WO 01/07867 PCT/ US00/ 16173 -1 THERVAL RESONANCE | MAG NG METHOD Thi s
application clainms the benefit of U S. Provisional Application No. -

60/ 144,885, filed July 21, 1999 the entire content of WI"IGI&% ,}&q by

i ncor por at S¥OBYYB¥t erence in this application. 5 TECHN CAL I’—’]l'%t Eﬁie
present invention relates to thernographic nondestructive testing

techni ques for determ ning the thickness of an object. Mire particularly,
the present invention relates to a infrared transient thernography nethod
for analyzing stacks of thernmal data inage-frames. that enploys a
Fast - Fourier 10 Transformthermal resonance function to determ ne

t hi ckness. BACKGROUND Over the years, various nondestructive ultrasonic

measur ement techni ques have been utilized to determ ne cross-sectional
t hi ckness of cast netal and other solid objects. Conventionally, the

object 'is probed with 15@%@&&%,«@?2 |mg,qneq@gq- e the surface and
at ot I'T€ SIde or

are reflected internally e opposi surtace of the object.

Based upon the ti fRigl | L A8 I ; ; hstance to
t he opposite (bac@tssafbggéééigﬂ%@sﬁﬁ%ﬁ@%%@?ﬁ%@tﬂnﬁﬁglg nesgbbf t he
obj ect at t ha&0/1#4,885, filediuivt2in 1089 $he entise ¢antenhof which issbereby neasur enent s of

' égﬁ%dﬁ@ﬁgghg&ggh t hi ckness for npbst of an object

this sort to, {
woul d usual | ﬁ%@@é@geldt He and tinme-consum ng nechani cal

scanning of the entire surface wth a transducer. In addition, to
facilitat® i kEGHNIEALIESDcont act between the transducer and the object
surface, a streamof liquid couplant nmust be applied to the surface or,

al ternatively, tOtrRb prdggnt nveMion§refabss BthéfiograpHid Rondastietind fBtingust be
accommodat ed. Such accommodat i ons, however, are .

techniques for determining the thickness of an object. More particularly, the

present invention relates to a infrared transient thermography method for

analyzing stacks of thermal data image-frames that employs a Fast-Fourier

10 Transform thermal resonance function to determine thickness.
BACKGROUND

Over the years, various nondestructive ultrasonic measurement
techniques have been utilized to determine cross-sectional thickness of cast
metal and other solid objects. Conventionally, the object is probed with

15  ultrasonic waves which penetrate the surface and are reflected internally at
the opposite side or surface of the object. Based upon the time required to
receive a reflecged wave, the distance to the opposite (back) side can be
determined—giving the thickness of the object at that point. Unfortunately,
conducting ultrasonic measurements of this sort to examine the cross-

' 20 ' sectional thickness for mast of an object would usually necessitate a
cumbersome and time-consuming mechanical scanning of the entire surface
with a transducer. In addition, to facilitate intimate sonic contact between the
transducer and the object surface, a stream of liquid couplant must be
applied to the surface or, alternatively, total immersion of the object in the

25 couplant must be accommodated. Such accommodations, however, are



WD.01/ 07867 PCTI USO0/ 16173 -2 nost often not very practical or even

feasi ble for nunmerous structural and naterial reasons. For exanple,

ul trasoni c systens capabl e of scanning and analyzing geonetrically conpl ex
parts are tyPPOYY®Y very expensive and conplicated. In adB?PP@WF‘éB
mechani cal scanning of the transducer over the 5 surface of a | arge object
can literally take hours. Mreover, when conducting ultrasoni c nmeasurenents
on certain metal objects, the internal crystal orientation and structure
of the nmetal can cause undesirable noise and directional effects that
contribute to inaccuracies in the acquired data. This inherent limtation
of ultrasonic neasurenents proves to 10 be a serious drawback when testing
conponents constructed of crystalline or, "directional” netals such as
often used in contenporary turbine airfd?Fs. In contrast, infrared (IR

t ient th hy.,i t . til destructjve testi
eanni que t hanoRiabiaBn hraiFa 4f bvafilegaiblaon PumBrous U bRy ence -
through an objetarial reasoms!i Eer éxafrplerailtrasonidsystume tapdtie bhscafiningcand © and

Integrity of the object. Since heat flow through an object is
substanti al | y2 '?da%?‘gﬂetﬁélﬁr@mﬂ?@? parts aredyRirdlv.yedy exeensiveand cryst al

orientations gdmpiicatetntinadaition;a Héeheﬁbslt‘écanﬁiﬂﬁ \of tHetr &b ducar Gl e
thernograg{y algfql?ém S .is erﬂ%ieentl ally free of the limtations this creates
for ultrason? &4 @/large object pan fiterally dake BeurBost ul trasoni ¢ techni ques, a
20 transi ent thernographic analysis approach is not significantly hanpered

by the size, contMoreovsr, whepeondudting ultkisenic MeasiBermBnitscsh édtthin Mtgover .,
can be accon&lﬁ.igége ten ti) one- hyndred tipes faster than nost conventi onal

d
ul trasonic me p intatnal crystalprentation; and sticturg of hemgtal gan caus& nown
cont enpor ary @isirabieindisedind difsefibid effobR thRLOARBILe MHgg%;trﬁgﬁeﬂrﬁhhdes the

ability to determne thersl ze and "rel ative" location (
acquired data. This inherent limitation of ultrasonic measurements proves to
10  be a serious drawback when testing components constructed of crystalline or

“directional” metals such as often used in contemporary turbine airfoils.

In contrast, infrared (IR) transient thermography is a somewhat more
versatile nondestructive testing technique that relies upon temporal
measurements of heat transference through an object to provide information

15 concerning the structure and Integrity of the object. Since heat flow through
an object is substantially unaffected by the micro-structure and the single-
crystal orientations of the material of the object, an infrared transient
thermography analysis is essentially free of the limitations this creates for
ultrasonic measiurements. In contrast to most ultrasonic techniques, a

20 transient thermographic analysis approach is not significantly hampered by
the size, contour or shape of the object being tested and, moreover, can be
accompliished ten to one-hundred times faster than most conventional
ultrasonic methods if testing objects of large surface area.

One known contemporary application of transient thermography, which
25 provides the ability to determine the size and "relative” location (depth) of
flaws within solid non-metal composites, is revealed in U. S. Patent



flaws within solid non-netal conposites, is revealed in U S. Patent WO

01/ 07867 PGI/US00/16173 -3 5,711,603 to Ringermacher et al., entitred
Nondest rucg sting: Transient Depth Thernography"; .and

|ncorporaté% ﬁgpgﬁn by reference. Basically, this techm?ﬁEF$WW%FVes
heating the surface of an object of interest and recording the tenperature

changes over tine of very small regions or 5 "resolution el enents" on the

surface of the object. These surface tenperature changes are related to

characteristic dynam cs of heat flow through the object, which is affected

by the presence of flaws. Accordingly, the size and a value indicative of

a "relative" depth of a flaw (i.e., relative.to other flaws within the

obj ect) can be determ ned based upon a gareful 10 anal ysis of the

t enper at ure changes occurring at each r¥€sol ution el enent over t he surface

of the object. Al thou not I|C|t ed ip t e .abqy ref erenced
R nger macherd pbk@0H 10 Hﬂe P a'd@ﬂ{ﬂp%if%déﬁww esting:; é"ﬂ%@fth of a

Flaw from t ety frheﬁﬁograpﬁyreauﬁ&)iseﬁé&p&afemremyder@ém@edas.wnyess a
"standards bl ock”, havi ngi voi ds, at. known depths, or a thermally thick 15

("infinite Hbistechnigueinvalsheating thesytacest at“rf@l%f’étﬂte’%t k| uded as part
of the thera)@gﬁphﬁ&t éraﬁﬁélh'h gels%eanﬂe%r%ﬁrﬁamb.oﬁer&arlson agai nst

the relati prh val tai n accurate er mal “measur enent s usi ng

transi ens trevspharygnapﬁwemsw g@r&“&‘é@@ftf@rﬁhﬂﬂtea'heﬁwffﬁﬁ? heated to a
particul ar ngrﬁﬁg(r?g%t fse%'ltar g%&l&h%é%uéggﬁémggrdmgaﬁj ow ! Me so as to

precl ude any S the remaln ect. Dependi ng
on the thi dhmgb thenebjeett whlcalls aﬁ@m%breth%nrpemqeroftfw%tﬁqs@tdmgi)der test, a

oL o™ aEhid Pl bl b 58k e SORMERLG idkploce 1o
speci fi ¢ neahberi ﬂams within the object) can be determmed based upon a careful
10 analysis of the temperature changes occurrmg at each resolution element
over the surface of the object. Aithough not explicitly disclosed in the above
referenced Ringermacher patent, the "actual® depth of a flaw (i. e., the depth
of a flaw from the surface of the object) can not be determined unless a
“standards block", having voids at known depths, or a thermally thick
15 (“infinite half-space") reference region on the object is included as part of the
thermographic data acquisition and analysis for comparison against the

relative depth values. .

To obtain accurate thermal measurements using transient

thermography, t_hé surface of an object must be heated to a particular

20 temperaturein a sufﬁciently short period of time so as to preclude any

_significant heating of the remainder of the object. Depending on the

thickness and material characteristics of the object under test, a quartz lamp
or a high intensity flash-lamp is conventionally used to generate a heat pulse
of the proper magnitude and duration. However, the specific mechanism

25 used to heat the object surface could be any means capable of quickly
heating the surface to a temperature sufficient to permit thermographic
monitoring—such as, for example, pulsed laser light. Once the surface of the



25, used to heat the object surface could be any neans capabl e of quickly
heating the surface to a tenperature sufficient to permt thernographic

noni t ori ng-such for exanple, pulsed laser |ight. Once ce of
the "mm V\D@?ﬁfﬁggﬁ PCT/ US00/ 16173 -4 object is heated, E‘Eg’rﬁ%@ ?%'gr ecord

of thermal changes over the surface is acquired and anal yzed.
Conventionally, an infrared (IR) video canmera has been used to record and
store successive thermal images (franes) of an object surface after 5
heating it. Each video inage is conposed of a fixed nunber of pixels. In
this context, a pixel is a small picture elenment in an inmge array or
frame which corresponds to a rectangular area, called a "resol ution
element”, on the surface of the object peing inmaged. Since, the
tenperature at each resolution element [s directly related to the

intensity of the, cqrrespondi 10 pixgl, tenperature changes ai each

resol ution el l?@hlsql?ﬁ?ﬂ:@ Qfﬁ?qgﬁfe%oﬁq pgipgrmel ﬁ?@eﬁﬂﬁ?r}g&f%ﬁﬁc?@r ns of
changes in piasglirePand &sdlyzetine stored IR video images are used to

determ ne the contrast of each pixel in an image frame by subtracting the

mean pi xel intensjty fqr articul gr. Jomage franme, representin a, known
point in tine, frt&ﬁh’?rﬁ'°r‘%‘&{?\?r‘&‘f feﬁ.(lﬁl|V'4%Ht°@H§qu§‘a§?’%9Hg§°§§%&°§5q nt in
35 time. (_The a@drstdrasmc&smeftnérnfmohagé@qdanje%) bﬁﬂt}ﬂobﬁ&f stmeiaitfe? he tine
omai n .e., oQver jmage franes) to . identi the time of occurrence
of a1 Bit | befis i, BRH viog Trags Borenssd of A hetthumber af el 1n s

mat hemat i cal lcpntest, at sl ia small Plokire \sterdeimtin affimagé afray \or faima wilieh obj ect .
Basically, as apgl ied to an 20 exe Iar“‘gtﬁp‘j ate-|i ke" object of consistent

mat eri al ~ and PHE 4o a reglangyigk arepnea I??Ql%'ﬁﬂﬁ‘g@eg Pmiieng on an
obj ect takes sarfa6d 6fthB object being imaged. Since, the temperature at each
resolution element is directly related to the intensity of the corresponding
10 pixel, temperature changes at each resolution element on the object surface
can be analyzed in terms of changes in pixel contrast. The stored IR video
images are used to determine the contrast of each pixel in an image frame by
subtracting the mean pixel intensity for a particular image frame, representing
a known point in time, from the individual pixel intensity at that same point in
15 time.

The contrast data for each pixel is then analyzed in the time domain

(i.e., over many image frames) to identify the time of occurrence of an
“inflection point" of the contrast curve data, which is mathematically related to
a relative depth of a flaw within the object. Basically, as applied to an

20 exemplary “plate-like” object of consistent material and thickness L, a
migrating heat-flux pulse impinging on an object takes a certain
“characteristic time”, T ¢, to penetrate through the object to the opposite side
(back wall) and return to the front surface being imaged. 'This characteristic
time, T ¢, is related to the thickness of the object, given the thermal diffusivity

25  of the material, by the following equation:



"characteristic time", Tc, to penetrate through the object to the opp05|te
side (back wall) and return to the front surface being imaged. Thi s
characteri , is related to the thickness ofpdigsebdi®Et . 9i ven
t he thernaﬁ&glyw%S|V|ty 25 of the material, by the follow ng edﬁgﬁfon WO
01/ 07867 PCT/US00/ 16173 -5 Tc = 4L2/ia EQU 1 where L is the thickness
(cm of the object and a is the thernal diff usivity (cnRlsec) of the
material. (An object may also be thernally inaged 5 froma side of the

obj ect opposite the heat-flux source. This nerely results in a value of To
being different by a factor of four.) Fromenpirical observations it is
known that after a heat pulse inpinges on a plate-like object, the surface
tenperature observed fromthe sane sidg.of the object (i.e., the front)
rises in a fashion that is also 10 dependent on the thickness and the
thermal diffusivity of the material. gr, froma graphﬂﬂﬁ {he tinme
vs. tenperature (T-t) history of the su}Tace one can determ ne the
characteristic time, To, in ternms of a unique point on the T -t curve,
called the "inflection point.” This inflection point, tine, is indicated

by the point of | ope 15 tine

a%d S Iroe: ated to #1 Z'lr'g é‘ﬁgﬁ m")t?frtr'tée Stfi%a'@ ﬁtge?ﬁ%a& ng equat : on)

t h gnc;ar goggd'ﬁutswmmc t %ecrbi ttlermétettaloriAhbpjebemm:gtﬂeatherrhhlqmnaggdp0| nt and
isti i

appr oxi mat el £’ n /5'98 e&s?ﬁe‘ﬁﬂgs%nlg?%fi;@; é@%‘}‘ﬁﬂg&g&pﬁqlﬁéﬂs' onal

(2-D), heat halvaluecofdlyiseing différent by adfactiondf feat.) on point, tin , is determ ned

fromthe T-t response, a relative thickness, L, of t he obj ect can be
determned fromEQU. 1 using the knowmn thermal diffusivity, a, of the

material and the gghighpifidhibbssfvalions it is¥Howrnhatafter a heat puise

impinges on a piate-like object, the surface temperéture observed from the
same side of the object (i.e., the front) rises in a fashion that is also

10  dependent on the thickness and the thermal diffusivity of the material.
Moreover, from a graph of the time vs. temperature (T-t) history of the
surface, one can determine the characteristic time, T ¢, in terms of a unique
point on the T-t curve, called the "inflection point." This inflection point, tins, is
indicated by the point of maximum slope on the T-t curve (i.e., peak-siope

15 time) and is related to the characteristic time, T ¢, by the following equation:

tin= 9055 T ¢ EQU. 2

This relafionship between the inflection point and the characteristic
time, as expressed by EQU. 2 above, is precise to approximately 1% for one-
dimensional (1-D), as well as two-dimensional (2-D), heat flow analysis.

20 Once an inflection point, tias , is determined from the T-t résponse, a relative
thickness, L, of the object can be determined from EQU. 1 using the known
thermal diffusivity, o, of the material and the actual value of T ¢ from EQU. 2.

In this regard, a more detailed discussion of the heat-flow invariant
relationship between the peak-siope time (inflection point) and the material

R



In this regard, a nore detailed discussion of the heat-flow invariant
rel ati onship between the peak-slope tine (inflection point) and the

material QM 7 PCT/US00/ 16173 -6 "characteristic tipgusishetal i Ned
above may beS%'Sﬁ' in the Review OF Progress In Quantitative

Nondestructive Evaluation, in an article by R ngermacher at al., entitled
"Towards A Flat-Bottom Hole Standard For Thermal | nmaging”, published May
1998 by Pl enum Press, New York, which is 5 incorporated herein by
reference. Unfortunately, the above nentioned apparatus and nethod of U S.
Patent 5,711,603 to Ringermacher et al. only produces "relative" depth
measurenents. It can not be used to obtain a quantitative value for the
actual thickness of a nmetal object at a _gesired point. Consequently, an 10
i mproved net hod of conducting IR transient thernography and processing the

acqui red dat g, ) A o s L& r 17 ' t hi ckness

of netal obj eﬁ@%ﬁﬁ%@ggdg %@n&%ﬁv&%@é g%@égﬁ?%ﬁ%W?kdl sclosed in
a commonl y asProgress /n Quantititing NonBestpatiee Evalwation,dan anmricieby No.

091292, 886) . Ringermacher et. al,..filed ril 4 9..Basically, the 15
ar r angenent 2‘%‘99?’ °f ?eiq’iﬁ'ﬁﬁ IF%E%Aﬁ%t%@}H'ﬂké?eaﬁaﬁsaggE@r afor IR

i mage data acThdrial inagingtd published ey 19985/ PlenuimsPress, gw Hoyk, weridh ishe
surface of a desired, examned object along with*a slab standard reference

obj ect cchpdieerParated Rerel bytafrNce: and having portions of known thi ckness
(a "thermally thick"™ section of the exam ned object nmay optionally be used

as an 20 "infinit drifedtinatelgcihé abbes mentionddapparajus ardeméthadiofILkSp are
14t ed M0t SRRt 3l Yok DR hoaRbak f oL o rbloins Vel bl 21 R
the accuracy measurBfe®. [TeHshotdiuEed to Ablkis dejuantiativsivalusherthef | R i mage
frames are . . . .
actual thickness of a metal object at a desired point. Consequently, an
10 improved method of conducting IR transient thermography and processing
the acquired data which would permit a determination of the actual thickness
of metal objects was needed. One such method and apparatus is disclosed
in a commonly assigned co-pending U.S. patent application (Ser. No.
09/292,886) of Ringermacher et al. filed April 4, 1999, Basically, the
15 arrangément disclosed therein utilizes a focal-plane array camera for (R
image data acquisition and high-power flash lamps to rapidly heat the surface
of a desired examined object along with a slab standard reference object
composed of similar maierial and having portions of known thickness (a
"thermally thick" séction of the examined object may optionally be used as an
20 ‘infinite half-space" thermal reference). The flash-lamp are fitted with
spectrally tuned optical filters that minimize long-wave IR "aftergiow"
emissions and reduce background radiation effects which affect the accuracy
of thermal measurements. A predetermined number of IR image frames are
acquired and recorded over a predetermined period of time after firing the
25 flash-lamps to develop a temperature-time (T-t) history of the object surface
(and the reference standard). Contrast verses time data is then developed



acquired and recorded over a predeterm ned period of time after firing the
25 flash-lanps to devel op a tenperature-tinme (TA) history of the object
surface (asweoirmer ef erence standard). Contrast verses tiperisjodelrs t hen
devel oped WD 01/ 07867 PCT/ USOQ 16173 -7 for each pixel in the inmage to
determ ne object thickness at a |ocation corresponding to the pixel
position. In the above described nethod, contrast-tine data is devel oped by
subtracting tenperature-tinme data of the slab reference standard (or 5
tenperature-time data of a thermally thick "deep" reference region of the
object) fromthe tenperature-tinme data of each pixel. Unfortunately, this
nmet hod suffers fromthe di sadvantage that it nmay introduce sone degree of
error when i magi ng objects that have vawying surface uniformty. Moreover,
it requires the presence of a slab standard in the inage or the use of 10

t erper at ur e-for BBl ih Y IningbABeRG D)ot tRRicbbslt o BBarRiY Ct  assuni ng

such a reference region is a b Ition, a specl coating nust
usual |y be agsrespanding tithe-pixetpoeition. t he obj ect (and the sl ab standard)
prior to IR imaging to enhance optical absorption and inprove surface

uniformty. 15 %%@M@éﬁrﬂéﬁgb%}@%ﬁ%sﬁﬁeﬁﬁ%& tdyog rel ates

to a nondestructive testing netho paratus for determ ni'ng and
di spl ayi ng t subtractingitemparatdrr-time sataof the stabrreferenansiandard (ke- of hi gh speed
| nfrared § | RonideplibteRtiihe LB GROMBRTMNY itk “4eBY* WRfertiedBgRAGRthd R L1 ansi ent
t her nogr aphy arna fngI s approach Is uti'lized 20 to accurately neasure the
t hi ckness of okjectplspmdhe tarapgratwre-timedata of eachcpineld Undiortynatsly.ithisi cati ve of -
its cross-segti ' | A | A salient
feature of +rLen urish k0 ¥R aBkRlariagehl fihefiifodiis she At b

error when imaging objects that have varying surface uniformity. Moreover, it

requires the presence of a slab standard in the image or the use of

10 temperature-time data from a deep reference region on the object—

assuming such a reference region is available. In addition. a special coating

must usually be applied to the surface of the object (and the slab standard)

prior to IR imaging to enhance optical absorption and improve surface

uniformity.
15 DISCLOSURE OF THE INVENTION

The present invention relates to a nondestiructive testing method and
apparatus for determining and displaying the actual thickness of an object
through the use-d high speed infrared (IR) transient thermography. An
improved high-speed IR transient thermography analysis approach is utilized

20 1o accurately measure the thickness of an object and provide a visual coded
display indicative of its cross-sectional thickness over a desired area of the
object. A salient feature of this improved approach is the use of a Fast-
Fourier Transform resonance function to determine thickness. One beneficial
aspect is that the transient thermography method of the present invention

25 does not require the presence of a reference slab standard in the image or a
usable reference region on the examined object. In addition, there is no

T



Fouri er Transform resonance function to detern1ne t hi ckness. One benefi ci al
aspect i's that the transient thernography method of the present invention
25 does not require the presence of a reference slab standard in the inage
or a usabl WOPH6®nce region on the exani ned object. |n XGAUSPUI] here i s
no G 111Rf WO 01/07867 PCT/USOO 16173 -S need for special surface
preparations or special surface coatings to enhance optical absorption or

i nprove surface uniformty of the object being exam ned. Basically, the
present invention provides a nethod and apparatus for 5 analyzing the Real
and | magi nary conponents of the Fast Fourier Transform (FFT) of a
tenperature-verses-tinme (T-t) response curve of a rapidly heated object to
obtain a frequency value that is directly related to the particul ar
characteristic time, Tc, of transit for "8 thermal pul se through the object.
Once the characteristic tine is known, it can be used to conpute a
quantitati ve Negdar @Qeqqllsutfﬁ@e pIeparatiens or specialisuease Fm'@?rtﬂzﬁ!"@@@ﬂ t he

object at a_dgiksbeohflioRlordipRAMisifabS uRiity U WobidBibding  eSPonse i s

initially determ ne rom-t ata acqui successive IR canera
i mage frames e@mined. predet erni ned observation period-preferably obtained
fromsane-side ('front-side") observations of the object. (ldeally, this
observation period is at 15 | east sonewhat |onger than an anticipated

characteristic ti raamuﬂahe présaatinvénition grelidés abﬁatﬁoaadd @ppaﬁenuml on of
t he thickness of the o éﬁf(;t gﬁl ngm eval uat ed%iﬁtEﬁ ﬁnt | t he acqw red
ther mml (i & ABhARERS AeA 88 FAdInaR COMRANGTIN ol Fat Irouies TN | or
cach pixel | NFFTPot dWtiperkilfe-Toisel FRRA(TSH reshonss &:uﬁ/mt@ra@wﬁéabed with
each pixel is then normalized and a Fast Fourie
object to obtain a frequency value thatis directly related to the particular
characteristic time, T¢, of transit for a thermal pulse through the object. Once
the characteristic time is known, it can be used to compute a quantitative
10 value for the thickness, L, between two surfaces of the object at a desired
point according to EQU. 1 above. The T-t response is initially determined
from thermal data acquired from successive IR camera image frames over a
predetermined observation period—preferably obtained from same-side
(“front-side”) observations of the object. (Ideally, this observation period is at
15 least somewhat longer than an anticipated characteristic time as determined
from EQU. 1 above and an estimation of the thickness of the object being
evaluated).

Essemiaily. the acquired thermal data is assembled to form an
individual T-t response curve for each pixel in the image. The T-t response
20 curve data associated with each pixel is then normalized and a Fast Fourier
Transform (FFT) is performed to convert the data to the frequency domain.
The Real component (or alternatively the imaginary component) of the
complex FFT is then analyzed to locate the inflection point of the T-t
response in the frequency domain. The frequency value at this inflection



Transform (FFT) is performed to convert the data to the frequency domain.
The Real conponent (or alternatively the Imginary conponent) of thé

conplex FFT is then analyzed to |ocate the inflection poi T-t
response ier?ﬁ’émWequency dormai n. The frequency val ue at Pt%@?’ﬁﬁection WO

01107867 PCT/ US00/ 16173 -9 point is related to the thermal characteristic
time, Tc,.according to the relationships given by EQU. 3 and EQU. 4 bel ow.
To fRs = 0.372 EQU. 3 To fim= 0.748 EQU. 4 5 where fRe is the Real
conmponent of the Fast Fourier Transformat the inflection point, and fim
Is the Imagi nary conponent of the Fast Fourier Transformat the inflection
point, of the T -t response data associated with each pixel. The Real
conponent of the FFT of the T -t responge data is a 10 "resonance
function"-operating nmuch like a "thermalF absorption" function in the

frequency donai ose frequenc alf-wdth at the inf|ection point is
directly rel mlg@s\t,r\ga‘@ﬁéoé@%ﬁggpékqﬁgﬁ@eﬁ%ﬁg@e{ﬁ > aeeording toghe ¢ Lo | nagi nary
X component reRitioh@ipt GiveA by EGU.TS ahd EQU@Belowat a is a “"peaked function®
operating nuch like a "thermal dispersion” function in the frequency 15

domai n- whose frequency peak, fu,,, is also directly related to the
characteristic time, Tc. Accordingly e location of the inf lLONn poi nt
in the frequency donain, and ﬂéﬁgﬁ'gépgrnination of the charggpé istic
time, is acconplished either by identifying the peak of the derivative

function of the Real conponent of the FFT or by identifying the peak val ue
of the Imaginary 20 conponent Taf fii H8-7RBT. EQU. 4

5 where fz, is the Real component of the Fast Fourier Transform at the
inflection point, and £ is the Imaginary component of the Fast Fourier
Transform at the inflection point, of the T-t response data associated with
each pixel.

The Real component of the FFT of the T-t response data is a

10 ‘*resonance function"—operating much like a "thermal absorption" function in
the frequency domain—whose frequency half-width at the inflection point is
directly related to the characteristic time, T ¢. Similarly, the Imaginary
component of the FFT of the T-t response data is a "peaked function"—
operating much like a “thermal dispersion™ function in the frequency |

15 domain—whose frequency peak, i, is also directly related to the
characteristic time, T¢. Accordingly, the location of the inflection point in the
frequency domain, and hence determination of the characteristic time, is
accomplished either by identifying the peak of the derivative function of the
Real component of the FFT or by identifying the peak value of the Imaginary

20 component of the FFT.

As illustrated in FIGURE 1, the apparatus of the present invention
includes an imaging system comprising one or more high power flash lamps

L



As illustrated in FIGURE 1, the apparatus of the present invention

i ncl udes an i magi ng system conprising one or nore high power flash | anps WO
01107867 PCT/ USOQO 16173 -10 fitted with special optical filters, an IR
sensitive fwoaMATane array canera for data acquisition XCAUSOUIIT ay
nonitor. A conputer systemcontrols the inmaging system records and

anal yzes surface tenperature data acquired via the IR canmera and provi des
a color or gray pattern-keyed image on the 5 display nonitor that
accurately corresponds to thickness of the object. The acquisition of
surface tenperature data is initiated by firing the flash-lanps to
illumnate the surface of the object. Spectrally tuned optical filters are
used to absorb and/or reflect all 3-5 micron IR radiation back into the
flash-l1anp(s). This prevents undesirabl dlGong-wave IR "afterglow' 10

em ssions-typically generated by overheated netallic elenents in the flash-
| anps after ftfittediwithyspeaiaboptical fidars sarelR sénsitiverfecaliplane amay carpetafoor t he

canera. A pre A : ' far r rfled over a

period of ti e . € mage frame
312 Bl dton, 4R ey B, A FiRuGE i bobFRRIAG

15 being rradamagmgfsyatem. ededrds and adalyzes surtacedgmpbratuegiata aseliredviase

I ntensity cor te to th rg{facete erat ure of thg.o ect .at the tine

the Tr e ddng 19Eamath. g BIpvidkBia eI dra breriieyed yRese Bt

desi gnati @ diégl&y mohiter thabaeutdtalyotrasporisito sigkruss of thetobpjact. | cul ar

resolution elenment. The recorded IR inmage data is then used to develop the

tenperature-tine resolutlon
el enent" over t heér};gé%gh)sg&h%tf %Pﬁ?%es{enﬁ)ﬁ?#tﬁre %%FZ%H&L%%@% gﬁnéil{g?t a "knee"
poi nt is i denfidshHamips to lominaté theosurface of the ochjecte Spsctratly fuped Imptnd:alst ori cal
T-t data for ach o] or, lze.t he for _all. the pixels,
the T-t data ggﬁlére @SB%? %bﬁ?fbamﬁ” eflect nﬁls & micron | ation back mtto

the flash-lamp(s). This prevents undesirable Iong-wave IR "afterglow”

10 emissions—typically generated by overheated metallic elements in the flash-
lamps after the lamps are extinguished—from reaching the object or the
camera.

A predetermined number of image frames are then recorded over a

period of time after the flash lamps are fired. Each recorded image frame

15 being made up of a predetermined n x m array of image pixels whose
intensity correlate to the surface temperature of the object at the time the
frame data was acquired—each pixel having an (x,y) location designation
within the image frame that corresponds to a particular resolution element.
The recorded IR image data is then used to develop the temperature-time (T-

20 t) history for every elemental region or "resolution element" over the region of
interest on the object surface. Next, a "knee" point is identified in the
characteristic curve formed by the historical T-t data for each of the pixels.
To normalize the data for all the pixels, the T-t data curve is clipped and
constant-padded just past this to produce a continuous “flat" curve portion of

25 constant temperatdre value equal to the curve value at the clip point.



const ant - padded just past this to produce a continuous "flat" curve portion
of 25 constant tenperature value equal to the curve value at the clip ’
poi nt. W01/ éﬁ@%ﬁ?PCT/ USOO 16173 -11 A mathematical derivative curve of

t he Real c% of the FFT is then conputed to identiW"f‘mﬂWﬁ‘lection
point, fRei of the T -t response data in the frequency domain. The
derivative curve may be accurately conputed, for exanple, by using a

t hree-point data sanpling having a first and third sanple 5 point
separation that is proportionally related to the value of the imge frane-
nunber at the second sanple point. Preferably, all local "peaks"” in the
derivative conputation are identified and filtered. (For exanple, a

wei ghting function can be used to adjust the significance of any such

| ocal i zed peaks to best identify the-d&tual inflection point frequency).
Finally, the characteristic 10 tinme, To, and thickness, L, of the object at
a location correAfaaibemgtical dedvative supug ofithe feahcompeneant of thedtrer isi ned

according t : e tivel Gak_ | | pgi nary
conmponent o ﬁ%@ggﬁ%ﬁ%&ﬁ@g&ﬁgﬁ# 'ﬁtf %”’téﬁfreiﬁ? Eﬁﬁéﬁ%@%@a&é E\H fm of
the T -t retheoinequenay domairn. HEhe derbvatieancyrve omeni e atouratelyscomamaed,tfbe peak can
be readily ' J C ' ti I od. The
characteri Sg?@%ﬁ%@?ﬂy@ﬁ aﬁﬁée%#gﬁzgggﬁhﬁﬂg#aﬁﬁgﬁﬁq@@ﬁ qﬁ"fd géerf'egat i on
C%[J res pogdi pgint sematibrpihatseis prepdrtiemally qelated tbdhé v%lgy oﬂﬂtaanmge ddmwg ording to
E | and E 4. F _DE | PTI . T N Jhe, purpose an
advant ages ﬁmgaalagbgtsﬁgo %asr@?l'? %Hl?;ﬁ{&gﬁ%&%\f‘ '95:@' P&g n'&gg%t ood by
car fef ul 3 t udgrivdtive l@frﬁp@tdﬁbmmidéaﬁ%d mt} fesrod.i (F?i G:EamﬁleIQWeigMiﬁg_ent ly
preferred egbodi nent , wi articylar, reference to cconpanyi ng
ot nge. FHagHe 5an beuisad B adiusting sioafficAned SEart s lop eSS RBR 0N T - ar e

best identify the actual inflection point frequency). Finally, the characteristic

10 time, Te, and thickness, L, of the object at a location corresponding to each
pixel is quantitatively determined according to EQU 1 and EQU 3.

Alternatively, the peak in the imaginary cdmponent of the FFT can be
used to identify the infiection point, £, of the T-t response data in the
frequency domain. In this case, the peak can be readily determined by any

15 conventional computational method. The characteristic time, T¢, and
thickness, L., of the object at a location corresponding to each pixel is then
quantitatively determined according to EQU 1 and EQU 4.

BRIEF DESCH!PTION OF THE DRAWINGS

The purpose and advantages gained by the present invention will be
20 understood by careful study of the following detailed description of the
presently preferred embodiment with particular reference to the
accompanying drawings.

FIGURE 1 is schematic diagram illustrating an example infrared
transient thermography system arrangement for determining and displaying
25 the actual thickness of an object in accordance with the present invention;



transi ent thernography system arrangenent for determ ning and displ ayi ng
25 the actual thickness of an object in accordance with the present

i nvention; WO 01/07867.PCT/USOO 16173 -12 FIGURE 2 is a flowhart

i |1 ustrati nWOOMB™8Et ocess of infrared i mage data acquisit PFENUANWESHRal ysi s
as performed by the systemof FIGURE 1 in accordance with the present

I nvention; and FIGURE 3 is a diagram of an exanple IR transient

t hernography 5 inage display of a nmufti-tiered object. BEST MODE FOR
CARRYI NG QUT THE I NVENTION FIGURE 1 illustrates an exanple IR transient

t her nography system 10 for determ ning and displaying the thickness of an
object, e.g., a netal turbine airfoil 1 having intentional voids 4. For

t he purposes of the follow ng 10 discussion, the "thickness" of an object
refers to a front wall or surface thichess in the context of a hollow or
sem - hol | ow object (i.e., an object having an intentional void). As shown
in FIGURE 1, a f|EBQSURERGs adlmwchait dlustratingtheprocessiof infrared image data heat t he

surface of the_ aqhj.ect i . | ement for

fl ash-1anmp h8% q'f)h?’%Qnggﬂgga'g‘%%%gﬂﬂe@,gt'f%#‘}s@h%iiﬁ,agkaﬂ& of four or

ei ght hi gh- s peestdafiéegwitiotiepresgrtimventiontarsgt aphi ¢ fl ash-1anps, each capabl e
of about 4.8 Kilo-joules output and having individual power supplies (such

as, for exanple, = | S f i n Chicago,
IL). 20 Since net {j@‘ﬁg\?@% %iggrﬁﬁ?ggﬁ)ﬁ&‘ﬁéﬁg’gﬁgg{\{eﬁgm?&ﬁﬁ%onduct i on

t han nonsnetimage display ohamauiti-dierest objedti nres for heat flow in netals are nuch
faster than those of, for exanple, plastic or conposite materials.

Consequently, in attenpting to adapt conventional IR thernography-which
ordinarily i gEg1MOSE FOR CARRYING OUT THE INVENTION

FIGURE 1 illustrates an example IR transient thermography system 10
for determining and displaying the thickness of an object, e.g., a metal
turbine airfoil 1 having intentional voids 4. For the purposes of the foilowing

10 discussion, the “thickness” of an object refers to a front wall or surface
thickness in the context of a hollow or semi-hollow object (i.e., an object
having an intentional void).

As shown in FIGURE 1, a flash-lamp heat-pulse source 11 is used to
rapidly heat the surface of the object being measured. One suitable
15 arrangement for flash-lamp heat-pulse source 11 would be, for example, a
set of four or eight high-speed, high output power photographic flash-lamps,
each capable of about 4.8 Kilo-joules output and having individual power
supplies (such as, for example, flash-lamps manufactured by Speedotron,
Corp. in Chicago, IL).

20 Since metals have a significantly faster rate of heat conduction than
non-metals, the characteristic times for heat flow in metals are much faster
than those of, for example, plastic or composite materials. Consequently, in
attempting to adapt conventional IR thermography-—which ordinarily is limited
to non-metals—to metals, a sharp cutoff in the applied heat is needed. In



to non-netals-to netals, a sharp cutoff in the applied heat is needed. In
WO 01/07867 PGI/ US0O0/ 16173 -13 order to obtain this, a 3-5 mcron - ’

reflective fil 8 is used between (covering) f.lash-lanmps 11 and object
of inter est‘;'é"i@&gi to prevent exposing the object to re%%f’”ﬂ%’at as the

fl ashl anps cool down after exposure. In practice, one or nore filters may
be used (e.g., one per each flash- 5 |anp). These filters act to prevent
direct long wave radiation-typically generated fromthe "aftergl ow' of
overheated netallic elements in the flash- |anps-fromever |eaving the
flash-lanps and i npinging on the target or otherw se reflecting back into
focal -pl ane array canera 13. Such primary afterglow radiation from
flash-1anps 11 conpetes and can Interfere with the 10 | ong-wave IR

em ssions fromthe targeted object durrhy early thermal data acquisition,
t hus obscuring the true target generated IR radiation and reducing

ul timat e i negfdectoebtaisithis al S@m%rewrefbm fitend 8s usad between speci al

filters prod A euffic .shorter heat
travel ¢ e (Cavane) Mot B dnd BEjeBt i plerdt 138 AxdophOVE] ol G o o
i n Fl GURE 1, thelabject taargsidual beat asdhe flashiamps ceal downRafter.expbsuresed quart z,
BK7TM or other optical material that is transparent to visible and U

light and is coat - e ' ] i
i nfrared-refl ect i'@ r%gg%ﬁ%ééﬁﬁ&eéf | ectﬁ%ﬁng'gEPg?%W%G?%gc%ﬂ%shm cron
range badk ilamp): bese fitars partoprevenp directiiong wave adiatiooattypicaliyl t ers nay be
20 acquired SRR i_fl%ln'} E{?ﬂ:ﬁ"}" I L aptl fi tics and
optical gl a@é’;n mang ac ﬁ‘rerer?ﬂs C élug?q?@r%agggﬁn%?‘e'@e@ﬁée'ﬁg?ﬂn{ﬂgﬁ'ragﬁf ord, CT.).
Sur f ace t enpampsuriromessiieaving the figshdampsaand impiogingl anthedanget abj ect, 1,
are acquiredusi WA : ensi ] Wfr:TeTRple rising an
| R sensiti ve°¢l§‘l<¥§?‘? gﬂ%ﬁ@@?ﬁ;“@?&%@gﬁ? ‘%’@g. ) ahagd%l%tg nfrared

afterglow radiation from flash-lamps 11 competes and can interfere with the

10 long-wave IR emissions from the targeted object during early thermal data

acquisition, thus obscuring the true target-generated IR radiation and

reducing ultimate image contrast and quality. Thus, the use of these special

filters produces a sufficiently sharp heat puise to enable the shorter heat

travel time in metal to be detected.

15 in the example embodiment depicted in FIGURE 1, flash-lamp filter 18
is composed of Pyrex™, fused quartz, BK7™, or other optical material that is
transparent to visible and UV light and is coated on the flash-lamp facing side
with an infrared-reflective coating to reflect all radiation in the 3-5 micron
range back into the flash-lamps. (Optical glass and coated filters may be

20 acquired or specially manufactured by a general scientific optics and optical
glass manufacturer such as, for example, Oriel in Stratford, CT.).

Surface temperature measurements of a heat-pulse illuminated object,
1, are acquired using a infrared (IR) sensitive imaging system comprising an
IR sensitive focal-plane array camera 13 (e.g., a Radiance HS infrared
25 camera may be available from Amber Engineering—a Raytheon Company~—

HILVvid



25 canera may be avail able from Anber Engi neering-a Raytheon Conpany- nm-i
WO 01/ 07867 PCT/ US00/ 16173 -14 located in CGoleta, Ca. ), control
electronics 14, frame data nenory 15, control conputer/inmage processor 16
and di spl ayW@#m867 17. Acquisition of thermal data is pr &CAABBYISITN ti at ed
at the time of flash Jlanp firing either by optical triggering or by other
suitable neans. Flash-lanp 5 firing is controlled via conventional
flash-1anp el ectronics 14 managed by conventional -video frane acquisition
sof tware runni ng on system conputer 16 (such as provided by the

| mageDeskTM frane acqui sition systemfrom Anber Corp. or other
conventional frame acquisition and flash-lanp control software, for

exanpl e, such as comrercially available from Thermal Wave 10 Inmaging |Inc.
in Lathrup Village, M). The system contt4l conputer/inage processor 16 is
a specially programred general purpose digital conputer that is capable of
peripheral ejgcatedimGoletatCa), cantiolsiectronicsat4, dranfeudataimernorym Sddntrolon t o

digital imge s:sm and di LN, accor, evmththe nmet hod of the
present 15 in ‘Rﬁﬁ 'g?ﬁscstrig?B dP@'%VdHPPg?'Q canera and | anp

el ectronics 14 and frarre data nmenory 15 to acquire a predeterm ned nunber
of successive thekouuisitiomsafd¢hdrmairdatads ptéferabbj lamatenntfthsﬁmshifdlasare st ored

in menory 15 , for,. future anal ;e be I na ,the thernal
i magi ng pr oce20P friRg W@Fg %;aii"qg?"?é 8§\bf B'H'Lq ﬁfs“r'aﬁ“P-f i el d
dual -i magesb c aﬂridyl’llebomnoljteewimcmnglenal klﬂash-maup blebﬂdmcé' husnarsdlgegrwt i on
t echni que basica 0 two "Dl ack- " (BB) image calibration
ref erences: &"J@Wé%%?ﬁ%‘_'% Wq&'g;? M'%%%ﬁ%?ﬁ‘r@’??‘ﬁ?r bl ack
plate and ( 2) 1@(&3!1 a3 Provided by thelimdgeDask®efraifle acquisition system from

Amber Corp. or other conventional frame acquisition and flash-lamp control

software, for example, such as commercially available from Thermal Wave

10 Imaging Inc. in Lathrup Village, MI).

The system control computer/image processor 16 is a specially
programmed general purpose digital computer that is capable of peripheral
equipment control and communication functions in addition to digital image
processing and display in accordance with the method of the present

15 invention. System computer 16 controls camera and lamp electronics 14 and
frame data memory 15 to acquire a predetermined number of successive
thermal image frames of the object surface which are stored in memory 15
for future analysis:

Preferably, before beginning the thermal imaging process, IR camera
20 13is first calibrated using a "full-field" dual-image calibration technique as
now described. This calibration technique basically employs two "black-
body" (BB) image calibration references: (1) a BB "cold" source using a
room-temperature flat-black plate and (2) a BB "hot" source using a heated
flat-black plate. For example, for acquiring the BB “cold" source calibration
25 image, a flat-black painted box enclosing the room-temperature flat-black
plate, arranged at a 45° angle to the camera lens, is placed directly in front of



flat-black plate. For exanple, for acquiring the BB "cold" source
calibration 25 inmage, a flat-black painted box enclosing the

roomt enper | at- bl ack plate, arranged at a-45Q an canera
lens, is pl"gég@%mf"r ectly in front of WD 01/07867 PCP/ uso%léé%g%‘m%w t he

| ens. For acquiring the BB "hot" source calibration imge, the canera |ens
Is placed into the sane flat-black painted box unit after heating the flat-
bl ack plate-nomnally to about 100 C above anbi ent-such that the canera

i mmges the heated plate over its full field. Although the above described 5
dual -i mage calibration technique is preferred, any calibration technique
that maxim zes uniformty within the imge field-which is inportant for

hi gh contrast imagi ng and obtaining i oved thermal accuracy-can be used.
Each image frame acquired during the igg%ing process consists of NxN

| xel s-each pi xel carrespondi walresolution el enent on the object 10
gur f ace- wher % 9’@“:9@!’1"9 tﬁgphgpotlfguggp ?@B’%@Bgmﬁdh%ﬁamﬁ@ rJesoI ution
and accur acyigigss piaded ks theliantd flatdsiauki fintad biok univaftey heatingfthe flat-age

nmenory and nmay be represented, for exanple, by a 12-bit or |arger binary
nunber. The bé&k plate-ragminally fe abaytd 05 %ﬁi%’ﬁ?'?ﬂtrﬂmi‘hﬂéﬂeﬁﬁmm
i ncreasi ng - ¢ a
hi stori cal r@% t@?ﬂ?éﬁ?@@?ﬁ%ﬁ*ﬁ?ﬁﬁ%ﬁ%?lﬁ??ﬂ@ _é/r??%c%re.g%ét%ri stics of a
front sur® acdualfimapp eslibrationtechaique isqretariednaay palibrationdechniousthal st ruck by

the heat inp o ; P o VIR & dLlaw | y:0n of a netal
obj ect, aftewa-?:gwég;?ﬁ'm %hétpfnltgs??%%gerls t%%wpﬁﬁ#%*lggh-l anp(s) 11,
i mage dat a f conteast imaging god pbtairingimprovast therma acgueacit—tcap berisedt ensity at
each resolution elenment on the image is digitally recorded and stored in

1;] rame dg; a_recor %éﬁ%%%@@s&umtduﬂﬁg Y dRiPproB¥sy cohsitigget er m ned
guential 1 nAge franes that are sufflclent

NxN pixels—each pixel corresponding to a resolution element on the object

10 surface—where N is typiéally either 128 or 256 depending on the resolution
and accuracy desired. Each pixel occupies about two bytes of storage
memory and may be represented, for example, by a 12-bit or larger binary
number. The stored image frames are sequentially identified with increasing
frame-number values which together serve to provide a historical record of

15 the temperature vs. time (T-t) characteristics of a front surface of object 1 for
a predetermined period after being struck by the heat impulse imparted by

flash lamp 11.

During evaluation of a metal object, after control computer 16 triggers
the firing of flasfs-lamp(s) 11, image data frames are acquired from camera
20 13 and the IR intensity at each resolution element on the image is digitally
recorded and stored in frame data recorder 15. Data acquisition continues
over a predetermined number of sequential image frames that are sufficient
to acquire a meaningful T-t history over a duration of at least one estimated
*characteristic time” for the material of the object. The total number of image
25 frames acquired may vary depending on the accuracy and image resolution
desired and can be as high as 550 frames per second of data acquisition.

Hii 4



to acquire a meani ngful T-t history over a duration of at |east one
estimated "characteristic tinme" for the material of the obj ect. The total
nunber of frames acquired may vary dependi ng on cy and

I mage resolﬂﬁgﬁﬁ%éﬁesired and can be as high as 550 franegkﬁggﬁggéghd of
data acquisition. WHO, WO 01/07867 PCTI USOQO 16173 -16 Frane. data recorder
15 may be a conventional digital nenory internal to processor 16 or any
suitabl e video frame data storage device accessible by processor 16. Each
successive thermal inmage frame acquired is assigned an increasing value
frame-nunber, Z, corresponding to the passage of real 5 time. The resulting
data franme "stack" is then anal yzed using a one- di nensional heat flow

anal ysi s approach, as outlined above. accordance with this approach,

t he met hod of the present invention tak “"advant age of a known therna

I nvari ance proper% - evi,denced erature v hi story of

each i mage pi xel gﬂl?créggrdﬂa‘#ﬂ% GPPM'Q”?@;@ %‘Lg‘e?r@é'yég el
i dentifying thprdcesssr wbrtﬁnmnablafdmmrmemw%toraye dRide &dcaBsiblel e,

r
i.e., the OII’]?II’I'[IITEO maxi mum sl -t data curve, Referring

e on
now to FI GJRI*.’VZP"o‘éPﬂstW dFagh avegessiye ﬁﬂmaémnagﬁaffamﬁ acaured:isassignarp| o
processing s ta?ﬂﬁcr@ﬁémﬁ Qﬁ%%dnﬁ&nhhﬁ@ﬁ % '&brrbgboﬁd}@' 100HE pBSYa _Hqé%ﬂGaF her mal

resonance j magi ng_t echni ques of the preésent i fvention. These steps may
be i npl emBnt dine.f bhe @sawpg@ataogra@s $’é§'ﬁ"| '§G’&quﬂ"3¢§)ﬂ§&r%‘ﬁﬁ agnevnputer 16
(Fig. 1) usi Qﬁmbgﬁﬁﬁalchgm’ fioW hﬁﬂg&ls ﬂbﬂﬁﬂ&%@gmll}l@d"gw%tﬁﬁambﬂﬂés
Initially, as indicated at region of Interest on object 1is

i dentified (iwiththisapproaehe mﬁamathog qf&ams@@enbnwmloort@kem\fe@gagﬁp &
interest) anqnqofl tReial ifVAHARG Sropbrty-Llevidentdd'MHhs tdMbaratltb Ve timancer ni ng

rel evant paraneters
(T-t) history of each image pixel over successive IR image frames—that

10 relies on identifying the location of an “inflection point” or peak-slope time,
i.e., the point in time of maximum slope on the T-t data curve.

Referring now to FIGURE 2, a flow diagram is presented that
illustrates example processing steps for conducting transient IR
thermography using thermal resonance imaging techniques of the present

15 invention. These steps may be implemented, for example, by appropriately
programming computer 16 (Fig. 1) using known conventional programming
languages/techniques.

Initially, as indicated at block 20, a region of interest on object 1 is
identified (i.e., the IR camera is focused to capture the region of interest) and
20 a system operator selects/inputs information concerning relevant parameters
for examining the object such as, for example, a thermal diffusivity coefficient
for the object. Next, as indicated at block 20 in FIGURE 2, the system control
computer instructs the flash-lamp electronics to fire flash-lamps 11 and
initiate image frame data acquisition from the focal plane array IR camera 13,
25 Data acquisition proceeds over a predetermined number of sequential image
frames and then, as indicated at 21, the image sequence is stored in frame



for exam ning the object such as, for exanple, a thermal diffusivity
coefficient for the object. Next, as indicated at block 20 in FI GURE 2,
the system conputer instructs the flash-lanp el ' to fire
flash-lanpgﬁQthﬁg initiate image franme data acquisitioﬁﬁ%ﬁgﬂyﬁﬁg foca

pl ane array IR canera 13. 25 Data acquisition proceeds over a predeterm ned
nunber of sequential imge franmes and then, as indicated at 21, the imge
sequence is stored in franme WO 01107867 PCTIUSCO 16173 -17 nenory 15 after
i dentifying each acquired imge frane with a sequential franme-nunber, Z.
Next, as indicated at 22, thernmal data is Identified to each pixel in the
thermal inmage corresponding to each resolution el enent |ocation over the 5
region of interest on the surface of the object for all of the sequenti al
frames. A pixel is then selected for eWal uation, as indicated at 23. Next,
as indicated at 24, T -t curve data is devel oped for each pixel using the
f r ane- nunber mamony Heattenidentifying each acquiredlimage framenwitly &sequentiahber) of the
Initial IR Wﬁ@&%ﬁg dégl sh" is identified and a first unsaturated data
frame is idemiTred ey ‘Next, as indicated at 25, a "knee" portion is

identified in each characteristic TA data curve for each of the pixels.
The T -t data curNextdsfs indigated @t 28| theemalidlata is|identitied 40 eachypixebinthgadded j ust

past this " - LOR, i lgpﬂﬁ of . portion

havi ng a co@ts ﬁ?@%&%g‘r’gﬁﬁ@a rr@gpﬁgc:ﬁelqua ltb Q t eeqj_l%@éélgtn ?‘l’\% Se at the
clip poirf. rgiwhafinerest an the surtace o thecbiert fien alk of the gequentiakftarses.ed that is
slightly gre ] VI ' . onding to
the_kneo- por & PRI it bolBctod 16 eualualipfas Ryiia 193, Nt e RERRHCT

L2/ 7?a. The ab@dcT-twaivecdata igpdévelored for eachgixel usingthé framednurhbenasng- poi nt

Tom 1 10 ey ol el DA it 8l ™

“flash” is identified and a first unsaturated data frame is identified.

10 Next, as indicated at 25, a "knee" portion is identified in each
characteristic T-t data curve for each of the pixels. The T-t data curve of
each pixel is then clipped and constant-padded just past this "knee-portion”
to produce a continuous "flat" cuNe portion having a constant temperature
value equal to the T-t data value at the clip point. Preferably, a data-clipping

15  point, Tcp, is selected that is slightly greater than the range of time values
nominally corresponding to the knee-portion of the curve and, at least,
greater than a time t = L*n’a.. The exact value or point in time of the
selected clipping-f)oint, Tep, is not critical, however, its selection will affect the
ultimate quality of any images produced. Accordingly, selection of an

20 appropriate clipping point is best determined through an empirical
comparison of images developed using a variety of nearby clipping points
selected from a region along the characteristic T-t data curve near the end of
the identified knee-portion, but of at least a value greater than atime t =
L*nPa. In addition, to normalize the data for all of the pixels in the image, the

25 T-tcurve for each pixel is offset by a selected bias value such that the "flat"
portion corresponding to the constant temperature value is equal to zero.

Ll 1l



20 appropriate clipping point is best determ ned through an enpiri cal
conpari son of images devel oped using a variety of nearby clipping points
selected froma region along the characteristic T -t data curve near the
end of theWOMMMATET i ed knee-portion, but of at |east a vaPGPUSIEHBr than a
timet = L2/,a. In addition, to normalize the data for all of the pixels
in the image, the 25 T-t curve for each pixel is offset by a sel ected bias
val ue such that the "flat" portion corresponding to the constant
tenperature value is equal to zero. nnnmr WD 01/07867 PCT/US00/ 16173 -18
Next, as indicated at 26, a Fast Fourier Transform (FFT) is perforned on
the normalized curve data and either the Real or |naginary conponent
portion of the resulting transformdata nay be then analyzed to identify
the inflection point in the frequency d8min. |If the Real conponent
portion is 5 selected, as indicated by blocks 27 and 28, a nmathemati cal
derivative of theNektas indicated ah26,cd Fastdduriér Transforst (F&FF) isrperfoemhedTo

conput e the der,i vatlve at a vari.a h ,base_interval be used.
For exanpl o, e RayaizetEupie Sagh Bhp ¥Bher et it A2 a0 BhE ShRACPRY: o cor ve.
the base int q:rdrwdn 6fCthe réswnmgtrmfdrhﬁdaismayeﬁe theni ghalyadd to (deptifytithenal to the
square-root aqf _th at steJ?HZS al |

| ocal peaks |'ﬂﬂqqtf8“ H@W Vh‘f‘?\?@%ﬁ??)’ %@n%ﬁpléaéaomgﬂaerg port

si gni fi camce/stpdctdd, ia8Indicated by ibfocks 27 dnd maﬁﬁﬂhbhﬁtneélmﬁ(/am thé
interpret as the i nflectio

| f k f
and Arpl i £ acBeA FRPPBESTHER M F DS st SRRODRR. Toromputeio gl o 15

predet erm necaﬂwr&@érraww.dww&a.hf&vémwbé)aséd) F&He&ampﬁfé fof &ny S possible
to adjust the significance of _each | ocal eak so th f'or exanpl e, noise

effects ari SelRptedpeipt alang the HAealgompanest %ﬁutvﬁnﬁ‘erﬁselj@teéﬁ' &itively

di scounted. Thnputing the derivative is made proportional to the square-root of the IR
10  image frame-number, Z.

Next, at step 28, all local peaks in the derivative curve are identified
and a significance/weighting filter is used to assess the proper peak to
interpret as the inflection point. For example, a list of all peak frames and
amplitudes may be maintained in computer memory. By applyinga -

15 predetermined appropriate weighting function to this list, it is possible to
adjust the significance of each local peak so that, for example, noise effects
arising early in the data acquisition time may be effectively discounted. The
peaks are then sorted according to decreasing significance/weight and the
peak having the.g;eatest weight value (i.e., the most significant) is selected

20 as indicative of the inflection point. As indicated at step 30, the frequency,

. fne, at this peak is then used to quantitatively determine characteristic time,
Tc, and thickness, L, of the object at a location corresponding to each pixel
according to equations EQU 1 and EQU 3 (above).

Alternatively, in lieu of steps 27 and 28, a peak in the /maginary
25 component portion of the FFT of the T-t response data can also be used to
identify the inflection point in the frequency domain, as indicated at step 29.
in this case, the peak in the !maginary component can be determined



peaks are then sorted according to decreasing significance/ wei ght and the
peak having the-greatest weight value (i.e., the nost significant) s

sel ected 20 as indicative of the inflection point. As indicated at step 30,
the frequen™POM8E| at this peak is then used to quantitBETYRITRt er ni ne
characteristic tinme, To, and thickness, L, of the object at a | ocation
correspondi ng to each pixel according to equations EQU | and EQU 3
(above). Alternatively, in lieu of steps 27 and 28, a peak in the Inmaginary
25 conponent portion of the FFT of the T -t response data can al so be used
to identify the inflection point in the frequency domain, as indicated at
step 29. In this case, the peak in the Imginary conponent can be

determ ned WO 01/07867 PCT/ US00/ 16173 -19 through ordi nary conventiona
conputational nmethods. As indicated at 48ep 30, the frequency, frm at
this peak is then used to determne the characteristic tinme, To, and

t hi ckness, L throligh beiimdry eotventionall copiputationacmethods o ngiingicated atsieppi xel

accordi ng to _equations E ab Fi pal at step 31, the
conput ed t hi @E ﬂ'&esf RNy It aﬁE'sﬁeg#&ithieﬁ ﬁéX‘B%’?‘e Jgéd to build a

col or - mapped cﬁérdéfe?isuéﬁﬁbeTé,@ﬂth@knéés?Lr@fgh@abjeefatla”llo@éﬁﬁ't on the object

surface for display or print-each color %ﬂg@PS hade corresqpondl ng to a

particul ar t ﬁpﬁﬁmmgﬁﬁ@aﬁﬁﬂx%ﬁﬁ‘@m'ﬂﬁ tQ QW3 andEQY 4 ndi cat ed by

the arrowst o (sdse).23. and the above steps are reiterated for each pixel
conprising the IR mage By conducti ng a transient thernography analysis
usi ng the above dF d ste or t her data acquisition and analysis

in conjunction wi m%adgﬁ%eﬁﬁglue |18 stafed ithess  val ues
nmay be accur fﬁéihdry@hﬁ&ls@ddo bowa @wlar-ﬁiasppeabr gmcsedlehmage\mkﬁe 3;&\5 i nt er nal

structures h?mterg;trgnathpe)aorbﬁect surface for 8:38!%9 %? %}lr?to—l—each color or gray shact)itc)eJ ect-

corresponding to a particular thickness. The next pixel is then selected, as

10 indicated by the arrow to step 23, and the above steps are reiterated for each
pixel comprising the IR image. By conducting a transient thermography
analysis using the above described steps for thermal data acquisition and
analysis in conjunction with the above described apparatus, wall thickness
values may be accurately obtained for even closely spaced back-wall or

15 internal structures that form a part of, or are connected to, the tested object+
e.g., like the rib-like structures often found in turbine air foils such as pictured
in FIGURE 1. If desired, the input and selection of various parameter values
such as diffusivity constant, data analysis starting point and color mapping
range may alsc be automated through conventional programming of the

20 system control computer.

Referring finaily now to FIGURE 3, a diagram of an IR transient
thermography display image for a multi-tiered object block is shown. The
object block, 32, depicted in FIGURE 3 has six square sections of different
thickness. The thickness of each of the six sections is indicated by a

25 different color or gray tone shade in the generated image (shown here as
different cross-hatchings) which correspond to a like color or shade in a bar-
scale thickness key displayed at -the right of the image. In this example, the

no



e.g., like the rib-like structures often found in turbine air foils such as
pictured in FIGURE 1. |If desired, the input and sel ection of various
paranmeter values such as diffusivity constant, data analysis starting
poi nt and cWO®IOTR&Dpi ng range may al so be autonmat ed thr oREHUSHMIET | onal
progranmm ng of the 20 system control conputer. Referring finally now to
FIGURE 3, a diagramof an IR transient thernography display inmage for a
multi-tiered object block is showmn. The object block, 32, depicted in

FI GURE 3 has six square sections of different thickness. The thickness of
each of the six sections is indicated by a 25 different color or gray tone
shade in the generated i mage (shown here as different cross-hatchings)

whi ch correspond to a |like color or shade in a bar- scal e thickness key

di spl ayed at the right of. the image. In-4tis exanple, the nini WD 01/07867
PCT/ USQQ 16173 -20 bar-scal e includes indicia of thickness ranging from
0. 013 t o 0. 0%@rispaledaciudes indisiseofdhickness rangingdrom 0.048to O056rinches e t hat a

di spl ayed bar.: [ inf Ao T, : | Gk : coul d

al so be r eadiq@sﬁ%%F@rgré ?lr[]g‘(?aalnnmt"ﬁfgﬁ%@géﬁ}%ﬁ#%#&oﬁ&%e{@éﬁae

i nventi on hadifferent chnge rof thickniess valnes couldralsa béreadily implempntesidntthey

consi dered tao_be thee{[}\p)élfl| practical and preferred enbodinent, it is to be
under st ood tiﬂ?s?q*émf tion is not to be limted to the disclosed

enbodi ment, but on the contrary, is intended to cover various nodifications
and equi v8 ent ar Whilgetherinwention had beenidestribedip cophedtionavith whatje of the 10

appended cl aigﬁse%we@?;ﬁs'@§re%lﬂ\éﬁ% 'mibst %radﬁcgleéwefewed%%@édﬁngmﬂ i€

t hi ckness of 0 aving a
to be understood that the invention is not to be limited to the disclosed

embodiment, but on the contrary, is intended to cover various modifications
and equivalent arrangements included within the spirit and scope of the
10 appended claims.

WHAT IS CLAIMED IS:

1. A method for determining a thickness of an object havihg a
15  surface which can be visualized as an array of pixels, comprising the steps
of:

a) rapidly heating the surface of an object;

- b) recording pixel intensity in a:secjuenée of IR images, each image =
having an assigned sequential frame-number related to time elapsed since
20 heating the object surface in step (a);

c) developing temperature-verses-time (T-t} data corresponding to a
pixel in the sequence of image frames based on frame-number value;



15 surface' which can be visualized as an array of plxels conprising t he

steps O a) rapidly heating the surface of an object; recording pixel
intensity in ence of IR inages, each inage havi ng a
sequenti al fwgﬂgoﬁ nber related to tine el apsed since Ecefaaf' geﬁg

object surface in step (a); c) devel oping tenperature-verses time (T-t)
data corresponding to a pixel in the sequence of imge franes based on
frame- nunber val ue; WO 01/07867 PCT/ US00/ 16173 -20 bar-scal e includes

i ndi cia of thickness ranging fromO0.013 to 0.056 inches, but one skilled
in the art will appreciate that a displayed bar-scale having a different
range of thickness values could also be readily inplenented in the present
invention. 5 Wiile the invention has beegasdescribed in connection w th what
Is presently considered to be the nost practical and preferred enbodi nent,

i sclosed  ombBuRRIRTeS TRt wies Pohdvia B A 1o 0 B8RSV f oL

modi fi cati ons bufone ekilled/md thatartawill appreciatd that a(dnspthyéd\/bdrhcaletmmgm ri t and
scope of the 10 a [1TTH) LLI 1

VHAT |'S CLAI N@ﬁqr%ﬁ)te@g&omq#aaswumwwk PR rea {’*Y piRger If’ %h‘ €obj ect

having a 15 swégeaﬁmvght.@h can be visualized as an array- of pi xel s,
conprising the steps of: a) rapidly heati ng the surface of an object; b)

recording gixel 1 nGEAREY idvBnfor RS BEST a8lerbBa il BHFRctiSR “ith WHAY %
presently considered to be the most practical and preferred embodiment, it is
to be understood that the invention is not to be limited to the disclosed
embodiment, but on the contrary, is intended to cover various modifications
and equivalent arrangements included within the spirit and scope of the
10 appended claims.

* c L M S *

WHAT IS CLAIMED |S:

1. A method for determining a thickness of an object having a
15 surface which can be visualized as an array of pixels, comprising the steps
of:

a) rapidly heating the surface of an object;

b) recording pixel intensity in a sequence of IR images, each image
having an assigned sequential frame-number related to time elapsed since
20 heating the object surface in step (a);

c) developing temperature-verses-time (T-t) data corresponding to a
pixel in the sequence of image frames based on frame-number value;



havi ng an assigned sequential frame-nunber related to tine el apsed since
20 heating the object surface in step (a); c) devel oping i '
tenperat urgayerses-time (T-t) data corresponding-to a pecyPbsebiervdne
sequence of | nmage franes based on frane-nunber val ue; WO 01/ 07867

PCT/ US00/ 16173 1111111121211 liii! 21212 11 111 CL -21 d) transform ng
the T -t data devel oped Tm step (c) into conplex frequency-donmain data
havi ng Real and | nmagi nary ' cm e) determ ning a thickness val ue
for a point on the object ﬁﬂl“ﬂmmﬁ”llﬂrnt _ |a pi xel based at |east upon the
conpl ex frequency domain 5*ddtatany a®heat-flux pulse migration
characteristic tine for the object. 2. The nethod of claim1 wherein the
object is heated by using a flash |lanp device. 3. The IR transient

t her nogr aphy nethod of claim1 wherei m2ithe step of devel oping

tenmperature-verses-tine (T t) data corresponding to a 10 pixel further
i ncl udes the st eg) teinsforming thei Tatydataaleveloped irastep (C)iintoiapmmplex yi ng a

knee-portiop in the T - at ting. = LORIAg point in tine
bei ng great B'Fq‘fm'dé’"?ﬂ'hag%olfamg%ﬁ%ge@}g@?%@%ﬁﬁég%ng t he
knee-portion; ii) clipping the T-t data at the data-cli pping point
identified in steypdegtaimining adhitkoesssvadue fopagoint@nithe object data for tine

val ues greater than. 1 L RPL ' N - s equal to
27 erper at uPGMERHng 5 atakd baged BPRS (shiho BoiBlek trediBha adRy, TOUT, T
-t data by data @il & héateflusapitset migratiamechiaracteristia tifner for theeobjectl ues gr eat er
than the data-clipping point are equal to zero. WO 01/07867 PCT/US00/ 16173

2. The method of claim 1 wherein the object is heated by using a
flash lamp device.

3.  The IR transient thermography method of claim 1 wherein the
step of developing temperature-verses-time (T-t) data corresponding to a
10 pixel further includes the step of normalizing the T-t data by:

i) identifying a knee-portion in the T-t data and selecting a data-
clipping point in time being greater than a range of time values corresponding
to the knee-portion;

ii) clipping ti'ae T-t data at the data-clipping point identified in step (i)
15 and constant-padding the T-t d_ata for time values greater than the data-
clipping point with T-t data values equal to a temperature value at the data-

clipping point; and

iii) offsetting the T-t data by a bias value such that the T-t data for time
values greater than the data-clipping point are equal to zero.



[Tul | it (1111111121211 1 |1 Il * C-22- 4. The IR transient
t her nogr aphy met hod of claim 1 wherein the transformng of T-t data to

produce co quency-domain data is acconplished by mgw a Fast
Fouri er Tra 8?'8?{%‘& the T-t data. 5. The IR transient thé’r%(ritn)grélif)s y net hod

of claim3 wherein the 5 step of selecting a data-clipping point, Tc ,

further conprises the step ©of ki ng an en‘E‘l rical conparison of inages

devel oped by using a vari ety ﬂ“lmmh hg points selected froma
regi on along the characteri st
'eas

ve near the end of the
i dentified knee-portion, but of af I a val ue greater than a tine t =

L2/a, where L is the thickness (cn) of the object and 10 a is the thermal
diffusivity (cnR/sec) of the material. 6. An infrared (IR) transient
t her mogr aphy met hod for deternmining a #Rfckness of an object using an IR

sensitive focal -plane array canera, conprising the steps of: a) acquiring
pi xel intensity dédta_fTFhed tremmrtb@rmgramyima diaf glaire lowhereln thee obj ect ,
each image f r n assigned
cequent  ar 1 VANEORE T(fud 18 bt cemBloietieneRatmi 4 i€

t enper at ur e- newapumdmy(c‘bmgutudgnﬁasmFouwo'frdnsfgrm@f the Pitxata.f r om pi xel
intensity data acquired in step (a) based on frane-nunber value for a
sequence of image franes; 20 c) performng a Fast Fourier Transformon the

{emper ature-veroes: L/ Th RirindaHhaRtSrsh8hold ot G e, .
PCT/ USOQ 561 Btep of selecting .a data-clipping point, Tcm, fudher comprises the step of

making an empirical comparison of images developed by using a variety of

nearby clipping points selected from a region along the characteristic T-t data

curve near the end of the identitied knee-portion, but of at least a value

greater than a time t = L¥n”a, where L is the thickness (cm) of the object and

10 o is the thermal diffusivity (cm?/sec) of the material.

6. An infrared (IR) transient thermography method for determining
a thickness of an object using an IR sensitive focal-plane array camera,
comprising the steps of:

a) acquiring pixel intensity data from a sequence of IR image frames of
15 the object, each image frame comprising a plurality of pixels and having an
assigned sequential frame-number related to elapsed time;

b) developing temperature-verses-time (T-t) data corresponding to a
pixel from pixel intensity data acquired in step (a) based on frame-number
value for a sequence of image frames;

20 c) performing a Fast Fourier Transform on the temperature-verses-
time data developed in step (b) to produce frequency-domain data having
Real and Imaginary components;



Unlttiditrrirtirldijiijjiic CL S -23 d) determi ning derivative data of a
Real conponent portlon of the frequency-domain data obtained in step (c);}
e) identifyi n% @Eak frequency value, fRei in the derivative data; and f)
det er nmi ni ng¥2M¥B¥ness val ue, L, based on the peak frequETES¥IGR ye, fRe,
identified in step (e). 7. The IR transient t her nrogr aphy nmet hod of claim®6
wherein a thickness value, L, is determ ned frUn'r—a—qﬂam—LLa.UMI ue for

f,R according to the follow ng rel ationshi p: i’!ﬂﬂ@& = 0.093 10

where L is the thickness (cm of the object and a ", mMﬂ
diffusivity (cnR/sec) of the material. 8. The IRtk raphy

met hod of claim6 wherein a thickness value, L, i-s determi necf ffom a
quantltatlve value for fRe according to the followi ng two rel ationshi ps:

15 Tc 4L2/ n2a and To fRe = 0.372 whep8-Tc is a heat-flux pulse mgration
characteristic time value for an object, L is the thickness (cn) of the

obj ect and a'is tHpdétbmiining dérivate dena v @fﬂea!dimn@dmmport%lof the ----------

WO 01/ 07367 PGT/ US00/ 16173 .1 1111 113( 11112 fiir! 11 1112 CL M; *.
frequency-domain data o tame |n step

e) identifying a peak frequency value, fre, in the derivative data; and
f) determining a thickness value, L, based on the peak frequency

5 value, fre, identified in step (e).

7. The IR transient thermography method of claim 6 wherein a
thickness value, L, is determined from a quantitative value for fi, according
to the following relationship:

(L e)fim = 0.093
10 where L is the thickness (cm) of the object and a is the thermal

diffusivity (cm?/sec) of the material.

8. The IR transient thermography method of claim 6 wherein a
thickness value, L, is determined from a quantitative value for fr, according to
the following two relationships:

15 Te = 4L%m%a and
Te fre = 0.372

where T¢ is a heat-flux pulse migration characteristic time value for an
object, L is the thickness (cm) of the object and « is the thermal diffusivity of
the object.

Kilidicid



- 24 9. The nethod of claim6 wherein the object is heated using a flash

| anp device. 10. The IR transient thernography nethod of claim6 wherein
the step of devel oping tenperature-verses-tinme (T-t) data corresponding to
a 5 pixel fWO®O7867 ncl udes the step of nornmalizing the T-PCTASIINT |)

I dentifying a knee-portion in the T-t data and selecting a data- clipping
point in tinme being greater than a range of tine values corresponding to

t he knee=portion; 1i) clipping the T-t data at the data-clipping point

i dentifi and constant-padding the T-t data for tinme

val ues grelml“l‘"mﬂmHHMHMt a- clipping point wwth T-t data val ues equal to
a tenperature val ué afs the data- clipping point; and iii) offsetting the
T-t data by a bias value such that the T-t data for tine values greater
than the data-clipping point are equal t#-zero. 15 11. The IR transient

t her rogr aphy net hod of claim 10 wherein the step of selecting a
data-clippi ng poi g, TThe médthod beclaiwewhessn thdebjetEp hehtedwing'@ an
enpirical co aE‘i son ‘of . i mages devel oped by using a variety of nearby

cl i ppi ng poi Fﬁ)%s JaUPBERYIGef r om a region al ong the characteristic T -t data
curve near the end of the identified knee-portion, but of at |east a val ue
20 greater than atinmet = L2/ a, where L is the thickness (cn) of the
object and a is ti0e t HbedBitransientithernograpbyrmethed ofxflairhe wineraim the . O

nf rared (1 RStED 5t AnBiobite inpohiuicberide itk (. Uik eteshbhdindfias 22 12 1

5 pixel further includes the step of normalizing the T-t data by:

i} identifying a knee-portion in the T-t data and selecting a data-
clipping point in time being greater than a range of time values corresponding
to the knee-portion;

ii) clipping the T-t data at the data-clipping point identified in step (i)
10 and constant-padding the T-t data for time values greater than the data-
clipping point with T-t data values equal to a temperature value at the data-
clipping point; and

iii) offsetting the T-t data by a bias value such that the T-t data for time
values greater than the data-clipping point are equal to zero.

15 11.  The IR transient thermography method of claim 10 wherein the
step of selecting a data-clipping point, Tc,, further comprises the step of
making an empirical comparison of images developed by using a variety of
nearby clipping points selected from a region along the characteristic T-t data
curve near the end of the identified knee-portion, but of at least a value

20 greater than a time t = L¥n’c, where L is the thickness (cm) of the object and
a is the thermal diffusivity (cm®/sec) of the material.



a thickness of an object using an IR sensitive focal -pl ane array canera,
conprising the steps of: a) acquiring pixel intensity data froma sequence

of IRI mag%?g&mg of 5 the object, each inmage frane cogpihsbiiiA
plurality of pixels and having an assigned sequential frane-nunpber related

to el apsed tine; b) devel oping tenperature-verses-tine (T-t) data
corresponding to a pixel frompixel intensity data-acgui+red in step (a)

based on franme-nunber value for a sequence of image f C

perform ng a Fast Fourier Transformon the terrperatur’mm% ,’f I ta

devel oped in step (b) to produce frequency-donain dat a " I : d
fl of an

| magi nary conponents; d) determ ning a peak frequency val ue,
| magi nary component portion of the frg%ency-d(jrmi n data obtained in step
(c); and 15 f) determ ning a thickness | ue, L, based on the peak

frequency value, f,m, i.dentif;i I n. S d). 13. The, | ransi ent

t her mogr aphy met h _oﬁr@[‘é?’ﬁfji@&ﬁ@?lﬁ”&ﬁ%"“mé}ﬁB?Ih%ﬁ%géﬁfmﬂ'@

det ermi ned f 5 gHitihedd ahan bBjetiasinghn (R sonsifive foaalqknt agay éambhe f ol | owi ng
rel ati onshi p: 20 sfi’!!_QZIa)flm= 0. 187 where L is the thickness (cm of the

obj ect and ac9rBPHYIRY thesteRs of §i ffusivity (cnR/sec) of the material. ~uunr
WO 01/07867 PCT/ US00/ 16173 ~~~~~~~ ~~~~~~ 1122 0 11 MS L 26- 14.

The IR transient d)gowiag pixeyinterishpdataffrarh aiseqdenos sfiRiimage frames of
5 the object, each image frame comprising a plurality of pixels and having an
assigned sequential frame-number related to elapsed time;

b) developing temperature-verses—t_ime (T-t) data corresponding to a
pixe!l from pixel intensity data acquired in step (a) based on frame-number
value for a sequence of image frames

10 c) performing a Fast Fourier Transform on the temperature-verses-
time data developed in step (b) to produce frequency-domain data having
Real and Imaginary components;

d) determining a péak frequency value, fim, of an Imaginary component
portion of the frequency-domain data obtained in step (c); and

15 f) determining a thickness value, L, based on the peak frequency

value, fim, identified in step (d).

13.  The IR transient thermography method of claim 12 wherein a
thickness value, L, is determined from a quantitative value for i, according
to the following relationship:

20 (L¥P0)fim = 0.187

where L is the thickness (cm) of the object and a is the thermal
diffusivity (cm?/sec) of the material.

i



thickness value, L, is determned froma quantitative value for f, m
according to the following two relationships: Tc = 4L2/n2a and 5 Tc fim=
0.748 where_Tc |s.a heat flux pulse mgration characteristj | al ue for
an object ,WE"V@%‘Vhe t hi ckness (cnm) of the object and a iis’éflﬁéd"{xﬁgér‘rral
diffusivity of the object. 15. The nethod of claim 12 wherein the object
I's heated using-a—_10 flash | anp device. 16. The IR transient thernography

—_—r

nmet hod of claim ein the step of devel oping tenperature-verses-tine
(T t) data corre j ' m”m'ﬁel further includes the step of
normal i zing the T- ER)IIMibenti fying a knee-portion in the T -t data

and selecting a data 15 clipping point in tinme, Tcpt, greater than a range
of tinme values corresponding to the knee-portion; ii) clipping the T -t
data at the data-clipping point identif®8d in step (i) and
constant-padding the T-t data for time values greater than the data-
clipping point wis T-Thellid ﬁamm&efwgﬁphydﬂat%d@éémdﬁdvh%tﬁm at the

data- 20 cli ppi Lot - hi VAR
111111111111?’?“}%5?%@51 'r’iai?ﬁgk%gﬁdﬁﬁﬁﬁ%h{@'ﬁﬁo%g%@é@' f'“?uaé"ss}dv | ue such
t hat the T-t talthefollawing twe relatidnshipsyr eat er t han the data-clipping point are

equal to zero. 17. The IR transient thernography nmethod of claim 16 wherein
t he

Te = 4L.%n%0 and
5 Te fim = 0.748

where T¢ is a heat-flux pulse migration characteristic time value for an
object, L is the thickness (cm) of the object and « is the thermal diffusivity of
the object.

15. The method of claim 12 wherein the object is heated using a
10 flash lamp device.

16. The IR transient thermography method of claim 12 wherein the
step of developing temperature-verses-time (T-t) data corresponding to a
pixel further includes the step of normalizing the T-t data by:

i) identifying a knee-portion in the T-t data and selecting a data-
15 clipping point in time, Tcpt, greater than a range of time values corresponding
to the knee-portion;

ii) clipping the T-t data at the data-clipping point identified in step (i)
and constant-padding the T-t data for time values greater than the data-
clipping point with T-t data values equal to a temperature value at the data-

20 clipping point; and



step of selecting a data-clipping point, Tcpt, further conprises the step
of 5 making an enpirical conparison of inmages devel oped by using a varietly.

of near by L ppl g points selected froma region along t teristic
T -t data ‘@ﬂ#%ear the end of the identified knee- portllig%ﬂ',&g@ of at
| east a value greater thaﬂ%\/\here L is the thickness (cm
of the object and a is the er mal di lvity (cnR/sec) of the material.
10 18. An apparatus for det GMMH i ckness of an object having a.

m, Elﬂf pi xel s, conprising: a heat

surface which can be visual
source for rapidly heating the surface obj ect; a neans for recording

pi xel intensity in a sequence of IR inages; a neans for determ ning
tenperature-verses-tine data fromrecorded 15 pixel intensity based on a
frame- nunber val ue assigned to an IR i fde; a neans for transformng
tenperature-verses-tine data_into conplex frequency domain data; and a

nmeans for det er niliaiigeringthe kriciata by a Hiasyglua-sughdbatthe Johdatador timep| ex
frequency dophdk &@5@,% tﬁetd'é@aip%mg ‘;&ﬁra{;glqualtagemar acteristic 20 tine

for the object.

17. The IR transient thermography method of claim 16 wherein the
step of selecting a data-clipping point, Tcy, further comprises the step of
5 making an empirical comparison of images developed by using a variety of
nearby clipping points selected from a region along the characteristic T-t data
curve near the end of the identified knee-portion, but of at least a value
greater than atime t = L¥n?a, where L is the thickness (cm) of the object and
o is the thermal diffusivity (cm?/sec) of the material.

10 18. An apparatus for determining a thickness of an object having a
surface which can be visualized as an array of pixels, comprising:
a heat source for rapidly heating the surface of an object;
a means for recording pixel intensity in a sequence of IR images;

a means for determining temperature-verses-time data from recorded
15 pixel intensity based on a frame-number value assigned to an IR image;

a means for transforming temperature-verses-time data into complex
frequency domain data; and

a means for determining a thickness of an object based upon the
complex frequency domain data and a transient thermal pulse characteristic
20 time for the object.
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