NON- DESTRUCTI VE | NSPECTI ON USI NG LASER- ULTRASOUND AND | NFRARED THERMOGRAPHY
TECHNI CAL FI ELD OF THE | NVENTI ON 100011The present invention relates non
destructive testing, and nore particularly, to the use of thermal inaging
and ultrasonic testing to inspect the internal structures of materials.
BACKGROUND OF THE I NVENTI ON gon]In recent years, the use of advanced
conposite structures has experienced trenendous growh in the aerospace,
-autonotive, and many ot her comrercial industriesWile 5 conposite
materials offer significant inprovenents 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 eval uation ND%%Fnethods must _assess %& t ty
nteqr: ty SoNTEESERISBLTE el G Vs on saEsHEERanoouR el thReazER i
to detect inclusions, delam nati onIHERMOGRAPHNt I es both at the near surface
regi on and deep internal region. pool Vari ous nethods and appar at uses have
been proposed to assess the structural integrity of conposite
structures. One 15sol ution uses an ultrasonic source to generate ultrasonic
surface displacenents displacenments ultrasound may target. Laser

" TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates non destructive testing,
and more particularly, to the use of thermal imaging and

ultrasonic testing to inspect the internal structures of

materials.



20 the ultrasonic piece surface. |aser energy. interferoneter are then
nmeasured and anal yzed. The source of the be a pul sed generation | aser beam
directed at the light froma separate detection laser illum nates surface
di spl acenents and is scattered by the work Then coll ection optics coll ect
the scattered The collection optics are coupled to an or other device, and
data about the structural integrity of the conposite structure can be
obt ai ned through 25 analysis of the scattered |aser energy. Laser

ul trasound has been shown to be very effective for the inspection of parts
during the manufacturing process. Nonilypically, a |aser source produces
sound by thernmal expansion at a |ocalized spot on the surface while a probe
| aser 30 beam coupled to an interferoneter, detects surface di spl acenents
or veIOCerKGr g : NEBNITdANdue to the absorption of the generation

aser proghiops @ dpsrlacent $08; | < dEoayalec Y Ligalage - Wik asau

detectio tem resulting t he I nning 0O
Iaser-ulﬁﬁa§éﬁﬁde§|dﬁﬁ¥ e#ﬁ?§1@@%©d|§ré@ﬁﬁ6ﬁu§ QIOWth in the aerospace,
-automotive, and many other commercial industries. While
5 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
10 composite materials. Proper assessment demands thg ability to
detect inclusions, delaminations and porosities both at the near
surface region and deep internal region.
[0003] Various methods and apparatuses have been proposed to
assess the structural integrity of composite structures. One
15 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 illuminates
20 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
25 analysis of the scattered laser energy. 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
30 beam, coupled to an interferometer, detects surface displacements

or velocity. The thermal expansion due to the absorption 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
35 called surface echo. The surface echo may mask any echo produced



35cal l ed surface echo. The surface echo may mask any echo produced by a
defect near the sanple surface. The duration of the surface echo depends on
the generation | aser pul se duration and on the frequency bandw dth of the
detection system Typically, with a CO2 generation |aser and a confocal
Fabry-Perot for detection, 5 the surface echo mght last up to a few

m croseconds. Thus any defect that would produce an echo during that tine
m ght be nmasked. For this reason, Laser-ultrasound inspection is sensitive
to deep internal defects and | ess sensitive to near-surface defect.

10[ 0005] Transient infrared (I R) thernography, another NDE nethod, does not
efficiently allow for the inspection of polyner-matrix conposites due to
i'ts insensitivity to defects deeper than a few mis in polynmer-matrix
parts. SYUMAARE IOe ETHE JINVRST ISONP Y0 GO FRFB o d FREN CALGE 10Re Gfr ddgntsurface
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Al
t her nogr aphy may be conmbined with | aser ultrasound to provide a 1§nnre
conpletedﬁgﬁgﬁestructive i nspection of polyner-nmatrix parts

10 [0005] Transient infrared (IR) thermography, another NDE
method, does not efficiently allow for the inspection of polymer-
matrix composites due to its insensitivity to defects deeper than

a few mm’s in polymer-matrix parts.



(i.e. conposite materials). KOM One enbodi nent provides an inspection
systemto exam ne near surface and deep internal structures of target
material. This .inspection systemincludes a generation |laser, an ultrasonic
20 detection system a thermal imaging system and a processor/control

nodul e. The generation |aser produces a pul sed |aser beamthat is operable
to induce both ultrasonic displacenents and thermal transients at the
target material. The ultrasonic detection systemdetects ultrasonic surface
25di spl acenents at the target material. The thermal inmaging system detects
thermal transients at the target material. The processor/controller

anal yzes and correlates both detected ultrasonic displacenents and thernal

i magery of the target materlal to yield information about the target-

mat er i al SEMARRY QB THE JHMVENEIQNep i nternal structure. 100091Anot her

enbodi me oqr ovi cm:&xﬁnm@d&d gk ingpegtkbignt hadvafringl stEuGies L @o
target. This nethod .invol I ndyci ng both ultrasonic displacenents and -
thermal TYERET®nt 828t R Y’Péilrsgetlf’r?é:tersf"ﬁ? stANd@ Idivt r AHHTE i shPaceABRVE
and thern@én%h@dasm@ed$ aray dither otheciad assiwed la siThgl empulsedngenerathen
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Anal yzi cenen or “éxanpl e may yield informati on about
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yigld i nfarRidpy aboy yﬁ%ﬁﬂfaﬁﬁaéﬂ]ifr n@échnlques to substantlally
address the above identified needs and other needs as well.

Laser-ultrasound geheration techniques may be used to provide a

transient heat source. Thus, transient infrared ({IR)
thermography may be combined with laser ultrasound to provide a
15 more complete non-destructive 1nspectlon of polymer matrlx parts

(i.e. composite materials).

[0008] One embodiment provides an inspection system to examine

near surface and deep intermal structures of target material.

This inspection system includes a generation laser, an ultrasonic
20 ‘ detection éystem, a thermal imaging system, and a

processor/control module. The generation laser produces a pulsed

laser beam that 1is operable to induce both ultrasonic

displacements and thermal transients at the target material. The

ultrasonic detection system detects ultrasonic surface
25 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
30 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
target material. These ultrasonic displacements .and thermal

35 transients may be produced using a single pulsed generation laser



10 structures of the conposite material. Correlating the ultrasonic

I nformation and thermal information results in a better understandi ng of
the overall internal structure of the target. 10010] Yet anot her enbodi nent
provi des a conposite material inspection system This conposite materi al

I nspection system 15i ncludes a generation |aser to generate a pul sed | aser
beam t hat i nduces ultrasonic displacenents and thermal transients at the
conposite material. An ultrasonic detection systemis provided to detect
the ultrasonic surface displacenents at the conposite naterial. A therm

I magi ng systemis provided to detect thermal 20 transients at the

conposite material. The control nodule may match thernal imaging frane
rocessar is
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wi th 35eabogdi meatenal Lbeuptesesdt wiOMENt tRB; composite material. Thermal
imagery may Yyield information about year surface internal

10 structures of Ehe composite material. Correlating the ultrasonic
information and thermal information results in a better
understanding of the overall internal structure of the target.
[0010] Yet another embodiment provides a composite material
inspection system. This composite material inspection system

15 includes a generation laser 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

20 transieénts at the composite material. The control module may
match thermal imaging frame acquisition to a pulse rate of the
generation laser beam. A processor 1is provided to analyze and

correlate the detected ultrasonic displacements and thermal

imagery in order to yield information about the overall internal
25 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
30 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 1in accordance with

35 embodiments of the present invention;



[0013]FIG 2 provides a block diagramto show t he basic conponents of | aser
ul trasound/ thermal imaging system [0014]FI G 3 provides a bl ock diagram or
functional diagram of a laser ultrasound and IR inmaging systemin
accordance with 5enbodi mrents of the present invention; pals]FIG 4

descri bes the processing of IR inmges used to gather information about the
near surface internal structure of target in accordance wth enbodi nents of
the present invention; [0016]FIG 5 shows the infrared results obtained by
scanning a 10pul sed CO2 | aser beamon a polymer plate with flat-bottom

hol es in accordance wi th enbodi nents of the present invention; [0017]FIG 6
provides a logic flow diagramin accordance with one or nore enbodi nents of

the present invention; and [0018] FI G 7 depicts a bl ock diagram_of )
gener at i 6 1Bhser HEGopet ab*@VEGeGendr BEOHF t (HSGHRR dFepl Shttee a%’&sm

t her mal - coapsnents bf aeecerdabeeambhhd ribechaleninmging e spreagent i nventi on.
DETAILEDUEE%lePT}%?.Q?;gﬁg%igggagjé{gck diagram or functional diagram of
a laser ultrasound and IR imaging system in acéofdance with
5 embddiments of the present invention; '
[0015] FIG. 4 describes the processing of IR images used to
gather information about the néear surface internal structure of
target in accordance with embodiments of the present invention;
[0016] FIG. 5 shows the infrared results obtained by scanning a
10 pulsed CO2 laser beam on a poiymer plate with flat-bottom holes
in accordance with embodiments of the present invention;'
[0017] FIG. 6 provides a logic flow diagram in accordance with
one or more embodiments of the present invention; and
[0018] FIG. 7 depicts a block diagram of a generation laser
15 operable to generate ultrasonic displacements and thermal

transients in accordance with embodiments of the presernt

invention.



[ 10019] Preferred enbodi nents of the present invention are illustrated in
the FIGURES, |ike nunerals being used to refer to |ike and correspondi ng
parts of the various draw ngs. 510020] Enbodi nents of the present invention
conbi ne | aser ultrasound and thermal inmaging techniques to provide a nore
conpl ete non-destructive inspection of target materials such as but not
limted to polyner-matrix parts (i.e. conposite nmaterials). One enbodi nent
provi des an inspection system 10 operable to exam ne internal structures

of the target material. This inspection systemincludes a generation |aser,
an ultrasonic detection system a thermal inmaging system and a
processor/control nodul e. The generation |aser produces a pul sed | aser beam

operabl e to Egggce both _ultrasonic disEIacenents and 15 thernal transients
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perform g ultrasom c Taser testing and infrare
target material. The thermal imaging system detects thermal
transients at the target material. The processor analyzes and
correlates both detected ultrasonic displacements and thermal
20 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
25 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
30 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 deformations or waves 108. Deformationé
or ultrasonic waves 108 propagate in target 106 and modulate,
35 scatter and reflect detection laser beam 104 to produce phase-



(I'R) thernography. Generation | aser 210 produces generation | aser beam 212
whi ch optical assenbly 214 directs to target 216. As shown, opti cal
assenbly 214 includes a scanner or other |ike mechanismthat noves | aser
beam 212 along a scan or test plan 10 218. Optical assenbly 214 may incl ude
vi sual caneras, depth caneras, IR canmeras, range detectors, narrowband
caneras or other |ike optical sensors known to those having skill in the
art. These optical sensors each nmay require calibrations prior to
perform ng an inspection. This calibration verifies the ability 15 of the
systemto integrate information gathered by various sensors. Ceneration

| aser 210 produces an ultrasonic wave 108 and a thermal transient within
target 216. Thermal _inaging system 232 captures thernal imges of the
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like optical sensors known to those having skill 1n the art.
These optical sensors each may require calibrations prior to
performing an inspection. This calibration verifies the ability .

15 of the system to integrate information gathered by wvarious
sensors. Generation laser 210 produces an ultrasonic wave 108
and a thermal 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

20 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 generatién laser beam. Composite material

25 216 readily absorbs generation laser beam 212 without ablating or
breaking down. Higher powered generation lasers 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

30 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 induce ultrasonic surface
deformations and appropriate thermal transients. For example, a

35 transverse-excited atmospheric (TEA) CO, laser can produce a 10.6



m cron wavel ength beam for a 100 nanosecond pul se width. The power of the

| aser nust be sufficient to deliver, for exanple, a 0.25 joule pulse to the
target, which may require a 100 watt | aser operating at a 400 Hz pul se
repetition rate. Ceneration 5|l aser beam 212 is absorbed as heat into the
target surface thereby causing therno-el astic expansion w thout ablation.

[ 0024] Detection |aser 220 operating in pul sed node or CWnode does not

i nduce ultrasoni c displacenents. For exanple, an Nd: YAG | aser can be used.
The power of this |aser nust be sufficient to 10 deliver, for exanple, a
100 mIli-joule, 100 m cro-second pulse, which may require a one kil o-watt
(KW laser. Detection | aser 220 generates detection | aser beam 222.

Det ection |aser 220 jincludes or optically couples to filtering chani_sm
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anal og and/or digita ased” on operational instructions store ry.
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menory, nmenory, cache nenory or any device that stores_digital
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20 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
25 ‘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,
30 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

35 memory may be a single memory device or a plurality of memory



[0026] FIG 3 provides a block or functional diagramof a |aser ultrasound
and IR imagi ng system 300 in accordance with 10 enbodi nents of the present

i nvention. Laser ultrasound and IR imgi ng system 300 i ncludes a generation
| aser 302, a control nodule 304, a |aser ultrasound detection system 306, a
thermal i magi ng system 308, a processing nodul e 310, and optical system
312. Generation |aser 302 produces a generation |laser beamwhich 15 is
directed by optical systens 312 to a target 314 made of materials such as
but not limted to conposite nmaterials wherein ultrasonic displacenents are
I nduced as di scussed above. Laser ultrasound detection system 306 generates
a detection | aser beamwhich is directed by optical systens 312 to target

314 wherejn .20 ultras n| (o d| Iacema,nts at the surf et 314 c use
the det eG4 FaserrYs &Y KRE SR AiYaled 2 fﬁ@%@[’@é’t |“b Tsert

scatteredtclayesshemsmpfrace Ubl&heldaargemor;ept i e - wyistteinie 3 a0, ccsltlaetoic

this sca pt}ﬁﬁ%"fﬁd | T er et | em
306 procg%§%§9fhe col | ect %ﬁ@ﬁ%seggésﬁngéfh?gd f#tfﬁgﬁﬁgggﬁgr ?gh/gee%%%;a
si gnal cERVAFR %QﬁQEQﬁﬁﬁ Heo i oni T sPPRCEHe FESTSPh $1d

s: gnal i aapaovpﬂ@@bésmrﬁg 0GESS| Bgnﬁﬁdlﬂ &yatan [ 0827] Seneitadd ON JpRSGICIINA]L

al so create nsi e f.ar r aphi e

t ar get 3174 %ﬁyfké?ﬁglcorE sﬁ°n§6§?SFSWF§UC %ﬁ# I égﬁgfak§8g%%%§u F@@U%

t her mal lfntagésoas aﬁawvmélobethblm%rmdtransu ents within target 314. An

i mage isiqegpi redri@r £achganar al iondiasyr Rise pedi tdl%'@ﬁlani RIES 1%%>érbe |

acquired at predeterm ned _tines after each generation pul
di f f er entlFFag§eLdr e 2pflocdSsed A iDd R he}%gré’ﬁhl €C§§Fﬁ§8€& i éﬂ’rtg‘f
t h® conpkabedaments nsecited byesaser inlrénasennd. Las@kO28] Thesdined magdagRi c

resul ts ¢Qupl gIenl LG | 456" 1ok hhBSOUN L ESHIL SorNSaBEQVIAR | Nat i cRANeT

a nore COTTp
module 304, a laser ultrasound detection system 306, a thermal

imaging system 308, a processing module 310, and optical system
312. Generation laser 302 produces a generation laser beam which
15 is directed by optical systems 312 to a target 314 made of
materials such as but not limited 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
20 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
25 modulated 1light in order to develop a signal éontaining
information about the ultrasonic displacements. This signal is
provided to processiné module 310.
[0027] Generation laser 302 also creates a thermal transient
for thermographic measurements of target 314. A thermal imaging
30 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 1laser pulse. Additional images may be
acquired at predetermined times after each generation pulse.
These different images are processed to produce a thermographic
35 inspection of the complete area inspected by laser-ultrasound.
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nore reliable inspection. Transient IR thernography does not by itself
provide for the efficient inspection of conposite parts 5 such as polyner
matri x conposites. Transient IR thernography is sensitive only to the top
surface of the conposite parts because it is a |low thermal conductivity on
the polynmer matri x. Thus, IR thernography cannot be used to identify to
detect and identify deep defects within a polynmer matrix or conposite part.
10[ 0029] Laser ultrasound and IR i nagi ng system 300 i ncorporates both | aser
ul trasound which provides a deep internal inspection systemand therma

i magi ng to address near surface inspection of target 314. This addresses
probl ens associated with the fact that |aser ultrasound inspection nay be
| ess sensitive to near 15 surface defects. By conbining these two

t echni qué028] nor e Bofpl dheHOIXEEIEFuct TIRH FS pe COMBACEETE coMpdsi tteSEart
or mat er udkrhsopnasrbkel tbaanWasresse bl srien rine s g deasnpllelteasadnd

or IR thernograph 100301FI . 4 describes the_p essi LR i s, to
Gather  BGT PSR APLEn ASBRE CiRE | necrRateRt, na! EREERRLREpRY, Wy TRAES Ry
t her mal iiraget mpyayd dgat frr etthaf edif icaehtorinspedsionn dedcanpoat tef PRIre
af ser thgugRnNgEabbePmbas alarkeamddapoeeBst | rannéiehﬁelge@?ﬂ’e%ﬂo@@abﬁ?eﬁs
beamis fired or pu ied at target 14,% t he ge\%ﬁr ation Iager be%m \gﬁl be
scanned SFBRGELEANCPAY nt316Re25P8; FtiEL3E8 ] FchMRESefePAFI-6n PFa88F <
beam i s dtriéstadlow| theashl havedac tiwertyalon rdues iperityn®@20 maFariget JIhall, sABws
the Scanewgmgérggx&}h 3L8nBY nepedled! Yol uatnali ng, (aUete 3dAqWiklnei £y
generation | aser beam and col |l ecti.ng nunmerous thermal |1 nages. These thefnal
transi enfSehaYe HRC R i t 1R M IRE T MR HIHE R CO8R S o Fe PR és associ at ed

whbh thegpagiget MR al cRo@x@nphe Br duaadiiqt byecéhenonl ivwebhpbhhekpess
may be deter n}ned bé %nal ¥Z| g]g her mal i magery oyer tl.ng at ihe targgt.

Thi s masb?)rehp REBHt B4 TEASPHEY SHTh<sr BF S et cCVTRuAP “FPhEGe &5SpP§ttton

i I'lustrasestem &G therial sipagiegstogadgpesacheanabyrégc8binbparedonnages
(more spegrddcabhy  tenpgyat rd%feé%"ée%t'ﬁ’ﬂﬁalae?nsa as£Y0£Ltoa QfichH mE,M ERLp

the different_imges _are analyzed). A relative tenperature variation curve
i s builtth3lontafFeTt Hd HrRSONRGe S B EEAR gontPof 1ERE 1SRSdfervg to near

FO81] Anosnefa b eidifieeitds .may Py ovd@bihiseanniedseR ther nogrlaphyues a more
complete non-destructive inspection of a composite part or
material is possible than was possible when only wusing laser
ultrasound or IR thermography.

[0030] FIG. 4 describes the processing of IR images to gather

20 information about the internal 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 1is fired or pulsed at target 314A the
generation laser beam will be scanned along scan path 316.

25 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

30 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 1in the form of a synthetic visual image as 1is
illustrated in FIG. 5. This processing approach analyzes

35 infrared images (more specifically temperature variations as a
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5 technique to inspect materials for near surface defects. This allows the
peak thermal |oad of the target to be limted in that only a small portion
of the target is heated at any one tinme. Such a system uses a scanned | aser
to induce thermal transients. f0032] PIG 5 shows the infrared results
obt ai ned by scanning a 10 pulsed CO2 |aser beamon a polynmer plate with
flat-bottom hol es. The defects in the target 502 clearly appear in the gray
scal e image 500. I mage 500 includes various points 504 within material 502.
This image may be generated using an imagi ng nethod such as that described
in US. Patent No. 6,367,969 entitled "Synthetic 15 reference thernal

I magi ng nethod,"” which is incorporated by reference for all purposes. IR

transi ent. t her.npgr aphy.anal vsi s _approagh may, be_used to accuratel
measur e TRECERCEKiObs ‘o a HATaR HHa GIooTHe R UPSaar cidod IrLprey - A
i ndi cati velseftives tgmpayratemd ovatiatiaknessvevédrs wlelst r Edoar ed lof thde IR

target. imdQek0833] cBasi g8khY, of Rk a8l &letdier NOgr aphy use of an
inflection point in a tenperature-tinme (T-t) response analysis of the
surface U034l r api MrthRGt FHPIEHRRE WYeEiEIdE GhssPResdf ABmthrrarorsphy”

| Escarrer 8eochagguat itensindpd imﬁtfﬁiam pot nhga@c lﬁtﬁ'flraeleatdél&@dtsi‘.alr | yhi B
the T-t S nd I ntia 25LNn epdent. o teral .hegt.lo
nechanis%gig?%ugﬁgcgﬁgﬁdgﬁgﬁwé%s&Odeag E%Bt %rﬂ?ahg?hg?n%fm%gﬁ U&Pigﬁ?§ of
metal s, ehéYoR £wathlPerkier P§ ftdier Inangatckianbeatede agyv @tlvabdbre f gime .

obt ai ni nguthes N8y s dah ausSHNBASAAEN 1R d S UM cehehkymaTherhikh 8aEEON
point is extracted fromthermal data acquired over a predeterm ned tine

period fiO8RsuccdsFve IFaqusdhe ivafgerecaresulppePBEabngd PHi scanpdngedi od
i soat | epslssdnevbalakengpeanhan anpabiméirppladechatBRCcERAtSbbELtbinMobased .

on an esﬁhéﬁaé?@ pL the ég@i Cé<a”.§g$e5t Oéoé hgl%_%‘%? tpeLng gpevaluated, o..1e

[ 0034] Thermal "réference data 1's” conpute or “ealh fx,y plxﬁ
image 500. Image 500 includes various points 504 within material
502. This image may be generated usihg an imaging method such as
that described in US. Patent No. 6,367,969 entitled “Synthetic

15 reference thermal imaging method,” which is incorporated by
reference for all purposes. IR transient thermography analysis
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. .

20 [0033] - Basically, IR tranmsient 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 wearly in the T-t response and is essentially

25 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 availlable for - obtaining thermal data

30 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

35 evaluated.
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| ocation of the imaged target and then used to determ ne contrast as a
function of tine for each pixel. A conputer systemcontrols the inmaging
system records and anal yzes surface tenperature data 5 acquired via the

| R canera, and provides a color or gray pattern-keyed i mage that accurately
corresponds to thickness of the target. This information may be nerged with
| aser ultrasound data to produce a nore detailed internal picture of the
target. [0035] The acquisition of surface tenperature data is 10initiated by
firing the generation laser to illumnate and heat a portion of the surface
of the target. Thermal inmage franes are then recorded over a period of tinme
after each generation |aser pulse and the recorded i mages used to devel op a
tenperature-tine (T-t) history, such as that assocjated with

ther mal 10@di ent Thesred seference) dapgD3ba HeamPHtedy ERGI §3FR &K YhePExel

gi story il%ctﬁmaﬁcagduﬁteegmégﬁde@&fgem xld itihe%}rh@s@@ﬂl o' @@ tieragaef E:laalfﬁﬁs.‘a_b(ﬁ.
eterm ne the_thickness_of .the_target at.each resol utian t n.
COnventiéﬁaPI§Pn§§éP§sP§ gfm?rgﬁgiéhﬁhiﬁﬁﬂe 'Iof?fﬁ?lHﬁ%rs%&%gggocogggkggns
of a targée neqgingssgetemni néqgrds chut autadnizss cutifeeer EqUPEEALHEE data
"py se” gb hhecaBl i ENehEY TR OcRRNEL ! b e didllets dblaxf bkshrayr baeeern-

reflect off an opposite surface and return to the first_surface. S%nc this
char act eKP¥EPc 1Ta%e | SN afEaUratehe AGRETRE wE8n TSRS S uHacEBe it
can be usedgkte.2Bhideirformatide ndy denessrgsed WHeht drgetr bétweepunbedate

surfaces tBgogﬁé%rgdm89én5et£&fégnf A" $HS A GURKE tardeterm ned for

each (x,§ I Xe ocation corresponding to €ach resolution eléenent of the
target s{flB&ke. FOBIF| Gacauprdvides @fl ogeerfaery dragpanriBseri Wafg a 15
ngbhOd 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
15 320 of FIG. 4.
[0036] Heat flow analysis of the T-t history is then conducted
for each pixel in the acquired image frames to determine the
thickness of the target at each resolution element location.
Conventionally, analysis of transient heat flow through solid
20 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
25 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
30 to inspect materials such as but not 1limited to composite
materials 1in 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

35 tested. Operations 600 begin in step 602 where ultrasonic
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30to inspect materials such as but not limted to conposite materials in
accordance with enbodi nents of the present invention. Operations 600 apply
both | aser ultrasound techni ques and thermal imaging or infrared

t her nography techniques in order to inspect and exam ne the internal
structure of a material to be 35tested. Operations 600 begin in step 602
where ultrasonic di spl acenents and thermal transients are induced in a
target material. These nay both be done using a generation | aser beam
associated wth a laser ultrasound system This generation |aser beam when
directed to the surface of the target material generates both ultrasonic
di spl acenments and a thermal transient as discussed with reference to FIGs.

1 and 4. |I.n 604 t he ason di spl.acenent s and herjmal _tran |ent
are det eS¢ER: a‘f%E‘eBFFr djf': % arsp acterr?elﬁ len% y e déte u’te(ﬁi u%?ngga?f et
ul t rasoundtsysadm sdiiesas mayt bedh |beri ci@ua t@nang asegentrattoundasest @mamThe

10 thergrkobsgRshent cHay p&é@t@ﬁ%aﬁz@wc@mg mersrrglaneacag%y; abskhe
target nmpterial, As dlscusse revi ous%} 2 gen rat on of thﬁ er mal,
is

transi enPeafd HPERasBURECHRY syTitchr orrt fat ERTIP Matezial
i nfsor mat generayebe basiad mlarmtonlict hhspésu:lem&nmfs amal yesi sheend br trrdnisnestep

606. In a&eal@%s@gghva delibatel 1o t&fdsasolmgn@ 30! 2GR S 464 L ALl

i magery are anal etecte ultrasonic dis acenent S W pr ovid
i nf or mat péﬁrae@mau @%H%@%@eetﬁnt%ﬁaltfsaw@ét uF’é%n%%eIil‘h% taafﬁegefieﬁaﬁér’—#al
whi | e thenthengehsbirgeayspiatdigedithernay beadstentsd mayihe gnoatssedound

det er m ne ng?c surface St rtjgt ;Le&%%l\é\ne'; i nt heiats%rrgﬁtltggsgﬁ}lﬁr gg%tgﬁeca?ﬁlg

the ul tr3%% ot spl Ftentn mel” £ ansi en are rnrti
safe genthathah trsesidramarhibe idetearsd &y ﬁﬁgubélngeaheameésmﬁlgeéw efat e

the det eeﬁedtakgéasaater%ipl agemeiits b d fdtalousBoaine Jensratliomsoin
step 608 a det al | g 03| t e _unde s'éﬁndl ng of, both the near 8253urf%ce and

deep i nt EPRalthg nﬁfef’ﬁe Y S P bdT BIPLEE
Nos] Cor r ebat ¢ batexdy U@uxk)rnelﬁcrrrq@amlonbwaarppleymgdatpl metshahpet veshébmabt

i mages tgaqglhfgdfto tggkéeﬂ?d%ﬁoskes tsfb%rrml 1h MBEEPY cBGUWsHH |1 f HaRB-EakE

be matc se rate of the 30 _generation |aser beam

T_ihgr nogr‘abW%PIFJtﬁ\sdaS%W%IP"d; |%ﬁethem6%héwaseﬁye§éﬁt &0 355 be The
det er m ngskodréde tlatge;:omaé er dakplibesenay i miallve giweridet er thfiathanioh a

quant i tatlve thet mab thickness. arilyed gt by agalygi pgot he e mpl Limgery.

A change T nSbua atrve ermal wall thickness may in ate a near
35sur f acehileawtihe thbemﬂgetlm@?}f alofat thhe Hrmahhdransjents may be

processed to determine near surface structures within the target
20 material. Because the ultrasonic displacements and thermal
transients are initiated by the same generation laser beam this
information may be wused to easily correlate the detected
ultrasonic displacements and thermal imagery. This allows in
step 608 a detailed composite understanding of both the near
25 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
30 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 gquantitative thermal
thickness arrived at by analyzing the thermal imagery. A change‘
in the quantitative thermal wall thickness may indicate a near

35 surface flaw in the target material at the point where the
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unexpected change in the quantitative thermal wall thickness occurs. This

I nformati on nay be visualized by a contrast display where an abrupt change
in contrast indicates a discontinuity or change in the quantitative thermnal
wal | thickness. 5[0039] The generation | aser beammy be a md-IR ultrasound
generation laser. Such a generation | aser provides a conpact, high-average
power md-IR |aser for ultrasound and thermal transient generation. As
shown in FIG 7, the generation |aser 700 includes a punp | aser head 702,
having a fiber laser therein, 10 fiber coupled to a generation | aser head
704. Using fiber lasers allows the |aser punp to be located renptely from
generation | aser head 704. The punp | aser head may be coupl ed via optical

fiber 702 tq_th eneration.las head. 704 40 hn n..).aser
head 709 TERRPS ety e 145 EPg | BIPTHa B TR T W O s
a conpactoarugsl-R gbaer anformatten mawvdoe hatsyaldiass he eratatds haispd@vand
the stabijhet¥ rR0UB SNt Shdfe rOPOLLEL BYSE eBAL68Ees OadaliEvehttihRity or
generation | aser beﬁm and acqujre tzl}grmal i@gﬁes%giro?%é a conpact and

i ght -meicglﬁflgﬁoaal Ehgoftanht Mtire arerat i asBr - BEAR 20del i very head
and an | fpo3aper a Ther eget-adiba deagaminbednwinialyi nbé he i ms@eTRi anl theacunid
the roboticooysigm Mla.all aug-ihe deploymmal, o, ModRdaoel e,
usi ng smaller robot s’ SThus, new conposite Tnspecti_on “opportunities are
created héshraverapd coapesi teldNIR ustageporiaibl altgdsound r asvundheysedns

and IR 25t-haregeapbyesXet 8A5. Theserangl cachess are, dtssugsadrafids Ralsesnt

ntitled . FlBER Lé? TO GENERATEfg££§A§CUND'\Mgfgqnis
'of

ﬁgflelb;a}[ Iﬁ@@rg%‘?é?gagf%rp’érf‘ﬁ’ TE P09 [0 1Y *Efnfar’y Pothé 28 o di e e S
the presémbernvenpled BOpx oyemeragn omsigapts dreasy t0dm operiall d iberelasiens
i nternal allows the lasexr pump to be located remotely from generation
laser head 704. The pump laser head may be coupled via optical
fiber 702 to the generation laser head 704.
[0040] Locating the pump laser head 702 meters away from
15 generation laser beam delivery head 704 allows a compact mid-IR
generation laser head that reduces 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 light-weight module containing the generation laser beam
20 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

25 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

30 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 mcdule. The generation
laser produces a pulsed laser beam that is operable to induce

35 ultrasonic displacements and thermal transients at the target
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structures of a target material. This inspection systemincludes a
generation |laser, an ultrasonic detection system a thermal inmaging system
and a processor/control nodule. The generation | aser produces a pul sed

| aser beamthat is operable to induce 35ultrasonic displacenments and
thermal transients at the target material.The ultrasonic detection system
detects ultrasonic surface displacenents at the target material.The thernal
i mgi ng systemdetects thernmal transients at the target material. The
processor anal yzes both detected ultrasonic displacenents and therna
imagery of the target material to yield informati on about the target
material's internal structure. f0042] As one of average skill in the art
wi |l appreciate, the_ternisubstantiall p Xi ma

et ei n' BRGOFUBY - an THAUSERS ARCG cBCLor Bl 9R o VPO LM, ST e p A HGOTEE
term Sushrﬁacenddlmpya(a@wptsad atol ehanceargagesndtreomadless t e ottbepmatent
to twent ¥m9§£ﬁ§ng v 808 CRLEESRONGSe 1) RMardsSi s LicMiched (g t0mReRe RG] |

val ues, | Nt clrcult process vari at | ons, terrper at ur.e varil at | ons, ri se
and f al ITPPnEEOC%%%i‘PBraIf%JeY%\%ﬁ Rk dletre itk Wi ragenige ddgpilpcepents ang

wi bl furthefmdd imppeeei o eshd headptinmanperiaill yoc guphedinfasmamy che absad
her ein, {:ﬂcl Edes 9'rrr1§€ér1a%'ps |lr}gcearng?]] Q;devl\’{]%cctur%oupl i ng via anot her
nt

componen CIrcuit, or ere, for indirect coupling, the
inter veniﬂﬂgz]corrpcmserune eifermm:;agn rekill e poeludet degtlneppredifyet hehe
i nf or mat { ORy, Ofh AL St RAY 2 DIy~ MBY a%g%xungt@yeur ra@ntmalyevsé , ué‘QJit ageetgvel,

and/ or power |evel. As one of average skil the art Il al so

appr eci REOVIRSr AR AOGHSERY ~RFCEP] e@he?@%ﬁ%n‘“e? erféht |t§ cGapFEgrPRding
anot her tﬁéﬁﬁﬁntsbcyhlﬂﬁEEﬁﬂﬁeﬁ:rynﬁdz@dﬁSedl tetéramck | nahdgest feonpleng brameen

two 6|e IP lngpﬁeﬁQyEt&?ﬁ?§¥ %ﬁxxﬁﬂ?rQR&yc%Q%QkﬁgndsA%uQ”ebBE Zés not

average art rther “appreciate rm™ conpares
favorabll,llml%f%d mafChe \FSEPUREDE n, vahdeR at e§nfcﬁaf-’aéeéonﬁr1f%lb1r? bePHREASFwo
g nor e @llelw&ls Ith eﬁétg.gr.aé S‘ra@i&tl?]ﬂé pijgﬁ ande$dlqd tﬂh@él 0BER) Hr
or exanqpl e en t esired relationship n ter
nmagni tuﬁﬁﬂ# OE So0Ng PhyGVERPE C&Jﬁ}&ﬁ Stﬁg%/ et a‘ﬁflf%vgg % h
the nagmptpmte:mtw gtdaek ders Jopateblyhapuphatl” of asi gual & ousedheherden,
magni t udg, Ofy RlONAH; redeS lc%%i,la?@n tataat 9hatieBal doupPONEA LRQUIbRLERer

present 1 nvention has been described
component,. element, c¢ircuit, or module where, for indirect

ed

coupling, the intervening component, element, circuit, or module
does not modify the information of a signal but may adjust its

20 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
25 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
30 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,
35 substitutions and alterations can -be made hereto without
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detail, it should be understood that various changes, 35substitutions and
alterations can be nade hereto without departing fromthe spirit and scope
of the invention as defined by the appended clainms. CLAIM 1. A

met hod to inspect targets conprising: produci ng ultrasonic

di spl acenents and a thermal transient on the target by directing a
generation | aser beamto a surface of the target; detecting the ultrasonic
di spl acenents at the target; acquiring thermal imagery of the target to
detect thermal transients on the target; analyzing the detected ultrasonic
di spl acenents at the target; and anal yzing the detected thermal transient
of the target. 2. The nmethod of Claim1l wherein the target conprises a

t
bt 0 ni nQ P A S bat FaR i TPy 1T ek o LERET EnGRHRRER, 28 geciped

anal yzi n YtﬁéedéPEEﬂééduFiﬁa§6nlc di spl acenent s; obt ai ni ng
i nformati on about a near surface internal structure of the target by
anal yzing the detected thernmal transient of the target; correlating

i nformati on about the deep internal structure of the target and the near
surface internal structure or the target.
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4. The nmethod of Caim1 further conprising, matching the step of acquiring

thermal imagery to a pulse rate of the generation | aser beam 5. The
nmet hod of Claiml, wherein a quantitative thernmal wall thickness is
determ ned by analyzing thermal imagery at the target. 6. The net hod

of Caimb5, wherein an unexpected change in the quantitative thermal wall
thickness indicates a flaw in the target at the unexpected change.

7. The nethod of Claim1l, further conprising inmaging frames of the target
so that each frame has an array of pixg\g& assigning each frame a frane
nunber that corresponds to el apsed tine, and anal yzi ng sequential franes of
t her mal imagery to determne a quantitative thermal wall thickness.

8. The net ho wher ei n Z thermal imagery at the target
conprises infrar eg ‘E’Ftﬁf&for’&ﬁ%q"teﬁfge%ﬁ@ﬁ{?ﬂ gp 9. An inspection
syst em oper alrducihgi unsREEIt dapladégaits mra)memamansmm on ti @QREFAHiIr&@finkaser
operable to generate a pul sed | aser beam operable to induce ultrasonic

~di spl acefBABYORIAEE ORYP iad Strfagn el BATESEL the target; an ul trasonic
detection Sy%%@l%é%ma§or¥19dg§158e%en¥srﬁ?tﬂél %J gsoni ¢ surface displacements at
the target; a thermal 1mging system opera Ige to detect the thernmal

transi ent at at:mermgt’ngenal imagery o&thp tange $@detewd perabl tensientanalthezergobt h
detected ul trasoni c di ements at _the t and. t hermal imagery of the
target to yi &gt n%her?i?f)"’.‘f‘ﬁ“ BaSﬂI?IC?ﬁBlaCWe ?n%%e tflmrﬁﬁtctau(r?e of the target.

10. The i nspaaﬁlly@ngme&iewm(zafth&lnal ruienobetheitdrgéthe ul trasonic detection

system COITpI’I Ses a detectjon | aser oper able to generate a, gdetect i on
| aser beam oger ablT@eimsthad|ah Gilaim: ewhergining ﬁa%b?ﬁrﬁprésﬁ??&%p‘a‘i't% Bl Bhent s at
the target; 3 The method of Claim 1, further comprising:

obtaining information about a deep internal structure of the target by analyzing the
detected ultrasonic displacements;

obtaining information about a near surface internal structure of the target by analyzing
the detected thermal transient of the target;

correlating information about the deep internal structure of the target and the near
surface internal structure of the target.

4. The method of Claim 1 further comprising,

matching the step of acquiring thermal imagery to a pulse rate of the generation laser
beam.

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

6. The method of Claim 5, wherein an unexpected change in the quantitative
thermal wall thickness indicates a flaw in the target at the unexpected change.

7. The method of Claim 1, further comprising imaging frames of the target so that
each frame has an array of pixels, assigning each frame a frame number that corresponds to
elapsed time, and analyzing sequential frames of thermal imagery to determine a quantitative
thermal wall thickness.

8. The method of Claim 1, wherein analyzing thermal imagery at the target

comprises infrared (IR) transient thermography.
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collection optics for collecting |ight phase-nodul ated by ultrasonic
surface displacenents fromthe detection | aser beam scattered at the target
surface; an interferoneter to process the phase nodul ated |Iight and
generate at | east one output signal; and a processing unit to process
the at | east one output signal to obtain data representative of the

ul trasoni c surface displacenents at the target. 11. The inspection
systemof Claim9, wherein the thermal inmaging systemconprises an infrared

(TR) transienf t h%t WH%%@J}VS St St atbL| e to ms ecgt%tar B&.of ?19%%1 lon system of

G aim 11, wherein nsi e ernD ra hy Syst nprises an IR
sensitive camegamcmmndbkm<nmna&QUJ@emﬂmagepbbamd&woﬂmaMeomﬂmgenoimﬁmminated
by the qﬁnerailon | aser e inspection systemof Claim?9,

wher ei n tﬁ%go’blf3&8%@?%%3‘@?3@&“?‘3‘68&3?é}Pe {#%8°the detected ul trasonic

di spl acement snaiehsbiie defeetidBdysieiPgREbIe to detect thbdiltrdsdRici sOFR@CAibKlicesiatsem of
Caim9, further conprising a control nodule operable to match thernal

|naglngfﬁﬂﬁﬁﬁgﬁﬁqU|S|tlon to a pulse rate of the generation | aser beam

15. The i nSpeghifl mkahflyabmIpelabledo dWAIRL Mekhf nbASgRY hOIRELSeS

COITDOSI te mater
a processor operable to analyze both detected ultrasonic displacements at the target

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

10.  The inspection system of Claim 9, 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.

11.  The inspection system of Claim 9, wherein the thermal imaging system
comprises an infrared (IR) transient thermography system.

12.  The inspection system of Claim 11, 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.

13.  The inspection system of Claim 9, wherein the processor is adapted to correlate
the detected ultrasonic displacements and the thermal imagery.

14.  The inspection system of Claim 9, further comprising a control module
operable to match thermal imaging frame acquisition to a pulse rate of the generation laser
beam.

15.  The inspection system of Claim 9, wherein the target comprises a composite

material.
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