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This application relates generally to the detection of fatigue cracks in

materials and, nore particularly, to methods for detecting fatigue cracks

in gas turbine conponents. Vibratory, nechanical, and thernal stresses

I nduced to an aircraft may cause fatigue cracks toLtélgvel op |kn a va(rjl etlyogf
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continued operation with fatigue cracks nay |lead to conmponent failures as

the crackaCKGRAQUNIEOF TR vERG [OR/ponent . Detecting the cracks early in

their growth nay facilitate reducing conponent failures. At |east sone

known nongdestructive eval uati on (NDE) met hods for inspecting conmponents
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known nethods are susceptible to errors and ?al se 1ndications’ from

cont am n&Mcs coRfinugd opeigfipa pdthofatighe craokp ongitadie componspietilatks a9 ithe

' ) efects. ditionally, at_ |east sone
nown DL s Hishdbite WIS B hnonefty Bekimelthe siackt Gan il et
r oughnes mayrfacibatearedwing coeparanfilogs. whi ch do not result in conponent

failure. In particular, craze cracking of coatings may cause nultiple fal se

i ndi catigns, using at |east some known NDE nethods. To facilitate accurate
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enmits engine or airframe, include for example, surface wave ultrasonic testing, eddy current

testing, and fluorescent penetrant inspection (FPI). Generally, none of the known NDE
methods are considered to be singularly capable of detecting LCF cracks with
sufficient reliability, ease of application, and with reduced environmental, health, and
safety (EHS) concerns. More specifically, unique geometries of some components
may restrict the evaluation techniques that can be utilized, and at least some known
methods are susceptible to errors and false indications from contaminants on the
surface of the component being inspected, or contaminants within the cracks or
defects. Additionally, at least some known NDE methods may inaccurately indicate a
‘defect from surface roughness and other surface anomalies which do not result in
component failure. In particular, craze cracking of coatings may cause multiple false

indications using at least some known NDE methods.

To facilitate accurate more reliable results, without increasing EHS concerns, at least
some components are inspected using infrared methods of NDE. Infrared NDE
methods operate on the premise that all matter continuously absorbs and emits
- electromagnetic radiation. The continual motion of the charged particles within a

material results in the emission of electromagnetic radiation. More specifically, the
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el ectromagnetic radi ation. The continual notion of the charged particles
within a material results in the em ssion of el ectromagnetic radiation.
More specifically, the -1 notion of the charged particles will increase
wWith an increase in tenperature and cause a corresponding increase in the
~continuous em ssion of radiation fromthe material. Cracks and defects
typically absorb r% radi ation than other areas of the conponent, and as
a result, “[“P{‘E’nc‘i’fa‘ggé’ aiee6 NaEdesavH| Hiwesase witksanincieasgmin feamicraters andel at i ve
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However, such NDE techniques may not be able to distingu etween defects
whi ch  codmaieriabsiracks sndadefegts tipecally dibsnrhavorpiradiaticuhfmothenmeanbf s whi ch
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present invention provides a et ho tectng a crac nding into a
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of the co i ected in _an tical. path of at.least. one

i nfrared ﬂ?’%ﬁg‘% F'](i)cgl ]g@?e‘[‘gﬁélﬁu%@%{ PR etaﬁ)ge 0 6@%‘82@?!13]3 WF?%%@%%WH’@H

el ect r onagodtliresultaii afailme tnd othet sEn@surface easnalicd widdh arceotfdfamea def ect

- present at_the conponent surface, detecting tenperature variations within
t he corrpoﬁ%rhctemsurface using the at |east one infrared radiation detector,
such that the surface irradiance is neasured at predeterm ned |ocations

-across 't hBREIBAPOMIVIARSUOFAGEE INIERTIONg cracks in the conponent by
anal yzing radi ation transient response data received by the infrared

radi ati on det ectar nd correlating the.tenperature. variations to the
radi ati on a?‘isglec%{nf’f %?eé%’ﬁff?ﬁgtena’ﬁ?%‘g} @r(ﬂ’é‘%eér iHENY d@b?i?teﬁm% fe &k ect ed
cracks. Aneéitiy REPEESmport defca TR Medol cralRlkhatiehOSr fosiffidy #f a crack

ina co ogﬁnt. The nmethod includes the steps of positioning a Surface of
t he corrg’ﬁ ¢ of therompansat tabe ingpegiedipt ancenticphpath of ablcastemetinizared i nf r ar ed

radi ati on,dfigbe ﬁEt?gtO{,Efgﬁttﬁlé BRUolIBn IR i R e1bSrot R EAN dafloy (o mal to

a plane parallel : ) _
' cause an increase in radiance from a defect present at the component surface,

detecting temperature variations within the component surface using the at least one
infrared radiation detector, such that the surface irradiance is measured at
predetermined locations across the component surface; detecting cracks in the
component by analyzing radiation transient response data received by the infrared
radiation detector, and correlating the temperature variations to the radiation transient

response data to determine a depth of the detected cracks.

~ Another aspect provides a method for determining a depth of a crack in a
component. The method includes the steps of positioning a surface of the
component to be inspected in an optical path of at least one infrared radiation
~ detector, such that the optical path is substantially normal to a plane parallel to the
component surface, heating the component surface using electromagnetic radiation to
cause an increase in radiance from a defect present in the component surface, such
that the heat is applied to the component substantially normal to the component
surface; detecting temperature variations within the component surface using the at
least one infrared radiation detector, such that the surface irradiance is measured at

. predetermined locations across the.component surface;  detecting

2



conponent surface, heating the conponent surface using el ectromagnetic
radiation to cause an increase in radiance froma defect present in the
conponent surface, such that the heat is applied to the conponent
substantially normal to the conponent surface; detecting tenperature
variations within the conponent surface using the at |east one infrared
r adi ationcrgl&t echger such t.hat Ihe surface irradiance i s neasured at

0

pr edet er ni'Aed T SEAOTERReR P Fuahzme radigtion Hamens gespapse datreeriveday the cr acks
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the infrared radiation detector, ar:dgcorreg{bgtal ng taﬁgtﬁ)(ﬁgﬁgggﬁaﬁlraégﬁ

vari at i orf&0signt Kepqngeldataite determiag sidepth ofdbpdatesediatekst o det ermine a depth
of the detected cracks. BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is a
schemat i erIBFUSES@RIPAON Ognr@m@rm ndestructi ve eval uation

I nspection system Figure I'S an exenplary illustration of an infrared
video image of a portion of a conponent selected for inspection using the
i nspect i dngwyst eém s rrohematic Filgumtod ; of &h geNetplary Sn@HleSXRIRE advaliatibist r at i on
of a gr aggspggﬁ({n?%ié%nqe emtted fromthe conponent portion displayed in the

I nfrared Vi &:shown in Fi gure 2, and at a predeterm ned uniform
tenperature; and Figure 4 is an exenplary illustration of a graph of the
radi ance Fégure Retd 4 exerhplary IRERATRNGT BRAfra8d Liddd) BYEE M LBl red

gure 2 _and_ during scanrlli ng. TAl LE%E{BE%;&?PTI ON OF

vi deo i mage shown in Fi gy . ] C

THE | NVERRRRRSA’ gelpeted foranspeetionasping the inspeionatystem shibwarin Exenpl ar y
nondestructive evaluation test system8 that may be used to detect cracks
or def ecsgureryd i@RinagRMhl 3 acks or def s, in a
conponent 10. Filgur_e 2 ] sﬁgﬁﬂg{égﬁﬂp@a% alsllgg%]@[ ?’gtrﬁglﬁn%? eﬁ’ﬁ“&#ﬁbr‘@% vi deo
i'mage 12 cempengpb peition displaedio teninfibfedoédaginaendohadn Fhingeneard htSa an

gic(errpl ar iéréd'e{eHﬁ%n%é‘%hi om?{efpe%t%%pa&dél of radiance emtted fromthe portion

Figure 4 is an exemplary illustration of a graph of the radiance emitted from the
component portion displayed in the infrared video image shown in Figure 2 and

during scanning.
- DETAILED DESCRIPTION OF THE INVENTION

Figure 1 is a schematic illustration of an exemplary nondestructive evaluation test
system 8 that may be used to detect cracks or defects, and an associated depth of such
ccracks or defects, in a component 10. Figure 2 is an exemplary illustration of an
infrared video image 12 of a portion of component 10 being inspected. Figure 3 is an
exemplary illustration of a graph 14 of radiance emitted from the portion of
component 10 displayed in infrared video image 12 shown in and at a predetermined
uniform temperature, Figure 4 is an exemplary illustration of a graph 16 of the
radiance emitted from the portion of component 10 displayed in infrared video image
12 and during scanning, as described in more detail below. In the exemplary
embodiment, component 10 is an aircraft component, such as, but not limited to a gas
turbine engine component. Component 10 is secured for mspection within a fixture
22 such that component 10 is positioned within an optical path 24, or within the field

of view of, at least one detector 26. In the exemplary embodiment, only one detector
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conponent 10 displayed in infrared video image 12 shown in and at a
predeterm ned uniformtenperature. Figure 4 is an exenplary illustration
of a graph 16 of the radiance emtted fromthe portion of conponent 10

di splayed in infrared video image 12 and during scanning, as described in
nore detail below. In the exenplary enbodinent, conponent 10 is an

ai rcraft 2oipidosted, Such shsyld betnot@ thhi Mpluedint OF RRGRY detddidds PG neHIene
conponent . .%O?Hpo ent 10 is secured for inspection within a fixture 22 such
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| magi ng rHbisQekiehed @ TRl fitadd 22 RBIthARLECA HAHN ﬁqgsﬁ?@&ﬁﬁﬁy bifialto a
Billerica, Massachusetts. Mirre specifically, to facilitate  defect

det ectiorﬁlaléfo??ﬁéf?émas%fﬂc??rgﬁ@ﬂmp@m 1Qibeginspestedir e 22 such that opti cal
path 24 is substantially normal to a plane parallel to a surface 28 of

conponenta 12P%h BeH FJeshR 3 cusing optics, 32.provide a
coher ent scar?ni ng | aser %ggﬁ?s?»? %ﬁ??ﬁ%‘%h@&gte%%nﬁé%ﬁ eealnéif’i Ortions
of conporkepd touhtacel@bivelupdrtignd e pentipaienofsurfe@PON@ing Gnspblich of

‘specifically, f Si opti 2 enahl e i ndependent sizing and focusing of
hoam 34 aiPeni i P Pectiially, Grpns RO GRS S anh
conj unct ifousiigl 6 Beaisk wilicmbRiikBE Phl GubuCRRLENA el 8¢dogpe out put

for laser beam 34, In one enbodinent, focu g optic cause | aser beam
34 to be cpaigsien with agnask igtmBeunidriflanchioameasel a idssiswlashapel oatpuo && laerponent

sur face I inent, focusing optics 32.cause.|l aser beam 34
Lo bo_f ooemh; HhdShbo RINIRE (ERing GrREK3) 8P Beriieast 34 Rebectortied 1
expanded anh$-skageawhile heam 34 it ScHLRANRELS oRFPneMONRPRENS. SUATAGHeLS: I N a

further eg@o jment, focusing optics 32 cause | aser beam 34 to be focused
in a ser PELOGIMeNbfoelilg eSS Béicaysaarardopm drto e dpeBad isa srariarshaper oss

wherein a radius of the circle is expanded while laser beam 34 is scanned across
component surface 28. In a further embodiment, focusing optics 32 cause laser beam
34 to be focused in a series of concentric circles while laser beam 34 is scanned across
component surface 28. In an alternative embodiment, focusing optics 32 use a
holographic element to cause laser beam 34 to be focused in a grid of circles. In yet a
further embodiment, focusing optics 32 cause laser beam 34 to be spread at least

pattially across component surface 28 in a line,

Scanning laser beam 34 is focused onto component surface 28 using a known two-
dimensional (2-D) scan mirror arrangement 36. In the exemplary embodiment, scan
mirror arrangement 36 includes a first mirror 38, a second mirror 40, and at least one
scanning device 42 which includes a plurality of known motion control devices (not
shown) for controlling relative movement of each mirror 36 and 40, and of scanning
laser beam 34 with respect to component 10 and fixture 22. In one embodiment, each
scanning device 42 includes, but is not limited to including, motion control devices

such as piezoelectric devices, and/or galvanometers. In the exemplary embodiment, -



conponent surface 28. In an alternative enbodi nent, focusing optics 32 use
a hol ographic elenent to cause | aser beam 34 to be focused in a grid of
circles. In yet a further enbodi ment, focusing optics 32 cause | aser beam
34 to be spread at |least partially across conponent surface 28 in a |ine.
Scanni ng | aser beam 34 is focused onto conponent surface 28 using a known
two- di nensi onal 2-D% can mrror arrangenent 36. In the exenplary

enbodi me ’St“"serc@nd P %i laser dRgaesean gupharangement 36 ars each mpuntedgn a
second mM AUt e ' ' whi ch includes a
plurality o kno&?@?ﬁ;‘?’?%%g”%%%@?,ﬁ‘éﬁ?@é@?%%@“ﬂ%ﬁgﬁﬁ} for controlling

rel ati ve novenment of each mnor 36 and 40, and of scanning |aser beam 34
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mrror arrangenent 36 T
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appr oxi mglty?_y twelve mcrons to facili tate mnimzing false indications of
defects ditlgripes gathetheodetentors2 st mpyl beyhecessefy ecdetdet fdiative enpitednt

~surface 2§ ' I § rQader band heating source is used that
interferes Wt a%% Egt‘lgéﬁé%kl%drhngg?&c?%ﬁ% cegéelﬁgg‘ze(@sary to detect radiation
emtted fromsurface 28 after the heating source has been renoved. Laser

-30 and staser F0randrscan mingearenizeB6ntl 6 atOtvpRA th Q@ BoWORMChSD giepitogener at or
44 t hat gr}ﬁrat es sisgnal S ffor cont{pl | i ng scanni ng device 42 In the
g at " generates” signals for controlling scanning device 42. In the exemplary

exenpl ar
- embodiment, function generator 44 generates analog signals for controlling each
scanning device 42. More specifically, in response to signals transmitted from
function generator 44, each scanning device 42 controls movement of mirrors 38 and
40 in an X-Y coordinate system, such that the substantially all of the selected portion

of component surface 28 is scanned by laser beam 34 during inspection of component
10.

A radiometer control 50 is coupled to detector 26 for adjusting the focus and contrast
of detector 26. Radiometer control 50 is coupled to an image digitizer 52 which is
coupled to a video display 54. A processor 56 controls execution of system 8 and is
coupled to radiometer control 50, image digitizer 52, and video display 54. As used
herein, the term “processor” refers to microprocessors, central processing units (CPU),
application specific integrated circuits (ASIC), logic circuits, and any other circuit or
processor capable of executing inspection system 8, as described herein. Processor
56 is also coupled to function generator function generator 44, laser 30, and focusing

_optics 32. .



enbodi ment, function generator 44 generates anal og signals for controlling
each scanning device 42. Mire specifically, in response to signals
transmitted from function generator 44, each scanni ng device 42 controls
novenent of mirrors 38 and 40 in an X-Y coordi nate system such that the
substantially all of the selected portion of conponent surface 28 is
scanned b Sel... 34 .during i pspection of conponent = 10. A radi oneter
control 5%“4% d(? El%%ggi t'd k&%‘fvacﬁ% rﬂ‘?@%ﬂ?ﬁ SIQRREE I Rpeesier PO sites it r ast
of det ectimag2612 BaiduiTet cecch! frth sBlucr L RHRLERs 3k biRAf gl zer 52
which is -fc?lupl d to a video display 54. A procéssor 56 contro execution
of syst enfighgAacipace, aydpsaded an mare r Meratspotifisdlly, imagrediditiziet 52er 52,
and vi de ' s he term :'processpor” refers to
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‘processor,_capabl e. of . executing i nspectigon system 8, as descri bed herein.
Processor 5 uﬁ)%ogﬁ?%f?)&ﬁ &ﬁ?rﬁﬂgrl%t PuTHCE 28 s ddsee paam B41is peannethaggessethat or 44,

| aser S0suffaeh.f qu#SEplOPI Ghe HnhodmbAR dhagd HilhiZ6) 552nbligka g
acilitates storage by processor 56 of a serres | mages of "radi ance
recei ved SOPPRissigRfagitm that inaeerjymsition ofith eccifiadsicant laveb panse, i.of t he

radi ance, d [ ... mr qw...More. specifically, .image digitizer 52
i ncl udes cé% Ifamgglgﬁ tlﬁ‘g‘? %eglcdlg’)’i aé:ﬁ géteserﬁiﬁgﬁ&lﬁ %gh “Hi git 'Sz@"de%?‘gﬁwhl%r eat ed
f rom t he coingencnt iswefges 22 fpon \iiohesbrpsnhdatal R Cdridks2 8s [dRsdriBel QX Embiaegdgf ect i on

ability gf everigt he nmost . m nuscul e of defects in conponent surface 28 as
| aser beXfo¥4 18 o0g GmbRflimenty duiags digitaer 13t a PFENGEMATE) emagendigitizer
enbodi ma@{)mm'ep@gg, SaflhbleFRIm ﬁgta':ﬁ'lfé ﬂﬁgﬂ%sg&g@ gonpr ession al gorithm that
in conjunction w'th specific detector’l'evel s ?tfrngs, I.e., canera black
| evel settings, facilitates distinguishing deep cracks detected within
conponenin $1r gawlarg erhodimen; e imagediccadar 6€ inchmledbetdess kidigdeten NoOT e
det ai | < N one. embodi t, image digitizer 52 is a "Dl G MAX' inmage
di gi It i Zer@@ﬂtpo\‘iv 50 Fod v?deon(fﬁsp Ia)rrT%Qf forlrecoqgmgltgle alc%ual analog video images 12 J
received by detector 26 as laser beam 34 scans across component surface 28. For

example, in one embodiment, image recorder 60 is a videocassette recorder. In
another embodiment, images are stored on a digital data storage device, such as a
computer hard drive, after the video signal has been digitized by image digitizer 52.
More specifically, image recorder 60 facilitates enhanced analysis of video images 12
such that minor surface anomalies (indicated as 82) may be distinguished from defects

which could result in failure of component 10.

Processor 56 is also coupled to function generator function generator 44, laser 30, and
focusing optics 32, such that inspection of component 10 may be preprogrammed
and/or controlled by an operator through an input/output (I/O) driver 64 coupled to
processor 56. More specifically, laser 30 is coupled to processor 56 through a laser
console 66 and an input/output (1/O) driver register A 68. The combination of console
66 and register A 68 enable the gating and power level of laser 30 to be
preprogrammed by an operator via terminal 62. Adjusting the laser power density
facilitates providing a distinguishing contrast between any defects and the material
- surrounding the defects, without damaging component 10 when surface area 28 is

selectively heated by laser beam 34.



comercially avail able from Datacube, Inc., Massachusetts. In the exenplary
enbodi nent, an i nmage recorder 60 is coupled between radi oneter control 50
and video display 54 for recording the actual anal og video inages 12

recei ved by detector 26 as | aser beam 34 scans across conponent surface 28.
For exanple, in one enbodinment, inmage recorder 60 is a videocassette
recorder._In another enhodi ment, images are stored on a digital data

st or age. JeNEAD W5RaSLGR of corapensnt &9, Indially dedmponeatf teis déaped fadfaciligatgnal  has
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of consol e 6 and regrster gating and power |evel of |aser

30 to be preprogrammed by an operator via termnal 62. Adjusting the |aser
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def ects a(gd t he rrarga(e?ri gl Eérroundiaggg t he defects, wthout damagi ng

corponenf BORRL AUTEATE 25 A8 clss 40 parmal To swrface28 a8 pgssilels fergoniimura defecbeam 34.
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to facilitate reducing the em ssivi I on of conponent surface
28 bei ngOPHAPE: teeperatiter eb warfacec 2@ anbstantialyf wiford8y faawiss ithapegionesdVvi ng

coati ngs ne, . as ai nts, and/or therma barrier coatjngs that
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indicative of an amount of emissivity of a defect 70 relative to the surface area

surrounding the defect during heating. A temperature difference created by the

increased amount of energy absorption in the crack 70 produces an enhanced signal-

to-noise ratio (SNR) or contrast between the defect 70 and surrounding surface area

because the background dissipates most of the heat. More specifically, in non-cracked

areas of surface 28, or those areas of surface 28 that do not include defects, the heat is

dissipated outwardly across surface 28. A defect 70 will appear in video image 12

captured by detector 26.

Detector 26 and radiometer controls 50 can also be variably selected to generate graph
16 to illustrate the irradiance scanned along a variably selected line 71 extending at
least partially across surface 28, Thus the radiance received by detector 26 while
scanning across surface 28 can be measured at different locations across surface 28.

Any defects 70 along surface 28 will appear as a peak 74 as shown in graph 14.

As laser beam 34 is scanned across preheated surface 28, selective, localized heating
will occur as beam 34 passes. More specifically, laser beam 34 is scanned initially in
~a first direction across surface 28, and then rescanned in a second direction that is not

the same as the first direction. The bi-directional scan facilitates distinguishing cracks
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arrangenent 36 and detector 26, as described above. Laser 30 is then
positioned such that | aser beam 34 is substantially incident upon
conponent surface 28 as close to nornmal to surface 28 as possible for .
opti mum defect detection. Surface 28 is then preheated by scanning with
| aser beam 34 to el evate an operating tenperature of surface 28

subst ant i Al havinghh bRater Me@B RS nbAPeRRAIRr QéfeTt§ W).]:j %ﬁiatﬁ e p{ﬁltﬁg fdpgpect ed.

Radi oactive_or el ectronmagnetic, heating Is enploye rat her than conductive

or convectripes B i daigpted by datedter3$ andeis igraphenallpidssplaged om yidehidispldyss4.

i ndi cati : n 1 ssivi,.ty of a defect relatjve to the

sur f ace \a@gg S@&#%xﬂ%ﬁggﬁeﬁg %gjf §ét g?ﬁﬁ?ﬁ ﬁ&erhélgﬁftné& e Eapiaics paks

di f f er endélustretet @s 80 yn Fipere 4)nelgas fog@pPUA be@liscoRhINi S&Se?fs&ﬁ:)itigﬂ ahfd the
[ NR) orf contrast

crack 70 r.aduceitdag?@e,gﬁanc,ed signal - to-noise ratio | nt

bet ween tHEMHUPSI deiest Ahpelatiye to thrausguading aaserinl.e Thus, dheadsiestionabidy kgr ound
di ssi pat F 8&tkctofo shgimbeRl by MagninP &Gk | ' -CLAG; eas of
surface 28, or %_hoses ar eas ob sSﬁ?lgggﬁyghatgﬁrla!t)éég]ob%’o{}q:&rﬁc{pﬁﬁ’?%%l@f’?&?s, t he
heat is sefiespbatfeaedimages d2yreaonded sindior fsared 28each dafidodatidbn Miilitat@ppear in

vi deo i . tured by .detector 26. Detector. 26 and radi oneter

control s %yégﬁn‘gﬁgsoe agm{}zg}‘%éﬁls’seg{ @é?%eﬁﬁﬁﬁéﬁ‘i‘ﬁ%qeéeﬁﬁ onp glefest

i | | ust r at7é dehsysi froraghesin 8@, 48 Cianmothcat REG BeaMdd ADICWASRGMED ddB8 761

ext endi nga(ﬁ(t least partially across surface 28. Thus the radiance received

by detec t?étsvﬁﬂﬂl%al?‘@@ﬁﬁﬁilwl aléergsanmng.f ace 28 can be neasured at
different | ocations across surface 28. Any defects 70 al ong surface 28

Wi Il appeaE s@feshifdbes’?® A8 oS i ﬂfﬂﬂ , . l.aser be 4 {,s scanned
across preheated surl ace 28, I?% egtt(?\e%? Oggﬁﬂg@%mﬁ%ﬁ %’pﬁw%f’m‘g%ur as
beam 34 pésshich chlledtivehyerspfase| thy transision dreansiddt r&psmansetei milabad |y in a
first di h%ct(iic%n a@rqﬁes surface 28, c@irild t hen rescanned in_a second direction
that is HOE YERY DT Jiser sranfings dgitionally.gheomprgeniities ¢abibratignagurec an
faci | it alsggeneiatdd braed SRiM8ees1ACKE defelt At AYdnNE pom
non- per pendi cul ar def ect sggio_. Radi ance mﬁ't ta«lgg Ttr o eﬁglrtﬁlr a%g%gnifﬂge det ect ed
by det ectBrat®napve. sMygragneciiselly, the sppthydetbrminativn eorveliis pboyatbd after

measuring the transient heat of cracks of varying depths cut into a sample piece of

material fabricated with substantially uniform properties. The measured values are

then compared to the actual values of the depth of the cracks, and the calibration curve

is created using a “best-fit” exponential curve-fitting algorithm.

The amount or degree of decay between the peaks of successive images 12 over a
selected time period is analyzed to distinguish between a defect 70, which could result
in a fajlure of the component, and other minor imperfections 82 within the selected
surface 28 of the component 10. The decay time for the transient response of a defect
70 which could cause a failure of component 10 is typically about two to four times as
long as a minor surface anomaly 82, depending upon the size of defect or crack 70.
The transient response of the radiance from surface 28 is analyzed to facilitate
distinguishing between a minor surface anomaly 82 and defects 70 which could cause

a failure of component 10.

| One reason for the enhanced contrast between the defect or crack 70 and areas of

component 10 surrounding defects 70 is due to the higher signal-to-noise ratio while
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More specifically, as |aser beam 34 passes over defect 70, the radi ance
peaks (illustrated as 80 in Figure 4) relative to graph 16 because of the
hi gher absorption and emttance of defect 70 relative to the surrounding
material. Thus, the detection ability of a defect 70 is enhanced by
scanning with | aser beam 34. More specifically, the series of infrared

I mges 12 recorded and/or stored at each scan location facilitate analysis
and obserdefgctsof) e under lesangadiation. cBlpoSINR atud demaimsdiignimemediatelyveftbr f r om

defect 7 e frompeak .80,. at th nt | aser beam 34 is actually
radi at i nnga efngw ]f@?rob a%cgitb&gfifi%ayﬁi’ﬁéﬁ {‘T?gtggip};ﬁ' S SCIRg ¥alue ot 2 RIVER annj ng.
The seri aateadoriesmadingltd the eaté onvedayast theimerBitd AL B tHefallandd Fbhahet O

graphs 14 ?nd%(gr 16 _which collectively represent the transition or
t r ansi entdefest ponThus fhe SR valpenwealss ponsedaf ecmalinting aidrin distioguisiingni ng.

Addi tion =Lkt | i t r | ener at ed hased on

| mages 1521‘i.el’épé\tsd2(]z g@'gﬁ) g%%{gﬁédnngpﬁﬁga%%hgﬁﬁ%e{gg k&i&ﬁg%tsseu?jfag% 3? ‘nzﬁ" A8M%r at i on
curve. MembodpmaitSfif tlzd ¢rack vihéefdeps butdetfaceindairoRimte to/Qirfage g8Nestadsed after
measuring_ the transient h f cracks of varying depths cut into a sanple
pi ece of ¥ rlr%cﬁlé;?(? 3? CPHEPP‘&‘E?L(H?%f?‘?ﬂﬁlﬂ?og?t‘éﬂ’ﬂgaﬂ‘—? defesto ity spmpeneEs. The
nmeasur ed sydghdees are then conpared to the actual values of the depth of the
cracks, and the calibration curve is created using a "best-fit"
exponential curve-fitting algorithm The anmount or degree of decay between
the peak&egeralivcthe basiyof thmipsrection sysemds thas atefest or icrask F@rwitloctiasganal yzed

to disti | t Whi | It i fail f th
component ™ ot piRAs 708 s fdetl WS iletRata el Bl it ace 2
(7)1(‘) \m_e (r:]wi#bmlnme aﬁomsmh?omlémayddrj%z rsach Qhatttlhte rg‘-lgﬁn&ﬁ?iﬁlt &)ﬁlﬁliom}S%eq{ea? deI ect
IcCh_Ccoul d. cause al l ure conponen IS I Ca abou W (O
fourt§ nREPEE nE iush G il Guam acuhihe dalopt 80, Bielsiomaining fisheat he i ze
O def echraphgliohttc i the Hdfrlal 343 Bitpalifie AOASS uff bRl AlaB0CELEQI sur face

28 is analyzed to facilitate ‘distinguls na mnor surface
anonal y H® hestinglaerc end B0 whimie owatwlementgwinta ohathe worpofient sugfsuec2® 10. One

[ ason 1 Blink ifptR0E 68 el bAR Tenghf RS by e nEaY Shetey may be determined. © Co°

‘Heat going under a defect 70 will increase the path length of the energy path by
approximately twice the depth of the crack, thereby slowing the heat transfer at the
defect boundary. As a result, an increase of heat occurs on one side of the defect, and

a lack of heat is induced on the opposite side of the defect.

The above-described defect inspection system is cost-effective and highly reliable.
The system enables a depth of defects to be determined by correlating temperature
variations detected in the surface of the component being inspected. As a result,
during an inspection of a component surface a depth of each defects is determined to
facilitate distinguishing defects that could cause a failure of the component from
minor surface anomalies in a cost effective and reliable manner. More specifically,
the sensitivity and accuracy of the defect inspection system also enables the detection

of other types of defects, such as porosity and/or voids in metals or composites.

Exemplary embodiments of inspection systems are described above in detail. The
~-inspection systems and associated methods of use are not limited to the specific

embodiments described herein, but rather, components of each assembly may be
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conmponent 10 surroundi ng defects 70 is due to the higher signal-to-noise
ratio while 8 defects 70 are under |aser irradiation. The SNR val ue
remai ns high i mediately after scanning by | aser beam 34, but decays back
to the pre-laser scanning value at a given rate corresponding to the rate
of decay of the intensity |evel of the radi ance fromthe defect 70. Thus,

t he SNR val.ue nmay al be used as qualitative aid in distinguishing
def ect s 7%“‘1‘%&%63&@%&@& éramrat&bt fomj qtmrmomp@nmmammd hemefxﬁCEaCHS I'n

anot her  RERRALABNem kb bsurf.ace roximate to
surface 28§&§ Stress. |%$?%ghced E@k@o? §%8%15Tbg?3ﬁﬁdBFP 8@@@ cting
such defe@bgﬁaﬂﬁrh@1Qmupnn@mmonanﬁface General ly, the baS|s of the

i nspection systemis that a defect or crack 70 will change the way heat

pr opagat Iy nat er i, al n the sinplest case, a crack or defect 70

will cr eg?%l gnﬂgg‘@&?é?“i’ﬂ 6’8%6‘8%1%&%&% tErAst O W%s‘tpe@ﬁﬁ%méﬁ!m@‘é%h f or

the heat thpseopkified iingththaroUGN Fdd6oRiBs Qhitalhel | B %hﬁfﬂq)e Eﬁcﬁ‘&de th/0- By
a

determ nin he. heat,  propagation rate in the materi conparing that
to the pHS‘}g‘ih ghtiom weithip de spiptandrscophief theglrimg zone and two or nore

neasur enent points on the conponent surface 28 being inspected, the actual
path length taken by the heat energy nmay be determ ned. Heat going under a
defect 70 will increase the path length of the energy path by

approximately twi ce the depth of the crack, thereby slowi ng the heat
transfer at the defect boundary. As a result an increase of heat occurs
on one side of the defect, and a |ack of heat is induced on the opposite
side of the defect. The above-descri bed defect inspection systemis
cost-effective and highly reliable. The system enables a depth of defects
to be determned by correlating tenperature variations detected in the
surface of the conponent being inspected. As a result, during an

i nspection of a conponent surface a depth of each defects is determned to
facilitate distinguishing defects that could cause a failure of the
conponent from mnor surface anonmalies in a cost effective and reliable
manner. More specifically,
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the sensitivity and accuracy of the defect inspection system al so enables
the detection of other types of defects, such as porosity and/or voids in
metal s or conposites. Exenplary enbodi ments of inspection systens are
descri bed above in detail. The inspection systens and associ ated net hods
of use are not limted to the specific enbodinents described herein, but
rat her, conponents of each assenbly nay be -9 utilized independently and
separ at el CLAIMES: 0t her conponents descri bed herein. Each inspection system
conmponent and net hod of use can al so be used in conbination with other

i nspectiop syst.em . Go nepnts,. Wiile 1he invention has been described in
terns of g’ari o%\smgglé)g}) %rc&éer%g%iawgmgextqrﬁg%ng%q FREPPIFIE ﬁl—:’trf;‘?"t SR |
recogni zemethatl chtiprisingent i on can be practised with nodification within the
spirit and scope of the clainms. -10 CLAIMS: 1. A nethod for detecting a
crack extending iLnto a corg%gnent surface, said nethod conprising:

{ ) i g
positioni ng a EHMYLRE U of dhfpenrepanenb ke insrgstast iaanj aptisel reth pEatl pat h

of at | gasdk onBEfidrtd ABHoh @dieali-on detector; heating the conponent surface
using el ectromagnetic radiation to cause an increase in radiance froma

defect present at the conponent surface; detecting tenperature variations
within the conpstisatthe gpmaerenysirfgca bsingtcledtwasignetive radidtionr @dcaadiaat i on

det ect or ,; : . f irradi ance is neasured at predeterm ned
| ocat i onsmgllgfg%sléqﬁ%ﬁ%gir?%g%\g%ﬁé&sﬂd‘?{egg%ﬁﬂﬁg?lgg?? SWfalEks in the conponent
by anal yzing radi ation transient response data received by the infrared

radi-ati on det ebtating antipeatie vatiatiugst Rithinethg edoaipsnenty airfaet @R e dthe

radi ati on transi.ei_t;gt res(Ponse data to determne a depth of the detected
cracks. least one infrared radiation detector, such that the surface irradiance is measured at

predetermined locations across the component surface;

detecting cracks in the component by analyzing radiation transient response

data received by the infrared radiation detector; and

correlating the temperature variations to the radiation transient response data

to determine a depth of the detected cracks.
2. A method in accordance with Claim 1, further comprising:

generating a series of video images of the heated surface using the irradiance

detected by the infrared radiation detector; and

generating a series of graphs plotting irradiance versus distance along the

component surface to facilitate determining a peak irradiance intensity level.
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2. A nethod in accordance with Claim1, further conprising: generating a
series of video inmges of the heated surface using the irradiance detected
by the infrared radiation detector; and generating a series of graphs
plotting irradi ance versus distance along the conponent surface to
facilitate determining a peak irradiance intensity level. -11 3. A nethod
in accordance with claim2 wherein generating a series of graphs plotting

i rradi ance versus distance further conprises distinguishing conponent
cracks f riom methwgdonentordanno withuddiac? varmimiémresating. a Rrieebhgaphnplaatgr dance
with clai.m 1 wherein detecti.ng tenperature var.i,ations within .the conponent
ourface JOMEMERS Ty FEREE Atk f bttt SoCORRNg romPB R ek, o

det er m nicogpanent Bligirsinticelsav@hli®f the irradi ance; and deternining a decay
rate of the irradiance intensity level after removing the heat. 5. A

met hod in accordance with claim1 wherein detecting cracks in the conponent
by anal wzisngchad i Pid-0fiahdcANRE 89Hm 1 GHRRAS ﬂet‘é@tﬁr%, t%%ﬁ&’aéﬁf@vé%’ ibAEwidL' ar ed
radi ation detector further conprises using a bi-dfrec | Ohal SCAN acr oss

t he conpdmerrmpneiitsodacedising tieinfroctdiradigemotetiatne urtiet boropradesn 1 wher ei n
heating the c& onent surtf ace us'i)nlgt[h ela?ctro_ma netic radiation further
conprises focOSTHYTEERIUPPIINCLAT RIS At surface. 7. A method in

accordance W tdbeghidingaleohiem of thdietidiane: iatchASEvdaas @mob g tionpenent
surface further conprises using a | aser beam having at |east one of a

circul ar-shaped projection and an S-shaped projection. 8. A method in
-accor dange aWnkiod i hdBoR1aMAEE fh ARG bvﬂ&e&h(?eté‘c%g ARLRL G RfBotish "Bg

el ectromagnetic radiation further conprises malRtalning the Faser beam

appr oxi matayzing maliatiwn transicheresponsoniatit reseivédidg . th® infrak tdidadionndetectonr dance

w th claim,1 wherein detecti.ng.cracks in the conponent . further conprises
usi ng rearﬁ}fei'r ﬁ%rg EEIBE? lédlﬁ‘% 1R SRS the comp ent Suface.

6. A method in accordance with claim 1 wherein heating the component surface using
electromagnetic radiation further comprises focusing. a laser beam on the component

surface.

7. A method in accordance with claim 6 wherein focusing a laser beam on the component
surface further comprises using a laser beam having at least one of a circular-shaped

projection and an S-shaped projection.
8. A method in accordance with claim 6 wherein heating the component surface using
electromagnetic radiation further comprises maintaining the laser beam approximately

normal to the component surface.

9. A method in accordance with claim 1 wherein detecting cracks in the component

further comprises using real time feedback to detect cracks.

10. A method for determining a depth of a crack in a component, said method

comprising:
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10. A method for determining a depth of a crack in a conponent, said nethod
conprising: -12 positioning a surface of the conponent to be inspected in
an optical path of at |east one infrared radiation detector, such that the
optical path is substantially normal to a plane parallel to the conponent
surface; heating the conponent surface using electromagnetic radiation to
cause an increase in radiance froma defect present in the conponent
surface, such that the heat is applied to the conponent substantially

nor mal to theositiaponenturkes bhde; cadgtoperti tn et issgeetedtinime opticdlgtatlonSatwi t hi n

h f US| t t, | t i pf. .adi at | det ector,
uch ¢ naeat e Sl R R M AT BT e PuBer AN Rl S Tone.

acr oss tgismegamieh®nke sonigonest;suffedecct i ng cracks in the component by
anal yzing radi ation transient response data recejved by the infrared
radi ati on detSeing they ReMpYIcrb sukirgusiAe letHoBRaRgHCealiMoR 00 FRISE R he

‘radi at i QRcrk4saNS tRIMncE BIRONERed PrdehtOn HEelREITHB] sﬁr\/ﬁ\ﬁ%?geqﬁgqgatttﬂ@h&ﬂsem ed

cracks. 11. A nethod in accordance with claim 10 etecting cracks
in the conpetienie componprirsulstamially sermed intye cempertennwirfaeedback to detect the

cracks. 12. .hod _in _accordance w,th,claim 10 further.conprising:
Generai i ng a SSEEOR PGS SHARAE Al pie ey L R R A R

i rradi anse infletedc raliatloy tbectbnf sirhe that atle adurfae dabhéigh@r is anehsehe@i &ti zi ng t he
series of videp inmages to facilitate distinguishing cracks forned in the
corrponer?treds?ﬁﬁr?lﬁ’&@l%aﬁ?ﬁsrﬁq%?ﬁ?&PF’QE’é""’éﬁH@SPi es present in the component

surface. 13 -det%ct!ﬁ%t H9dsiif ;lg&%ﬂﬁ@ﬁteoﬂﬂaﬂzﬁgqlaﬁﬁ‘a&& frisidae EesP&{EE fdafl Ng

generating a series of ‘aphs ‘plotti'ng irradiance versus di stance al ong
t he conpesseiet by dhe infreret gadiattinl deteatos; andet er mi ni ng a peak irradi ance

intensity le A in ordance with claim10 whergjin detecting
t enper at ur e éngrrlelg%nﬁ%trlllg t%ﬁé}gt%re DarBEGRY % & Gadthtich Fardlet response Fata"o
. determine a depth of the detected cracks.

11. A method in accordance with claim 10 wherein detecting cracks in the component

further comprises using real-time feedback to detect the cracks.

12. A method in accordance with claim 10 further comprising;
generating a series of video images of the heated surface using the irradiance
. detected by the infrared radiation detector; and
digitizing the series of video images to facilitate distinguishing cracks formed in

the component surface from minor surface anomalies present in the component surface.

13. A method in accordance with claim 10 further comprising generating a series of
graphs plotting irradiance versus distance along the component surface to facilitate

determining a peak irradiance intensity level.
14. A method in accordance with claim 10 wherein detecting temperature variations

within the component surface detector further comprises:

determining an intensity level of the irradiance; and
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within the conponent surface detector further conprises: determning an
intensity level of the irradiance; and -13 deternmining a rate of decay of
the irradiance intensity level after renoving the heat. 15. A nethod in
accordance with claim10 wherein heating the conponent surface using

el ectromagnetic radi ation further conprises focusing a | aser beamon the
conponent surface such that the beamis projected with at | east one of an
S-shape and a circular shape that is expandable. 16. A nethod in
accordance W dteiifingaliatenbieden of deiiadinee ldaeity heahufier fe@vingahponent
surface further conprises using a mask in a Fourier plane to create a
desired “¥ser beam shape. 17. A nmethod in accordance with claim 10 wherein
focusing a | aser beamon the conponent surface further conprises using a
Transverse El ectromagnetic Mde (TEM laser to facilitate beam spati al

uni f or ni €. Anekthodrip epeirdappabithiclaym 10gwheteindeetton the ceroporedasefaceising cl ai m 10
further Lin erature c-variations wthin . the conponent

sur f ace enkGhibagR? R, AL Marish SR PO% Babrof shE SppPREF

conpr i sesurfiet Bochathhi thai beanit is qrna;bcts@ anitht @ 16&¢ oh¢ bk Silshap@emp@nﬁhcﬁhaf ar
cracks scrimnatio met hod in accordance with claim210 further
conprisi%&' FV@H&“&WQFreSS to the conponent to facilitate detection of
any subsurface defects which are proximate to the conmponent surface. 20. A
~method in accordance with claim219 wherein applying a stress to the
conponent to facilitate detection of any subsurface defects further

conpri segs ?pJnXl! 08 iR a%% raam 6019 éﬁ h:{?alm gﬁﬁl? gér;l};sllft %H§C 1?&11)']93\/& on the

characteri's arra e res ress conponent .
- -14 component surface further comprises using a mask in a Founer plane to create a desued

laser beam shape.

17. A method in accordance with claim 10 wherein focusing a laser beam on the
component surface further comprises using a Transverse Electromagnetic Mode (TEM)

faser to facilitate beam spatial uniformity and temporal stability.

18. A method in accordance with claim 10 further wherein detecting temperature
variations within the component surface using the at least one infrared radiation detector
further comprises using a bi-directional scan to facilitate non-perpendicular cracks

discrimination.

19. A method in accordance with claim 10 further comprising applying a stress to the
component to facilitate detection of any subsurface defects which are proximate to the

component surface.

20. A method in accordance with claim 19 wherein applying a stress to the component to
facilitate detection of any subsurface defects further comprises applying a stress to the
component that is below a characteristic damage threshold stress intensity factor of the

component.

-14-



METHODS FOR DETERM NI NG THE DEPTH OF DEFECTS ABSTRACT A nethod facilitates
i nspection of a conmponent surface (28). The nethod conprises positioning a
surface of the conponent (10) to be inspected in an optical path (24) of

at least one infrared radiation detector (26), heating the conponent
surface using electromagnetic radiation to cause an increase in radiance
froma defect (70) present at the conponent surface, and detecting

t enper at ur e var iMETGQDIFOR DETEBMINNOGNEHE DERTHOEDEFEOTS he at | east one
infrared radi ation detector, such that the surface irradiance is measured
at predeterm ned | ocations across the conponent surface. The nethod
further conprises detecting cracks in the conponent by anal yzing radi ation
transi ent response data received by the infrared radiation detector, and
correlating the tenperature vari ABSGRACP the radiation transient response
data to determ ne a depth of the detected cracks. Fig. 1 :

A method facilitates inspection of a component surface (28). The method comprises
positioning a surface of the component (10) to be inspected in an optical path (24) of
at Jeast one infrared radiation detector (26), heating the component surface using
electromagnetic radiation to cause an increase in radiance from a defect (70) present at
the component surface, and detecting temperature variations within the component
surface using the at least one infrared radiation detector, such that the surface
irradiance is measured at predetermined locations across the component surface. The
method further comprises detecting cracks in the component by analyzing radiation
transient response data received by the infrared radiation detector, and correlating the
temperature variations to the radiation transient response data to determine a depth of

the detected cracks.

Fig. 1
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