect.
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Based on the observations made above, either of both techniques could be employed in
the investigation of delaminations in composite materials and can complement one
another for further evaluation. For example since shearography indicates surface strain in
a given/chosen direction and the thermograms contain information regarding the surface
temperature where the strain is exhibited, it could yield an evaluation of the surface
thermal stresses. In this experiment, the Shearographic technique proved to be more
sensitive than the IRT technique, that is, it continued to indicate the familiar double bull’s

eye long after the hot spot of the thermal imager had disappeared.
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CONCLUSION

An introductory comparative study of IRT and Shearography in the detection of flaws in
some aircraft composite materials has been introduced in this thesis. It is evident from the
literature survey presented as well as the experimental technique performed in this work
that; both techniques are capable of detecting flaws and with reasonable sensitivity. The
techniques are easy to use and provide quick detection of flaws. It should however, be
mentioned that the success of a NDT particularly in aircraft components depends largely
on the proper choice of a testing technique. For a complex component such as a
composite structure on the aircraft it will be imperative to verify the results from any
NDT method used by the results of another measurement technique. The aim of optical
techniques such as Digital shearography or IRT is not to merely replace conventional
methods but to offer a complementary way, the potential to gather data rapidly and cost-

effectively in a NDT inspection program.

The main focus of this work has been the feasibility of the quantification of defects in
composite components using Digital shearography, an established imaging interface that
allows real-time measurement of changes to a target surface. It offers fast detection of
damage disbonds, porosity and delamination. It is thus considered as an essential tool for
aircraft maintenance. It is easy to use and relies on a fairly simple interpretation of the
fringe patterns. Shearogaphic results are not affected by surface conditions such as

emissivity or paint, etc; therefore it requires no surface preparation.

Quantification of defects in composite materials with IRT should be possible through

temperature indication above the flaw on the surface of the material.

It is not easy to define which optical method is the best because there is no “winning

technique”.
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Appendix A

Al Glossary of terms

Al.1 JAS 39 Gripen

The Saab JAS 39 “Gripen” is a fighter aircraft manufactured by the Swedish aerospace
company Saab. The designation ‘JAS’ stands for Jackt (Air-to-Air), Attack (air-to-
surface), and Spanning (Reconnaissance), indicating that the Gripen is a multirole aircraft

that can fulfill different types of military missions.

Al.2 Canard (French for duck)

In aeronautics, canard is an airframe configuration of fixed-wing aircraft in which the tail
plane is ahead of the main lifting surfaces, rather than behind them as in conventional
aircraft, or when there is an additional small set of wings in front of the main lifting
surface.

Al.3 C-130 Hercules
The C-130 Hercules is a four engine turboprop cargo aircraft and the main tactical air
lifter for many military forces worldwide. It is manufactured by Lockheed Company.

Al.4 Boeing 747(or B747)

The B 747, four engine aircraft, commonly nicknamed the “Jumbo Jet,” is a long-haul,
wide body commercial airliner manufactured by Boeing. Known for its impressive size, it
is among the world’s most recognizable aircraft and can accommodate a range of 416 to
524 passengers depending on the class of layout used. The B747-400, the latest version in
service, flies at high-subsonic speeds of mach 0.85(567mph or 913 km /h),

Al.5 Boeing 787 (B787)

The Boeing 787 Dream liner is an American mid-sized, wide body, twin engine Jet
airliner currently in production by Boeing’s Commercial Airplanes division and
scheduled to enter service in May 2008, It will carry 210 and 310 passengers depending
on variant and seating configuration. Boeing has stated that it will be more fuel-efficient
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than earlier Boeing airliners. It will also be the first major airliner to use composite
material for most of its construction. Of course there are other aircrafts already using

composite materials, but for B787, composite material will constitute about 50 %.

Al.6 Airbus A380

The Airbus A380 is a double-deck four engine airliner manufactured by EADS (Airbus
S.A.S). It is the largest passenger airliner in the world. It provides seating for 525 people
in standard three-class configuration or up to 853 people in full economy class
configuration. The A380-800, the passenger model, is the largest passenger airliner in the
world, superseding the Boeing 747. The A380-800F, the freighter model, is designed as
one of the largest freight aircraft, with a listed payload capacity exceeded only by the
“Antonov An-225”. The A380-800 has a design range of 15,200 km, sufficient to fly
from New York to Hong Kong non stop and the cruising speed of mach 0.85 (about
900km/h at cruise altitude.)

Al1.7 F-22 Advanced tactical fighter
The F-22 is a fifth generation fighter aircraft which uses fourth generation Stealth
technology.

Al8 C-141
The C-141 star lifter was a military strategic air lifter in service with the United States
Air force (USAF).

Al19 F-15
The F-15, is an all weather strike fighter aircraft.

A1.10 Cowling

A removable cover or housing placed over or around an aircraft component or section,

especially an engine.
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Al.11 Flaps, leading edge

Hinged section of the underside of the leading edge, which, when extended, reduces air
flow separation over the top of the wing. Leading edge flaps are hinged at the leading
edge of the airfoil.

Al.12 Stabilizer
This is a fixed horizontal tail surface that serves to maintain stability around the lateral

axis of an aircraft.

Al.13 Vertical fin
This is sometimes referred to as vertical stabilizer or fin. It is fixed to provide directional

stability. The trailing edge is hinged to form the rudder.

Al.14 Rudder
The rudder is the flight-control surface that controls aircraft movement about its vertical
axis. It is constructed very much like other flight-control surfaces, with spars, ribs, and

skin, and is mounted on the vertical fin
Al.15 Spoilers

Spoilers are also called lift dampers, and these are control surfaces used to reduce, or

“spoil,” the lift on a wing. Spoilers are located on the upper surface of the wings.
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