NON- DESTRUCTI VE | NSPECTI ON USI NG LASER- ULTRASOUND AND
| NFRARED THERMOGRAPHY TECHNI CAL FI ELD O F THE
wO DERTIOCN [ 0001] The present invention rel at eBCHU2007/025228
destructive testing, and nore particularly, to the use
of thermal imaging and ultrasonic testing to inspect
the internal structures of materials . BACKGROUND O F
THE | NVENTI ON [ 0002] In recent years, the use o f
advanced conposite structures has experienced
tremendous growh in the aerospace, -autonotive, and
many ot her comrercial industries. Wile conposite

materials offer_sigpnificant inprov i
NGBr PEFRRTCELVE ey S PR oL Lr TR R ey AN rveRazED
procedures in both the nBEMERNMQIRABHE) processes and
after the materials are in service in finished
products. Specifically, non-destructive eval uation
(NDE) net hods nust assess the structural integrity of
conposite materials. Proper assessnent demands the
- TEGH1gATY FIEIde OFC THEN CNVENTION del am nati ons and
porosities both at the near surface regi on and deep
[0001)t er nTher ggicgent] 000@$nt/eon ouslaee¢hodonam@structive testing,
andPRRAL u}%&tﬁ%\(ﬁaﬁ% PiLRPOSAM [ Qs8SSEES thiermal imaging and

structur integrity of conposite structures_. One
U1Q§ﬁQEQ%%1tEﬂﬁF%WBuIg?aséﬁFEegBurEEEt01§€ﬁ§P39e structures of
matddiaasani ¢ surface di splacenents in target material s.

The ultrasonic surface displacenents are then neasured

and anal yzed. The source o f the ultrasound may b e a

pul sed generation | aser beamdirected at the target.

Laser light froma separate detection |aser

illumnates the ultrasonic surface displacenents and

is scattered by the work piece surface. Then

col l ection optics collect the scattered
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| aser energy. The collection optics are coupled to an

interferoneter or other device, and data about the
waregoronal integrity of the conposite structuPET/TsWODE25228

obt ai ned through analysis o f the scattered | aser

energy. Laser ultrasound has been shown to be very

effective for the inspection of parts during the

manuf acturi ng process. [0004] Typically, a |aser

sour ce produces sound by thermal expansion at a

| ocal i zed spot on the surface while a probe | aser

beam. coupled to an interferoneter, detects surface

di spI acerrents or veI ocity. The t her mal expansi on due
vl generation | aser produces a

[OO(@ASpl acﬁ’frenfeé&@tt_ | cdepndulgied bye ther  advanced composite

ser-ul trasound defection systemresulting i.n a_pul se

StRUC HURE D eBRANISHE G SORED STENHANEs ARfIVEF giRI .l gerospace,

auteftex ivee conamdl ymaay| edtheif ae:emmehalaThe mlcﬂlu%aeraeecho While

sk s &?P&’JerOdB‘E?QFV ay ‘%Ecgﬁgg '1%1%35% Ements  in

CC'mgur ace. duration O he surf'ace ec
penfipampang at Fofy | Asaripel serd@tat weoml i @ﬁnt:h‘él procedures in

both W%&n@ﬁ&@%ﬂiﬁg Oprbbes 884 eshd OBFEY St ERE materlals are in
neration_| ase a confoc
%éc% }]}6 mré?ﬁl estructlve

evallastt ign t QVRE)f eve thiasiso smestndss seRu S heenys efadstralhaitntegrity of
com%%ll‘%eor&m% eCh@r@BE%n%éé@snEh@e dBiHad Bhe ability to

ked. _For, this reasan, Laser-ultrasound I nspection
deties ts i HUsienso diéelp‘“‘] ARRF @PLePPECfAliipgsboth at the near

surfapel tr1e‘g&oh0aﬁdat1eépr fiacerdel eecégioh 0005] Tr ansi ent

i,nf d (IR th NDE, me
0003] "o FRErere | EETO (S ; ABPRRRpRRTT oRagE beed *BRoposed to
asspekbynehentstizucdomzdsi tstegudtyo off scompesdtei vétyuttoures. One

so1defieat ssdeepgr ulB?Qsénf.@Wsmcé t& s WAtddakonic surface
parts. SUMVARY F THE | NVENTI O\I% 6 Enbodl ment s of
dto

dlsPF’nécﬁF‘égéﬁt Fﬂveﬁ??’%ﬁtar%aﬁ‘?lfje%} he ultrasonic surface

‘displacements are then measured and analyzed. The source of the

ultrasound may be a pulsed generation laser beam directed at the

target. Laser light from a separate detection laser illuminates
the ultrasonic surface displacements and is scattered by the work
piece surface. Then collection optics collect the scattered
laser energy. The collection optics are coupled to an

interferometer or other device, and data about the structural
integrity of the composite structure can be obtained through
analysis of the scattered laser ehergy. Laser ultrasound has
been shown to be very effective for the inspection of parts
during the manufacturing process.

[0004] Typically, a laser source produces sound by thermal
expansion at a localized spot on the surface while a probe laser
beam, coupled to an interferometer, detects surface displacements
or velocity. The thermal expansion due to the absorxrption of the
generation laser produces a displacement that is demodulated by
the laser-ultrasound detection system resulting in a pulse at the
beginning of the laser-ultrasound signal. This echo is commonly

called surface echo. The surface echo may mask any echo produced
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systens and net hods that substantially address the
above identified needs and other needs as well. The
wepdodiiments o f the present invention are furPdiEUS2007/025228
described in the follow ng description and cl ai ns.
Advant ages and features of enbodinents o f the present
i nvention may becone apparent fromthe description,
acconmpanyi ng drawi ngs and clainms . [0007] Enbodi nments
of the present invention conbine |aser ultrasound and
thermal inmagi ng techniques to substantially address
the above identified needs and ot her needs as well.
Laser-ul trasound generation techni%ﬁgf may b, e used to

by it (i kre B ReahsHenit SHERES sttFiase T &t @htof the surface
ecHof depedd | Bh tther rpgianity oyl dser coubédedurhtbohaagl on the

I : ' ol - d i :
e RSO ER ke e A ST O THBHERIE, wieh a

Corpgenenition| Deesy @msl enbeanfenrl pFabriefegat for detection,
the NSPLEIEONSNST ARLHE Q%BF NP NEAIa SHEHAGE c3Eecl@BRs. Thus any

j nternal strucgtures f target terial_ . Thi . ,
defipeb iR " P EAGRGReer Geer A4S alBPE dime mioht be
masketd.aFoni thdet eetison, syetentuittacound imspeegiaysiegensitive
to aBdef PIREESSOL/ (IRl MRHY! €1 ecth® 2eR8ALEONbaSkar - surface

roduces a pulsed | aser beamthat is operable to
defiggfuce both ul trasonic di spl acements and t her nal

[0005] ansi eBhfs 8ént he ihdrgebamat @r)al . tH8EmdhE4E8PNI Canother NDE

etection system.detects ulirasopic surface .
meciPgy| SOBRERLE SEELRACRET Yot  Mat chdsl S I ARRS AR Of polymer-
matirixgicogpegstem deeetbsitheimsdns iaisl enttso alefidwts deeper than
a fei &b snghegbi‘kmerﬁaQE%e?Mépom roller analyzes and

correl ates both detected ultrasonic displacenents and

thermal imagery of the target material to yield

i nformati on about the target material's near
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surface and deep internal structure. [0009] Another

enbodi nent provides a nethod o f inspecting the
WO paoeordal4 structures o f a target. This net hodPCTUS100B625228
i nduci ng both ultrasonic displacenments and t her nmal
transients at the target material. These ultrasonic
di spl acenents and thernmal transients nay be produced
using a single pul sed generation | aserbeam The
ul trasoni c displacenents and the thermal transients
caused by the generation | aser beamdirected at a
surface o f the target nay be detected and anal yzed.
CGener ation_and anal %si s may involve synchroni zation
=t 4 ; oth ultrasonic information and

OOOKPer”aEmbBa%@iQEé Ot Otk el ARr €1 CRdRE £1:8 are directed to

under st an ‘?%% t t&? structure of thetarg S
sys/’iﬁﬁ‘fsyzrarﬂjfj T bl aSERRIRRE ¥ 1 exaRPfESTRy the above
identélfdednheedat and abbet nleeds iad eraldl. stThectambesiiments of the
pregkhg'nﬂﬂy%n%qupshg 'n¥§¥ﬁﬁgr %gCe Interﬁgﬁrytﬂgy following

Vi i nf ormati on about year sur
desgrm&%—apegné ‘Fl‘?h'ésco%%%%aé?%t%ﬂ fleatagiaseloft iempodaments of

theUbtrIéa&@Iﬂ:I QLIN’B‘rgﬁfﬁii IRy &B@:dftﬁ'@rh@aféﬁtlﬂlr ﬁﬁbmoﬁhélea@|sb&lptlon,
e nder st andi of the overall interna

accort“? ? éér%w%ﬁ% ar(ge J["tﬁ)lO] Yet anot her .

[OOO’é]rbodlEMdmennsjesoﬁ adrmog:rteSemteum&Ierntnspecbbmblne laser

u1t§¥§§>&gééSTQha CQH@%EE_G %ggihgl EQéﬂﬁ?é‘hgg S 8t eg]u.bstantlally

Inclu p%eneratlon ase aene a a pul'sed T'ase
addpesf tHh PREYEesi Wt EEHRT cnardpl aheptdeandneedy ms well.

Laséf a0t £atSued §bRe£80DORI tecHRL §liédl napnbel tds’-ia‘épni& prov1de a

ection s stem.i s _provide to detect the ultr.a
tragg{ rgl{‘:e 31 ac8men g at t hé ¥8mposti 2 RhTRTi alt™ Eared (IR)

thermmhy nﬁgYnQesVﬂ!@nﬂed pichi dedetro Wdirastounidertmlprovide a

moréré&ﬁﬂ)féﬁé ﬁbntvﬁ@sﬁﬂ?@@ﬂré ei B &t Abn JPepEPPhEPlmatrix parts
mat ch lr?gr i magi ng frame ach|S|t|onto - |

u
(1. p‘iﬁ’"é%%%‘i% L eneration | aser beam A
[0008]r oCesB@ dnbduitartebidyialed Wi idifbection system to examine

near surface and deep internal structures of target material.
This inspection system includes a generation laser, an ultrasonic
detection éystem, o a thermal imaging system, and a
processor/control module. The generation laser produces a pulsed
laser beam that is operable to induce both wultrasonic
displacements and thermal transients at the target material. The

ultrasonic detection system detects ultrasonic surface
displacements at the target material. The thermal imaging system
detects thermal transients at the target material. The

processor/controller analyzes and correlates both detected
ultrasonic displacements .and thermal imagery of the target
material to yield information about the target material’s near
surface and deep internal structure.

[0009] Another embodiment provides a method of inspecting the
internal structures of a target. This method involves inducing
both wultrasonic displacements and thermal transients at the
targei: material. These ultrasonic displacements and thermal

transients may be produced using a single pulsed generation laser
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correlate the detected ultrasonic displacenents and
thermal imagery in order to yield information about

wao b@ooveral | internal structure of the target.P@RUENB07/025228
DESCRI PTI ON OF THE DRAW NGS [ 0011] For a nore conplete
understanding o f the present invention and the
advant ages thereof, reference is now nade to the
foll owi ng description taken in conjunction with the
acconpanyi ng drawings in which Iike reference nuneral s
indicate |i ke features and wherein: [0012] FIG 1
illustrates the use o f generati on | aser beam and a

det ec bon I ser._beam enerat and(? gﬁ& e:}ﬁa[asf:%ral transients

beait r adbfi & "S5ICACEE T HE et
caugesh idarnde wetriera’cb@m f@sey Fearhalijestedt atnwermuxdigce of the

tar[g%(él%iay':b@ d%tQEQQéadﬁﬁdaaHleEeg' a%éﬁ@f&tﬁk@%ﬂch%naly51s may
i basic co nents o | aser t he

tras gi
nvQlyt€ems PRiERELCR pAGd JESTF a&&l?“du é’ ar]H g’—?” Wlerasonic
inflotmatiiomal aﬂdag:ﬂmmalf nfasedtidt r asouyitebdd al Rnore complete

unde%@a?:&l?l t gkgbutg Q:cf] B%g?‘&g}:greh gfrb ‘{‘i‘ieg‘z Eta?ﬁe tf t h%%nalyz ing

vention, - 4 descri
u“ﬁla@é’@é@ ﬁésﬁlﬁcpmenﬁagé@rueéempéegalaarewe.%ﬁorlr?eﬁqwtlon about

deepbaut drit@1n %Mru&ltﬁfréée wiitheé hn&hes ido@lodi € eO nfatledig@t. Thermal

N accordance e odlnents o f he _prese .
magi¥ent (O, [yd(? li‘lng) orpalisis RS |ttnf |ygr gd r%télgulatce internal

str@mtarrnedoﬁytbeamm}ngsat@unee@r&jz | fSerrejadyhngh the ultrasonic
infBeh¥FBENP! alrfy Wi thefhat - DohEgphhekes | &e@ﬁ@.@édanﬁ? a better

t -
undFFétaB‘ggpgvggegh% ‘F%@’F%l F{fgf%‘f%ir g%lﬁeﬁrh?ltggf@or (fg% target.
[0010] t h onet Oraﬂmm%renbﬁﬂbﬂﬁﬁéﬁto Prdicidy esenfomposite material
1nsl¥:»g\g/ lenon ne‘%n [ OOJﬁJlSFI g‘o ?Qecgnsat%rqlaqc k:fz‘?ééé‘e%é‘i&? system

gener t1on 1 aser "opera 0 generate ul
1nc@|u§psageggmega§qunt hasanl to generate a pulsed laser beam that

induces ultrasonic displacements and thermal transients at the
composite material. An ultrasonic detection system is provided

to detect the ultrasonic surface displacements ‘at the composite

material. A thermal imaging system is provided to detect thermal
transients at the composite material. The control module may
match thermal imaging frame acquisition to a pulse rate of the
generation laser beam. A processor is provided to analyze and
correlate the detected ultrasonic displacements and thermal
imagery in order to yield information about the overall internal
structure of the target.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a more complete understanding of the present
invention and the advantages thereof, reference is now made to
the following description taken in conjunction with the
accompanying drawings in which like reference numerals indicate
like features and wherein:

[0012] FIG. 1 illustrates the use of generation laser beam and
a detection laser beam to generate and detect laser ultrasonic
displacements and thermal transients in accordance with

embodiments of the present invention;
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15

transients in accordance wth enbodi nents o f the
present invention. DETAI LED DESCRI PTI ON OF THE

WO MERTIOON [ 0019] Preferred enbodi ments of theP@r/ES®Nt/025228
invention are illustrated in the FIGURES, |ike
nuneral s being used to refer to |like and correspondi ng
parts of the various drawi ngs . [0020] Enbodi nents of
the present invention conbine |aser ultrasound and
thermal imaging techniques to provide a nore conplete
non- destructive inspection of target naterials such
as but not limted to polyner-natrix parts (i.

100l poc FiBn o< R EiA%bRe BYoBkariIHS BRI, e bari

- congtanenttisr e dbseheuﬂargebundVEheamalThmsglmgp@w$temb

[OOIS%St en}?gﬁcggggrov1g8?ﬁgaﬁiogkl gfgé]rarﬁns%lft[rﬁfc‘@:gé&al diagram of

t ect em a ernma
a pesewssokyrasaunsl Apdul R wqg@ser%wwm@eraccordance with

emBYAHERS drPehsegrbasat bagehepsnabl e to induce both
ultrasoni c displacenents and t her mal tran3|ents at the

[0033)r get FAEt erd aReSTHEPRF t FASORIOWSHEAT off s}&t etffages used to
gaﬂhﬁ#ﬂﬁﬁfdﬂﬁdﬁﬁﬁﬂﬂdbduﬂfﬁ@@ fespl aaefraes iatetrhalt atgeicture of

tarlré,Elt ol Inalaccy;]: %‘hgr iy ge%’%gbﬁgméﬂ éeﬁ%e i gérseéé}ﬁ‘f rEE'lventJ.on,

$PeAS %4 erra cessor
[0016hal yzEZGand sbows| shesihbtaredt eetwlt auldbtasiorsid by scanning a

pul@e%lm@%erﬂ%{gecr a4 hes nal bﬂ?ﬁ@&'ypggtéh%ﬂ:ﬁr #8t-bottom holes

mat e el d i nformati on_about e ta

r
in ARCERFARCE Y ERaETPPALBFREF OF L% (REESSD AT ARRAO
oome present i pyaﬁa@s Br avgde fFobwf aabgn_»amnme@tdcmdance with

ore, 2 B bRBBSEEnENBLCEF EheBLLidd SRS st o

[0018Ener aFI®n I7asﬁpﬁetaem and:laacﬂket@::&gmm! asera bganetation laser
opefSlstal ect g% e! a&fﬁrgééﬁféonagﬁgiéeéﬁ&%@nt $n8Nd thermal

|en S 1n accordance wth : ,
transients accordance with embodiments of the present

invention.
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enbodi nents of the present invention. Laser beam 102
generates ultrasound and thermal transients while

WO kdoaniioat i on (detection) |aser beam 104 det ecPGT/UN®07/025228
ultrasound at a target 106, such as a conposite
mat eri al under test. As shown, these |asers may be
coaxially applied to target 106. Ceneration |aser beam
102 causes thernp- elastic expansion 112 in target 106
that results in the formation of ultrasonic
def ormati ons or waves 108. Deformations or ultrasonic

waves 108 propagate in target 106 and nodul at e,
f d r beam 104 to

gﬂ%ﬁ? : e >=di rected away from
[0019%}r get Pi:eﬁewhedh embodhlnentsed afid tHeocegnsesterdito aMv@ntion are

:L]..legt(}ra% 02.91 Q:g%zflttﬁﬂ%\é h@Ll'}Jét & Ira tsr %g}%r Ieél%fred to refer to

target ‘2 "provi des "a Dbl
likg @pd ﬁ=@r5§§Penééﬁﬁoﬁém:§ PEr ther orirwr) céﬂramam1 c

[oodogser E‘ﬁﬁ&&ﬂgefi‘f‘g | pfraggd (pFR3sdder MUFaYon combine laser

CGeneratjon | aser 210 produces generation |aser beam
ultrps Qnde hagPt | TS edBRYID94 HRTRRITIGS (& gBFOYide a more
comabomnmmcmmwﬁéamder@escmaﬁerlals such as

butot ri%t i Ef f@&#amt %’?‘aéﬁ%cer lé’%tg%zﬁglaleong c%mp051te

can or test i cal assénb
matueﬁéla&aé V|su5’lnecal?é]ba7§h“@@[§thpt¥é>l’féld8§ PR cdmsPgstion system

opefrabge Qei eslaline nmwzomnds@ﬁm&sesaropt beé lkbkGet material.
Thlspt nga egsors g cgué ose havin a[gc SKI L sler} t I?:t% ultrasonic
re ﬁ“ﬁS &°Bptye A AC P Teqit résst-
det@a!:nbnatu estpmi or tao petrhmﬁlng amagispect igystai s and  a
pro@@ts‘sgi'?%:bﬁﬁrafrh&tiﬁf‘ﬁet he%‘lﬁ@'é%ﬂéérﬁ:.ctﬂ"@.as.s\ég PPIRices a pulsed
in rate i nformtion ere y various, senso
lasggngggfn, mqr%&fe Pt ’p‘?%b‘iﬁ’ce%o‘élﬁ HLEFRESRiC %%ii%ments and
theamdla thamsients arsi entheM thirgetargete2ilfl . TherM@ ultrasconic
detégﬁgbﬂg ?ﬁéétﬁ%gggcegphﬂ{:§§sgﬂ§é%rf%geﬁagﬁlgggments at the

S are processed to
tarGﬁFor“??é’tqrd-ﬁllabout'ﬂ?‘%af:h§ﬁmﬁéce‘-“?é}ﬁ%aFYStem detects thermal

transients at the target material. The processor analyzes and

correlates both detected ultrasonic displacements and thermal

imagery of the target material to yield information about the
target material’s overall internal structure. Embodiments of the
present invention provide for faster inspection rates, improved
system reliability, and lower operation costs.

[0021] FIG. 1 illustrates the use of generation laser beam and
a detection laser beam to generate and detect laser ultrasonic
displacements and thermal transients in accordance with
embodiments of the present invention. Laser beam 102 generates
ultrasound and thermal transients while illumination (detection)
laser beam 104 detects the ultrasound at a target 106, such as a
composite material under test. As shown, these lasers may be
coaxially applied to target 106. Generation laser beam 102 causes
thermo-elastic expansion 112 in target 106 that results in the
formation of ultrasonic deformatlons or waves 108. Deformatlons
or ultrasonic waves 108 propagate in target 106 and modulate,
scatter and reflect detection laser beam 104 to produce phase-
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structures of target 216. This process will be

described in further detail with reference to FIGs. 3
wa@eaohzdohowi ng. [ 0023] Ther no-el asti ¢ expansi oPCT/L2007/025228

produci ng ultrasoni c wave 108 and thermal transient

are the result of the conposite material absorbing the

generation | aser beam Conposite material 216 readily

absorbs generation | aser beam 212 wi t hout abl ating or

br eaki ng down. Hi gher powered generation |asers are

not necessarily preferred to overcone signal-to-noise

ratio (SNR) issues as these can result in ablation of

terial at t he rface of fhe work ece potentl
mocﬁ@r‘?&@cﬁg £HBt co%‘fv@ éﬁt e‘itﬁa‘%t R¥AYe 186 Yunicn s

coldepueredi ngndn pirwcerdest | &lo bebhgimesmef@mammnabdia*scnnblng the

Ae s Ehglgl fl Ra@Gder1bg i ncrease the SNR of the
etecte SI gnal . Ceneration | aser beam 212 has

[0022bpr opFE&t e Bul Rrayides orp pelrek afldagramuenéyht othe Dbasic

cordﬁ&iiﬂé%%su'tﬂdxa i:foﬁiﬂl:ﬁgﬁcﬁlgﬁéféﬁﬂ?é I D§]§eﬂn€egﬁﬂh§p%th@geinfrared
ransj ents. For exa ver se-excite

(1Y, EEE R P RERhER) ° cEPPaTEr tohn el SO S esty Generation

laswavéaleanthh2bmcthor0pa1];@1 rEseEybion@lgulddaenitdt to Teerget 216.

As RN Ofoﬂﬂ%élasﬁsémt bey suf fi& £ edd $osg§1!1h¥§[]orf Qther like

exanpl’e 0.25 joule pulsetothetarget

meclhéﬁ't}FF‘e tglafod“%% Laser Ssématdlrg atowe 480 SI‘-'lf‘anﬂ’%eteSt plan
218repebp1tuea1r adeseflEner atuomdasencheas 242uad abswebesd, depth

eat i t h
corfRlint A HIF, SLAED USRS "SR AA Bgpec or s
llksetcatttwﬁi|a§@$0220k@;§>ematwgtbﬁssull?éu%d dtlown the art.
Theaedeoﬂmln%ehedwge addH agapi Cré*@sﬂeaceammb&atE@ﬁs prior to

perErPong. af AHEPeREIahr 1| CPOR! SO LRERTIgR VPLEteRanGPe, ability
of atheo swdtem | did e inte@raiter oinEoonat por segatibiinsd mipy various

senESQE' re deedidP-Matdr (KY9 basahcePeteCtinn-da%8lc wave 108

%enerat es_detection | aser beam 222. Detect]on
and| a%e heymal transient within target 216. Thermal imaging

system 232 captures thermal images of the target. These images

are processed to yield information about near surface internal

structures of target 216. This process will be described in
further detail with reference to FIGs. 3 and following.

[0023] Thermo-elastic expansion 112 producing ultrasonic wave
108 and thermal transient are the result of the composite
material absorbing the generation laser beam. Composite material
216 readily absorbs generation laser beam 212 without ablating or
breaking down. Higher powered generation 1lasers are not
necessarily preferred to overcome signal-to-noise ratio (SNR)
issues as these can result in ablation of material at the surface
of the workpiece, potentially damaging the component. In other
embodiments, depending on the material being tested, some
ablation may be acceptable in order to increase the SNR of the
detected signal. Generation laser beam 212 has appropriate pulse
duration, power, and frequency to 1induce wultrasonic surface
deformations and appropriate thermal transients. For example, a
transverse-excited atmospheric (TEA) CO, laser can produce a 10.6
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i ncludes or optically couples to filtering nmechani sm

224 to renove noise fromdetection |aser beam 224 .
w@pivozorassenbly 214 directs detection | aser PEHRDSRDR7025228

to the surface of conposite material 216 which

scatters and/or reflects detection |aser beam 224 .

Resul t ant phase nodul ated light is collected by

col l ection optics 226. As shown here, scattered and/or

refl ected detection laser light travels back through

optical assenbly 214. Optional optical processor 228

and interferoneter 230 process the phase nodul ated

ght to produce_a sigpal contaj n|n i nf ormat.i an .
i Ry YR E PPN ooeRe LR r SS0rd PRCERENIRITR® ( Hidth. The

pov&u:r fafcectd lmgposider g _&ruf@ﬂlmt Dat agirioeassify anhmple, a
ié&ie %ﬁ&@g]%§; £Rar iy éH'ﬂQyo&ebﬁﬁr%a%§rloo watt

asound system con&onen S an er mal | mager
laa%np@mm%nﬂ% #Felad 4 @oﬁ?atm@rﬁeabﬁﬁf’th’Pe‘P%alra e. Generation

las%trr upbdmesof tike &Bé@ﬁlbed[ %ZSheE)at aimpte®cehe Ngaagdt surface

| 232 ' '
eneG3R SayBA5 ToE PR B BE) L 6,58 EEERDID AN

[002d] ocesBenhgctiton ckasay bEanperaopngcesspnlsed mode or CW mode
doel HF G LBoral féﬂdf§d¥¥ﬁem%Eﬁ%es%%&’example, an Nd:YAG

m CrOCOprUt er, centra processi ng uni t, fiel
lasgiroGraniso e sat Eher PReT) Pcﬁgrtéh?a&aéel g}uétdaﬁ @ fficient to
del&tv%tr‘;‘ FRhiet@mpliegi @ Qoo iy, jaimaJeog 10 eldidriof,second pulse,

i tal t d/ t i pul
ersb L ALY, ISV ERAIE1 0, P BULgLPlon 1aser

220i rgenematems detertdonn Yasmr ypedne 2% 2nor y Depdfdoa laser 220
1nc§hﬁQEe BENMYHL deMiige ebuﬁlghur@6|tﬁ&ﬂﬂéﬁf&@DrMQQMhﬁE§m 224 to

uc devi ce MR a read-o rando
renpUEoBeI RN GFSTH o ey SHOh A at (IR Sy FeRbLy 214
dirstabi cdemerinn dyaaarc besmor 924 f Itzishtherrmuy‘fa@@chef composite
matggggﬁle%n%&g% a%%a@%%&%eahﬁ?BrS&%&§§CQEgHE%Ectlon laser beam

rmation menory stores, and data_processing
224and R@@h*tlrtélntsyﬁaéﬁ udrEed: ddghbpdFarrdhgrted by collection

optics 226. As shown here, scattered and/or reflected detection
laser light travels back through optical assembly 214. Optional
optical processor 228 and interferometer 230 process the phase

modulated 1light to produce a signal containing information

representative of the ultrasonic displacements at the surface of
composite material 216. Data processing and control system 232
coordinates operation of the laser ultrasound system components
and thermal imagery components to yield information about
internal structures of the target.

[0025] Data processing and control system 232 may be a single
processing device or a plurality of processing devices. Such a
processing device may be a microprocessor, micro-controller,
digital signal processor, microcomputer, central processing unit,
field programmable gate array, programmable logic device, state
machine, logic circuitry, analog circuitry, digital circuitry,
and/or any device that manipulates signals (analog and/or
digital) based on operational instructions stored in memory. The

memory may be a single memory device or a plurality of memory
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i nstructions corresponding to at |east sonme of the

steps and/or functions as will be illustrated. [0026]
wWO-@9/0Bop+ ovi des a bl ock or functional di agranP@f/Us2007/025228

| aser ultrasound and IR i magi ng system 300 in

accordance wi th enbodi nents of the present invention.

Laser ultrasound and IR i maging system 300 includes a

generation | aser 302, a control nodule 304, a |aser

ul trasound detection system 306, a thermal inmaging

system 308, a processing nodul e 310, and opti cal

system 312. Ceneration | aser 302 produces a generation

| aser beamwhich is directed by optical syste 312 t
de Wi e ot SHHh AuBETOFY Pk TSI BA% K 2oTHIA- FOLY | TRTPEY Tandom

actessomeEostye, matadratalls winemeiry, ul hpasvolgtile memory, static
ispl a Lndu ' se Y, er

merip PSSP HRRLE, BEfol nete gﬁ%ﬁgéﬁ'eé@?@ SRemolYe| and/or any

devigerthranfiRren Adgdrpéciafoppabpeical THPsMEROTYIBEQyes, and

dattalr geloc3t4inber ghd Wdntasani sydtspl ageneskscatekhe operational
atc.e of target 314 cause the.detection Iz—tls%r beam
oL %h o) h% steps and/or

._surf ,

Ingys lpcﬁ]fsec% Efpzﬁ%%ngl'h%o de e%?‘?so% Paser “beam’ s

funptsiiaresr e Wi lilhdesddflasgretethe target. Optical

WO%%Sten§I 123ah§8v$%ggegtbigﬁﬁ §fa%ﬁﬁﬁé¥5£@?s§iagram of a laser
dul ated |1 ght. e laser ultrasound detection system ]

ultsw%es%rég thR corpairad prasemnodlPat d& | iafftoydpnce  with

embydieferit® devetBp presentl ieoRiNAiBNNg | DissiBulepagbokl and IR
ind (5t L0801 Sl SFLPSHIRN 3 oI5, 8000 R 91 059, contron
modallsp ¥Qbat @s lasefenngirascamsi etntddriarhesywegmphPe, a thermal
imJEBEY TSRS Dia | aégg}oééésin@ hbental 31 000ing DEHik@l system
31 s.uch an IR,camira 30 ogequires thernal images LI m which
Fr affERSPHRE (AEPKAP O¢r BRSTEAES % IRRF AT ot HEf

is | dagectsdadgui ppditel encdtegencBaRi o | aseraypyktse314 made of
mat%qq%hkogﬁbhi@E9§§an%meimited to composite materials wherein
ultrasonic displacements are induced as discussed above. Laser
ultrasound detection system 306 generates a detection laser beam
which is directed by optical systems 312 to target 314 wherein
ultrasonic displacements at the surface of target 314 cause the
detection laser beam to be phase modulated. The detection laser
beam is scattered by the surface of the target. Optical systems
312 also collect this scattered phase modulated light. The laser
ultrasound detection system 306 processes the collected phase
modulated 1light in order to. develop a signal éontaining
information about the ultrasonic displacements. This signal is
provided to processing module 310.

[0027] Generation laser 302 also creates a thermal transient
for thermographic measurements of target 314. A thermal imaging
system such an IR caﬁera 308 acquires thermal images or frames of
the thermal transients within target 314. An image is acquired
for each generation laser pulse. Additional images may be
acquired at predetermined times after each generation pulse.
These different images are processed to produce a thermographic

inspection of the complete area inspected by laser-ultrasound.
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acquired at predetermned tinmes after each generation

pul se. These different inmages are processed to produce
w@2aoberiongr aphi ¢ i nspecti on of the conpl ete arB@I/US2007/025228

i nspected by laser-ultrasound.[0028] The thernographic

results conplenent the |aserultrasound results and

provide in this manner a nore conplete and nore

reliable inspection. Transient IR thernography does

not by itself provide for the efficient inspection of

conposite parts such as polynmer matrix conposites.

Transient IR thernography is sensitive onIy to the top

rface_of the conposite parts because |t a low

(038er rral TBEnAUCRE TG BRI iche FOFURER mATTBLSTAis, FRe  laser-
ulﬁmmmnngiamhml¢anamﬁ beowidd in tuemtmimnén dletere amplete and

t|f e W t |y
o ARG, | L M o v b
ltssa}gfm ¢ nEBF pohgr f PetlentasErsSRATT bR \%’F“@FPSl e parts
sudi @ GRS yanede e i filxeIdtlpdsiteett | arasisilesiv ARl tHw@fmtyraphy is

ngt I S ear surg ace | ect |
senfr]ﬁ'g hlngyag r:tznses ;?roso effr?geasosfgzj?la ed \kﬁo% ttehé%fertts because
it tilsae Lewethghkmpasoandurhipétyi on ey Hrelyess mapsixi véhus, IR

théxﬁlo%@ﬁbh§urd‘a§ﬁﬁ>tde$@ch§ed3)tocQ.'H@n'&'ﬂfgr thes@et¥Ot and identify
ete non-destructive | nSpeCtl on

ues a
Gecpy O3 etHEouR FELPaP POVYIET PRETLT &t (i Afs
[0029 ssi bL@sé\beﬁleﬁhyoUﬁdnﬁnHa$Rr 1hi|a§ﬁ.ﬁ§0§§r§t@m 380 incorporates

bot&xf %'I r %@ra}éoqg whlc% 4rc‘>j\? S& [ bg Sdg Q.El%%%?‘%lr n%lnspectlon

|nages her Bt oh abouttt he
sys¢emuendr @h@fmaércmagsm tA? elddreals neage swxfage inspection of

targatheyied af H8fi AL A s U LUBLEpTEmed 288BLAL 8k twlnaql the fact
after the generation.l aser pbeam has, been fired.

A s
thatnd a5&itert Fiott THY l%%%%‘?‘f%orh?‘%}ﬂ BF pisfeSetStar et to near
surfada tdefgenerati 8y | assbibimgn whesebetwoanhedhnigugs a more
com?i@gepaﬁgn?’&gst:?@éa}.\?eBjﬁ?f’ggem&h tcﬁe %.en%rd?x{do%qte part or

aser beami1s direct
material is possible than was possible when only using laser

ultrasound or IR thermography.
[0030] FIG. 4 describes the processing of IR images to gather
information about the intermnal structure of target 314. A

"thermal image may be gathered after each or predetermined amount

of time after the generation laser beam has been fired. As the
generation laser beam is fired or pulsed at target 314A the
generation laser beam will be scanned along scan path 316.
Points 318 at which the generation laser beam is directed will
each have a thermal transient 320. Target 314N shows the
scanning of path 316 by repeatedly illuminating target 314 with
generation laser beam and collecting numerous thermal images.
These thermal transients may be used to determine the thermal
properties associated with the target material. For example a
quantitative thermal wall thickness may be determined by
analyzing thermal imagery over time at the target. This may be
presented in the form of a synthetic wvisual image as is
illustrated in FIG. 5. This processing approach analyzes

infrared images (more specifically temperature variations as a
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each have a thermal transient 320. Target 314N shows
the scanning of path 316 by repeatedly illum nating
W 20090730844 Wit h generation | aser beam and col PE€DUS2997/025228
nunmerous thermal inmages . These thermal transients nay
be used to determ ne the thermal properties associ ated
wWth the target material . For exanple a quantitative
thermal wall thickness nmay be determ ned by anal yzi ng
thermal inmagery over tinme at the target. This may be
presented in the formof a synthetic visual imge as
is illustrated in FIG 5 . This processi ng appr oach

Izei.r.".e rsecflc
funt%rﬁoéra urgfl\lg}%ri aélrg%g tZ\Isléa %gfe Sn aagr%s vithi ARphgzed) . A
rel@ltflﬁ’@r erRMPeERfasrar vaghatyerdFurva rneer abuydt from all the IR

1ma'g%'§p@'o§'t %ehvgbhﬁt;l BR EHEVERI Sapwi4t fromall the IR
i mages_f each point of the IR canera. [0031] Another

[003d} 04 ﬁ%ﬂFhﬁﬁye‘BP%@Jr'H%n% BRIARIERV §Fe tthed MR thermography
techféhfiequs t Inspe@echatat el SokomaRgarswtfid@cedefects. This

allg%fe%> L%k?tﬂ ! 1%% p%%kt ernal lo%d %I Hlmlth in that

y CRTERG portlon 0
oanheﬂt%lﬁ@lel pgrﬁeatle@fattremyt@mettme hgatleda afysamym one time.

SucHS8S s#s86AN18Es| aS8tahfed NHKSr tHeriFHudd AN @S cransients.
0032] _FIG 5 shows the infrared results obtained by

[003gl:ann| hfa purlerr dde | IR iR mesit ld Hebffdneg Rvescanning a

pulsehcbbatabett beathobas a ﬁb&ydeEe@H&tbnwhgg Ea@@eboﬁQam holes.
clealy ARRe n r S nmage 5 e

el RGPS VDRSS RRE ATR ARG, AT S0y o

lmagmaaeo ray Ibaggeh@? ateel wdsa gfmquﬁagqutmemd witibAnamaterial

5021 hathdeSchhHethay RE. g&?él%l’ﬂed\ﬁhsﬁ)g’-%@}x 963 E‘ltg| Fnb%ﬂod such as
cha SHEISkL Bl S PR pLEL Tl 0! 1, TS0 L5 sc
referamse emhqmlrmgnapnylganmlayhod apprhobcihes staynoerpsedted by
reféPeﬂ&&ufekeBXl”%%§5% e%he t CgfggélgﬁtatﬂQ?QS%rgﬂgy analysis
provi de a visual cdded disp ndi cative o

approaches may be used to accurately measure the thickness of a
target and provide a visual coded display indicative of its
cross-sectional thickness over a desired area of the target. _

[0033]  Basically, IR transient thermography use of an
inflection point in a teﬁperature—time (T-t) response analysis of
the surface of a rapidly heated target, preferably obtained from
"front-side" IR camera observations. This inflection point occurs
relatively early in the T-t response and 1is essentially
independent of lateral heat loss mechanisms. (Such considerations
may be of particular relevance, for example, when working with
metals since, due to the high thermal conductivity of metals, the
thermal response of a metal target is fairly quick and,
consequently, the time available for  obtaining thermal data
measurements is usually short). The inflection point is extracted
from thermal data acquired over a predetermined time period from
successive IR camera image frames. Preferably, this time period
is at least somewhat longer than an anticipated characteristic
time based on an estimation of the thickness of the target being

evaluated.
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cross- sectional thickness over a desired area of the

target. [0033] Basically, IR transient thernography
waiz@9nf3oan i nflection point in a tenperature- PCTES2007/025228

(T-t) response analysis of the surface of a rapidly

heated target, preferably obtained from"front-side"

| R canera observations. This inflection point occurs

relatively early in the T-t response and is

essentially independent of |ateral heat |oss

mechani snms. (Such consi derations nmay be of particul ar

rel evance, for exanple, when working with netal s

since, due to the high thernal, conduct|V|ty of
(00F4he ¢ hEPRERSTeSBERSENGE daker 4P CRRGEEefs TPE PRy o) Pixel

loo&n:d,orﬁ Qs efpecAmhyedt bargetreandathabl esédrtobdetiermipe contrast

as a dggtf%%t%fn%?%gr%g§n£§c%2%yggfllYA rnﬁa%fr-gv%tem controls

["éction point 1s extrac rom ther
theac;q@srlm SVeten, preder e nenddaRr ez pRrfwif Jgphemperature data

acq%ﬁ&%@S%h%Ethg Qﬁ”@éﬂet&ﬁg@narﬁﬁeﬁldégEiﬁﬁi?ﬂﬁloﬁfyﬁhy pattern-
erio [ tha

keyﬁﬁti%ﬁﬁg?edjgﬁérﬁffgfﬁgFﬁx t?%ﬁr%%%lgfon &n &8 Ckn?ss of the
tangbtthEhnB|chﬁesmaoionhmayabgemetg¢¢mwxgqulﬁﬁqﬁjqknxaﬁound data

heuiRe neherengerdaidqai sncormal asidireadh dhe Warget .

I xel lTocation of the inmged target and then used to o
[0038Lt er i Ree coma@dEizdon fpict i BHIERCEI nEopieT@idye data  1is

ml@léeled ﬁyCinr@th I tBY¥ S§ & €001 619 Baddie tdTEdi INgnisietiee @nd heat a

f d
porb 58, B U SHHACE, G011 Y 2 S S0 E5dnes ave

thepa triegoridegde ovierage R¢11a1t0dac€€ffjrm-le¢ yaééeregp@hdgep@ratlon laser

pulgg'%5ﬁe%%eo&éU3%d%@rg%hgeghh§eﬁn&9fQﬁthBPWEYtﬁﬁperature time
ound data to pro

-5 e ih ey g'?z{t&ag KNG O N S—
320a0quE$Gt|@n of surface tenperature data is initiated
oosf . g FSoRCRSETIAEE LF°Ehe' fab bUTEBRLE tnE L pnancrea
forf regms pizel in the acqu:l.red 1mage frames to determlne the
thickness of the target at each resolution element location.
Conventionally, analysis of transient heat flow through solid
portions of a target requires determining a characteristic time
required for a "pulse" of thermal energy to penetrate the target
at a first surface, reflect off an opposite surface and return to
the first surface. Since this characteristic time is related to
the distance between the two surfaces, it can be used to
determine the thickness of the target between the two surfaces at
a desired point. A contrast-versus-time curve is determined for
each (x,y) pixel 1location corresponding to each resolution
element of the target surface.

[0037] FIG. 6 provides a logic flow diagram describing a method
to inspect materials such as but not 1limited to composite
materials in accordance with embodiments of the present
invention. Operations 600 apply both laser ultrasound techniques
and thermal imaging or infrared thermography techniques in order
to inspect and examine the internal structure of a material to be

tested. Operations 600 begin in step 602 where ultrasonic
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then recorded over a period of tine after each
generation | aser pulse and the recorded i mages used to
waelewelhola tenperature- time (T- 1 ) history, BUDOSHS7/025228
that associated with thermal transients 320 of FIG 4
[0036] Heat flow analysis of the T -1 history is
then conducted for each pixel in the acquired inage
frames to determ ne the thickness of the target at
each resolution elenent |ocation. Conventionally,
anal ysis of transient heat flow through solid portions
of a target requires determning a characteristic tine
dlét’lﬁ.%lgem%%t{sor?ﬁd R;lllxe%aIOf Lgﬁéf@ﬁ ngl’rgy %r? Ipc_e&?t §1te target
st sur ace, an opposite
matﬁ}”r#adce aTi@ieﬂ%t‘Eﬁlm %tl@hleefﬁpglﬁ §§i«t¥lacé QSFlﬁé’éttlF’?Ps laser beam

ass‘b‘&qra%‘“eﬁiewﬁt&ﬂ @ tLhBBri ﬁlt?héb&ﬂdt Sy & tem di Sl’lﬁfme_qeﬁﬁimn laser
ne .t he

t he rfac e use to de er ,
bea) ERRe, Lhgcr Pulr HEEFetE (SR L] s deiGge  material
gemgesitesd kpmmtulwmrcasdlwl@wemt@ andva ityermal transient

as SIEENES JOh eACfedends PbXehckocat hgm QOr repposdepdeos the
to each resolution el enent. of_  the target surface

u1tEGESPoF| BRI HRHR Aot RoTToh (T AGFARPIESTDI dftected.
Thea ultiragdriie idispleatenehesi aky dechiezechetl msunglant@dtrasound

systt%mc%%i)ls'tseb[l@tﬁ&:a%fmige t‘_:cgrgafé:&x\gd%lh:ﬂ% ﬁ}sftem he

resen I nventi on erations a
therasdr t@apﬁagg‘en@azt'eleﬁnqiata%%t%ﬁ%obx rﬁwrmﬁa@h@gv@# imagery of
thel rtfarz@re&;d mdermegr.aphys t ecbeugs€d phevicheslyothasgenbration of

CEpERRTty dagieg s o0 gt HEFAHSTL py b, Fndifkdifizea or

gnins
cormbﬂaasdm c@hipl suEpemsiemonatideeraisad fisimatch &he results of

anah pdycechdrF Amedr g6t é@fré & .. Thestdmysdtboth etﬂ@”@etected
usi n eneration | aser gn1as ociated with a | The

W1CEREPRL BuAg By SCERFITA, S7ge AR YRR ALY £ed
detdteedt edilttarashaisur fdicplefcanemttsar getlImat prowide information

regarding the deep internal structures of the target material
while the thermal imagery of the thermal transients may be
processed to determine near surface structures within the target
material. Because the ultrasonic displacements and thermal
transients are initiated by the same generation laser beam this
information may be used to easily correlate the detected
ultrasonic displacements and thermal imagery. This allows in
step 608 a detailed composite understanding of both the near

surface and deep internal structures of the target material to be

realized.
[0038] Correlation may be done in part by applying a time stamp
to thermal images that are acquired. Also the thermal imaging

acquisition frame rate may be matched to the pulse rate of the
generation laser beam. Thermography allows a synthetic image for
other representation to be determined of the target material.
This may involve the determination of a quantitative thermal
thickness arrived at by analyzing the thermal imagery. A change
in the quantitative thermal wall thickness may indicate a near
surface flaw in the target material at the point where the
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generates both ultrasonic displacenents and a thernal
transient as discussed with reference to FIGs. 1 and 4

WO 2000/080ep 604 the ultrasonic displacenents anPCT/O8200H025228
transients are detected. The ultrasoni c displacenents
may b e detected using an ultrasound system such as
but not limted to a | aser ultrasound system The
thermal transient may be detected by acquiring thermal
imagery o f the target material. A s discussed
previously the generation o f the thermal transient
and ul trasound nay be synchroni zed or correlated. This

0 | u t of
uné)gg?d;/é% %g'r %%%t e%uggéggf{:{‘@e gééﬁé “alﬁ thickness
ocqittect & tlrnef%maélépsEﬁﬁc@ﬁeﬁ%uaﬁﬁz?ﬂe‘?m ?%‘@’é?%/t display
whea.*é? @mawz?it dhenget est @@nl¢|rTaE;i&SQﬁ|dﬁ.cdt§§| aceiiichtinuity or

nformati on_rega nt erna
Chaﬁgr% nttﬁ&g?é?' eFBﬁgFg |agl %’egglﬁeé?hernal
[0039mager§rhef ddres tardroml lasansmerams mEy bee pruwcdsIBd wbrrasound
gerpeexfa%&@xfel%; sug HeL ML eS| é&tﬁfow&gst a compact,

ecause PE lﬂ t#asonl Cc di splacenents and
highreriemager apsvent smafeIRni Lra6Ed B9Tt hellswarPound and  thermal
tragﬁl%rna:t ifhdraggionieams hiBsoundf oAMRIGON 7R hke gesed-dtd on laser.

I R T .

fibgat gicdupd edotposi genanelengnahelsﬁg ]@#a@oﬂﬂth@ﬂm fiber lasers
al1DWsl aEke aﬁ.@\s@%eppﬁrﬁ# eirpalpsSt NYehUElS imdtea vt aEQ&‘n generatlon

mat eri al e rea |zed1 LOOSSL %Jorrel tion gg?éd . 1
las@gnd 53t g by Ry gtaSET nBS3Y alpY't Bt AgHREPS via optica
fiderage tlathar geacgatied. 1dtsp héwd thet mal 1 magi ng

qui sjtio fra rate may et%h 48 the Ryl

[OO@EIG (0] O‘fﬁglﬁ%ner a?l %uT%sefa%eam égr rrot%gra%h §1| away trom
gengraynvhetliasendagant gieloivary représtit adl beive oabC@mPact mid-IR
gendeheibhnad Lfr thed akget wBHAER8! the overall payload and the
stability requirements for robotic systems used to deliver the
generation laser beam and acquire thermal images. Only a compact
and 1light-weight module containing the generation laser beam
delivery head and an IR camera is required to be mounted within
the inspection head of the robotic system. This allows the
deployment of a mid-IR laser source using smaller robots. Thus,
new composite inspection opportunities are created for in-field
composite NDE using portable laser ultrasound systems and IR

thermography systems. These approaches are discussed in US
Patent Application No. , entitled “FIBER LASER TO
GENERATE ULTRASOUND” which is hereby incorporated for all
purposes.

[0041] In summary, the embodiments of the present invention

provide an inspection system operable to examine internal
structures of a target material. This inspection system includes
a generation laser, an ultrasonic detection system, a thermal
imaging system, and a processor/control module. The generation
laser produces a pulsed laser beam that is operable to induce

ultrasonic displacements and thermal transients at the target
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This may involve the determnation of a quantitative
thermal thickness arrived at by anal yzing the thernal
w0 pg®er3p14 A change in the quantitative ther maPCTEE1007/025228
t hi ckness may indicate a near surface flaw in the
target material at the point where theunexpected
change in the quantitative thermal wall thickness
occurs. This information nay b e visualized by a
contrast display where an abrupt change in contrast
i ndicates a discontinuity or change in the
guantitative thermal wall thickness. [0039] The
matga%egla.t ! o%l*easﬁitgggg%%{@y cg%e%tg].og' %y%ttgr& rééeaggs ultrasonic
generation Taser.”Such a dgenerafion T‘aser provides a
surf@gsacdispilgremgnesaget poviks rAargetR maseriadr The thermal

,ima&éitrfélaé@i@}@maﬁétbaeﬁ”Ehe_H’namS{:Eahsﬂéiﬂ@é &t Gthe ASrfdtOWhterial .
I n aser

, th t | 70 | udes. ; :
The RESFSRERE FOLYARE RGEA APBErCrdshttIaReH G dhqHgaenents and
thegowil ethagerg génehat tangetiseatéeial M0 yidlidgiriidiesration about
thelf 2383 2hlhews i hies! i‘ﬁ@%gg iPst Pubrgrd OCat ed remotely

rom-generation | aser 704 . The punp | aser head .
[004%y b Bscenpl ef avarspei ckilli Bor thecars wAdl appreciate, the
ter@eNddtmdiagarhead Yidbrd:00de1boCatdsNtndPepPUNRBed herein,

Ia%Fr head 702 neters aMQ%Kir n1generat|on Iqﬁgr beam 43
PIOYRLRFer §2heHY o4 H AP o?*rﬁ’& £oRFE- TR gerfer fQEgTePORding
teriaserSusdacit Hatdusedyeescepeéedy ecdklrapay| oadgersdfrbm less than
oneStAbldddy EBAUIEHIBN SefOlnt OB GoMUBRASCLo! Opue 35 not

~deliver the generation [aser beam and aCquire thernal
11mFﬁ§§es.tQ3ﬂ yC AR ORPAt t Xﬁ&upﬁght-%&ﬁ%ﬁﬁ?tﬁﬁhul%erU1t process
variantiahsi ngempergeneeatiadii dtasns , badmedalrid/efy1 headmasd and/or
R ra i,s, required. to qggg% . W Lhin e . ;
the?ﬂ%%eg%?g%'heé% 63%1% tc#: a}% ro‘-%?% Sys l(;(rjnlryvI }F% %]{'PO\%‘JS_II furtl.ler
apprReidepl ofhenteg™ “PpergblyR dapdiedSounde M nge used herein,
inct$i@kkerai P86t S. cdpiind e td PG i@ dtNSReUb1aRhg via another

oggor%unlt es are created for_ in- gijjd C%ﬁEQSIt% NDE , i e
COMBERAY- por TablE t aset* Uit rasodtid ¥tefs ¥iGtFr +0r rhdirec
coupling, the intervening component, element, circuit, or module
does not modify the information of a signal but may adjust its

current level, voltage level, and/or power level. As one of

~average skill in the art will also appreciate, inferred coupling

(i.e., where one element is coupled to another element by
inference) includes direct and indirect coupling between two
elements in the same manner as “operably coupled”. As one of
average skill in the art will further appreciate, the term
“compares favorably”, as may be used herein, indicates that a
comparison between two or more elements, items, signals, etc.,
provides a desired relationship. For example, when the desired
relationship is that signal 1 has a greater magnitude than signal
2, a favorable comparison may be achieved when the magnitude of
signal 1 is greater than that of signal 2 or when the magnitude
of signal 2 is less than that of signal 1.

[0043] Although the present invention has been described in
detail, it should Dbe understood that various changes,

substitutions and alterations can -be made hereto without
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t her nogr aphy systens. These approaches are di scussed
in US Patent Application No. , entitled "Fl BER LASER
wWa DGENBRATE ULTRASOUND' whi ch is hereby i ncorpor/asmdr/025228
for all purposes . [0041] In sunmary, the enbodi ments
o f the present invention provide an inspection system
operable to examne internal structures o f a target
material. This inspection systemincludes a generation
| aser, an ultrasonic detection system a therm
I magi ng system and a processor/control nodule. The
generation | aser produces a pulsed |laser beamthat is
derfi&fq Zﬂ% 6 i | URICEp -1 £ agRAI Ecg?épbﬁcﬁﬁgntliv%@lon as defined
t her ma trage nts at the targetmateri al
by e 20850 FeCeBiMEn system detects ul trasonic surface
di spl acenents at the target material . The therm
i magi ng systemdetects thermal transients at the
target material . The processor anal yzes both detected
ul trasoni c displacenments and thermal inmagery of the
target material to yield informati on about the target
material's internal structure. [0042] A s one of
average skill in the art will appreciate, the term
"substantially" or "approximtely", as may b e used
herein, provides an industry- accepted tolerance to
its corresponding term Such an industry- accepted
tol erance ranges fromless than one percent to twenty
percent and corresponds to, but is not limted to,
conponent val ues, integrated circuit process
vari ations, tenperature variations, rise and fal
times, and/or thermal noise. A s one o f average skill
in the art will further appreciate, the term "operably
coupl ed", as may b e used herein, includes direct
coupling and indirect coupling via another conponent,
el ement, circuit, or nodul e where, for indirect
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coupling, the intervening conponent, elenment, circuit,

or nodul e does not nodify the information of a signa
whedonepladj ust its current |evel, voltage | eveCT/US2007/025228

and/ or power level. A s one of average skill in the

art will also appreciate, inferred coupling (i.e.,

where one elenent is coupled to anot her el enent by

i nference) includes direct and indirect coupling

between two el enments in the sane manner as "operably

coupled" . A s one of average skill in the art wll

further appreciate, the term"conpares favorably" , as
WHARYID A hgy.ein, indicates that a conparison

between two or nore elenents, itens, signals, etc.,

provides a desired rel ationshi p. For exanple, when the

desl r ed & gletdhicgh$ie gnispeciiataggghal cémbpassangr eat er

Ma@Yddide dhan, Si raiorf flaa\é(gxablﬁaeafftp MY e d  induce

e achleved when t magni t ude_of si 1 1's greater

UL RO ALSPL ACRRRRE S SR fhERCTREL hERREIRIE (AF Che target;

si ghiadec? ing | eiss tgw&rhltabnOfla&tegﬂalgeim t:[c004_3]surface of the
ta é&hOUQﬂ fgg%pﬁﬁﬁﬁnéeﬁ 916 gggﬁaﬁﬁggg g%glgg ultrasonlc

etail, ers
&Fﬁoﬁ§daﬁaeaFPéFaﬁloh§a@%he%tea¢mﬁhﬁrﬁﬁﬁgQﬁ,

W datetdepar t gnfg fﬁmﬂghberﬁﬁﬁl rais%nﬁcéﬁ&p@sl ofa\lmg_? tlhse thermal
i ned by the appended cl ai ns .
traaLX%%E Fsﬁﬁ? Ea fhod to inspect targets
coRpRlyYEAGY pbgﬁh0|d@F%c@mhemétm@ﬂOhaserdbeahacmmwntﬂeeat the
tarb@tlEQHCEth&5§SPHh§eQ¥SBfagﬁgeigfbéﬂuyféﬂgga'H%ormatlon about

the transient at the target; directing the generation
® 58&P°beamto a surface of the target, wherein the

generation | aser 'beam produces ul trasonic

di gpl ac.gﬁgnr& g &heciher r@l Jiansi.ent at the target;

detecting t trasonlc di'spl acenment’s and t he thernal
t r ERei BRaF9et Q?@p{ﬁﬁ%ta composite material;

analyzing detected ultrasonic displacements yieldé
information about a deep internal structure of the composite

material; and
analyzing thermal imagery at the target yields information
about a near surface internal structure of the composite

material.

3. The method of Claim 2, further comprising correlating
information about the deep internal structure of the composite

material and the near surface internal structure of the composite

material.

4. The method of Claim 1, further comprising correlating

the detected ultrasonic displacements and the thermal imagery.

5. The method of Claim 1, wherein detecting the ultrasonic
displacements and the thermal transient at the target further

comprises:
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anal yzing both detected ultrasonic displacenents at
the target and thermal inmagery of the target yields
wO0 njooom@mtd on about the target . 2 . The net hodrof/usioai/oms228

1, wherein: the target conprises a conposite

mat eri al ; anal yzi ng detected ul trasonic displacenents
yields informati on about a deep internal structure of
the conposite material; and analyzing thermal inmagery
at the target yields informati on about a near surface
internal structure of the conposite material . 3 . The
met hod of Caim2 , further conprising correlating

| NRRLingN ahRAHalt hendpeRy ¢l ef ngh1str Yetlr & oft HN&eneration

1220 osite material and the near surface interna
a8&"r §6PUre of the conposite material . 4 . The nethod
of G aiml , further conprising correlating t he

de%ecte@hglhggﬁgal fdbgg @C a|n1 Vég%%éé%ﬂ he u%frasonlc

I magery erel n aetect
di splagmensgornd dFBpI ddevals BFRNFIRNG hatnwdihe r AAsPeRt further

compirikbBe:target further conprises: matching thermal
eneratlon | aser bea

[ [ : ul se rate.of t
ngg#ﬁglhét%ggrmﬁidﬁgaﬁﬁfg f%ﬁ@%aﬁ?%ﬁnect?nﬁuiﬁ% Pdte of the
gengratagoniasdrspeavenents and the thermal transient at
the target further conprises : matching thernal

ging_franme rate to pul se rate of the_genera
|28, by e chSan st alall 3 CRiEAip A v roh View of the
thefmeld iofage eenodmpdesses a scan plan of the generation laser

beam.

8. The method of Claim 1, wherein a quantitative thermal
wall thickness is determined by analyzing thermal imagery at the

target.

9. The method of Claim 8, wherein an unexpected change in
the quantitative thermal wall thickness indicates a flaw in the

target at the unexpected change.

10. The method of Claim 1, wherein analyzing thermal
imagery at the target comprises infrared (IR) transient

thermography.
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10

15

thermal image enconpasses a scan plan of the
generation |l aser beam 8 . The nethod of daim1l ,
wob@omerinie quantitative thermal wall thi cknessP¢BUS2007/025228
determ ned by analyzing thermal imagery at the target
9 . The nethod of CAaim8 , wherein an unexpected
change in the quantitative thermal wall thickness
indicates a flaw in the target at the unexpected
change. 10. The nethod of Caim1l , wherein anal yzing
thermal inmagery at the target conprises infrared (IR
transi ent thernography .11. The nethod of daim1l ,
f urtiher TeRMRHEtSHOM ofgenahat LNJrardBE BCLLRPr #5864
beam - dir.ecti n%githe det egti on }aaser beamto the
suFREEF 3 & CRFGEEL OB ATPEFi R§PPhe detection | aser

besihrectihg stiré¢ adeteftibe flasget Heamprodudhe ightface of the
ta se- modul ated by ultrasonic surface displacenents ;

col l'ecting the phase nodul ated |ight; processing the

ph&SELYEARFGt &' | FRteT L Fbt hpFeHabgabefitesdift aftyEaee of the
tarigetthetal prasimiec dighacehdsephaaelaneéd My t HetsasdALE, surface

; I ting the data with the information to
dlsggglcgglghg%{uctures within the target.12 . An

i n§§£é??6ﬁn§y§héni>b@§?alb@‘éu%@thsbiémt,an i nt er nal _
st peobeESifl a thel JPhaEATPMcdIkted JeNRSd | OFo | a8BEain  data
repQRELA !a .t o gcc)eﬂ_e%gt_e tpul sed Iaserfbeam qperable to
PrRgateaftFasoni ¢ 4i s"gli AEETBHCs NGt RFRr FEISPLASRTEBAEs at the
surfnceheandr get ; A
collecting the data with the information to analyze

structures within the target.

20



10

15

20

25

30

35

an ultrasonic detection systemoperable to detect the
ul trasoni c surface displacenents at the target; a

wao b@paedold magi ng system operabl e to det ect thepe€Tiesva?/025228
transient at the target; a processor operable to
anal yze both detected ultrasonic displacenents at the
target and thermal inagery of the target to yield
i nformati on about the internal structure of the
target. 13. The inspection systemof Caim 12, wherein
the ultrasonic detection system conprises: a detection
| aser operable to generate a detection | aser beam

oparabl @rf Q gl BAt 8y EBEMUGHERASOTE CtS HARSEt an internal
di spl acenents at the target; collection optics for

SLIUGHUEE: Ofg A FGRESHhSSBP A8 At ed by ul trasonic surface
di spbenerattionf lasetrhepdedlete i b0 gaserateanmdatdderieter beam

ope?anhRe tLAngalc UE&SE?éoﬁ{‘ciﬂSﬁ%&ﬁ@ﬁ@é atrfli RIS
t he phase nodul ate I ght and generate at [east one
traggigntssp§nahe &AHIRCprocessing unit to process the at

| eant uoReagvhpot d6tgBBLoh OsPdt éh Nopkat o Tee e SRIYerid \thie
u1eQheblig ULliasoni 6, surfage. displacament g A, the target.

123°°ThE Pr3pecti on"By3remof- O ai m 12,7 Whet'ei n t he

t her FAETrmARgingIsNat eYiF conper eeable tnfdstest (HhR) thermal
trahkaBstent tﬁgrggg@g@py system 15. The inspection

systemof Caim14 mﬂerein the I R transi ent )

Cher TSR S y PERFRD RIS e ahY F% BB (19Eeanth, 4ltTasonic
disppercebenttoatcgber targageahdatbsrohlt hmagargebf the target to
yie!lhl yHEB%QQiBM Lhsugenss _afﬂt%‘rﬂﬁeé'tﬁﬁﬁfﬂr%(sofﬂﬂﬁe target.

I nspection system of Claim 15, wherein inmage franes

13. The inspection system of Claim 12, wherein the
ultrasonic detection system comprises:

a detection laser operable to generate a detection laser
beam operable to illuminate the ultrasonic surface displacements
at the target;

collection optics for collecting light phase-modulated by
ultrasonic surface displacements from the detection laser beam

scattered at the target surface;
an interferometer to process the phase modulated light and

generate at least one output signal; and
a processing unit to process the at least one output signal
to obtain data representative of the ultrasonic surface

displacements at the target.

14. The inspection system of Claim 12, wherein the thermal

imaging system comprises an infrared (IR) transient thermography

system.
15. The inspection system of Claim 14, wherein the IR

transient thermography system comprises an IR sensitive camera
operable to acquire image frames of the target illuminated by the

generation laser beam.
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of the target conprise an array of pixels and are

assi gned a frane nunber that corresponds to el apsed
WO 20ve/073Mer ein a quantitative thermal wall thi PRIESH07/625228

determ ned by anal yzi ng sequential franes of therma

i magery. 17. The inspection systemof Caim 15,

wherein the processing unit correlates the detected

ul trasoni ¢ di splacenents and the thernmal inagery. 18.

The inspection systemof Caim15, further conprising

a control nodul e operable to match thermal inmaging

frame acquisition to a pulse rate of the generation

| aser, beaja 1%%pe$ﬂ§ohn§9§€8in08fSlﬁé:ﬁm i, Caueéfeﬁ,mage frames

wherein: the target congrlses a OSILe mat.er |
of { HRe plaresti rﬁf"EPr i5&naty 282V, é§e Bt é‘@fiedare assigned a
framlet r asmbiex ditdEtac emetesplomdg elteb | ml@mmdl ortiaequt wlnerein a

r uc [ Lal i :

AR R el HALE SRR ReER e AT EN T by amalyzing
SquﬁP&ﬂﬁ&tﬁéﬁmﬁﬁoef Ehﬁéﬁ?lshm$%%éytnternal structure of

the conp03|te material; and correlates i nformati on

Qggdeep int rnal st ructure fe co QS|te erein the

na erla nd THEHe éP Hsuf¥Ecen nterna $tT uc ufe 0
procigs sdogpesiite arirediagles2GheA de&reg:@eair ed teewpodict glisplacements
and REREEHEPRASYShEHer$ONPri sing: a generation |aser

operable to generate a pul sed | aser beam operable to

i nduce ultrasonic displacenments and thermal transients

at 18 .coffpesihepaat ton adysieherof ahl ain rldsofiur tdetreciompirising a
cong}l*g&emn%.ﬁaebl eof_ntgﬁ%igm ttJ]e He.{:éﬁSO'E'h%rﬁlléﬁf acfmaglng frame

i spl acenents at e conposite naterial

acqulsltlon to a pulse rate of the generation laser beam.

19. The inspection system of Claim 15, wherein:
the target comprises a composite material;
the processing unit analyzes:

analyzes detected ultrasonic displacements to yield
information about a deep intermnal structure of the composite
material;

analyzes -thermal imagery " at the target to vyield
information about a near surface internal structure of the
composite material; and

correlates information about the deep internal
structure of the cbmposite material and the near surface

internal structure of the composite material.
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a thermal imaging system operable to detect the

thermal transient at the conposite nmaterial; a contro
wor@algsoeper abl e to match thermal i magi ng franeCT/US2007/025228

acquisition to a pulse rate of the generation |aser

beam a processor operable to: analyze both detected

ul trasoni c displacenents at the conposite material and

thermal imagery of the target to yield informtion

about the internal structure of the target. 21. The

i nspection system of C aim 20, wherein the processing

unit anal yzes: analyzes detected ultrasonic

di spj acemantget %rlé'aelcg EBEQEEHHIQ 8PN @y?f?&gna omprising:

i nt er nal structure of e conposite nmateri yZes
t hé I%nqrﬁ"&d‘é’lny QFelrh@P?Eﬁ'BéF 8 9?%????11‘%@%&‘?% facer beam
opeafainlte aonaaduser haceasbheendl spladenetits aind hthermal

tr%ﬁ%ﬂ% tg_ngﬁgrgggs%@gd ggggf%ft Sqbpf or mati on about

intern ructure o e cohposite materi al
andnt h’étﬁéépnéer flgEecthenr pgbtenropexakel oftq Ifetect the

ulmwﬁlct %u&‘&tb.@él ahfngceﬁ@ﬁéé ?§@e€1§é Oébr@&tt g Qrfat@lﬁam
el e u rasopnl C et e on_ sy em . CcQ
2 getbEiTal 1REarh E7IEPE CRETRNLS o A e e FHermal
trangdentbesntbperabpesiveihdueriml e the ultrasonic
fsuraf aegtdbs plnaeﬁirs n&ﬁeﬁébweté AhHEeth CHd SR qrﬂna%qtﬂgc ¥rame

col l ecting hg g ase- modul at ed byul t rasoni
acq%‘&?ﬂé&BHngpFaE‘é Pt 525 o tHee o%?%’farto‘n?r} ésa&erbé’frﬁmf
scat pepedsadvrt bpetabhettsurf ace ;

analyze both detected ultrasonic displacements at the

composite material and thermal imagery of the target to
yield information about the internal structure of the

target.

21. The inspection system of Claim 20, wherein the
processing unit analyzes:

analyzes detected ultrasonic displacements to yield
information about a deep internal structure of the composite
material;

analyzes thermal imagery at the target to vyield
information about a near surface internal structure of the
composite material; and

correlates information about the deep internal
structure of the composite material and the near surface

internal structure of the composite material.

22. The inspection system of Claim 20, wherein the

ultrasonic detection system comprises:
a detection laser operable to generate a detection laser
beam operable to illuminate the ultrasonic surface displacements

at the target;
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an interferoneter to process the phase nodul ated |ight

and generate at | east one output signal; and a
w@r@eAs®INg unit to process the at | east one oORPCPUB2007/025228

signal to obtain data representative of the ultrasonic

surface displacenents at the target. 23. The

i nspection system of C aim 20, wherein the thernal

i magi ng system conprises an infrared (IR) transient

t her nography system 24. The inspection system of

C aim 23, wherein the IR transient thernography system

conprises an IR sensitive camera operable to acquire

i W&ﬂﬁlfé@dm prttlré% tf@&g%bllllelcﬁ&haanfgh@ypﬁéa@e modulated by
%fneratlon Ser nspect

35 AieRdge e Rkae bRy heetaEaF G frser beam
scafitesiesl antd tinee taggegnedrfateane nunber that

corgr@%mré%e&%m@k@m%@ b%%es%@fl@'%h%sy&jﬂ%?ﬁiﬂé&'ellght and

t her nal vva hi ckness Ts determ ne yZi ng
‘?éﬁlf@nﬁtal eﬁsgw€§eoPuFHEFnﬁ99Pﬁ%geﬂﬁ

a processing unit to process the at least one output signal
to obtain data representative of the ultrasonic surface

displacements at the target.

23. The inspection system of Claim 20, wherein theée thermal
imaging system comprises an infrared (IR) transient thermography ,

system.

24. The inspection system of Claim 23, wherein the IR
transient thermography system comprises an IR sensitive camera
operable to acquire image frames of the target illuminated by the

generation laser beam.

25. The inspection system of Claim 20, wherein image frames
comprise an array .of pixels and are assigned a frame number that
corresponds to elapsed time, wherein a quantitative thermal wall

thickness is determined by analyzing sequential frames of thermal

imagery.
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