LASER- ULTRASOUND | NSPECTI ON USI NG | NFRARED
THERMOGRAPHY TECHNI CAL FI ELD OF THE | NVENTI ON The
present invention relates non destructive testing, and
nore particularly, to the use of thermal inmaging and
ultrasonic testing to inspect the internal structures
of materials. BACKGROUND OF THE | NVENTION I n recent
years, the use of advanced conposite structures has
experienced trenmendous growmh in the aerospace,

aut onotive, and many ot her conmercial industries.

LAWSHR U AROSO US DTN SFE GO0 USEN GINERA REPTTHERMOGRAPHY
i nprovenents in performance, they require strict

qual ity control procedures in both the manufacturing
processes and after the materials are in service in
finished products. Specifically, non-destructive
TECENIGALGAELNDE) THEIINGISNTION assess the structura
integrity of conposite materials. Proper assessnent
demands the ability to detect inclusions,

THE bR artvicaticn Aldesn@haEkinidtive Rt ahd titee Pediculatly,fta e use

region, and deep internal region.
of thérmal imaging and ultrasonic testing to inspect the internal structures of materials.

BACKGROUND OF THE INVENTION

In recent years, the use of advanced composite structures has experienced tremendous
growth in the aerospace, automotive, and many other commercial industries. While
composite materials offer significant improvements in performance, they require strict
quality control procedures in both the manufacturing processes and after the materials
are in service in finished products. Specifically, non-destructive evaluation (NDE)
methods must assess the structural integrity of composite materials. Proper assessment
demands the ability to detect inclusions, delaminations and porosities both at the near

surface region and deep internal region.

Various methods and apparatuses have been proposed to assess the structural integrity
of composite structures. One solution uses an ultrasonic source to generate ultrasonic
surface displacements in target materials. The 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 is scattered by
ultrasonic surface displacements at the work piece. 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
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Vari ous net hods and apparat uses have been proposed to
assess the structural integrity of conposite
structures. One solution uses an ultrasonic source to
generate ultrasonic surface displacenents in target
materials. The ultrasonic surface displacenents are
t hen neasured and anal yzed. The source of the
ultrasound nay be a pul sed generation | aser beam
directed at the target. Laser light froma separate
detection laser is scattered by ultrasonic surface
tHeld R AGIOETE BF Shecatidred va@érkenaig@c Easer (@RAsdA 1€ bb@Nshown to be
optics collect the scattered | aser energy. The
vergleffedive &or thpinprestion ef pagls grees the manufpefBig Boetsst er or
ot her device, and data about the structural integrity
of the conposite structure can be obtained through
Tapiedllysa Bisofsothe pedatdsepad Hyabemabergpagsion dtadecalized spot on the

ul.t rasound ha een .shown t very effective. for th
syt SRR BPORATTE B HGUAD Redfud HET G PHE pHges giTace
difylpderdhisy or aelRBEI TROUREEaPIRP4ERS daung Y 4BEphieh of the
expansion at a localized spot on the surface while a
SpIeEten 1asskProgiem? disRlptcaynt Biahi detodpipisddhethg laser-ultrasound
o . V g .
B B g R S L Al W i
edhade commonl y celbedasudiasptcho e himnsurfatracchp snayemaduangiteelsd prpduced
the laser-ultrasound.detgction. systemresulting in,a
b el i SRR RS T B R PR st e din e
gRtasio R pudseqiaramon layd 6atHedtbqaetcl damivadihaf tHhdteuoh agem.
echo may mask any echo produced by a_defect near, the
TRifAlie Velirt GO3. Ectatef, g B dronipral Eapry fceot depgetection, the
sHBRE RIS Right A& GRS Rl RRrdsBRAlSs, AtthS Snylgurad: oR WM HBduce
the frequency bandw dth of the detecti'on system _
anrgqhio slaring thapdimp nziglode ryesked. dior tiis teaspar Lassriuliragaymns desgpction
. Fabr.yv- Per,ot . t ' the.surf Lght | ast
SGEM TS PER e bR A oot B S0 BEF SBENE 0. &
produce an echo during that tinme m ght be nmasked. For

thi.,s reaso ser-ul trasound jnspection is sepsitive
T DR BeFeEG agete) 1}95@ ekl fpgsehf iciently allow
foR QB¢ 1pEdtRACodpEIORkr-mArRNSdBfYsitbN B kL tts (th&hsitivity to defects
t henmgr aphy, anot her NDE nethod, does not efficiently

degpproharf pew LS ip ppeEter-B1alef Pays! yner - mat ri x conposi tes
due to its insensitivity to defects deeper than a few
mMis in polymer-matrix parts.

SUMMARY OF THE INVENTION

Embodiments of the present invention are directed to systems and methods that
substantially address the above identified needs and other needs as well. The
embodiments of the present invention are further described in the following description
and claims. Advantages and features of embodiments of the present invention may

become apparent from the description, accompanying drawings and claims.
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SUMVARY OF THE | NVENTI ON Enbodi nents of the present
invention are directed to systens and net hods t hat
substantially address the above identified needs and

ot her needs as well. The enbodi nents of the present
invention are further described in the follow ng
description and clai ns. Advantages and features of
enbodi ments of the present invention may becone

apparent fromthe description, acconpanying draw ngs
and clainms. Enbodi ments of the present invention
conbi ne | aser ultrasound and thermal i maging

techni ques to substantially address the above
Emgadiments o the Bgscnh iy catioie pOrpking asersulttesopnd and thermal imaging
ST SURRAUAR ARRREC &, RERRGAHRRA{TN Wi IRER Aven
Lasef-pHrasming Iga)erattmrtm:igltcmph ylamy ub@i toqmdundﬁeaj transidmt hest @purce.

| trasound e co structive
Thi RO e R i Rerb s PP S Fing® SRt Hftitda 1o
proRider i ahsry - coa;ﬂeterﬂmdiemhv@n@sﬁe&m an pbRaReatatrdN parts (i.c.
systemto exam ne near surface and deep interna
C@?Wﬁ&?ﬁ@@§ﬂé} target material. This inspection system
conmbi nes an ultrasonic inspection systemand a
t her nogr aphi ¢ i nspection system The thennographic
Onaspdotinent sywidem dnsinapactichegsitm tal axpagenicer ismdpectndodeep
dified.to enable h|c |nspe i an _of .
oy SRS e PRlsel IRRLOSR S RGP a8 pasoni
ingpdctias Ofyistem n@peat tenodastig i M{iew@ lsyﬁteﬂnnarhd) nhérMmographic
obt ai ned usi ng |nfrared (IR i.magi ng on

e
inSPECHeR SYIF®Y i attaq*wg fRY ﬁ&%?@mﬁgméﬂ?fﬁplasaé&d quffla{éoa%oenable
th%ﬁﬁéﬁrépimaﬁﬁsp@&fm' G?Ctax%@@' n%t&ia%‘?taﬁddl&&c@s @n%%l@civitﬁ NJaser

ex S e conposites. The thennographic results
ulér@mll%rfémctwmtsgum@twu|1t1ﬁoaganmdls rabsaadsusaned depitle ligfrared (IR)
t 0 t. eri
mléa{égn Ctgﬁrt&e}gq t %atérrr%?eﬁ“@% 98 n?%‘inéngﬁlcl lg'se} {r}ltérlgg }ier’esults are
Cc&ﬁhﬁﬁtﬁi ahd yroypaed tdae at 3D glﬁb_] enmtre tolf a;iompebaxe slidpe ncomposites. The

osite
thenn graphic resx?lts complement the laser-ultrasound results and yield information

about the target material's internal structure that is more complete and more reliable,

especially when the target materials are thin composite parts.

Another embodiment provides a method of inspecting the internal structures of a target.
This method involves inducing both ultrasonic displacements and thermal transients at
the target material. These ultrasonic displacements may be produced and analyzed using
a laser ultrasound system. The thermal transients may be produced using flash lamps
and analyzed using a thermographic inspection system. Analysis may involve
correlation of both ultrasonic information and thermal information to yield a more
complete understanding about the structure of the target. Analyzing ultrasonic

displacements for example may yield information about deep internal structures within
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Anot her enbodi ment provides a nethod of inspecting the
internal structures of a target. This nethod invol ves

i nduci ng both ultrasonic displacenents and thernal
transients at the target material. These ultrasonic

di spl acenents nmay be produced and anal yzed using a

| aser ultrasound system The thermal transients nmay be
produced using flash |anps and anal yzed using a

t hennogr aphi c i nspection system Analysis may involve
correlation of both ultrasonic information and thernal
tHeNdp¥Biltd eatcrial. W}féhﬂalaurm%é@ BB Enfortch@bs taBhEt MAr surface

about the structure of e target. Analyzing
injgrpl a5BeHes af s icamppiistmateri. Cé@rmlﬁﬂné tgpylirgsogicgnformation and

tHeprBQ ﬁ%hh&ﬂ)nqgs%% ﬂjg ?ﬁttér %ﬁér&‘:i’lkm 45%5 U(/&gﬂ ééxﬁél%tru&tnt% of

conposite materi a I magery nay yi
thertfirgetnat i on about near surface internal structures of
the conposite material. Correlating the ultrasonic
informati on and thennal infonnation results in a

Yoetahtheu REBOGitRAD PR/ ids & N nPésitalnatdrial efighatticnt kpgdmlr his
of the target. Yet another enbodi ment provides a

CRIBRASHS inaeriRhiRsPFoAion EBCE hid ASEFIOB FYSITR; OMOBIHH 38 Hlgasonic
1@&%&1 sthﬂsﬁﬁcg'tﬁ } fid) 1-5 e%ubl{‘% §&B' an 1§M§§o%f@ detection

nbines an ultrasoni nspection system and
systragn no greapled cloi detqeechd olrasyse smfac,erndlsplaqemmmact the composite

t tem.is rovrded t etect .t rasoni c
QRGBT WO o R UGB e ] LRGN 6o e
cohigsi@natefia The cay®l imdils npfyavitcletieint] deighes aotlhﬁitidiﬁ lto laser

tranS| ents. at t e COITpOSI te materi al The coni

e Argyistienc MieHatiAR o Algihdhacomelsheon of fagen aligpound

1rff(|>1’iﬂaﬁ§19 B G 'uﬁééeboﬁll drfdrQb YRId BfbrinQtiéH sholikhb laeerall internal
correlation of | aser ultrasodnd i nformation and

stryséureral the teagréry in order to yield information about
the overall internal structure of the target. BRI EF
DESCRI PTI ON OF THE DRAW NGS

BRIEF DESCRIPTION OF THE DRAWINGS

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;

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;



For a nore conpl ete understandi ng of the present

i nvention and the advantages thereof, reference is now
made to the foll owi ng description taken in conjunction
with the acconpanying drawings in which |like reference
nunerals indicate |ike features and wherein: FIG 1
illustrates the use of generation |aser beam and a
detection | aser beamto generate and detect | aser

ul trasoni ¢ displacenents and thermal transients in
accordance wi th enbodi nents of the present invention;
FIG 2 provides a block diagramto show the basic
conponents of |aser ultrasound/thernmal inmaging systen}
FEp.G2 rpyides dedlecks @ireramontd showgrilem bspica cpmpenents of laser

ug%%%g@ﬁ%%?gp% g#ﬁgggggjng systemin accordance with

present invention;

FIG. 3 provides a functional diagram of a laser ultrasound and IR imaging system in

accordance with embodiments of the present invention;

FIG. 4 depicts a block diagram of a generation laser operable to generate ultrasonic
displacements and thermal transients in accordance with embodiments of the present

invention;

FIG. S provides a functional diagram of thermographic inspection system in accordance

with embodiments of the present invention;

FIG. 6 provides a block or functional diagram of a laser ultrasound and IR imaging

system in accordance with embodiments of the present invention;

FIG. 7 shows the infrared results obtained by analyzing thermal transients within a
polymer plate with flat-bottom holes in accordance with embodiments of the present
invention; and

FIG. 8 provides a logic flow diagram that describes a method to inspect target material
in accordance with embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Preferred embodiments of the present invention are illustrated in the FIGURES, like
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FIG 4 depicts a block diagram of a generation |aser
operable to generate ultrasonic displacenents and
thermal transients in accordance with enbodi nents of
the present invention; FIG 5 provides a functional
di agram of thernographic inspection systemin
accordance with enbodi nents of the present invention;
FIG 6 provides a block or functional diagramof a

| aser ultrasound and IR i magi ng systemin accordance
wi th enbodi nents of the present invention; FIG 7

nGews Btey hdefl e k&l etk 48 LRtaoneeg l%)z{rtgaﬂﬁfh)ézdaﬂgus drawings.
thermal transients within a polynmer plate with

flat-bottom holes in accordance w th enbodi ments of

E#r{ﬁgs\}mcfﬁt}e&t th t%‘\;e%gﬁt %ti@xggoﬁ:dnﬁe lgﬁepgl‘?r\ééé%lﬁﬁ aftd tl%grlngl imaging
gram descri a nethod to 1 nspect targe

tavhtiguésato provide eonerarompieid horeddsodetiveninspectiort bitapgee swterials
suchV & l"bluPnn'ot limited to polymer-matrix parts (i.e. composite materials). One
embodiment provides an inspection system operable to examine internal structures of
the target material. One embodiment provides an inspection system to examine near
surface and deep internal structures of target material. This inspection system combines
an ultrasonic inspection system and a thermographic inspection system. The
thermographic inspection system is attached to ultrasonic inspection and modified to
enable thermographic inspection of target materials at distances compatible with laser
ultrasonic inspection. Quantitative information is obtained using depth infrared (IR)
imaging on the target material. The IR imaging and laser-ultrasound results are
combined and projected on a 3D projection of complex shape composites. The
thermographic results complement the laser-ultrasound results and yield information
about the target material's internal structure that is more complete and more reliable,
especially when the target materials are thin composite parts. Embodiments of the
present invention provide for faster inspection rates, improved system reliability, and

lower operation costs.

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 while
illumination (detection) laser beam 104 detects the ultrasound at a target 106, such as a
composite material under test. A thermal source, such as flash lamps (not shown) may
be used to direct radiation 114, such as infrared (IR), to induce thermal transients in
target 106. Thermal radiation may simultaneously illuminate all of target 106. As such

there may be a cool down time between thermal imaging and ultrasound inspection. The

-6 - °



DETAI LED DESCRI PTI ON OF THE | NVENTI ON Preferred

enbodi nents of the present invention are illustrated
in the FIGURES, |like nunerals being used to refer to
i ke and correspondi ng parts of the various draw ngs.
Enbodi nents of the present invention conbine |aser

ul trasound and thermal inmaging techniques to provide a
nore conpl ete non-destructive inspection of target
materials such as but not Iimted to polynmer-matrix
parts (i.e. conposite materials). One enbodi nent

120619 (Al @8la@No | tHS RRFEMHRN ir%ﬁ&;tt@mn%’elﬁ@@da@laﬁ@ a@ﬁ@éﬂ fd€target 106.
internal structures of the target materi al .

Cengsetinniasar prasy il 0k sagsss |th¢§1yé@ias% cxpansiom 13 @xﬁraehé% that
re@@l‘?sr 1nsg{ ff%glﬁat%ﬂdop ﬁﬁ‘l%sdnné ﬁéfa%atﬁ)tng %Qt\b‘g[\}%_@ 1@& b@fogrﬁatlons or

i nspection system conbl nes
uludamnas‘mmes 108 sppegdtoim tengst G aad dncalutabee neatigr zmdl’reﬂect detection

i nspec an,.S em ,The t p C|n ect|
o B R G P AR AL BERE | e oty e e Too
wafahd @ollebt%ﬂ B baRBsed to\SHIES i feinibn tdagcaibing B¢ Bitdrad] Stradture
di stances conpatible with |aser ultrasonic inspection.
ofdaeest 1@t i ve information is obtained using depth
infrared (IR inmaging on the target material. The IR
i maging and | aser-ultrasound results are conbi ned and
Fi§t.03 @mve'actbscmpars@@tim djegcni of aof in&mnmrexy@map@t Performs both

Q jLes. aphi ¢ esults
TR s bl R APPSR hER ) R SRR AR gl s in
tHehﬁesbﬁh@%ntMﬁt Bipeations Syaém QDGhncSﬁd’er @h Wilteasbiiatingpsctivhrsgstem
nd nore reliable, especi when t he target

mpl et I
C%%eér re%ﬁs %ﬁ@ogrﬁwhﬁc dBRsEHan; éysﬁé‘i*t ﬁe Eﬁ'ﬁ@&?‘ﬁeﬁ’%ﬁ%ﬁ%?n tSpreiem

iRIRSEMasdr %Y@ﬁbﬁ&ﬁpd%ft{%‘ﬁing%ﬁt% 20854n@ra 1h425 BRGJURA heRE BB that
| mproved systemreliabi K nd | ower operation
inglydess scanning optics. Operation of these will be discussed in further detail with

reference to FIG. 3.

The thermographic inspection system includes IR lamps 208 and an IR camera 210. The
IR lamps induce thermal transients within composite or target material 214. IR camera
210 is operable to capture the thermal images of target 214. As shown in this
embodiment the field of view of camera 210 may be large enough to capture an image
of target 214 in a single frame. Alternatively IR camera 210 may capture multiple
frames used to create a composite thermal image. A time series of images may be used
to create a composite image based on the thermal properties of target 214. This may
include for example the determination of a quantitative thermal wall thickness wherein
unexpected changes in the quantitative thermal wall thickness indicate discontinuities,

potential discontinuities or flaws within target 214.

FIG. 3 provides a block diagram with the basic components for performing ultrasonic
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FIG 1 illustrates the use of generation |aser beam

and a detection | aser beamto generate and detect

| aser ultrasonic displacenments and thermal transients

i n accordance with enbodi nents of the present

i nvention. Laser beam 102 generates ultrasound while
illumnation (detection) |aser beam 104 detects the
ultrasound at a target 106, such as a conposite

material under test. A thermal source, such as flash

| anps (not shown) may be used to direct radiation 114,
laS&CRstas, LR all@shohicRhspdcorl BekG® 30D 8hiBdest fRABStMN Usset B10,
target 106. Thermal radiation may sinultaneously
deteqtigrilasar 32 optiedl apsgmbbt 3 o sollongoms gplirstRer eptiealPreecsgor 328

afPRler QAWML 3 Vo !ﬂ%‘t MR flntae(fafﬁ%rc%e@%% %dﬁ%gSt%.tdeﬁégH&glaser

I nspect i on. asers that relate’to t trasonic
31(hppdudtes @anaeratyonblasar dexmal IR ywidgpbpted] asemblydde difdéts to target

neration | aser beam. 102 causes thenno-el astic .
s A AR S it R ARchIELG Al ipfechaniom
moo&sTader 8Ean®B 121hibh @8 QdtnCor d&t pIaAB1Y 8. aNRiclr asvavEs 3 IDBay include
Def ormati ons or ultrasonic waves 108 propagate in

viseal remerae cdepitt cameras dRecamesan tasge daigcioss naveweRIde@mcr or

o!h_@xsﬁlfe gﬁﬁm skt RnRiPRUGSsPLR 'ﬂﬁpfﬁl @t 8f ThABbpdd® sensors
directed away fromtarget 106 Ichis collecteg and

epphorrygs@uretcolipbtiaismprion fogrenfatiog ad espedtion.rithis ¢edibration verifies
i_nt.er.nal ructure. of. target 106.. FIG, 2 provides a

A ey S T R U A DR

Gpedriitionnesep 310 prbducasaniiBratodsd whge B08daidd tianaa ttdnent within
t her ppgraphy in accordance with enbodi ments in the

tapgct ht inventi on. I nspection System 200 i ncl udes an
ultrasoni c i nspection systemcoupled to a
t hennographi ¢ inspection system The ultrasonic .

Ultrasprie tavh 1 @3y sitdetherinied kraeréent & theseslt of themsaoelagiic expansion 112

i £10onin 3 202 n | a | .

b5 CbRBM B Rt e DR o b BT Forgthl R RN MR e

Cuinbpbsiteanadériat 3$6 echdilp absvibhshenedadmiakervidehin Y1efveitlent eblating or
FI G 3. The_.thernographic inspection systemincludes

bickipg fj3en2 B P r%?egmwa 9% POl PGSR P’i’?g‘?_ﬂ?é o

o&éﬂ&fnﬁ@d&gﬁaf—ﬁﬁﬁéi&nﬁaﬁo YENIR) Bsue® BPBSIctcBn Rlsullt B L4t ORI BlakcRdal at
214. IR camera 210 is operable to capture the thernal

thenggéase opf tthe gwprkpicse, meteshdivn demaging s thenisemperant. {meother

i el i . C ; . | ar
b, Kb ot PR A O TRE, B8 BOPHAD L Seocprable
inAbitider tvaincreedeythe RNRing tee AdtOctehyigodpGaneatmn tasqyl leeam 312 has

franes used to create a co site thernal i e. A
TG GE D HagRe™ ey e TGUGCY oA BleE Jisconts surface
dSrefReidhs @nd rﬁ?gﬁpﬁa&eﬁe&{hl thasither A cRmREr 4 it@Bswfse-excited

target 214. is may include for exanple the

atgosiehE HAEAD K Quflaser Garmatadieg ¢ Ve otpisrRa avegngth brapyfos 95100
. . el o
n%%?{cgftuﬁ ipHE@Wﬁ&i ﬁgileggﬁgwgﬁ' th0 15RE nARARET udididte tIB gﬁ[l{)&, for

cKness |1 I scontinuities, potent )
extingdo atd. 2ujotiegsilserto ftheapargetyivthinihnmayaregeire 2140 watt laser operating
at a 400 Hz pulse repetition rate. Generation laser beam 312 is absorbed as heat into the

target surface thereby causing thermo-elastic expansion without ablation.
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FIG 3 provides a block diagramw th the basic
conponents for performng ultrasonic |aser testing.
Laser ultrasonic inspection system 300 incl udes
generation | aser 310, detection |aser 320, optica
assenbly 314, collection optics 326, optical processor
328 and interferoneter 330, and control and data
processi ng nodul es 332. Generation | aser 310 produces
generation | aser beam 312 which optical assenbly 314
directs to target 316. As shown, optical assenbly 314
i ncl udes a scanner or other |ike nechanismthat noves
| aser beam 312 along a scan or test plan 318. Optica

Dgtestiorplager 324 operpting a1 md%ed\m@dfaﬂr EWrrapdesdocg apt iduce ulirasonic
(0] a

SSEED s 15, IR NGO R0 e MR o s

nfuat/bangnfBieitito idalitdneforrekamflbes 0@ pllligatles Eismigo-saohd pulse,

WRAGREERRH RPN TRMD g1 e PEL e Dby gpcton

ldsbiebeami SR 2 M dtection I Be 3M0eind1BdRloRBHtically G@Iﬂl‘@r‘c@ ﬁltayng mechanism
vari ous sensors. Generation |aser 310 produces a

33 19 AeRCon iRy Bomogeteritgn daton el 320 APSPENMSSEREIN 314 directs
d&t@é‘[gﬁtlas%fl-@eamuol Mt@%ﬁ’@é&f&%?f X o?x%m?eqqat%xqﬁ 1378 lwhtlahas‘a%e?pﬁnd/ or

I's the result of thenno-elastic expansion
reflents odstactomidser bedm 320t lReSLdkampplwt enovitated aghtabsmllbsted by

co RS I B’ SRR AERD e EERr Sl B, Fsg tosr teh
tra&rllsatbaag théughr epﬂfdangas@EmMy Hiqg h@pud@lammpaebl gpﬂ@ecfsadm 0P8 and
|a§§rs are not necessaril re erred to overco

indgrisrameteiod Hopeess 4h¢ @h%ssm uladed Beht 48 profivse ac%@4 SeRjpiping
1ﬂf&n§aﬁb§‘i‘ép9&eﬁ5t1\?@$feﬂhb MtraRbnik RRpRELhGEELaOhe bliace of composite
wor | cpi ece, potentially danaglng the conponent. In
neteiel 31énbodi ment's, depending on the material being
tested, sone ablation may be acceptable in order to
i ncrease the SNR of the detected signal. CGeneration
Thagenerb@amasdr2bdras nagypbor ivad-BR putrseuttl paidraion [aeseSpch a

and frequency.to i nduce ultrasonic surfac
ST Rl D H%’%Hfﬁa AL5BIap ﬁ@ﬁ*@@rﬁgﬁ" Raven My lprsfor pljpasound
aRK AR tradsidnk g&%‘{ﬁfoﬁeAﬁ XedviER BEMSRE 8 efation Fhbr FFincludes
| aser can produce a .6 mcron wavel éngth beam for a

a POOPAsbREd e, Ravingea fibertlhser teecipdisr capipladhie 4 geseration laser
S f t I hver .. f e I
JéquE%JJ S(&fiﬁ% f{b‘e‘} ? grs; %}o‘é&gt {h\ém}ﬁiSGr n'EPy )ﬁ?e@méull%(r:zietgdaqixﬁ(gtely from
gevetdiioh &serheap éﬁfaﬂl’h&g)uatp lased BéxdHizayphd @epled et optticalrfiber 402 to
rate. Gqura %ﬁn | aser beam 312 is absorbed as heat
ﬂﬁﬁ?ﬁxﬁﬁg'ﬁﬁfé %Wdrface thereby causing thenno-elastic
expansi on W thout ablation. Detection |aser 320
operating in pul sed node or CWnpde does not induce
Logating dbmpempyilaser headnit @etexso%waéfx%wg@nera%on\@sw@ama@éwery
n
hERPYPE AN T POBR-IP pohBufond PRE EMTlal Rees e el
payd&rdreing - sabilaty dequirements ibri robptna))r ppsjqomng systeorsaised to deliver

kilo ecti.on Ias r. 320
ey o B Aoy 35 et e Oty priiS ol Eigugien
motule Pdontdlihy tEo Uphe@stidnOlakdrl b idgliveee hand SAd 324 IR Camera is
renove noi se fromdetection | aser beam 320. Optica
assenbly 314 directs detecti on | aser beam 320 to the 0
surface of conposite materi 316 which scatters
and/or reflects detection Iaser beam 320. Resul t ant
phase nodul ated light is collected by collection
optics 326. As shown here, scattered and/or reflected
detection laser light travels back though optica
assenbly 314. Optional optical processor 328 and
interferoneter 330 process the phase nodul ated |ight
to produce a signal containing information
representative of the ultrasonic displacenents at the
surface of conposite material 316.



The generation | aser beammay be a md-1R ultrasound
generation |laser. Such a generation | aser provides a
conpact, high-average power md-IR |l aser for

ul trasound and thermal transient generation. As shown

in FIG 4, the generation laser 700 includes a punp

| aser head 402, having a fiber |aser therein, fiber
coupled to a generation | aser head 404. Using fiber

| asers allows the | aser punp to be | ocated renotely
fromgeneration |aser head 404. The punp | aser head
ré@}rfe(pf% BeQhRnRA Withdn %tlﬁs‘f)@étlofn'hla% offltggroﬁogué Q@teﬁ? ﬁﬁfs%llb@@the

| aser head 404. Locating the punp |aser ad 4
demdeanent aaday nhiddR @eqieq?catmeonsma%raﬂtrembp@eITIhV%rI}e“h earposite
e [ e a

m%gecftlgh o%wﬁ el%(l)t\geg F%? r%} %]9 :j%{a CPP gglg <{ 09 {% gﬁ? %snkhe B&Tatbna faser
ultespuntd esyeanhs aﬁd) IR nlcdmbgmaplw Sya:sist Wheneruppmyl&teenme dis@dsed in

U o | RSOy Aoty BRE oGt FAak i ARy EOR

U ARANONITOT ESENGEREIER i 1RFebyas@ipdfadiiod ell pMgbyeshead and
an IR canera is required fo be mounted within the

i nspection head of the robotic system This allows the
Fﬁ?pgo%rgwﬁl% f s fBndr Ib%ckaélgéraﬁlo uf Qﬁen‘ﬂ&gxﬁ i3 rfﬁéﬂde@tﬁon system.

robot’s. new conposi te”i nspecti on”opport
Thcrmotgr@htcedlslﬁaanom rsyéteml GIOQ: omi)mkasttbemﬂBE musgmg @orerablie. IR

| ase [ tr d s and | R t S .
cHiea! Db 3R CHECIdpR 2 B Bl s e e A R 2 LEER Flash
1 |20831hh§8 RaweFefle®Brs B to3difeceNhd tHeRfll E’a&a%d_éhsmesued
FOR ULTRASONI C TESTI whi ch i s hereby |ncorporat
lqeafiong [Fpr gxappiss Bigse eflegtors mayoakogeidennal gxdtetighaa Bllgswstance
| n
U AP Lk YEPRREGRANG. 10 REEhLET RIS AMbiors plov the flash
lampsgo ﬂrg leated rabis 6(fpotestaﬂdefca$tmdaof2ﬂl®momnwﬁtfoh@lsﬁhandoff of 1

I s .20 nduce ther ran n n .
ok 6 (A R aitSelnls TRy AR08 T I B GauiG jregecton
s§stentl50@atid this@adeh eltia®dnid Bdpatib®Bysién 0T asbd BQuhted ah itiensame

For exanpl e, these reflectors may aIIOM/the{

PRstiiqning §ysemat his afsg plieys %ﬂr%qr&%k%t%h%a taygst &ig d@ Vifgedf2 when
C(grﬁﬁar&h SRNFQYIARY vieROT508% a6BLGted ! REHE af Sfpi&E! Qﬁlﬁlo?ﬂ | @ance.
he flash lanps to be located at a 6 foot standoff
T hmmogee@h@f msmetuvmssestmﬁ@@mapmml anglt zmabees thefmal fmgges of the
phi.c.in C | |
R, BGE TRREEPTE oL R0 B B S8 Shfie interma
smﬂdma§mhm@aun§pectlon systen1300 to be nounted on the

same positioning system This also allows canmera 210

to have a larger field of view 502 when conpared to
DhiaehdcQfiny a84Vcafitb] 3588R 1330 @doMiddiespbiaRbs dF it RAE lifasound

di stance. Ther nographi c i nspection System 500 captures
Systn seatpyRes whérthermal iageery ofonacntartgeyicldTindereation about

e P I f
1118’(%%&%%@'&? Se(gfﬁtgl? %§gr Lot ey El%cgs gaaglsg%%hggl(ﬁsﬁgﬁyg3f QREcts the
operation of both the laser ultrasonic inspection system 300 and the thermographic

inspection system 400. The processing and control system analyzes detected ultrasonic

displacements and thermal imagery to yield information about the internal structure of

-10- °



Dat a processing and control system 332 coordi nates
operation of the |laser ultrasound system conponents
and thermal imagery conponents to yield informtion
about internal structures of the target. Data
processing and control system 332 directs the
operation of both the |aser ultrasonic inspection
system 300 and the thernographic inspection system
400. The processing and control system anal yzes
detected ultrasonic displacements and thermal inmagery

tHeQarééte ITRe hl&ﬁ&ﬁﬂﬁhé&&l(ﬁh@éﬂlw & tHeMh @MmBAaplit [dfdctbe rédfilts can
The ul'trasonic inspection results and the

thteh @ﬂ wg@g@sfh it priopisle @gngre nceusalp repseseriatiethelihe mterpaltsirretyre of
theoafugé p&-éipﬁll&lg%f?%ﬁa‘%@ﬂ rrﬁaé/e?er fi g;Eeqeeﬁ mﬁ%ac%haﬁ{i‘teﬁfnoha%f the target.
Thmbmmmlg(and mayrokb eystmtppﬁgl atso directahstigeencaotithe nmsﬁ)e(tth)es such

i e e eBaCGR LR BRENES FREUGR PO LS ST AL Lo ten

pRA& ARG biiBidt of iignd ey FRGEAPRVEer ﬂl%ﬁﬁﬁ’ﬁlb@xﬁpmyné%ectlon and
performed first and then a predeterm ned anobunt of

thejuhgasapiy inspeghion thaloxelba tharaaktrapigpige sPHide- i nspecti on
and the ultrasonic inspection to allow the thernal
transient to subside. Data processing and control
Dsgasgrmﬁ@andayontn@l sgstem3gR mqyrb@caess';rsgjlm]gocms&hg devgee @ a plurality
gl ur al lr)'% prag Ssi nﬁg; devi g hba processi ng ‘o
S R R S S TS PVICW 0% BPIFEPFsessor, micro-
cétit@lled| digitgnaknadr g@e&s&r mlﬂidébﬁpﬂﬁpuéeﬁfral pRIAEIsRlg unit, field
processi ng unit, el d programmabl e gate array
PIBBHHBI B BRE Figyi progeyiaable Lgis devise ﬁﬁawemaqh&ﬁ gogic circuitry,
C Yan J
aﬂlcgﬁc ng/uﬁt}éye (tﬁ%lg‘!t] Q%g%:[rg uéﬂadgcfersa ?%égg&?hatgdﬁérﬁ%ﬂéﬁtg% m}gﬁ‘eﬁg (&alog
amﬂ/(g] digitd)) bragrbeh mrablpeadansmlnad)nswtmtdr mcmfrrmns Hthm@dorlY may be
o SRR TR g TR SN B B oy
bbea aezfde@dy ooy Midom 8o Nhancss wdmnm rnyemom,l aanvelanle
menory, non-volatile menory, static nmenory, dynamc

n%waw*aﬁﬂ%wﬁse fpic ESER b FFMOoRN, s BHpoYedider any

dé\h&t th%% Qe dbied! tidforh N M| R8morlNEorB® AR Yda8d BFREssing and
data processing and control system 332 executes,

ccam@& aystesnab2 prestites opEihienal drstreeiyon ¢pmespomsling tof atdeast some of
Q tions as wll be
thl%l%ggs?r {)‘J}gn&]ﬁﬁ%? ‘gﬂdgredg‘l)&é%%a bl ock or functional

di agram of a I aser uI trasound and IR i magi ng system

0_in accor ith e odlrrensoft
PR A S e Ot bl At &1?%5{1%@5’@@ SPdRotereine
syshl HOES RcAGARE @&ﬂhoéinﬂc@%ﬁént@&gbhe Bres@tinRhtisD Ak uﬁ%ound
a | aser ultrasound detection system 606, a therma

andnBRyieging Sysiom 60 includss @cesaeratien eer 18, 6 tontre) pfl@@éﬁ 604, a
Ia§é4sl%1?rg§0§1&g de@@t@oﬂc %y%?‘elpn |6@grpa°‘ tlge]n@lal %&%?E}% |6@§ e g@cg:éssmg

ces a generation l'aser beam |recte
mopulle ®ab, qylsaleaystelﬁ]ézn andafldshigeps Gb4 Genateticnf laseabe2 |p£ddsces a
uch a

gﬂ]eﬁiggiﬁggéeanmo\%mch élrectetd%yco% ) systgmgrg £ {o a’[larsge}/\'g{3 Flade of

materials such as but not limited to composite materials wherein ultrasonic
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di spl acenents are induced as di scussed above. Laser

ul trasound detection system 606 generates a detection
| aser beam which is directed by optical systenms 612 to
target 614 wherein ultrasonic displacenents at the
surface of target 614 cause the detection |aser beam
to be phase-nodul ated. Optical systens 612 al so

coll ect detection |aser beam|ight scattered by the
target surface. The | aser ultrasound detection system
606 processes the collected phase nodulated Iight in

d@ﬁl@@dmén@s SeVRIRBd fs 8isERFMd HR0E. AlRENGtrhddlid 8EIHRA gheHt606
the ultrasonic displacenents. This signal is provided

gensraiesoedaienting laspurem whioh isdicested byrppEcad spstemeiZetodarget 614
wﬁl&%{mhgélc%_?c”%k@ﬁtfer{eﬁﬁ% at Hl%%ﬁ%@mag%ﬁgﬁfﬁéug{:ﬁl@t teQfion laser

target ermal 1 magl ng syst caner a
b&D8 t@be pheesmodaateda| Optivalgestenrs 6 2aates coflect ldetettivar lasdr beam
transien within target 614. .The field of, view ma
g SRR g e e b o T0 lo9ie Wikp e dgPell Saem 606
ptéssesPiht &bNedtéd/ pllade Maldtilarel €ight aivB@le Y ddvelop Godikia@ dot@ining
make a conposite thermal inmage. Additional inages na

idrmpdiguiabad the uliraseras EisHRsRaRENEs bl dgnal AypPiorided e PragFssing
mo@Rghent . These different inages are processed to
produce a thcrnographic inspection of the conplete

area inspected by | aser-ultrasound. The thernographic

R S TR R S S
61£| A aldrenal HeQREEL k@em Slichngl B0tcamBrat 608" soogirapthymetddmages or
not by itself provide for the efficient inspection of,
fré‘é‘ﬁ%)%éh? dheparliEansigRin WASIIaYSFhel+- it Fipld of sifyoRpY gliow a single
i@ RRARNE A PSRN, AfeSialy fn‘dﬁipféﬂ*ra)fnés@néyvr\l/% dcQMred

surface of the conposite parts because of the |10 _
tot eakenle complsiiei thetnjal ofmagse pdditionst imges xnayTHgs acqured  at

roography. eann .0 i denti.f det n
pi-QBE AR i STk, BRHRTRR G B et G b Ao
toC pRYRinse tae theambgraplds anspattionasd uhel camgletdR araanmspegtedy by daser-

600 igcorporates bot h | aser ultrasound which
ultrasound.

The thermographic results complement the laser-ultrasound results and provide in this
manner a more complete and more reliable inspection. Transient IR thermography does
not by itself provide for the efficient inspection of composite parts such as polymer
matrix composites. Transient IR thermography is sensitive only to the top surface of the
composite parts because of the low thermal conductivity of the polymer matrix. Thus,
IR thermography cannot be used to identify to detect and identify deep defects within a

polymer matrix or composite part.

Laser ultrasound and IR imaging system 600 incorporates both laser ultrasound which

provides a deep internal inspection system and thermal imaging to address near surface
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provi des a deep internal inspection system and thernal

i magi ng to address near surface inspection of target

614. This addresses problens associated with the fact

that |aser ultrasound inspection may be |ess sensitive

to near surface defects. By conbining these two

techni ques a nore conpl ete non-destructive inspection

of a conposite part or material is possible than was

possi bl e when only using |aser ultrasound or IR

t hernography. FIG 7 shows the infrared results

nﬁpécﬁbﬂ%@ th¥etadial YhisNSH R BRbbIEMRRSIo8RAIed Wit BieNfad that laser

lymer plate with flat-bottom holes in accordance
aﬁ(hmé AFOattivrMpay beflesstiensiivede mear sulaee dedasts. Ry sempiagngghese
| i .

PR (R e A e ey, e bELo? f bt or

maferibhes frosshic | thamp swasEpedsibproiwiten oonly hesirgu dseric @ltofoundeor IR

ttar(?et experiences a unique thermal transient. These

}F byt r ansi ent s may be used to determ ne the

thermal properties associated with the target

material. For exanple a quantitative thennal wall

Fithi T ks theeiplrpied qesdts mbiéted oty anyans fgrma|rapsients within a
pél)lgﬂltgﬁgl)é OVRh flat- B h %f&? i %c%%an TR 6 denly @fst‘ﬁgtp?éient

formof a synthetic Vi suaf I'mage as is
invehtiost Aseeeh ofrthdeing image Ty be griberd st prgdeigprinadimes during the

anal,yzes |nfra ecifi
oA ES einaRleF By e SLIRY BadlRGe® i o op ispriace of
tHeh&@rgeli Ixberints 4 iEgesthamel aaalionZ elhese Mefn@d] atahdiénts may be used
tenperature varjation curve is built fromall the IR

to drigaEng B teapn! popsiticossediricd RiBdhe Fasget Apdgriqe for example a
qEFRRE, IR mABY 2 P HAVAE Ray Bé‘@l@t%ﬁmlngd 13 %HQ?QBQMaI imagery

technl que to I nspect materi al's near sarfac
ovfefcmaé theTthigst. &hisow hehwessnaf it ﬁn@rfmn of gathsfic Vheal mage as
is ﬁlru %?&g qiﬁ(g Heat'h dpro{gestsmat %)%poa h r?élslyéeucﬁl%greg e égs (more
spesiBaldy &ﬂ@ﬁﬂiade vadaions as 4 Acloen dtheneaiithinr e ﬂif&mms images are
analyzed). A relative temperature variation curve is built from all the IR images for

each point of the IR camera.

Another embodiment may provide a scanned IR thermography technique to inspect
materials for near surface defects. This allows the peak thermal load of the target to be
limited in that only a small portion of the target is heated at any one time. Such a system

uses a scanned laser to induce thermal transients.

The defects in the target 702 clearly appear in the gray scale image 700. Image 700
includes various points 704 within material 702. This image may be generated using an
imaging method such as that described in U.S. Pat. No. 6,367,969 entitled "Synthetic

reference thermal imaging method," which is incorporated by reference for all purposes.
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The defects in the target 702 clearly appear in the
gray scale image 700 I nmage 700 incl udes various points
704 within material 702. This inmage nay be generated
usi ng an i magi ng nmet hod such as that described in U S
Pat. No. 6,367,969 entitled "Synthetic reference
thermal imaging nmethod,"” which is incorporated by
reference for all purposes. IR transient thernography
anal ysi s approaches nmay be used to accurately neasure
the thickness of a target and provide a visual coded
e i@y thendbsaptiyy ﬁlagfsm' aipﬁro‘é&% ayasel st @ adcliaedi RBsure the
over a desired area e target. Basically, IR
thl@@ﬁﬂs@&é mtal’gﬁeanﬁrmg@\a%y vigaad cededadisiilas indisativsrol pigicrasssestignal
ﬂh &eshéci‘?reéﬁf&%taﬁ wgponse analysis of the
sur ace a rapl d ed target, preferably
obt ai ned fron1 front side" IR canera observations.

sty B fend oo BieeBE RS & 1 hensgetiEn o epilfegime
(h@atesonss afiyaof SRBsurfosHeNa ¢aAEY dRERY iteas:, FRYerBifty @btained

particul ar rel evance, for exanple, when working with
frive ‘fost-sielc R camesa pBSerYRslons. dhust HARGHON ROSH MGeUT velatiyelyrearly

ﬂf‘@E #iSes BHS% a'ﬁﬁ er &@énu[aﬁf nggxze%délft o?ha@alﬂeattl%sgﬁ%h%ﬁﬁsémsf (()Sruch

ur ck consequent tine ava
c«ntstdaranpmsgmay] bc nﬁpardaular mmefme axanpls, \wlmnawxymg hratht netals

Slg(geg L(}IU$ ]:t_“ol Ct ’ pOI 32 &8{1(21}0%? %,Ef g’gn}lt he FC&R?IISG o?a metal

teB gt G fasid QulblR aﬁ@,%h@eqh&ﬁ@? tHer A€ avaiRbRf fof abfahing fhksnal data
time period is_ at |east sonewhat |onger than_ an

ﬁ%urf‘éme&& Bausuplly shardr (T8¢ iipflactiprn PRwE é%l eyiacid api thermmag data
&{llnrt‘:d" %Vérhd ?x%@@t@x?m%d fike JeAbd %mbﬁl'c&%sﬁé! aR L&%ﬁa@ﬁ image frames.

er mal erence data is COfT'pUt ed for each X,
Ppsifocatily,| cblmat floa périadnas | zmagaed tsqn@’ehat ah)dg@rh ¢many e dantigipated

c}ga?atlc einnh%f %ase %%tanaes rrallatlon [ %heO[F Er%eﬁs oﬂﬁe a %et ggﬁg Fvaluated

conpu er sy e don
records and analyzes surface tenperature data ach|red

V|a IR c nera and provides a co]or or )
{ef EIRRAS i W@Wﬁgtfg’aﬁa& r(éfe/épve%ﬁw@p%ﬁg% ipgged target
aﬁch ek 'ﬁ@&ﬁtoocietérﬁ%let @n@8dt-as BfufictloAf ATHIRS ¥RMEaBBYixBe A computer
nmerged with laser ultrasound data to produce a nore

syfemnicPmiep]§ Hheeinmagingpbystant. eccesfrds hed vpglpges  surface temperature data

acquired via the IR camera, and provides a color or gray pattern-keyed image that
accurately corresponds to thickness of the target. This information may be merged with

laser ultrasound data to produce a more detailed internal picture of the target.

The acquisition of surface temperature data is initiated by firing the generation laser to
illuminate and heat a portion of the surface of the target. Thermal image frames are then
recorded over a period of time after each generation laser pulse and the recorded images
used to develop a temperature-time (T-t) history, such as that associated with thermal

transients.
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The acquisition of surface tenperature data is

initiated by firing the generation laser to illum nate
and heat a portion of the surface of the target.

Thermal inmage franes are then recorded over a period

of time after each generation |aser pulse and the
recorded i mages used to devel op a tenperature-tine

(T-t) history, such as that associated with thernal
transients. Heat flow analysis of the T-t history is
then conducted for each pixel in the acquired inmage
franes to determ ne the thickness of the target at

each resolution el enent |ocation. Conventionally, '
Haptaflgrg iasalysis of thash-thistome & then eendupted dejteash ipixg! potheiaggiyred
. a t LI term ni aracteristic t]
g B R, aCE G M HRLEIGR, 3 Tl Rl D oo e
ldchtbort afopentidhalby, fanslgtis siirtfadsient leef flewtthafubh anlidppo®nt ef a
surface anpd return to the first surface. Since this
tACgEL FUtTRY eLqrining Hreharactenisti tipg r‘f%‘“?ﬁqu §>r&i Bt %c‘g thEnglesaRrey
td Pelrit® t1RURIBCAS: firkt sub@be, PN B S af BpSIRIE EIFARE ahd &turn to the
thi ckness og the target between the two surfaces at a

figré shifecg. Piornthis pharenienishs ttinkeissalstedi tardhe distpacy etween the two
S e L e o R b D R AR s
aBaplesivéddpsinia A egiteast-vasnsdiirag rcarvet ik atetetiesed i foesach (x,y) pixel
nmethod to inspect target. mterials in accordance with

G RSCHORETCSOGE  FisT FFEGUAR CIemsR RS EFhT oot hod

conbi nes ultrasonic inspection and thennographic
in%fection in order to provide a nore accurate and

FG| m@yléesea(@gicrfg:tw élﬁgl@fn thpfedesqribget method te Fisgect target materials
irORELoRah 0N $i 00N BEG B 1S ;ﬁgseﬁto ?nvlgllxtfbnst s $:hod@combines

t hennographi ¢ 1 nspection ma e perforned. After the
utthermogpspaetiore andépedgraphid mspetidrommederdn pudvideas owofecaccurate

st BREE OB 4BC Lo Cy b anPaRtt ACY R S Eepboz I

stepsqoec i @ S4pRNo MRYectidAr@ayd bé QEAD AN SA fiérothie NP ermographic
.system.in order to ald in the correl ati on of .
ingbectign dhinsriganed amdlsrenricorsshet Myt 26 Peemedngys fescrbed

pfeivﬂgﬁsl heEh@bonid in@ﬁéc‘ﬁ’@ﬁ @y&&@ abd) %ﬁﬁ%ré’;ﬂﬂé‘l ﬁlskl)_%gﬁ %Htgﬂwsmay

and tke ultrasonic inspection of step 804. This all o
shanea camgen positieringkystano i eder to aidint the comélateapuet Wlisasopin data
of .for the.thermal transient. to subsi.de,. Thisg ti .
o lsPhoalf i ot DR R BT el ot Bomroiic
idspetive and the ubkasbhie itdptstimaTistpi 308 PHIdS hiddws fhe tebepn86tals to

t he detected ultrasonjc _displacenments assogi at.ed wth
1B 10 AP EY RO BT B (EiTeRal Ferifal 9 ﬁﬁ%@‘@?-fﬁt his time interval

pRISASHRYRIMAM tdhsicherrbRehPRIMBRKY ©sulBDP BRI 0hR inspection. In
anal yzed to produce ultrasonic inspection results and

step8Ptrihgrdsishicd ultrasprie displeceraentd associated with thepwBatonissiaspection
atf %ﬁgntngl %ggeg}p gp§o@ﬁ%d with the thermographic inspection is analyzed to

produce ultrasonic inspection results and thermographic inspection results. In step 808

these results are combined.
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Thennography allows a synthetic imge or other
representation to be nade of the target material. This
may i nvolve the determ nation of a quantitative

thermal thickness arrived at by anal yzing the therm

i magery. A change in the quantitative thermal wal

t hi ckness may indicate a near surface flaw in the

target material at the point where the unexpected

change in the quantitative thermal wall thickness
occurs. This information nmay be visualized by a

contrast display where an abrupt change in contrast

i ndi cates a discontinuity or change in the

Thermography pNasvs hmthetic watde artethek repsesentaiontip i mpde REte target
el e A S B A A AR Al Bl
at by eatalyring thhethtmialeinagatyerd ahangboin gur funastaded ehetrmal wall

| e ultragsonic inspection.s better sui.t to

e BEREEr e GG P8 i gy B it ot s the
uARREItE&H clafgd hethe QUM TveREialal kall Shishe&1obcurkh®his information
conbi nation of the thennographic inspection system and
mgp top yéwatized i seeatpy displayt wiara bt Bbmpirberes inepaEas giicates a

GRYSHETR SOISARNE o GO, ARSL:] 00l eapkat for m

urt ernore, Taser trasound positioning nmy be used

to calibrate the p05|t|on|ng of the thernngraphlc

n ectlon S em This al e a

CREEG P il Oh % Roratiain B P huh HR e apatrials

Thé}ﬁiolgﬂa@ﬁlchﬁﬁﬁbtﬁbﬂ B wusehhed tofexseinerie akdd naatérhilconessace
he target material wherein only t he t her npgraphic
Oj

dﬁ%fﬁ@bé@tlhedﬂtr@spnncwésneav@éts Prette spisadsto deeper intspad diclfftion These
C t t e [ S n

sl i OO R0 PR MARET TR er otiaS SRPOSR. The

comisipgeini erthmtherm@grapmg atspmiltoe rsysters aad dilirdseniolingpasioni system

ARG ifedon s ehS St tRht 2 PaflichiBS B Bang Mt fnore.

ldsére upiragolgide rpmlfi@;dng hingk Nies sused\stoO aﬁlt@éte ather ggﬁu@dimg Iof the
inthe art wll reciate, the term' sub?tantlal
thsrmeg iy OIS pRsH N §/ys e Thisallows aose ageuralg spa W&@ﬂ&@%@%ﬁﬁon of

tHeHﬁ’é’g%ﬂH(c ARE Q- REni OhRL APERAEP hefeth FOLMBSRON Qifn&etérﬁﬁrﬂhg a
an industry-accepted tol erance ranges fromless
tltlcti@nsscnféhqot@rg@émten@l vhwseinyonpethe drermegrephto inspention @ thedarget
mg{'gﬁa is %érformga tv‘t?}gent 81[ HRN e&t th\éa{a Lﬁee'? matéx]?zh%e 9¢ %s@ dthan a
&ui rocess vari ati ons, era vari
pfedstemaneﬂ fhadkheds) mlsbotlaﬁde/ themtolgeiphmlmsrped:tm ofABe mng:t ofaterials
average skill int art will rther i at.e
AP RS eYeHeR, Bie b targ%énm Y DGR PEFR e e of
tHeQ&?é{qﬁﬁe&M B Gloak? tRhitROpraiderhiistidrigieknesQupl i ng vi a
her conponent, clenent, circuit, or nodul e where,
for indirect coupling, the |nterven|ng conponent
Ag ! ?ﬂge N av%f'agg u§k§ll 18rthgoﬁwl \9111d?1§[§r (39[% mRdidh t"gl?ostantlally" or
or mat | |ts cur
"dp@madlmatvkyl' laagmylb&v&sbd ham]h/ tprovnte:wean nhchl\‘mj' acokpted rteletahce to its

aver a the reciate,
oqtieniti Sty Shoty o oy fespisd dRBraPE e 10m disp iy one
pérBer O H&ity 9&1@6@ hd QMrrés‘ibf)ﬁIsetB CBut i AEl lugiesl @i caaponAdvalues,
i ndi rect coupllng between two el enents in the same
manner as "operably coupl ed!, As one of average skill 0
in the art will further app}%0|ate, the term "conpares
favorably", as may be used herein, indicates that a
conpari son between two or nore elenents, itens,
signals, etc., provides a desired relationship. For
exanpl e, when the desired relationship is that signa
1 has a greater magnitude than signal 2, a favorable
conpari son may be achi eved when the nmagni tude of
signal 1 is greater than that of signal 2 or when the
magni tude of signal 2 is less than that of signal 1.




Al t hough the present invention has been described in
detail, it should be understood that various changes,
substitutions and alterations can be nmade hereto

wi t hout departing fromthe spirit and scope of the

i nvention as defined by the appended clains. Wat is
clainmed is: 1. Anethod to inspect target nmaterials,
the nethod conprising: performng a |laser ultrasonic

i nspection of the target materials using a |aser

ul trasoni c i nspection system having a generation | aser
irft€hrhtBE BEQitUprbERS QM FioAE QRHdrStud V@tibRNBsd shdt AR tinds 9&fd/or
materi al and having a detection |aser to detect the

therpilatdissnds peg pbewirags shibriroge ashvell ifvdise appispiaisf thenterm

"SRERS) TRASE) ) Bt bR IR OHAA Bl D SEROf indie
ctupding nga synsthemcamgoddng ¢lbeempgiraghi or invslplectvhen, $ors tndirect
t . ndof f .di st f t he. t t typical f
cfiplBe B gusie PRETER: FBM-by Srb Bor s Bagier nprianty the
idfyiiagigh loy aus@eh] bor mhp RegtaRtkYent élékﬁil,axfb@t'a%ez ieRd, BRd/br power

| aser ultrasonic inspection results and thennographic .
lavels peceneodd #esgrtskilk v hetagr wilhalsamppiseiatenmfersdr upling (e

t t: ' : £y elaidm L d
i SRR LAY LS o B2 SR s o
indivectrvogplagghietwéendpe ctamentsrie shd $agneahartneras ‘@pgably coupled”. As

o%%fgagv:e%:gé _slgfl % ﬁl%rg?ti @iﬁdfuggér%pgre%%,elhe %rmt 'ng%glrgg Fatvorably", 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.

Although the present invention has been described in detail, it should be understood that
various changes, substitutions and alterations can be made hereto without departing

from the spirit and scope of the invention as defined by the appended claims.



3. The method of claim1, further conprising

determ ning quantitative thennal wall thickness, and

identifying a flawwithin the target material where an

unexpected change occurs in the quantitative wal

thi ckness. 4. The nethod of claim1, further

conprising waiting a predeterm ned anount of tine

bet ween perform ng the thennographic inspection and

the ultrasonic inspection, wherein the thernographic

i nspection of the target materials is perforned prior
Wit Ish@idbd [s@soni ¢ i nspection of the target materials.

5. The nethod of claim 11, wherein the thennographic

i nspection conprises: illumnating the target

T kS0 RolCHAR: Bl REATR LARS S A0 s
ultmt@nid¢ alspective of thentergeamdticsinlaluginig nglatdranl trdsenivabspeating esystem
h:%.)\%%gt ?gﬁtbegfgt%ﬁgf‘%? ?[cg}rnlggclzesul%rgsoggt aacl)ll?stilc rI/fiborgltrir(%ts Iir? Hlee%gr%gtt material
and having a detection laser to detect the vibrations; performing thermographic
inspection of the target materials using a thermographic inspection system; providing
the laser ultrasonic inspection testing system and the thermographic inspection system
at a standoff distance from the target typical for a laser ultrasonic inspection system but
greater than typically used for thermography; and analyzing both laser ultrasonic
inspection results and thermographic inspection results to determine an internal

structure of the target materials.

2. The method of claim 1, wherein the ultrasonic inspection results and the
thermographic inspection results of the target materials are combined onto a model of

the target materials.

3. The method of claim 1, further comprising determining quantitative thermal wall
thickness, and identifying a flaw within the target material where an unexpected change

occurs in the quantitative wall thickness.

4. The method of claim 1, further comprising waiting a predetermined amount of time
between performing the thermographic inspection and the ultrasonic inspection,
wherein the thermographic inspection of the target materials is performed prior to the

ultrasonic inspection of the target materials.

5. The method of claim 1, wherein the thermographic inspection comprises:

illuminating the target materials to induce a thermal transient in the target materials;
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6. The method of claim 1, wherein the thernographic

i nspection systemincludes a reflective flash |anp and
a canmera, the nethod further conprising, illumnating
the target materials with the reflective flash | anp at
t he standoff distance, so the thennographic inspection
system and the | aser inspection system can be nounted
on the sanme positioning systemand the canmera can have
a larger field of view 7. The nethod of claim1,
further conprising: analyzing ultrasonic displacenents

ablRle ! tBEnlal ih )R ribt tha SRR Gndt1SARESct Athe! SRkUAdaSyz8Q thd @ermal
en the target material conprises a conposite

ipggest fdhe fargebmateriple o aljaintiniarmasiop abont dratalgcsmptgdaler e
of the conposite materials is obtained; and anal yzi ng
thermal imagery of the target materials fromthe
6t ke megrodpdti dainn $ pedticon theetherdntograpbict ingectidre pystdne includes a
tar get terial conprises a ¢ sjte materi al. o
QTR BV AR S SR AT (P ARG NP FRAP TR Jlpinating the
tair%&. RORRAS | With NE SlelladtSel Basblapad the &tandbE @%fah@( sof the
claim 1, wherein the ultrasonic inspection conprises.

thsepesraniiqigseectien Bstarband the bseriesastion; sygemicag be meunted on the
s&lfed ﬁﬁhfoﬁfs}lglszi% aQ@ﬁf@ctaﬁ’)ﬁlteaQ n ﬁWefaqglge el Bﬁ%i%@.r get

materi a attering t etectioff | aser beam at the
surface of the target materials to produce |ight

70 0P GudRih OF HEmn s B RB AR A | R Fndy DR QEFTG hfigments

dabaskinmbelultaiait mkghtiod Rs@lbtsaitht Gk tHeapigesiamtallicépaies a
the ultrasoni c surface displacenents_at the surface; .
CIRRPSED | NAlEH 3! nigfqrpstion aRowlo 2 a3rsP yiteriah stigligref the composite

ARG i@ boBtained: arftaralSREChERAM SHSTEMHLRRT ERECmER ials from the

I nspect an internal "structure of” & target “conprising:
therhegrephivinspegiomiosulisrogla twhen tieytarigetrmaipaal abmprises a composite

inspect the internal structure of the target by. e
R iy SoBL Ao REERN Rl Rl e
obtaihgdt ; a thennographic

8. The method of claim 1, wherein the ultrasonic inspection comprises: generating a
detection laser beam; directing the detection laser beam to the surface of the target
materials; scattering the detection laser beam at the surface of the target materials to
produce light phase-modulated by ultrasonic surface displacements; collecting the phase
modulated light; processing the phase modulated light to obtain data representative of
the ultrasonic surface displacements at the surface; and collecting the data to analyze

the target materials.

9. An inspection system operable to inspect an internal structure of a target comprising:
a laser ultrasonic inspection system operable to inspect the internal structure of the

target by creating and detecting ultrasonic displacements in the target; a thermographic
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I nspection system operable to inspect the interna
structure of the target and obtain thermal inagery of
the target and nounted on the sane positioning system
as the laser ultrasonic inspection systemthat is

di sposed at a standoff distance fromthe target

typical for a laser ultrasonic inspection system but
greater than typically used for thernography; a
processi ng and control system operable to: analyze the
thermal imagery of the target to yield thernographic

ilsp&RBE ts'yﬁ&nr(ﬁ)%kﬂbies toagﬁfiktct teikdh 2 shatuRt stk LtEu%eP En(i B&ain
ete

target; "anal yze the cted ul trasonic displacenents
thermelHmagery @éthettgrgyi @danﬂrlt‘er@bihﬁ @amm@ﬁetmnmmsxs@guwhe laser

uﬁgggg‘fl tl&?ﬁ }n Bbf %CIIM% %andgffgc%tanc nﬁ%rg the target

asonlc I NS resu
tytpliveal fag e dpdet mltrassmeqhspentmesystetns bof gtehter ttMngqtplcally used for
materials to obtain informtion about the intern

PRIV P g PYbeONr A osySiFRE OPHENECP] &ﬁalg%?%emﬂ&fml

I8 RyNo? thoBE&! B (YRR HRSESgHbHiIE 38PRiton RSABCAIAN the internal
system conprises: a detection |aser operable to

sigeshiee £f hey taeatednal g th@éétﬁct%aﬁfa@@m é@p@cqr@enits Pl e rignget to
erlqul'&Léohf&%R e&&%gtﬁt"s‘ %ba]\t‘ilpé 1?1&?1{5? s t f}‘!ﬁ@ t&r%gﬁf ’com ine

ectlon tics for co Iectlng phase-
tlbryultlrhstonmsnspectlcsure’sﬂtseandithq:) theceogaghsc fnspartidin ecsdkg ef:thlectarget

msctteredb hetar et surface:; an
e PR BB et b P PR TR RR R 1 gie
and generate at | east one output signal; and an
optical processing unit to process the at |east one
lauTlgﬁJtnsgqce%pysmn Obtchim % athsrein fredatsh tubrasoric dpspegiion system

c&hf)ﬁs%§oep 'd@te@t}br A%k %I%B%[eat%eé@l&ta% £ \Aﬁttaaﬁ)n l%fg%am c;lp]crable to

he |nspect|on syst claim?9 erein the )
1ltmn¢togheplﬂtrasomnsq@e@ca drspEyehens ebitlpr ises; aollécibn apsids for

t t . 12. Th .
chﬂeR?ln { hgs% A%?%c% A ﬁ%f?s%\rl\fﬁcgd&piacgm&étﬁ grrogf ’%h8 rgletec’uon
ldsaseeranbe@merea by alad wlgebysutfbaa Uint m@sRFimetéM &P pRiceBNthe phase

systegmég gduce vibrations in the target,. and wherein

moflate iSSRETAE RE AT GPapHY s AT Fhprticabrroggisipgunit to

pﬁ)@éb%' the Ye 1GATEIAo QP& s?ﬁﬁa‘? t¢ SbAGAME ForrBREGLTE %ff%?e @frasonic
the target illum nated by the generation |aser beam
surface displacements at the target.

11. The inspection system of claim 9, wherein the thermographic inspection system

comprises an infrared (IR) transient thermography system.

12. The inspection system of claim 11, wherein a generation laser beam is created by
the ultrasonic inspection system to induce vibrations in the target, and 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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13. The inspection systemof claim 12, wherein inmage
frames of the target conprise an array of pixels and
are assigned a frame nunber that corresponds to

el apsed tinme, wherein a quantitative thermal wal

thi ckness is determ ned by anal yzi ng sequential franes
of thermal imagery. 14. The inspection system of
claim 12, wherein the processing unit correl ates the
detected ul trasound di spl acenents and the therma

i magery. 15. The inspection systemof claim9,

18 Urten8epeSumy e chii Q0! WRtreiMDHALE ARG Gih&tat Rt BEhgrke an
thermal imaging frame acquisition to a pulse rate of a

agien ef atvebnandagrerasgigeah @ fiegic muebar ibyecoriesnendsy &t elapssel time,

v@fxﬁl% d™h uaﬁtHMx@%erﬁ%M&'ﬂsﬂh%eﬁ if Qi%ﬁﬁxilad”% uaﬂélh/‘aﬁg sgﬁf&mal
get naterial conprises conposy

ﬁhmesgmbaﬁwsmmgeQM|t anal yzes detected ultrasonic

di spl acenents to yield informati on about a deep

internal structure of the conposite material; analyzes

14 hehdradspédtg efystemt oft Bigink Ang &thetedh Yhee bfbcésing i b@fblates the
about a near surface internal structure of the

detesiprbulirawupd displpeamentsrad s themad B8ageRf or mat i on about

the deep internal structure of the conposite materi al
and the near surface internal structure of the
léoﬁwdsmeetiqmtyeueinacbf claith7, wmearcgmpasiegacommzhmddele operable to

R S £ Lt Bl B i TP

i nduce uItrasonlc di spl acenents and thennal transients

at_a conposite materjal under test; a |aser ultrasonic
I@tethedpspertiony et efhebplata Bi rthe cappEsing oS RGER hiathat when

th%%xfg@tqgatgxﬁ;ﬁ RbRAGEIR Qt)ﬁp@stltetrﬁ‘ﬁerpa@ ROBIob&si (E:{?‘ilﬁirt i aﬁlilalyz@s detected

hermal 1 magi ng system operable to dete the thernal
ulttrram displasamaniretoc piefso iforeation @bl a decd imbumel es@uwutehof the

sonlc det.ection sten1t .
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but reater than ty Iy used for thernngra Loa,
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ﬁﬁ@ﬂﬁb@f&h@&nh%u@ngﬁﬁﬁﬁ rate of the generation |aser
beam a

17. A large area composite inspection system, comprising: a generation laser operable
to generate a pulsed laser beam operable to induce ultrasonic displacements and thermal
transients at a composite material under test; a laser ultrasonic detection system
operable to detect the ultrasonic surface displacements at the composite material; a
thermal imaging system operable to detect the thermal transient at the composite
material and mounted with the laser ultrasonic detection system together at a standoff
distance from the composite material under test typical for a laser ultrasonic inspection
system but greater than typically used for thermography; a control module operable to

match thermal imaging frame acquisition to a pulse rate of the generation laser beam; a
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processor operable to: analyze both detected

ul trasoni c displacenents at the conposite material and
thermal imagery of the conposite material to yield

i nformati on about the internal structure of the
conposite materi al

processor operable to: analyze both detected ultrasonic displacements at the composite
material and thermal imagery of the composite material to yield information about the

internal structure of the composite material.

-22 -



