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This application clainms the benefit of U S. Provisional Application No.

60/ 144, 886yo bin76d July 21, 1999 the entire content of whirdT/isse/eesEby

i ncorporated by reference in this application. 5 TECHNI CAL Fl ELD The
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
that wutilizes a synthetic thermal referdrce in determning the wall

thi ckness of 10 netal turbine rotor blades or the |like. BACKGROUND Over

the years, various SYNTHETICREFERENUEFHERMAEMAGINGMETIRODN ques have
been utilized to determ ne cross-sectional thickness of cast netal and

ot her solid obj ectms Epmreaﬂén claithd the tiénéﬁt)bl Bs. Prevnﬁbﬁbleibmrcét’britﬁo

ul trasoni c waves penetrate the surface and are reflected internally
at the oppo@oﬂé“%ﬁ% fﬂ?d duly 24 c £995 therrntisp caatent ofwhigh isfesrebyie time

required to I dli stance to the opposite (back)
si de can be rm ne _%f#f/‘eﬁt%@%ﬁﬁé’ﬁ% ‘é‘%ﬁgss of the object at that point.

Unfortunately, conducti ng ultrasonic neasurenents of this sort to exam ne
t he cross520 H=QHNIGAL FiiR kness for nost of an object would usually
necessitate a cunbersonme and ti me- consum ng nechani cal scanni ng of the

ent i e surface Wit srebsrINHREH rolafbsdfthémibraitic hBfibdRie idbih

soni ¢ contact bet wee t rans ucer an ect surface, a st eam of
| i qui d coupl dechmigees fmedemmmng the thickness éfaareob;ect Morer paaticularily the ot al
i mrer si on of the b|1‘ tt p

presen vention Telatés to a infrared transient thermography method that

utilizes a synthetic thermal reference in determining the wall thickness of

10 metal turbine rotor blades or the like.
BACKGROUND

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

16 uitrasonic 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 reflected 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 most 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



WO 01/ 07902 PCT/ US00/ 16053 -2 coupi ant nmust be acconmmodat ed. Such
accommodati ons, however, are nost often not very practical or even

feasi bl e fg&owous structural and material reasons. FeprfRk#HiHsba.
ul trasoni c systens capabl e of scanning and analyzing geonetrically

conplex. parts are typically veryexpensive and 5 conplicated. In addition, .
a nechani cal scanning of the transducer over the surface of a |large object
can literally take hours. Mreover, when conducting ultrasonic neasurenents
on certain nmetal objects, the internal cpystal orientation and structure
of the nmetal can cause undesirable noise and directional effects that

contribute to inaccuracigs_in the 1 I.red

limtation of cl?l“P&ﬁ‘g tgﬁféﬁgwm f)ega% %lrﬁoglgtlg iﬁ“&@ (ﬁr}%wback when
testing conpongiitofteditidt vt mectidal o gvérpieasibie for nuiérduscsthuenabl'antet al s such.
as often used in contemporary turbine airfoils. In co%eg _infrared (IR)

transient t herrn@fgrlabWW@ aF%"cﬁ?i?MRi? yltFrsonic Bystoms cap $8NMing 3 t est i ng
t echni que t hat f sference

t hrough an objaé{&wié@s%r ourd | (@.‘#gﬁ?aﬁ?é ieE‘ra’Ir”]QI ?lergteﬁgégét“r’éuéﬁre and
integrity of tdmmhatedt Inﬁddmenhamechanmatsmanmglg of@ne transsiucer gver the

substantially un d by .t cture and the single- crystal
ori entations & Oiﬁ PPeﬂbl‘?fgc?ﬂg{%ﬂr F ngs[ nfrared transient

t her mography analysis is essentially free of the I[imtations this creates
for 20 ultrasonic misrebyérwhen cohauctwgtmmommmeamremmtmnemmmetai ques,

a transient thernographic anal ysis roach s .not _.sj-gnificant hanpered
by the size, 3 he inte %ﬁ'@’sé?°f'ﬁ'§gg {S'é?tHr& ?fgé?é'?ftﬁlrﬁ? ¢?%'Pgover

can be aCCO"HL o%@ﬁg?l %:éeﬂarw&réwaﬁémféctsrmét éctiilte to Macomakies MR | onal
uItrasonlc testing objects of large surface area. :

acquired data. This mherent limitation of ultrasonic measurements proves to

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
.' - 15 meésurements of heat transference through an object to provide information
| concerning the structure and integrity of the o'bject. Since heat flow through -
~ an object is substantially unaffected by the micro-structure and the single-
cfystal orientations of the material of the object, an infrared transient
thermography analysis is e_sSentiaIIy free of the limitations this creates for
20 ultrasonic measurements. In contrast to most ultrasonic techniques, a
transient thermographic analysis approach is not significantly hampered by
the éize, contour or shape of the object being tested and, moreover, can be
accomplished ten to one-hundred times faster than most conventional
ultrasonic methods if testing objects of large surface area.



- 11 11 WD 01/07902 PGTI U300/ 16053 - -3 One known contenporary application
of transient thernography, swhich provides the ability to determ ne the

size and "wa)@poreo2” | ocation (depth) of flaws wi thin sol ipdrnsoesessal
conposites, is revealed in U'S. Patent 5,711,603“to R ngernacher et al.,
entitled "Nondestructive Testing: Transient 5 Depth Thernography”; and is

I ncorporated herein by reference. Basically, this technique involves
heating the surface of an object of interest and recording the tenperature
changes over tinme of very snmall regions Qg "resolution elenents" on the
surface of the object. These- surface tenperature changes are related to

i Tected by the. b ohe bo cffimpordly dpbicficl Bftrankiet Mflograty” hnich,
i ndi cative of providesl theiability thegetérmihe thd siaw/ahd ."eelativet \otiatio® (depthysther 1 aws

within the obpect) .can he determ ned based upon a careful ~analysis of the
tenperature ¢ %Wﬁé“ét%&i‘ﬂ'ﬂr’l%gmﬁta' 88@9”'&%%!%‘%"6%‘%"%”9% Patgit; the surface

of the object l1t dpB RIRGEmMSadher et &l hag b It prk o e erenced
Ri nger macher %é;t:ght, thr%lﬂg%ct ualbkgtdglb't ﬁg?&aﬁ?fda%ﬁt ?Fﬁ@é@%eT@gﬁﬁ of a

fl aw fr om % heDepty Haermagraphy“ vandistincarperates hereindby refeience. Basically,a

(thormal 1yt A tecnPlletdyolds Hedthg iR Llrrabeh! S oBlect Y el AnGS part o
the t her mogr apdtording Metengsprtatid changestoven Gimesofvehpsmap raiensen agai nst the
relative depth 20 val ues. To obtain accurate thernmal neasurenents using
transient t h@'PﬁB‘&F‘a’bﬁﬁ"“Q’ﬁ%" Authestifage of theophieet: These sudaeRated to a
Bg;tc | ﬁgleagnyt i Briges SeirblafdcPdf dnarsdefidtictynafficdr Addflom® 2S 0
10 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 object) can be determined based upon a careful
analysis of the temperature changes occurring at each resolution element
over the surface of the object. Although not explicitly disclosed in the above
15 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 an "infinite" (thermaily
thick) reference region on the object is included as part of the thermographic
data acquisition and analysis for comparison against the relative depth

20 values.

To obtain accurate thermal measurements using transient
thermography, the surface of an object must be heated to a particular
temperature in a sufficiently short period of time so as to preclude any
significant heating of the remainder of the object. Depending onthe

25 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 |



significant heating of the remai nder of the object. Depending on the 25

t hi ckness and material characteristics of the object under test, a quartz
lanp or a high intensity flash-lanp is conventionally used to generate a
heat puIse‘WESU%?EWQOZ PCT/ USO0/ 16053 -4 of the proper nEGHUSHMS0SN(
duration. However, the specific mechanism used to heat the object surface ,
coul d be any neans capable of quickly heating the surface to a tenperature
sufficient to permt thernographic nonitoring-such as, for exanple, pulsed
| aser light. Once the surface of the 5 object is heated, a graphic record

of thermal changes over the surface is adguired and anal yzed.
Conventionally, an infrared. (IR) video canera has. been used to record

and store sucafdls popeheragaituderane dufdtionmbiwertr, atte spscifi meokdmsh af t er

heat t. Each f_a fixed f Is. |
thi's 10 cont oteddd BEFLhEblect SyArd 7R bp ankrosatincoPADRPTaMENY array or
frame which ¢RatAGBRSTc 8 arteﬁfpe?étuieaéumaﬂ toﬁél’rhi?ﬂ'ae?‘r'nogﬁa?ﬁﬁtﬂt Ion

el ement”, on the surface of the object being.inmged
t enperat ure atMHOANGTs4Sh @i fﬂﬁ egal@ﬁimpulsgd éaaeéhgmty Onsiethe surfece hithe

ool uti onSel SHEEE S HERBE M bRBriceX G of TRl BidficRa BVBRIRScBTE o s o

changes in pi nequmandianalyiéda stored IR video inmges are used to
determine the contrast of each pixel.in .an image frame by subtracting the

T P Xe! e o il i T B iR e o
tinme. 20 The @ndfstdrefsudeésswb(lhemhrnagw(frarﬁeé)hﬁan@b cY é@dadenaftdie tinme
domain (i.e over n mage franes) to identify the tinme of occurrence
of an " heating it. ”EaXh wdeg Image is composed of a fixed number of pixels. In this
10  context, a pixel is a small picture element in an image array or frame which
corresponds to a rectangular area, called a “resolution element”, on the
surface of the object being .imaged_. Since, the temperature at each
_ resolution element is directly related to the intensity of the corresponding
pixel, temperature changes at ,éach res_olutio_n element on the object surface
15  can be analyzed in terms of ch_ainges in pixel contrést_.- The stored IR video
.images are used to determine the contrast of each pixel i 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

time.

20 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
exemplary “plate-!ik_e“ object of consistent material and thickness L, a heat

25 flux pulse impinging on an object takes a certain “characteristic time”, T, to



"inflection point" of the contrast curve data, which is mathematically
related to a relative depIh of a flaw within the object. Basically as

applied tq_an mpl ary "plate-1ike" obj ect of consistent ‘ﬁﬁﬁﬁ and
t hi ckness Vlome{mﬁ@at 25 fl ux-pul se inpinging on. an*object es a certain
"characteristic tinme", TT , to ~i~ir WO 01/07902 PCT/ USOO/ 16053 -5

penetrate through the object to the opposite side (back wall) and return to
the front surface being inmaged. This characteristic time, T, is related to
the thickness of the object, given the thermal diffusivity of the
material, by the follow ng equation: 5 < = 40l a Equ. (1) where L is
the thickness (cm of the object and a is the thermal diffusivity

(cnR/ sec) of pésetrate elnrioagh tie objectipithe opbositwﬁdev ebéckrmlli) and setunotgthiehat

after a heat pul se i npi nges on | ate-1i ke obje rface
tenperature ogg%‘r rt!?f? gedy lgFmaStPnﬁ%t"B%] I 'Frat%‘? to oth&e front)
rises in a fa ?ﬂ%l&n@s& Bpthe @ojééts%geﬁ'm\@ﬂﬂél dlﬂuélhﬁ/ 6ﬁh§m§ﬁala{5\¢tﬁé‘e ther mal

diffusivity o he materi al reover, froma graph the ti'ne vs.
tenperature (following equatipnof the surface, one can det erm ne the
characterlstlc time, T,, in ternms of a unique 15 point on the T-t curve,
called the "inflection point." This inflection point t..., Is indicated
by the poigt of maxi num sl ope on the T- =l4remeye (i.e., peak-s 1t| nme)
and is related to the characteristic time, T, , by the follow ng gquatlon
"n = .9055 TT Equ. (2) This relationship between the inflection poi nt and

the char act er | &L e, 20\ TRneddS o ¥ 55565]e Varidl s r2naRRM Bnlshig” eC1 ¢ 10

appr oxi mat el y
(cm?/sec) of the material.

From empirical observations it is known that after a heat pulse
10 - impinges on a plate-like object, the surface temperature observed from the
same side of the object (i.e., the front) rises in a fashion that is also
dependent on the thickness and the thermal diffdsivity of the material.
| Moreover, from a graph of the time vs. temperature (T-1) history of the
surface, one can determine the characteristic time, T, in terms of a unique
15 point on the T-t curve, called the "inflection point." This inflection point, t,,, is
indicated by the point of maximum slope on the T-t curve (i.e., peak-siope
time) and is related to the characteristic time, T, , by the following equation:

t,,= .9055 T, Equ. (2)

This relationship between the inflection point and the characteristic
20 time, as expressed by Equ. (2) above, is precise to approximately 1% for
one-dimensional (1-D), as well as two-dimensional (2-D), héat flow analysis.
.Once an inflection point, t, , is determined from the T-t response, a relative
thickness, L, of the object can be _déterminéd from Equ. (1) using the known
thermal diffusivity, o, of the material and the actual value of T, from Equ. (2).



one-di nensional (1-D), as well as two-dinensional (2-D), heat flow
analysis. Once an inflection point, tnn, is detetmined fromthe T -t
response, g #&lathve thickness, L, of the object can be gepgsshigRd from
Equ. (1) using thé known thermal diffusivity, a, of the material and the
actual value of T. fromEqu. (2). WO 01/07902 PCT/ US00/ 16053 1In this
regard, a nore detailed discussion of the heat-flow invariant relationship
bet ween the peak-slope tine (inflection point) and the nmateri al
"characteristic tinme" as defined above mayg be found in the Review O
Progress In Quantitative Nondestructive EValuation, in an article by 5

Ri h t al., titled 'T ds A Fl at - Bot Ho St and, F
Thormal 1 magi ng” . WHETR SR 1R ore deialoh BecniaTEoLIEE R TW SNERaTh ch i <

i ncor por at ed hggft &RE peaklizigpe! tirhé {ifflactioh pRintPantethernistiepar d
appar at us and*}%ﬁﬂ%ﬁ%ﬁbéﬁ%ﬂ :Pgtegnt d?,"711, I03 tlg :g,?;\ger-rra_cher et al. only
produces "r el dcharattegistie timebasgdafingd-akgvesmay pe feundipthe RevioutOf o obtain a

val ue for the gactual [ cki ' Ol 26 Lked point.
Consequent |y, ’%og}'eé%tsé'& %ﬁﬁ%@ﬁ%ﬁf"ggﬁﬁ%ﬁknég;}ég%gbggécagségﬁan% b?R transi ent
t her nogr apBy tRiagemwcher peallTientitled tkdweards AcflabBottdm tHuole Standard For ckness of

Comnly assi GemanmaHg rualshe Yy 19k by BiepitBielt, Newdorgnici & ' *

09/ 292, 886) 'ofy i tuled April 4, 1999. Basically, the
lg%rggggéﬁaﬁ%fn 5 reféren

arrangenent di therein utilizes a focal- plane array canera for IR

| mage data acquisition and hi gh-power flash |anps. to yapjdl t the
surface of a desi rémfmtﬂudgs@beu?.m%t@ns%ae ratys msmd?/%f:lf terial

P, 4TS0S BB o) oy Aol Ty, Soce
secti on oft0t heneasurementsob carn nothe usad torabtaip apealussfon thesagtyal thiskeesshce) .
of a metal object at a désire_d poiht. C'o_nsequehtly, a better method of -
conducting and prodes'sing IR transient thermqgfaphy that WOUId pérmit a
determination of thé _acti_:al _th,icknless of metal _obj_ec;t_s was ne_ede&. One
such method and _a_'piparatus is disclosed in a ¢6rhmqnly assigned co-pending
15 | U.S. patent applicatidn I(Ser. No. 09/292,886) of Ring'er_m_acher etal. filed
April 4, 1999. Basiéally, thé arréhgement disclosed therein utilizes a 'fo_cal-
plane array camera for IR image daia acduisiti_oh and high-power flash lamps
to rapidly heat the surface of a dééirec_l examined object. A slab object of
similar material having portions of known thickness is used as a "infinite half-
20 space" reference standard within the same image frame (a "thermally thick"
section of the examined object may optionally be used as the reference).
The flash-lamp are fitted with spectrally tuned optical filters that minimize
long-wave IR “afterglow” emissions and reduce background radiation effects
which affect the accuracy of thermal measurements. A predetermined
25 number of IR image frames are acquired and recorded over a pfedetermined
period of time after firing the flash-lamps to develop a temperature-time (T-t)



The flash-lanp are fitted with spectrally tuned optical filters that
mnimze |ong-wave IR "afterglow' em ssions and reduce background

radi ati on whhede Which affect the accuracy of thernmal npervUsOMGSsS. A
predet ermi ned 25 nunber of “I'R i mage frames are acquired and recorded over a
predeterm ned period of tine after firing the flash-lanps to develop a
tenperature tine (T-t) WO 01/07902 PCT/ US00/ 16053 -7 history of the object
surface (and the reference standard). Contrast verses tinme data is then
devel oped for each pixel in the imge to.-.geterm ne object thickness at a
l'ocation corresponding to the pixel position. In the above nethod

contr ast - t i Meyighaihfof thebdétt ARG tandthe réferdrite st&%ﬂ&?%?ﬁ%ﬁsﬁgéﬁ& data of

the slab reference standard (or tenperature-tine ata o _"deep”
t hermal | y t hitirke detacisdher devejoped fai eanh pigl incthe imagente Hetermineebijectur e- t i nme

i sadvant age Tiekress Sha Pealibf shinkspdrdicd Ghe Bl osb, ' Lnch | magi ng

obj ects that have varying surface uniformty. Mreover, it requires the 10
presence of a sl aldntheabavelmethacheortrasti{timerdataés develaded yngubteacting- t i e

data f d fer. ' the object: i h f
region i s Sy aemAsratre-fme Hate b e Siek prierenee sIEder (G eMPeEUe B e appl | od
to the surfaggadf at"GEe?bihaﬁhalgam%trbféréﬁ@?egwwoméét);froﬁﬂhé magi ng to

enhance optical absorption and inprove surface uniformty. 15 DI SCLOSURE
OF THE | NVEhmemﬂiera@fﬁrEE@edﬂta oheaeh pixal. ridnfarturately, thissethost suffars frem est i ng

o an ob] eot - TEyidfRnidle HELFhE b Hetbdhe Bodibe ] efrpEABh iRaghnd, "°%°
t her nogr aphy. olfjectsithat lavedvanyind sapaesiuhiformityn dareoverhit remupesthg anal ysi s
approach 4(? u;talielsie%ged of a slab standard in the image or the use of 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 imaging to enhance

optical absorption and improve surface uniformity.
15 DISCLOSURE OF THE INVENTION

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

20 to 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 the present invention is that a "synthetic" or
computed' reference, based on actual surface temperature, is used to
compute the contrast verses time data needed to determine thickness.

25 Consequently, at least one beneficial aspect of the present invention is that is



20 to accurately neasure the thickness of an object and provide a visual
coded display indicative of its cross-sectional thickness over a desired
area of th A salient feature of the present inv that a
synthetlcs")@ﬂﬁﬁgnputed reference, based on actual surfaggiFgﬁ%%§gture S
used to conpute the contrast verses tine data needed to determ ne
t hi ckness. 25 Consequently, at |east one beneficial aspect of the present
invention is that is WO 01107902 PCT/ USOOn6053 -8 does not require the use
of a separate reference standard or a refgrence region on the exanined
object. In. addition, when using the transient thernpgraphic technique of

t he present vention th I . 0 to the
obj ect (s) bei H seQ%trﬁeﬂg'ﬁg {*lsb‘l%o@{e)? ggfﬂg{e@ﬁg%o?éggﬁ?r&%@%{mf nvention
can readily areyumoﬁmeeeﬁmmeaeb vi mgadumomnlheorumngsmeﬁmenor varyi ng
surface em ssivity. Basically, present invention_ nakes

of. an
i nfl ection pothﬂ"mpﬁfa@h‘qféﬁ%ﬁﬁ? Gf @etﬂrﬁﬁe'(t‘f“‘f%"t'f’ﬁ R d3N9 pee §pB'V t he
surface of a La0kAllcbal he @Bideds) biing eRarted. MMbRioVE tHid ptidd gnt - si de”

| R camera observa |ons IS oint, t,, -, occurs relatively
early in the mapreserponmtlanwansrea@hleampmm atelobpetsdawngunon-umform heat

| oss nechani sns Such considera y be of particular relevance, for
exanpl e, when syffp srﬂjvaW"?% Wg? éﬁ%gﬁgga due to the high thermnal
conductivity of metals, the thermal response of a metal object is fairly
qui ck and, consequently, the time 15 avail able for obtaining thermal data
measurenents is usBasicallysthe presentinventioniragkesaisesiantinfigction| Po"ltslﬂ axtracted

Cobessve' | FHARDRRAERAERITRY Harlne@ BFEGRE TP drdcdortiab il hodilh

| east Sommabbkﬁﬂ@%fedeomalmdtfrom lifednﬂtlde IR camera observattons Thls
10  inflection point, t,,, OcCUrS relatlvely early in the T-t response and is

essentlally mdependent of lateral heat loss mechanisms. (Such
oonslderatlons may be of partlcular relevance for example, when working
with metals since, due to the hlgh thermal conductwnty of metals the thermal
response of a metal object is fairly qwcl_( and., consequently, the tlme g

15 available fo'r obtaining thermai data measurements is usually short). The
inflection point, t,, is extracted from thermal data acquired over a
predetennined time period from successive IR camera image frames.
Preferably, this time period is at least somewhat Ionger than an anticipated
characteristic time, as obtained from Equ 1), based on an estxmatlon of the

20 thickness of the object being evaluated

In accordance w:th the present rnventlon the inflection pomt tions 1S
determmed by utilizing pixel contrast data that is based ona "synthetrc" or
computed thermal reference mstead of a "real” reference such as a slab

i
!
i
1

standard or a suitable region on the exammed object This computed




characteristic tinme, as obtained fromEqu. (1), based on an estimation of
the 20 thickness of the object being evaluated. In accordance with the
present i QyfdilohdeR. the inflection point, t,nfi, is detetpgrusoodspssutili zing
pi xel contrast data that i$ ‘based on a synthetlc ‘or conputed therna
reference instead of a "real" reference such as a slab standard or a
suitabl e region on the exam ned object. This conputed I: I1I~ Il WO
01/07902. PCT/ US00/ 16053 -9 synthetic reference represents the surface
tenperature of an object as a function @f tine for one-dinensional heat
flowinto a sem-infinite nmedium (half-space) and is given by the

fol | owi ng relat ( t ere TS(t)
is the surfald" h%ﬂ%i%%ﬁﬁ% %%sretSRtgfs t&%% Hret?ﬁ(‘é t“f‘a{’]“"}%ﬁrggﬁ? gﬁéﬁ'&gsgh

function of tfunation, og/ﬁmesfoa opferdirrcansionaeieacﬂmd irto arﬁmuhnmgtembdxuwr f acle g
tenmperature on an object surfa Qcation corresponding to a selecte
anal ysi s pi xéha'f‘ﬁpﬁ?é)&fﬁ'd? BQ’G"CIH tﬁﬁ&@@“"%@'ﬁ 'q"§ﬁ!9 duration of heating the
obj ect before acquiring inmage frames. 10 Essentially, the reference
tenperature-time data provided by Equ. (3) describes a "synthetic"

hal f -space thernmal decay basedTgh=a&[f?Ri(t)¥] tenperature, A Eqi.(3)

particul ar location on the surface of the object. As described in greater
detail below, the "synthetic" thernmal reference data as obtained from Equ.

(3) is flrst conp | e i | maged obj ect
and then sed to (ﬂneg?ﬁ(?? g@ﬁ:#ﬁ‘%@ts&pé%ﬁ fﬁh%gg?tﬂ% %&' ?‘ each pi xel.
Moreover, as refdrendeas adatvaiohad timedgAds & pardmeter eblected ymafehtactual t her nal
reference data js not dependent l?on tr‘l‘te nature or characteristic of

surface temperature on an object surface at a location correspondingtoa .

selected analysis pixel in an acquired IR image, and t is a duration of heating

the object before acquiring image frames. .

10 Essentially, the reference temperature-time data provided by Equ. (3)
‘describes a "synthetic" haif-space thermal decay based on an initial
temperature, A, at a particular location on the surface of the object. As
described in greater detail below, the "synthetic" thermal reference data as
obtained from Equ. (3) is first computed for each (x.y) pixel location of the

15 imaged object and then used to determine contrast as a function of time for
each pixel. Moreover, as a further advantage, determination of the synthetic
thermal reference data is not dependent u'p'on the nature or characteristic of
the particular material or metal being evaluated—as it is not a parameter in
Equ. (3).

- 20 As illustrated by FIGURE 1, the apparatus accordance of the present
invention includes an imaging system comprising one or more high power
flash lamps fitted with special optical filters, an IR sensitive focal-plane array
camera for data acquisition and a display monitor. A computer system



the particular material or nmetal being evaluated-as it is not a paraneter
in Equ. (3). 20 As illustrated by FIGURE 1, the apparatus accordance of

the present_ _invention includes an inmagi ng system conpri sj nor e
hi gh power wo pilpih anps fitted with special optical £11 1 oPEHuSolsfls

sensitive focal -plane array canmera for data acquisition and a display
nmonitor. A conputer system WD 01/07902 PCT/ USOQ' 16053 -10 controls the

i magi ng system records and anal yzes surface tenperature data acquired via
the IR canera and provides a col or or gr_a}g_ pattern-keyed i nrage on the

di splay nonitor that accurately corresponds to thickness of the object

The acquisition of surface tenperature data is _initiated by firing the 5
flash-lanps t€PtrqisiRemaging sysiary geardgand analyzes sirfacs, fure ggﬁ[ i cal

filters are 3pAGidddli the ING@iménM dHssrotidas 8/ cdlorior GraChatitir-kdyéd nﬁaqean IR

radi ati on bac into the tlash-lanp('s). This prevents undesirable 1ong-wave
| R "af t er gl owsn thendisplay meonitpp thed acqurgteleeerespopds tn/hickagseaf thetabjedt
elenents in the flash- |anps after the | anps are extingui shed fromreaching

the object or the {f Gaflidifon SFSurhee win8tilreldatd RlifitigAYyMing ther e pr eci se
n a

t hermal eval uatio can produce dinensional neasurenents W thin an
accuracy réngfash-laniitediuniinaiettheisurface aftbe objest.pThe spegial aptigalfillerer of

i mage franes are then,regcor.ded, over | fe b .4 sh | anps
are fired anda'ierﬁpch'?g\f ﬁ’@&ﬂ%ﬂﬁ%’%@g@rﬁgﬁéqgn@eff/}ed'éorgng’%ﬁé}%{éﬁ?ﬁéﬁ-t i me
(T-t) hi st or yink®theShhyia®ip(s)E Thil prevgnts indesitabis ongiwave & "aftergidwbver t he
region of interest on the object surface. Each: recorded imgge_frame is
conpri sed of gnmsmww@agewﬁteﬁm%Wﬂh%ﬁeﬁ' H’E&%ﬁ‘- Sements %ﬁ% gaf’rh't ensity
correlate to {eSifdrifi€idnipesredxihguished-froRPieashing the object or the

10 camera. The use of such filters enables a more precise thermal evaluation

that can produce dimensional measurements within an accuracy range of

1%-3% of actual thickness.

A predeténnined humbe_r of imagé frames are then recorded over a
périod of time after the flash lamps are fired and the recorded image_s used to
15 develop a temperature-time (T-t) history fb_r-every elemental region or
"resolution element” over thé region of interest on the object surface. Each
recorded image frame is comprise_d _of a predeterminéd_ n x m array of image -
pixels whose intensity correlate to the surface temperature of the object at
the time the frarﬁe daté was acquired—each pixel having an (x,y) location
20 designation within the image frame that corresponds to_ a particular resolution |

element.

A heat flow analysis of the T-t history is then conducted for each pixel
in the écquiréd image frames to deteri_nine the thickness of the object at each
resolution e!emenf Iocation.' Conventionally, analysis of transient heat flow

25 through solid portions of an object req_uires determining a characteristic time,



the tinme the frame data was acquired-each pixel having an (x,y) location 20
designation within the imge frane that corresponds to a particul ar

resol utio oglwt A heat flow analysis of the T -t hi sgisobgosdren
conducted Tor each pixel in-the acquired inmage firames to determ ne the

thi ckness of the object at each resolution elenment |ocation.
Conventionally, analysis of transient heat flow 25 through solid portions
of an object requires determning a characteristic time, W 01/07902

PCP/ USOCO/ 16053 -11 T, , required for a ‘4pul se” of thermal energy to
penetrate the object at a first surface, reflect off an opposite surface

and return taorthe fir suy f i nce, this,char e i Stii,c ti is rel ated
Fohe di ot anTe BattedtorB BuRRP of meRfi anetf 1o RS el opier At ARG 1o e
t hi ckness of §iifacebiefiRict bﬁbﬂ%ﬂo&a@sﬁﬁﬁe&ﬁhﬁ@ﬁ@é this firgt Skafdcet BiRed Nt .
Because TT is also related in tinme to the occurrence of an inflection

poi nt, t,nfl,thischafacterstic time is/mlated tq thedistanee Retwagnthe dwo sufases, it
according to Egtine (23 #PAYE ﬁ‘xe‘fﬁ%ﬂﬁcﬁﬂss‘bﬁ{é"ﬁ J@Et'b%t*\]lﬁeﬁ @wh My be

determ ned by using a recor ensity-verses-tine history of the pixel
t 0 conput e cosurfaces-at ardasired ipointd Begatise T4 ib@lgo reldtedvin tuhertcmthehe present 10

I nvention is acconplis ubtra tin thetic!' th ref erence
T dara frtrrTRBcp 2 8 dalechte BRGE.  PuhgEontiRiveiaestme ARG ° toi ng
the syntheti Cof@prxaﬁécdoeduﬁgwem ez)evbmé o Vralvi@ férecharaRenistic\tiing ¥, magt er i ned
for each (x,y) pixel location corres ondlng to each resolution el enment of

the object s ué*P determjged; by ¢sing a; rﬁﬁprﬂéﬁﬂﬁP%'Wsmﬁ"ﬁg histomvif thepixekel
contrast curvg, %%&%oﬁffﬁé%gjeé smfé)fb? tﬁe‘ﬁx?l—q\ﬂﬁ#chtu?ﬂ'@br'é@ eftati 0 of

t he measurenents emat i cal derivative o e contrast curve is then
conput ed tl i wentidnyisaccomplished bysyhitacting the tsynthetia thetrhal réference Tde i s

data from the _recorded intensity-verses-time data of the pixel.

Using the synthetic thermal reference, a contrast-verse-time curve is
determined for each (x,y) pixel location corresponding to each resolution
) element of the object surface. Next, Gaussian temporal smoothmg of the

15 pixel contrast curve data is employed to improve the signal-to-noise ratio of
the measurements. The mathematical derivative of the contrast curve is then
computed to identify an inflection point in the data. This derivative is
preferably computed 'using a three-point data sampling having a first and third
sample point separation that is proportionally related to the value of the

20 image frame number at the second sample point. Next, all local "peaks" in
the contrast curve obtained from the derivative computation are identified and
a weighting function is used as a filter to adjust the significance of localized
each of these peaks to identify the actual inflection point in the T-t contrast
curve data for use in determining object thickness. Finally, thickness of the

25 object at a location corresponding to each pixel is quantitatively determined
according to Equ. (1) and Equ. (2) above.



preferably conmputed using a three-point data sanpling having a first and
third sanple point separation that is proportionally related to the val ue
of the 20 imaﬁe frame nunber at the second sanple point. lrusoo?ll | ocal
"peaks" i nWQHOTGntrast curve obtained fromthe derivatiVeé conputation are
identified and a weighting function. is used as a filter to adjust the
significance of localized each of these peaks to identify the actual
inflection point in the T-t-contrast curve data for use in determning

obj ect thickness. Finally, thickness of the 25 object at a |ocation
corresponding to each pixel is quantitatively determ ned according to Equ.

bRAW NS The BRIBBIESCRIFHONOF JHE BEAWIRGS ' e "o ssent | nventi on wil1 e

understood by careful study of the follow ng detail ed description of the

presently preferreghg rp‘qgsasa@m ativiahtages igaitiéday the fppesemt ivenatiorwiltbe
acconpanyi ng drawi ngs. FIGURE 1 is _schematic diagramillustrating an

exanpl e i nf r atderstoagay eareful ﬁ@ﬂﬁﬂémfpﬁ?ymgwgtdétﬁ'gprdﬁﬁﬁmofftw det er ni ni ng
and di spl ayi ng, __J i G'ﬁﬁ QN i edance with the
present inven f%énemyiggfl%%gﬁigsg om@ﬁaﬁh’%ﬁ%ﬁ%ﬁfgiﬁﬁe process of

i nfrared i fagaccempanyify drawings.t i on and anal ysis as perforned by the system
of FIGURE 1 in accordance with 'the present invention; and FIGURE 3 is an

o ckel ol Loy mot al "IGURER B isheHR: ABEran AERAGTP R exafiBnasE % DL F on.

15 BEST MODE hghsigAiRehmibgrabfty syétemNrtanbedient for determining and displaying
the actual thickness of an object in accordance with the present invention;

FIGURE 2 is é flowchart iII_usfrat__ing the procesé of infrared image data
10 acquisition and analysis as pérformed by the system of FIGURE 1 in

accordance with the present invention; and

FIGURE 3is an example print of an infrared transient thermography
image display of a nickel-alloy metal step-standard in accordance with the

present invention.

15 BEST MODE FOR CARRYING OUT THE INVENTION

FIGURE 1 illustrates an example IR transient thermography system 10
for determining and displayihg' the thickness of an object, e.g., a metal
turbine airfoit 1 'having' intentional voids 4. For the purposes of the following
discussion, the “thickness” of an object refers to a front wall or surface

20 thickness in the context of a hollow or semi-holiow object (i.e., an object

having an intentional void).

i |



FIGURE 1 illustrates an exanple IR transient thernography system 10 for
determ ning and di splaying the thickness of an object, e.g., a netal

t ur bi ne ai &&%)0791)2 having intentional voids 4. For the purpeggsionkesshe.
fol |l ow ng I'ScusSi on, the :Nthickness of an object: refers to a front wall

or surface 20 thickness in the context of a hollow or sem -holl ow object
(i.e., an object having an intentional void). Itlll Il WO 01/07902

PCT/ USOQ' 16053 -13 As shown in FIGURE 1, a flash-Ianp heat-pul se source 11
is used to rapidly heat the surface of tlhg object being neasured. One
suitable arrangenment for flash-lanp heat-pul'se source 11 would be, for

exanple, a set of fsoéﬁovg‘{ in%l%%@k%ﬂé%ﬁ%ﬁpﬁj&%{htﬁé&? rgé)(?‘i‘% Hg%p{oogr aphi ¢

flash-1anps, 5 eaclﬁ‘ capable o out es out pat "an avl ng

i ndi vi dual powapidiysheat ithe surfacecdt the obfeat being measurdd. aOhe Isaitgisle manuf act ur ed
by Speedotron, Corp. in I cago, I L). Since netals ve_a significantly
faster rate o@rmﬁp’m&fﬁgﬂ'ﬁg’f‘ﬂéﬁazﬂw*ﬁBE"é’Ps"," ‘f’ﬂ\é'g afoé(ﬁ"@g\pﬁ-iac tines
for heat flowdefoffRiuitbs efghEhighdbeeashigh ouldt pdiver bRe®Brahhic fiddh-Bipap! €.

pl astic or conmposite material's. Consequently, in attenpting to adapt

conventi on@ |€achitapablerefmbput 4 8Hfilajoulesautpitandihaying individial peweron- net al s)
t tals, h f i ' ' t
obtain this Sugpled s as Ry eRErPHE b wiafuBERHER by spBedofGh, . o)

fl ash-1 amps licepdinodhieago,dl).i nterest 1 so as to prevent exposing 15 the
object to residual heat as the flashlanps cool down after exposure. In

These f11ters act tines mpll havs 8 aORTSAGEN AR, ate e cofidaniGin =™

non-metals, the characteristic times for heat flow in metals are much faster

10 than those of, for example, plastic or composite materials. Consequently, in
attempting to adapt conventional IR thermography techniques (ordinarily
limited to non-metals) to metals, a sharp cutoff in the applied heat is needed.
In order to obtain this, a 3-5 micron reflective filter 18 is used between

" (covering) flash-lamps 11 and object of interest 1 so as to prevent exposing
15 the object to residual heat as the flashiamps cool down after exposure. -

In practice, one or more filters may be used (e.g., one per each flash-
lamp). These filters act to prevent direct long wave radiation—typically
generated from the “aftergiow” of overheated metallic elements in the flash-
lamps—from ever leaving the flash-lamps and impinging on the target or

20 otherwise reflecting back into focal-plane array camera 13. Such primary
afterglow radiation from flash-lamps 11 competes and can interfere with the
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



generated fromthe "aftergl ow' of overheated netallic elenents in the
flash- |anps-fromever |eaving the flash-lanps and inpinging on the target
or 20 otherwi se reflecting back into focal-plane array canera 13. Such
primary aWQe¥p7¥% radi ation fromflash-lanps 11 conpet espaenseagossnt er f er e
with the long-wave IR em ssions fromthe targeted object during early
thermal data acquisition, thus obscuring the true target-generated IR

radi ati on and reducing ultimte inage contrast and quality. Thus, the use
of these special WO 01/07902 PCT/USOQO 16053 -14 filters produces a
sufficiently sharp heat pulse to enable tt#e shorter heat travel tine in
netal to be detected. In the exanple enbodi nent depicted in Figure

1, . f1 ash- | anpfitérstproduces ansuffitientiyoshans t@abpulsy iceriable tHeldtRrter HaAL Z, BK7Tm
or other optig¢al terial, .5 that . is transparent to visible and UV |ight
and i s coat ed?raxelgameﬂrggﬁ_l Fc‘a%g??EE% side with an infrared-reflective
coating to reflect all radiation in the 3-5 -mcron range back into the

flash-lanps. (Optiethegxaspleetibodinient dbpictedrin Figire 1?%&9&%&%&‘3?
speci al |y manuf aﬁ)t ured %’e a %’enerrgl scientific o‘g‘il cs and optical glass
manuf act ur er SRYPELOMpesed Sf FivrexT", tused quarz.BIKEMS or athecoptical ratadialf ace

temper at e it abafert fo UEle kY B/ gkt 4 ALEHe B B adsnBksp 200U T &0

using a infrared (I'R) "sensitive I nmagi ng system conprrsing
f ocal - pl ane afacing siderwith andnfrared-reflactive dioatingtoHeflectrairadiation lrethea:gi | abl e

from Anber Engi | ' : - eon. Conpa , ont r ol
el ectronics 1&'{'&&?g@ﬁ%&%ﬁéyaﬁga%%%%&m%Jﬁﬁﬁﬁ%ﬁ?fspﬂ‘@tessor
16 and di spl alye aoquitent orlspecibiy Hiamufdctured bytd\GariEral stidntifi SplicsLard ab! v
initiated at é{ge H’{lgg of f}ash _lanp firing either by optical triggering or
by ot her suitica $ mangfactyfer sygh as, for example, Oriel in Stratford, CT.). '
10 Surface temperature measurements of 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 camera may be
available from Amber Engineering in Goleta, Ca.—a Raytheon Company),
control electronics 14, frame data memory 15, control computer/image
15 processor 16 and display monitor 17.

Acquisition of thermal data is preferably initiated at the time of flash
- lamp firing either by optical triggering or by other suitable means. Flash-lamp

firing is controiled via conventional flash-lamp electronics 14 managed by

conventional video frame acquisition software running on system computer
20 16 (such as provided by the ImageDesk™ frame acquisition system from

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

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

Imaging Inc. in Lathrup Village, Ml).

PP sensitive




firing is controlled via conventional flash-lanp electronics 14 managed by
conventional video frame acquisition software running. on system conputer
20 16 (such as provided. by the | nmageDeskTM frame acqui Si}| S §n1from
Amber CbrﬁW08V“§Pher conventf¥onal frame acquisiti‘eh and f‘ggﬁfﬁéﬁ% contro
software, for exanple, such as commercially available from Thermal Wave
Imaging Inc. in Lathrup Village, M). 1111 WO 01/07902 PCT/ US00/ 16053 -15
The system control conputer/inage processor 16 is a specially progranmed
general purpose digital conputer that is ,capable of peripheral equi pnent
control and conmuni cation functions in aﬂ@%tion to digital inmage
processi ng and disgla I.n accorgance\M}r1the nmet hod of the present 5

i nvention. System Yﬁ%‘t’"%"@ FI?'F‘BF@'E%?H%%m&ﬁ%quéﬁﬂséls@@F\aBYli cs 14 and
frame data megRigfarhmedycHeral dutpseldigita cBrpulstdnais R8patit of BeRfSstal ©

gYarh
thermal i rmage franes of the object s.uiri?ace which are stored In nmenory 15
for future anedqyipment semtmolandagmmunigatiandfunetionsdn addilign ig djgitatiosage | R

canera 13 is {]j . ] e | ol | - i . - | [rage
calibration tétﬁ%ﬂﬂégggaéﬁ%f@e%ggﬁ%mtglerwéetb gé ?feg'%turg%ﬁ lji;E?]ue enpl oys
two " Dbl acks bomyeéntidiB) Systegecomputeb1Gtontrols eameeanand lanp BRectronics 14mdr ce
using a roomtenperature flat- black plate and a BB "hot" source using a

heated flat - _bf"ﬂ[’ﬂ@ data memery, 15 t9,acq4ire 2 Rr et&EH\'.?Pf’j’\‘\'ﬁ‘qerﬁ_@f Buccessive" source
cal i bration i i) gftuq eﬁﬁ'arhé%lﬁkthe dbjedtaURhESWARN 48 Gttal Wehfory 15

roomtenperature ack ate, arranged at a 450 angfe tothe camera
| ens, is plactatfaiuregnalysisn front. of the lens. For acquiring the BB "hot"
source calibration image, the canera lens is placed

Before beginning the thermal imaging process, IR camera 13 is first
10 calibrated using a "full-field" dual-image calibration technique as now
described. This preferred technique employs two "black-body” (BB) image
calibration references: a BB "cold" source using a room-temperature flat-
black plate and'a BB "hot" source using a heated flat-black plate. For
example, for acquiring the BB "cold" source calibration image, a flat-black .
15 painted box enclosing the room-temperature fiat-black plate, arranged at a
45° angle to the camera lens, is placed directly in front of the lens. For
acquiring the BB "hot" source calibration image, the camera lens is placed
into the same flat-black painted box unit after heating the flat-black plate—
nominally to about 10° C above ambient—such that the camera images the
20 heated plate over its full field. Although the above described duai-image
calibration technique is préferred, any calibration technique that results in
producing maximum uniformity of the image field—which is important for high
contrast imaging and obtaining imbroved thermal accuracy—can be used.

Each image frame acquired during the imaging process consists of
25 NxN pixels—each pixel corresponding to a resolution element on the object



into the sane flat-black painted box unit after heating the flat-black
plate- nomnally to about 10 C above anbi ent such that the canera inages

the 20 hea e over its full field. Al though the abo haed
dual-inagekaggﬁk ation technique is preferred, any calib?ggggﬁ&#%%hnique
that results in producing maximumuniformty of the imge. field-which is

I nportant for high contrast inaging and obtaining inproved thermal
accuracy-can. be used. Each inmage frame acquired during the imgi ng process
consists of 25 NxN pi xel s-each pi xel co[{§5ponding to a resolution elenment

on the object WO 01/07902 PCT/USOQ' 16053 "-16 surface-where Nis typically
ei ther 128 or 256 dependi n.the reso | O nd accuracy desjred. Each
pi xel occupi e§”5§6‘?ﬂ"e‘f$\_ﬁ6"' Bl?/{sg\é‘" quseglsgﬁ _ °’r£§ﬁ)a?p%{ﬁ5‘9r&r§/ b HeRent ed,

-for exanpl e, daaclzarééytdegfre&.aEﬁélﬁ p&bﬂ@ééﬁpié%?%&t twd | Qﬁeg-bpgtgghlgerrage frames

are sequentially 1dentified wi th i ncreasing rame nunber val ues which

t oget her ser vénerpofyrand mey hetiepresented) for examplep by a; t2:bit erdsegesbinasyvs. tinme

(T-t) characteristic f 7 sur | ; . .erm ned
beri od ator BuMHr T8 sdied ke fefied e SpatbieRl idbntifda with fcheg T 17
During evapuatiapte alimbenvilaés whichtbgethét serve toprovidecohistorical ré6ordrofgger s 10
the firing of flash-la s) 11, | e data . fra afe acqui,red fraom canera
13°and the | RUWISRRSaYIR v Lo (T-Dedaranteirics PERTRE Syt cpige 1iar
digitally regydaeeifhedigerd diter bemgitiak by tes Réstampliee iMphRedbgiui Si tion
continues over a predeterm ned nunber of sequential I1mge franes that are

sufficient tdlaskdampdia meaningful T -t history over -a duration of at
| east one estimated 15 "characteristic tine" for the material of the

obj ect. The total pyymhglevaiuatioiefa nidtaiBhiedtCanEr'cRAtroRomtYr TERREERY On
the accuracy and i nmage“resol ution :
10 the firing of flash-lamp(s) 11, image data frames are acquired from camera
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
15 "characteristic time” for the material of the object. The total number of image
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.

Frame data recorder 1'_5 may be a domientiqnal digital mémory internal

to processor 16 or any suitable video 'fram'e'da_ta storagé device accessible
20 by processor 16. _Each suécéss_iVe thermal image frame acquired is assigned

an increasing frame number, Z correspdndihg"to the paSSagé of real time.

The resulting data frame “stack” is then'anél'yzed taking a one-dimensional

heat flow analysis approach, as dutlined above. In accordénée with this

approach, the method. of the present invention takes advantage of a known
25 thermal invariance property—evidenced in the temperature vs. time (T-t)



desired and can be as high as 550 frames per second of data acquisition.
Frane data recorder 15 may be a conventional digital nenory internal to
processor v;l@mz‘h@ny suitabl e video franme data storage dewauseeaessi ble 20
by processor g Each successive thermal image frane acquired is assigned
an increasing frame nunber, Z, corresponding to the passage of real tine.
The resulting data frane "stack"” is then analyzed taking a one-di nensi onal
heat flow anal ysi s approach;-as outlined above. I'n‘accordance with this
approach, the nethod. of the present inwd@tion takes advantage of a known
25 thermal invariance property-evidenced in the tenperature vs. time (T t)

LErCr) b 1 Wi&b@&ﬂé&ﬁﬁﬁgﬁmlb@@ﬁé’ucce&?wéimmé?e frameackthatedés Bhxel over
y

successive IR mglg_e frames-that relies on identifying the |ocation of an
“inflection pepRifyingithe ionetien ohan rinfiection roint” oheeakseiope time. i-emh®f  maxi num
slope on the deiht ifdide 6 HERmUAT SRIEIdMANETY dftalcLE 2. a flow diagramis
presented tha ITTustrates exanpl e processing steps for conducting
transient IR thernography usi nlgwj%nt hetic-reference thernmal imaging

t echni ques of the Refegingnow to/E B.2, arflovediggeam ispreserted tbaterent ed, for

exanpl e, i ] . A usi ng known
con\r/rgnt i o%l iﬁg&@&%ﬁ%ﬁbﬁt‘g’éﬁ%‘e‘m@giW%ﬁbﬁéf@r&gggﬁ%?cat edgat bl ock
20, f a regidon mfen‘hﬁgﬂphy}l:sm Syhmeﬁb;]lcrefete_ nce thédmltilinhgifﬁ téchriques bfthéR caner a
is focused to captuyre the region of interest) an t.he system oper at or

sol ects or | nRBEENt IAYeRtog, | THEse SYeRs MRk be implametited. JaF SYABRIPSDY or exar ni ng

the obj ect sUgrspriatoy preiihing briitsi™ (Figlf)uskighnowresengbRall for the

material. Next, as In aled at block 20 in
programming techniques.
10 Initially, as indicated at block 20, a region of interest on the object is

identified (i.e., the IR camera is focused to capture the region of interest) and
the system operator selects or inputs information concerning relevant
parameters for eiamining the objéct such as, for example, afthermal
diffusivity coefficient for the material. Next, as indicated at block 20 in

15 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. Data acquisition proceeds over a predetermined
number of sequential image frames and then, as indicated at 21, the image
sequence is stored in frame memory 15 after identifying each acquired image

20 frame with a sequential frame number, Z.

Next, as indicated at 22, a set of T-t curve data is identified for each
pixel in the thermal image corresponding to each resolution element location
over the region of interest on the surface of the object. Also, a time and
frame number of the initial IR “flash" heating is identified, a first unsaturated

25 data frame is identified, and a "synthetic" haif-space thermal decay T-t



15 FIGURE 2, the systemcontrol conputer instructs the flash-Ianmp
electronics to fire flash-lanps 11 and initiate inage franme data
acquisitio e focal plane array iR canera 13. Dat L Shokd ON

pr oceeds osgéagﬁ%éﬂdetern1ned nunber of sequenti al inage% rgﬁggﬁ%%% t hen,
as indicated at 21, the inmage sequence is stored in frame nenory 15 after
I dentifying each acquired inage 20 franme wwth a sequential frame nunber, Z
Next, as indicated at 22, a set of T-t curve data is identified for each

pi xel in the thermal inmage correspondi ng tggeach resol ution el enent

| ocation over the region of interest on the surface of the obj ect. Al so a’

time and frane ﬁr{et‘%

first unsaturat dgé%eéata % mlgﬁ:ﬂté&'?hg e 84 bagé'@hb&gﬁ?ﬁg m-fh%f space
thermal decay Ttempifatuté pacmastOCHh, laﬁd(theﬂesisduranen,mfaecardmg tdzﬁqn (B)ase
(refcurve) is generated based upon an initial surface . tenperature
parameter, A, aB8ifepR@Y¥¢-ash duration, t, accordi ng to Equ (3) as given
above. Equ. (3) is valid for tinmes (t) greater than or equal tot (the flash
5 heating duration). E&nemtﬁkdmfortﬁma@et)glatarthdhosequ’abwﬂ(meﬂaahch t he
actual initial value of tenperature as rreasureg a sel ected angp%m S

pi xel in thed |heating Wfﬁtpﬂ)hlpd'efﬂﬁhlbébﬂ pafgraeter Ais chesandeuatsh the

at each pi xel havin
bei ng exani ned. infédges , With tie appfdashethe slartiog temperatura fgri ngyrihetic thegnal

can” accommodat cOSeRH RPN YRCS e, T eRiGR0 el P g Bl Wil ol

reference can npayingté1kAow the Aatuiebiithd patticutariatedalbaingeesxenained.nThus, if
t enper at ur eio

t het th t abl
X each pi xer wHBUFEENE R BE B as R B s el e R e ori a1

different pixels have varying starting temperatures, the generated synthetic
reference of the present invention can accommodate such variations;
whereas, a "real" slab standard thermai reference can not, since it is limited

to a fixed-value starting temperature.

As indicated at 23 and 24, a first pixel (or the next pixel) is then
15 selected for analysis and its T-t curve data (ttcurve) is developed from
 recorded pixel intensity data stored in frame memor_y 15. - At this point,
optional offset and scale (amplitude) adjustments can aiso be made at this
step to help compensate for any derogatory effects such as, for example,
loss of amplitude due to surface curvatures. Next, as indicated at 25, a
20 contrast curve (concurve) is determined for the selected pixel by:-subtracting
the synthetic reference T-t curve data (refcurve) from the T-t curve (ttcurve)
data of the pixel. -

As indicated at 26, a Gaussian function temporal smoothing of the
~ contrast curve data may also be performed. In a preferred embodiment, a
25 "temporal window" used in the Gaussian smoothing algorithm is made to vary



As indicated at 23 and 24, a first pixel (or the next pixel) is then 15
sel ected for analysis and its T-t ‘curve data-(ttcurve) is devel oped from

recor ded QH’(G\‘I st ensity data stored in frame menory 15. péraidob/soBi Nt
optional o sé‘{ and scale (anplitude) adjustnments can also be nmade at this

step to hel p conpensate for any derogatory effects such as, for exanple,

| oss of anplitude due to surface curvatures. Next, as indicated at 25, a 20
contrast curve (concurve) is-deternmined for the sekected pixel by.
subtracting the synthetic reference T-t cqyg.ve data (refcurve) fromthe T-t
curve (ttcurve) data of the pixel. As indicated at 26, a Gaussian function

t enporal snoot by ; : rASkE r In a
preferred errboglg %Hﬁ ]j:tl%m%%t"ﬁ?g’kpr@aﬁg?&ympxﬁ;ﬁé %ég%ﬁeﬁhﬁﬁgqaﬁéﬁg‘kgg%ot hi ng
al gorithmis nzdeesponding to the\WbBntrasDi=Ra2 EBsEHtialiphiscbaothingIwiredow™f unct i on

of time by meking, it proporiional to the i frame nynb whr m

cor r espondi ng tcﬂﬂtrﬂ‘é tg%ﬁﬁ‘r“ﬁ haﬁ’&“&. %?émﬁ%?fwam"g' Eﬁng{’ﬁlﬁ‘g Widthow:
control s the fuylding\aWhhalib-wiath frareNufibersmid@tHingBY JBYEAYEd i€ morkhe " 2-a”
width). Using a variable-width frame-nunber snoothing as described is nore
5 advant agedus advantageousthan; ataditicnal {Saussianfmeothing besause i tendsttonds to

conpensate for f ' ' " i 1 thin
the material. cb%e@%%ﬁ%ﬁt OPF#%%%IF gﬁg{%lgﬁ"@&e"aéva'ﬁ}%%ﬁ atd Egthgﬁlgig{iﬁ ﬁlgg wi ndow
at a sel ect ed materialp Preferabsly nfed thip stepothie width oftthe shwothingwindowo it af t he
I mmge frame nunber é that point. In a ditiolrt}%ﬁto t he des rﬂi_|bed

vari abl e-wi dt h % #aRAdy madeUPROMIORA IS the SAYATBYARYR] theMRgfber of
sof twar e i npl enRipmeAumbefBOMEPiht. tIATFIditiAtodhe BediiibRBR/ariaBIelWidtPament r ast
curve data at this stage, B o .
10 number Gaussian temporal smoothing, a number of soﬂware implemented
"imaging filters" may also be applied to the contrast curve data at this stage,
' including spatial smoothing, initial _aind ending noise suppression, 'n'egative

contrast suppression and contrast thresholding.

Next, at step 27, the mathematical derivative of the contrast curve,

16 indicative of the inflection point, is determined. it is well known that the point
of maximum slope on a curve can be determined by using 'a conventional 3-
consecutive-point derivative algorithm in which three equally spaced
consecutive data points along the curve are sampled and used to calculate
the slope of the curve at the second (middie) data point. In accordance with

20 the present invention, three points are still used to determine the derivative of
the contrast curve, but the separation of the first and third sample derivative
points (i.e., the width of the derivative base interval) is linked to real time in
the image evolution via the image frame number. Specifically, the width of the
derivative base interval at any selected point along the contrast curve is

25 made proportional to the square-root of the IR image frame nufnber, Z



i ncludi ng spatial snoothing, initial and endi ng noi se suppression, negative
contrast suppression and contrast thresholding. Next, at step 27, the

mat hemati cal derjyative of the contrast curve, 15 indicatj

inflecti on“ﬁbqlf??%oxi s determned. It is well known that thié(\églglg&r?{lk&gf
maxi mum sl ope on a curve can be determ ned by using a conventional 3-
consecuti ve-point derivative algorithmin which three equally spaced
consecutive data points along the curve are sanpled and used to cal cul ate
the slope of the curve at the second (mddhbg) data point. In accordance

with 20 the present invention, three point§ are still used to determne the

derivative of the contrast curye,.but.the s ation,of .the first .an
third sanpl e derivat P3 IS "b%]"r?f’s%f is.'gé‘?,'tcfﬂ%'sm °§?’%°FF§'SH%§ ?Varpﬁyg"ﬁfg e
interval) is |igkadinitRe hfiddt of high ndise lehelsi MhiEimfirOlemeéntin SN atiomage
frame nunber. Specifically, the width of the derivative base interval at
any sel ected poiestitsfremy'sameling avenadarggr interval and, thugedetesisdhelagest to t he

square-root of éi@ﬁpl'%ﬁﬁhﬂ%@héf fA3R tﬁ@'ﬂmfe(néi%m%%f&ﬁ%ﬂ CBtalhedd WiliP O3

-20 In this mann I 'gnal -to-nol se racterirstics are maxi m zed
even in the 8 dfinedokidth 34poimbidifferéntiatibs. Sifidesa mapinuua SN tratiistdbtaiBedl rati o
results from"sappl i.ng" over a.larger. interv n us.. detects the

| argest si gnal W%hﬁsﬂ?‘ﬁ@f’"}tﬁgﬂg@h@(ﬁ ?qlﬁﬂ%ﬁej"'“ g%gﬁﬁgnt"‘f'gtgl Conal 1y
obt ai ned wi th Smbiinfiiin pbséibleB/NTalid isaivags achievdéd byusify tieeframemuniben S/ N
ratio is obtained when the sanple point separation is equal to the full
Gaussi an wi dt h, propertiopakwidthaprreach, ptthe/aiesentinyention) ways achi eved by using
t he frame-nunber proportional -w dth approach. of the present invention.
Next, at step 28, alNeltostdtep28kal lobaligeaks @i theaddrivativiéuive areideditfidd fied 10

and a significance "weighting" factor is used to assess the proper peak to
use 10 and a significance "weighting" factor is used to assess the proper peak to use
as the t,, inflection point. During this step, a list of all péak location times
(i.e., frame nhmbers) and amplitudes is maintained in cbmputer_mémory. By
applying a predeterm'ihed appropriate weighting function 'to the peak list, itis
_ possible to adjust the significance of each peak so that, for example, peak-
15 producing noise effects arising early in the data acquisition time are
effectively discounted. -Sincé empirical evidence indicates that peaks
occurring later in time tend to be more significant, a temporal weighting
function is implemented in the present example embodiment by simply
multiplying the amplitude of a peak by the time at which it occurred. The
20 peaks are then sorted according to decreasing significance (weight) and the
peak having the greatest weighting value (i.e., the most significant) is
selected as indicative of the proper inflection point..

Next, at step 29, the thickness of the object at the location of the
resolution element corresponding to the selected pixel is determined. This is
25 accdmplished by identifying the frame number in which the most significant



as the t,,l inflection point. During this step, a list of all peak |ocation
times (i.e., frarre nunbers) and anplitudes is maintained in conputer
nmemory. By, @ byl Ng a predeterm ned appropriate wei ghti nerfusieidos to the
peak list, 1t I's possible to adjust the significance of each peak so that,
f.or exarrpl e, .peak 15 producing noise effects arising early in the data
acquisition time are effectively. discounted. Since enpirical evidence

i ndi cates that peaks occufring later in tinme tend<to be nore significant,

a tenporal weighting function is inplemeped in the present exanple

enbodi nent by sinply multiplying the anplitude of a peak by the tine at

ﬁgﬁPfiEaﬁﬁé“E&éﬁgﬁ%zﬁ% Y8 s R vy SECORERREIbA AR I V2 L
(i.e., the nosfimel Bihte a@dﬂlléltld)@of Winﬁgeﬁﬁbrﬁés beéhrﬁata\rﬁe@bréd%@erﬁﬁﬁétﬂ
|nflect|on poi nt. Next, at step t he thi ckness of the object at the

| ocation of théate-r%ﬂ'ém?tmﬁ'ﬁ @@Mﬂe%‘éﬁt? {9,8 renl Rlarsgditime. sAceardiaglypi er i's

ahi ch the ot U, fame e S e Mg e Bairoihe el HMESINER L,

occurs, i.eb, intheiderivative curve provides an aciudl guantitativertigne Vaiue\fra'lt;.*e to real
time. Sinceac lSI ion,of .1 R i.m a 0 s, at a fi deermned
rate, a frarre t&' c‘ém %@'éqd%ggg‘ H} %%S%%‘F(igfﬁ?)%‘}gdpfqv BE gI Y,
the franme nurrbeéluefLtdadtuﬁgltmaetutarmmnbes bmelw;édﬂetméﬂbcéﬂdmrbffthéant peak
5 in the derivative curve provides an actual uantltatlve time value for

Usi ng this val [RSofution, elemﬁ"E‘EfH’es(PPF'd'&ﬂdolt_’EﬁJa“? %&le, provides a
thi ckness value, L, denoting the actual thi ckness of the object at the
| ocation of the rergltiat SfepI0s R hickness TAOBILNS sidved nﬁnanﬁryaﬁaluaédel

Next, at step 30, the thickness value, L, is stored in menory and used
10 to build a color-mapped or gray-scale image of the region of intefest on the

object surface for display or print—each color or gray shade corresponding to
a particular thickness. The next pixel is then selected, as indicated at 23,
and the above steps are reiterated for each pixel comprising the IR image..

In addition to the steps OUtlinéd above, the input and selection of
15  various parameter values such as diffusivity constant, data analysis starting
point and range, temporal smoothing window size range, and color mapping
range are automated for accuracy and consistency through appropriate
conventional programming of the system control computer.

By conducting the transient thermography analysis using the above
20 described steps for thermal data acquisition and analysis in conjunction with
the above described apparatus in accordance with the present invention, wall
thickness values can be accurately obtained even between closely spaced
back wall or internal structures that may form a part of, or be connected to,
the tested object—e.g., the rib-like structures often found in turbine air foils
25 (as depicted in FIGURE 1)—whereas using traditional thermal <r ultrasonic



10 to build a col or-mapped or gray-scale inmage of the region of interest on
the object surface for display or print-each color or gray shade
correspondin a particular thickness. The next pixel | ect ed,
as |nd|cat@ﬁﬂaf 07593 and t he above steps are reiterated fgéngacﬁ'%?xel
conprising the IRimge.: In addition to the steps outlined above, the

i nput and sel ection of 15 various paraneter values such as diffusivity
constant, data analysis starting point and range, tenporal snoothing

wi ndow si ze range, and col or mapping ranggpare automated for accuracy and
consi stency through appropriate conventronal programmi ng of the system

control conputer i ng
t he above 20 d@gﬁﬁ‘% g I}?p&sﬁfén%?%%ﬁk-ﬁ%ﬂg&@% W?i?lgryvog'ﬁgh‘g ﬁﬁﬂﬁ is in
conj unction vvi_thurrébana@eyandjasmﬂéd&thmppar atus in accordance with the

present invention, wall thickness values can be accurately obtained even

bet ween cl osely spac r ter truct r,es that ma forma
part of, or be conné %éﬁw3 atchg_gr?g'g? E’F@&S rg\sbe %ﬂﬁ{g' Pﬁ?“rylfﬁip
structures of t endgaafainulitieRidbiédtibidokiis depiatedasOtjest m&adn ﬂepﬁthUﬁiE
1) -whereas using traditional thermal. cr ultrasonic W 01/

PCT/ US00/ 16053 FIGURES: hasesix §me@e§ww°fﬂ5§¢rﬁnbﬁ@&"m kT’\mh'Ckg'FF% Bfures
woul d nor mal | yﬂéf&?éfgcpéglxtgc%ﬁ§g ih ﬁdre?{t%rbﬁér&%xa lTi\tﬁéGJRE 3.

a diagram of a ransi ent t di spl ay
mul ti-tiered obgatérateldaniage:{shtum berecas dlﬁprent cnolsadalatcmng@éwh&hed in 5

FI GURE 3 has six squar ons of. re T,

each of the six® QE%PP ﬁ§ %8?'859" %\56{? Qa(:%rfsgﬁgtﬂ%gﬁ?%sr&&ré %:"gg&fgﬁe

the generated th@a%\t 6ﬁth@vrﬁ1aber ¢n fifis dkdrhplecthie aracalelindiodesiipdiciardi ch
corresponds to i color or shade in _a bar-scale thickness key displayed
at 10 thickness ranging from 0.013 to.O. 056 inches, but a displayed bar-scale

having a different range may also be used.

While the invention has been described in connection with what is
presently considered to be the més_t practical and preferred embodiment, it is
to be understood that the invention is nbt to be limited to the disclosed

15 embodiment, but on the contrary, is intended to cover various modiﬂr:ations
| and equivalent arrangements included wifhi_n the spirit and scope of the

appended claims.



the right of the image. In this. exanple, the bar-scale includes indicia of
10 thickness ranging fromO0.013 to 0.056 inches, but a displayed bar-scale
havi ng a dM)fo%ﬁﬂi range may al so be used. Wil e the i nvepdi/osp0iéms been
described 1'n connection with what is presently considered to be the nost
practical and preferred enbodinent, it is to be understood t hat the

I nvention is not to be limted to the di scl osed nent. but_ on
contrary, is intended to cover various nodificat | ons tumﬁﬂu@mu “!l'l!llns
arrangenents included W thin the spirit an3scope of t
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-23 MS WHAT | WHARISEDAIMEDUS: I n an infrared (I R) transient therm)graphy
system wherein a .sequence of inage frames is acquired froman IR
sensitive canera, each sequentially acquired inage frame conprising an

ol apsed t1me, & mothbd onreranpS R AR RS e e RSN 1 i 1
synthetical |y gsequeticedf :mag@&antesrieat:qmdrfﬁdmmnaesemsitwe cameva,ashcho
determ ne pi xel contra t ver.ses, r¥e data. 2.. The net hqd, of Clﬁhglviés .

wherein the synBeguentiafly 9"%}&'@9’5‘?@8 rame SPRASING apatay of pixels2
cal cul ated accopgiigfed 4 fiaftfe hdthbeNMthafcordpBHlisto diapbdd fimé] & rikthod BF) 9

5 analyzing thermal imaging data-frames wherein a synthetically generated
temperature-time reference curve is used to determine pixel contrast verses
time data.

2. The method of claim 1 wherein the synthetically generated
temperature-time reference curve is calculated according to the following
formula:

T, = Al - ()]

5 where A is a parameter selected to match actual temperature on an
object surface at a location corresponding to a selected analysis pixel in an
acquired IR image, t is a duration of heating the object before acquiring
image frames and t is time.

3. In an infrared (IR) transient thermography System wherein a
sequence of image frames is acquired from an IR sensitive focal-plane array
camera, each sequentially acquired image frame comprising an array of
pixels and having assigned a frame number that corresponds to elapsed

5 time, a method for determining contrast verses time data for a pixel,
comprising the steps of:



5 where Ais a paraneter selected to match actual tenperature on an object
surface at a location corresponding to a selected anal ysis pixel in an

acquired IR | T is a duration of heating the object uiring
i mage fr antP %&? gﬁ/ﬂ%ﬁm@&g

istinme. 3. In an infrared (IR) transi er mogr aphy

system wherein a sequence of inmage franmes is acquired froman IR sensitive:

focal -pl ane array canera, each sequentially acquired inmage franme
conprising an array of pixels and having assigned a frane nunber that
corresponds to elapsed 5 time, a nmethod forpgeterm ning contrast verses

time data for a pixel, conprising the steps of, WO 01/07902 PCT/ US00/ 16053 ’

-24 (a) acquiring pixel .1 Nt ensi . ' r i to a
sel ected anal ysis pi I@I a#@w{l& Fﬁ@|I$é@§ﬁ%ﬁ#%%g?‘taﬁ‘gﬁeﬁséﬁﬁaglt{']gy of
image frames; afecldd amalysis pixebintaniR image ofaintobject flom aprislity vf ikwge a
synthetic tenperature- tine reference standard, T,(t), conputed according
to the foll ow ndram@s @ Fatical rel ationship: T,(t) = Alt n - (t-r),n] where
Ais a parameter selected to match actual tenmperature on an 15 object

surface at ggl ocati 0%W@%ﬂ@ﬂbmﬁ@ﬁﬁeEiﬁieﬁeit)edaﬁraaémhéticuémbrétﬂrean
acquired IR im T is a-duration of heatin the'Obigetﬁt bef gre acquiring

£, g
pi xel IR int engm%/fﬂf%ﬁe%@ standardy Ju @, serapptedaccprding tp thefllowing | ansi ent

t her nogr aphy ne effaticdidb@ionsniprer ei n pi xel IR intensity verses tine
data is based at Teast upon a sequence of IR inmages and associated frane

nunbers.
To(f) = Alf*? - (£1)"7]

where A is a parameter selected to match actual temperature on an
15 object surface at a location corresponding to a selected analysis pixel in an
acquired IR image, tis a duration of heating the object before acquiring pixel

IR intensity verses time data and t is time.

4. The IR transient thermography method of claim 3 wherein pixel
IR intensity verses time data is based at least upon a sequence of IR images

~ and associated frame numbers.

5. The IR transient fhermeraphy metho__d of claim 3 further
including the step of measuring a surface temperature on the object surface

' ~corresponding to said selected analysis pixel.

_ 6. The IR transient _thermogréphy method of claim 3 wherein the
object is rapidly heated using a flash lamp device.

N I



5. The IR transient thernography nethod of claim3 further including the
step of nmeasuring a surface tenperature on the object surface

correspon sai d sel ect ed i xel . 6. The | Rgddrafsab
t her nogr agﬁg‘g‘@?ﬂ%od of claim3 ﬁﬁ“‘m ”II tmmt i s rapidly hlgda%tged usi ng
a flash lanp device. [1T1ITTTTTIT *CLM SIIHIP | WO
01107902 I V1" 1. 11LEEL VLT VI 111 PcTl Us00l 16053 © * CL M S *
-25- 7. A nmethod for determning a th| ckness of an-object having a surface
whi ch can be visualized as an array of pix2bs, conprising the steps O.
(a) rapi dly heating the surface of an object; 5 (b) recording pixel

intensity in a sequégnce Nméﬂourfag@aenﬂmigam«neshaf/anebmtaéﬁn aed
sequential frane nunber related to time elapsed since heatin e obj ect

surface in stepurtase whigh can ke visHalized Asan atray, of Bixelsgearmpriziag %% eP‘éast
upon pi xel intgﬂsMy and a tenperature-tine reference standard, T5(t),
conputed according to the 10 followi ng nmathematical relationship: T,(t) =
Altvz _ (t =)" where Ais a paraneter selected to match act ual
tenperature.on an d8) @pidly heatingthgsugfare ehen ehieskr r espondi ng to a sel ected
analysis pixel in an acquired IRinmage, r is .a duration of heating the

obj ect Dbefome acqui pNgecbriing'BREI ihfehSRy irﬁé‘ge&uérﬁetdfriﬁ?imﬁags. each image

having an assigned sequential frame number related to time elapsed since

heating the object surface in step (a);

_ (c) determining pixel contrast data based at ieast upon pixel intensity
“and a temperature-time reference standard, T,(f), computed according to the
10 following mathematical relationship:

T(D) = Alf"? - (t-1)'7]

where A is a parameter selected to match actual temperature on an
object surface at a location corresponding to a selected analysis pixel in an
acquired IR image, < is a duration of heating the object before acquiring
16 image frames and ¢ is time; and

(d) detel;mining thickness of the object based at least upon pixel
contrast as determined in step (c) and an image frame number assigned in
step (b).

8. The method of claim 7 further including the step of measuring a
temperature on the object surface corresponding to said selected analysis
pixel.



(d) determ ning thickness of the object based at | east upon pixel contrast
as determned in step (c) and an i mage franme nunber assigned in step (b).
8. The method of claim7 further including the step of nmeasuring a

t enper at ur V@M obj ect surface corresponding to said s@F’E@F@%‘%aI ysi s

pi xel . WO 01/07902 PCT/ USOQ 16053 -26 9. The nethod of claim7 wherein the:
object is heated using a flash |lanp device. 10. An infrared (I R) transient
t her rography nethod for determining a thickness of an object, conprising
the steps of: a) using an IR sensitive foc%-pl ane array canera to acquire
pi xel intensity data froma sequence of | Q'mage frames of the object,

each image 5 frane conprising a plurality of pixels and having an assi gned

urface; b cal culat ng arbS sl of S BB e dhieet S PamBRsnOr 1)
froma mathemaphgrlamkpaenBe. ref erence nodel representative of
f

one-di mensional heat flowinto a sem-infinite medium 10 c) determ ning
pi xel contrast data by subtracting said tenperature verses tine data

standard from acquir pi xel i nt ' data.to devel o t epper.at ure-tinme
contrast data for at ?Geas{\'.'M@fﬁ‘??@%ﬁﬁ'&"ﬁ‘ﬁeﬁa‘?ﬁﬂhﬁF‘ﬁ&‘%@ﬁ_&? FRIRhess
at a resol uti ongghRREEds & arl edPEafiprisig tHerstepsief:ng. t o the pixel using

said contrast data, said determ nation based 15 on a heat-flow invariant

rel ati onshi p- between an i nf lﬁﬁ tion, _géi nt -i@ the contrast data and a
heat - f 1 ow char act er i 31 ¥¢ing PRdR fepattive facalip@Re @@y /amera to acquire pixel

intensity data from a sequence of IR image frames of the object, each image
5 frame comprising a plurality of pixels and having an assigned sequential
frame number rela_tgd to time elapsed since heating the object surface;

b) calculating a temperatufé verses time data étandard, Te(t), from a
mathematical thermal reference model representative of one-dimensional-

heat flow into a semi-infinite medium;

10 c) determining pixel contrast data by subtracting said temperature
" verses time data standard from acquired pixel intensity data to develop
temperature-time contrast data for at least one pixel; and

d) determining actual thickness at a resolution element of the object
corresponding to the pixel using said contrast data, said determination based
‘15  on a heat-flow invariant relationship between an inflection point in the
contrast data and a heat-flow characteristic time dependent upon thermal -
diffusivity of the object.

11.  The method of claim 10 wherein the temperature verses time
data standard, T,(f), is calculated according to the following formula:

A IO
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diffusivity of the object. 11. The nmethod of claim 10 wherein the
tenperature verses tinme data standard, TS(t), is calculated according to

the fol | oy mula: 1101 111111 11T 301 11 1iii L NeSidobdosi\O
00 oroon e o LS T(1) = A(t12 - (K)"21 where A 18 a paraneter

selected to match actual tenperature on an 5 - object surface at a

| ocation corresponding to a selected analysis pixel in an acquired IR
imge, ,c is a duration of -heating thé object before acquiring image
frames and t is time. 12. The nmethod of cl@7m 10 wherein the object is
rapidly heated wusing a flash lanp device. i [I1~II~ 1II"Il ~~I1111111 1l

'~ * CLMS | TAD = A[f - (-1)*?)]

where A is a parameter selected to match actual temperature on an
5 .object surface at a Iocatioh corresponding to a selected analysis pixel in an
acquired IR image, t is a duration of heating the object before acquiring
image frames and t is time.

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

I



