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- ABSTRACT

We have developed dual-band infrared (DBgR) thermography that is being applied m quantitative
• nondestructive evaluation (NDE) of aging aircraft.The DBgR technique resolves 0.2 degrees C surface

temperautredifferences for inspecting i_ flaws in heatedaircraftstructures, lt locates cracks, corrosion
sites, disbondsor delaminations in metallic laps andcomposite patches. By removing clutter from surface
roughness effects, we clarify interwetation of subsurface flaws. To accomplish this, we ratio images
recordedat two infraredbands, centered near 5 microns and 10 microns. These image ratios are used to
decouple tem_ patternsassociated with interior flaw sites from spatially varying surface emissivity
noise.We alsodiscusstluez-dime_sional(3D)dynamicthermalimagingofstructuralflawsusingdual-band
infrared (DBgR) computed tomography. Conventional thermographyprovides single-band infraredimages
which are difficult to interpret. Standardprocedures yield imprecise (or qualitative) information about
subsurface flaw sites which are typically masked by surface clutter. We use a DBIR imaging technique
pioneered at LLNL to capture the time history of surface temperature difference patterns for flash-heated
targets. We relate these patterns to the location, size, shape and depth of subsurface flaws. We have
demonstratedteml_cratureaccuracies of 0.2 °C, timing synchronization of 3 ms (afteron.¢_of heatflash)
and intervals of 42 ms, between images, duringan8s cooling(andheating)intervalcharacterizingthefront
(and back) surface temperature-time history of an epoxy-glue disbond site in a flash-heated aluminum lap
joint.

f

' INTRODUCTION

Previous LLNL applications of the precise aifoorne temperature survey for imaging mid detection of
undergroundand obscuredobject sites have depicted heat flow anemali_ which produced distinl_uishable
surfacetemperaturediff_ fmm:

(a) geothermalaquifev_under 6 to 60 metersof dry soil
(b) cemew,ty walls, trenchesand building foundationsunder80 cm of asphaltand debris,
(c) buriedmines, rocks and objects under I to 20 cm of disturbedsand, soil, or sod
(d) sea ice thicknesses varying from 5 to 50 cre.

Currentapplications of DBIR imaging sponsored by the FAA Technical Center are to develop DBIR
imaging fornondestructive_ (NDI) of heated aircraftparts tested in a laboratoryenvironment. We
have imaged _ following sites of:

(a) subsurface_ in F-11! wing panels from McCloUm AFB
(b) dSUrunmiousin mmposiupatchesdeoped byNoropCorporation,
(c)disbmdsinaluminum,.,lapjointsmadeby Boeing

We are Wemmtly evaluating a new sensitive gR imaging work station that is being configured _ a
DBIR unit. With this equipment measuring temperaturedifferences smaller than 0.I degree C should bc
possible.

Applying thermal modeling codes helps us understand heat flow in different types of aircraft p_rt._
Powerful codes developed at LLNL can reduce experimental time and cost. We are also developing thrcc.
dimensionaldynamicthermalimaging to measureflaw depth based on thermalpatternsandtiming.

• Work performedunderauspices of the U.S. _t of Ene,-gyby the Lawrence Livextmm_Nauonal
Laboratory under contractNo. W-7405-ENG-48 ....
Approved for public release; distributionunlimited



DBIR CONCEPT AND UNDERLYING PRINCIPLE

The LLNL state-of-the art DBlR technique remotely images hidden structur_ defects by mapping
precise surface temperature-difference patterns in steps of 0.2 Celsius. In addition, it provides surface
emissivity-ratio maps to reduce false detections by locating and removing clutter. Our DBIR system
typically images infraredwavelength intervalsof about one micron (peaked at4.7 microns) and two microns
(peakedat 10.6 microns).

The DBIR thermal imaging technique uses simultaneous recordingof two passive IR bands and unique
correction algorithms to decouple temperature from surface emissivity noise. A mathematical
approximation derived from Planck's Radiation Law shows that short I long wave band image ratios map
surface temperaturepatterns depicting subsurface object sites. The (long)2 1short wave band image ratios
map surface emissivity patterns from clutter. This method exploits the dependence of radiant emittance
signals on surface temlw,rature to the power 50 / (wavelength in microns) at tem_ near 288 Kelvin.

Defects in _ partsheat andcool at diffe_nt ratesthan the defect-free partswhiob surroundthem. A
similar principle of heat transfer throughmaterials with differ, ht thermal pmw_es allowed us to detect
buried land mines covered by I to 15cm of soil.

POWER LAW MODEL

A power law model [1-4] explains how infrared signals vary as a function of the surfaceemissivity and
the surface'sabs_ute temperatm_

I),, _ _.T_ , (1)

where I_.is the intensi;y at a given wavelength, e_. is emissivity at that wavelength, T is in temperature in

Kelvin and Xis the wavelength in micrometet_

We can obtain temperature alone by computing the ratio

R= I__ = e_T50/5 eq_T5 , (2)
110 e10TS0/t0-el0

Fora greybody,e5= eI0,R ~ TS.

We can obtain the emissivity ratio by computing

= (e!-t02(T5)2 - _ (3)
15 e5TI0 e5

This ratio is sensitive mostly to surface objectswhich have very different emissivities at 5 and 10

micrometegs (most metal surfaces).

We thencompute the normalized ratios to obtain temperatureand emissivity-ratio (E-ratio) maps:

T = In S/Say (L/La v)2
and E-ratio = In S/Say (4)

where S is the short-wavelength intensity (e.g., 15)' Say is the average value of the pixels in S, L is the

long wavelength intensity (e.g., I10) and L_v is the average value of the pixels in L.



Several othercorrectionsarealso applied to theDBIR scannersignals (e.g., forabsorptionand
reemission in theair pathbetweenthescannerand the surface,and forreflected infraredOR)radiation.
[2,3,4]

INFRARED COMPUTED TOMOGRAPHY

We expect infraredcomputedl_mographyto be achievablewithresources developedat LLNL forother
applications. By synchronizingthe heat sotr..e (such as a series of flash lamps) with the Agema 880 DBIR
cameraand digital image pngessing system we recordedandwcgessed images takenat intervalsof 42 ms.

: Surfacethermalpatternshave spatialand timevariations thatchar_terize the location, size and depth of
subsurfacedefects in thehost material.Calculationsbased on theTOPAZ 3D heattransfermodel and other
modelsdeveloped forx-rayandgamma-raycomputed tomography(CT) will be uaul to reconstruct3D
images of stngttaal defects. We ere addressingthe inhegentproblemsassociated withsingle-band dynamic
thermaltomographyusing the DBIR technique.

To identify small temperaturedifferences from weak heat flow anomalies at the sites of deep structural
defects, one mustfirstremove the orderof magnitudelargerappm_t temperaturedifferences fromsurface
emissivity noise. There areno algorithmsable to do this for a single-band system. The alternative is
elaboratesurfacepreparation(using paint, paper or powder). This raises thesensitivity threshold forweak
heat flow detection.

The DBIR imaging techniqueprovidesa factorof ten bettertemperature-differencesensitivity, accuracy
andprecision. This techniqueoffers improvedimage clarity and interpretabilitywhen we use ratios of 5 and
10 Vm IR images to remove clutm"andenhance thermal contrast.Inaddition, the DBIR method maps
correctedtemperatt_ patients(associated withweak heat flow anonmliesat defect sites) andremoves
spatiallyvaryingsurfaceemissivity noise (associatedwith surface roughness differences, coating
discontinuities or otis, inhomog_ effects).

THERMAL MODELING OF HEATED AIRCRAFT PARTS

Thermal modeling (i.e. computersimulation) is a cost-effective way to investigate the sensitivity of an
experimental measurement to system variables which affect the measurement (e.g. surface condiq_ons,
material properties, crack size). Additionally, thermal modeling gives insight into the accuracy ranges
requiredfor sensors, location of the sensors on the work piece, and inspection strategies. We use TOPAZ
as the thermalmodeling computer code. TOPAZ can solve problems of surface diffuse and specular band
radiationcoupled with conduction in the body. Additionally, TOPAZ can model conduction and radiation
heat transferacross internalgaps. Materialpropertiesmay be temperatme dependent andeither isotropic or
orthotropic. A variety of time or tem_ dependent boundary conditions can be specified including
temperature,flux convection and radtstion.

USE OF TOPAZ3D MODEL

Thermal analysis of the lap joint test specimen was performed using TOPAZ3D [5]. TOPAZ3D is a
three-dimensiotml implicit finite element computer code for transientor steady state heat transfer analysts.
A variety of time or temperatme dependent boundary conditions may be specified, including temperature,
flux, convection, and radiation. Material propertiesmay be tem!peraturedependent and either isotropic or
onhotmpic. TOPAZ3D has been extensively used at LLNL for more thana decade.

The flash-lamp heat pulse is approximated as a constant heat flux applied uniformly over the front
surface of the test specimen. The time for heating is 4.2 ms which corresponds to the duration of the flasi_-
lamp pulse in the experiment, however we realize that the _¢tual flash pulse is neither constant _',or
uniform. In determining the magnitude of the applied flux we I_d to estimate the absorptance of the _c_t
specimen and the fraction of emitted flash-lamp light which l_aches the test specimen. Radiation and
convection heat losses to the environment are included in _, calculation. We have confidence in the
accuracy of the temperaturefield cakulatcd by TOPAZ3D. The TOPAZ3D result for the peak front surface
temperaturecomparedwell with the temperaturecalculated from a I-D closed-form solution. [6] In addiUo_.
the finite element meshwas refuted to show that convergence had been reached.The poneuation depotof t_c



flash-lamp heating pulse into the aluminumplate (during heating) was determined to be 60 mils (0.06
inches) at theend of the pulse. [5 ]

TOPAZ3D results are shown later in the text for comparison with measurement. We simulate an
experiment where two flash lumps were used to illuminate the test specimen, whose surfaces had been
coated with black paint to enhance absorptivity. The trend of the simulation result parallels the trend of
the experimentaldataquite weil.

DBIR TECHNIQUE TO FIND HIDDEN FLAWS IN AIRCRAFT PARTS

laboratory tests of the DBIR imaging technique were conducted for flaw detection of aircraftparts
as partof the FAA Tech Center Aging AircraftProgram. We describe our results fora composite patchand
aluminum lap joinL Currently, We use the digitized SWB and LWB infrared images recorded with the
Agema 880 DBIR camerasystem and BurstRecordingUnit (BRU) as input to a Silicon Graphics Inc. (SGI)
Workstation.This procedureprovides appmmt temlPaamreimages _ at wavelengths centered near 10
Izm(LWB) and 5 IJm(SW'B),for compmbon with temperaturemap images derived from Equation (2) and
emissivity-ratio map images derived fromEquation(3).

LAI}ORATORY DEMONSTRATION

Composite patches made of advanced materials (e.g., thermoplastics obtained from Northrop
Corporation) are expected to play an importantrole for aircraft repair. We are investigating a variety of
heat sorer.es and inspection methods. This allows us ,.o correlate the results we obtain with the DBIR
technique with thoseobtained with other methods.

Patch. The DBIR technique provides high thermal sensitivity for aircraft structural inspection by
decoupling spatially dependent emissivity noise from true thermal images. This greatly improves the
signal to noise ratio, thereby clarifying interpretation of hidden defect sites which produce time-varying
surface thermal"footprints".Thecomposite patch was inspected with ultrasonic testing (UT) methods both
at Northrop and at lawrence Livermore Laboratories. The center of the patchappears less flawed than the
outer two rings at the top of Figure la & b. This is confirmed by the thermal image in Figure 2 and the
temperaturehistogram in Figure 3. The temperature histogram of a region near the patch shows a central
zone (with the hottest surface temperatures) and a smaller substrate zone (with the coldest surface
temperatmes) which sandwich uneven temperature distributions associated with the outer two rings of the
oven-heat_ patch.

The similar palch results obtained using LITand DBIR methods give a synergistic advantage, often
associated with sensor fusion, clarifying interpretationof hidden defects in complex composite materials.
Additional synergy is provided by comparing the temperature image in Figure 2 (for a flash-heated patch,
corrected to remove uneven heat source) with the temperature images in Figure 3 a,b,c (for oven-heated
patch). The composite patchhad near-uniformemissivity ratios (shown in Figure 3d.).

-Lg,lkjai_ In Figure 4a, we see a diagramof the lap joint. There is a rectangular(0.1 mm thick) a_r
layer relxesmting the disb_.,adsite. Figme 4b shows a 10 tun IR image of the disbond site the surface of
which is 0.4Of 0.5 °C wann_ (where it was flash healed) than the epoxy-glue sites which surroundit. In
Figure 4c is the ul_ image which shows a better bond quality in the epoxy region, indicated by lower
signal values (higher values to the right side of the grey scale) compared to the higher signal values in the
epoxy free region.. Figure4(! shows reverse geometry x rays at 100 keV which transmit differently through
two overlapping (0._,mm thick) AI sheets which sandwich the 0.1 mm air gap than the equally thick
epoxy-glue layer.

In Figure 5, we see front-surface(top images) and back-surface (bottom images) of apparent
temwa'atmesatI0tun(a-d)and5 l_n(e-h)recordedat0.5,2,4 and8 secondsafterflash-heatingthefront
surface. The frontand back images were recorded simultaneously with the 10 tun IRscanner in the front
(flash lamp side) and the 5 IJanIR scanner in the back. The maximum thermalcontrast between air and
epoxy-glue layers occurredat approximately2 seconds. The front surface disbond site stayed warmer longcr
(and the beck surface remained cooler longer) thanambient bonded sites because airis a good insulator lt
provides a heat sink, which retains heat from the flash-heated front surface and delays heat from reaching _c
back surface.



In Figure6, we note subtle differences betweenthelapjoint appmenttemperatme-diffexenceimages
recordedat 10Ixm(8), 5 tun (b), andwith DBIR imageratioswhich producea temperaturemap enhancing
thermalconlmst (c). The emissivity-ratio nmp(d) is nearlyconstant, unlike the temperaturemaps (a), Co),
and (c) foran AI targetpaintedblack to maximize heatabsoqxivity. Both the 10_m and the 5gat images
were takenfrom thefront (flash lamp side). We obtainedabout threetimes the thermalcontrast(between air
andepoxy-glue sites) using blackpaintratherthanwhite powder. Most aircraftpartsareexpected to have
surfaceswhich are paintedor coatedwith sealants to impedecorrosion.

Comnarison of measuremfnts with calculations. Surface temperature differences which
• separateair disbondsites f_3mepoxy-glue bondedsites peakabout 2 seconds after flash-heatingthe lapjoint

on the front side according to ourresults (see Figure7a). A fifth orderpolynomial fit was made to the
averageddataforairdisbond and glue bondsites scannedat the frontwith the LWB detectorandat the back
with the SWB OJect_ FigureTo). The two detectorswere synchronizedwith the flash unitand recorded
nearly simultaneously (within 10 ms). The fifth orderpolynomial fits to data not shown (Figure To) and
provideda good fit to tem_ differencedata (Figure7a) andthe timederivative of temperaturedata
(Figure 7c).

Calculations of early respcmsedataareshown in Figure8 togetherwith the front surfaceand back
surface atrminus glue site tem_ differences.There appearsto be agreementbetweencalculationand
measurement, butftrd_ refinement is needed to improve the inputparametm_for the TOPAZ3D model.

SUMMARY AND CONCLUSIONS

We demonstratedthecapability of theDBIR technique to precisely locate weak heat flow anomalies
from a lap joint disbond site with a layer of air(0.1 mm thick)bounded above and below by bonded epoxy
glue sites and samf__ between two (0.9 mm thick) aluminum sheets. Also, we convened scaled DBIR
image ratio data to lem_ maps which enhance thermalcontrastandemissivity-ratio maps which reject
sites with surfaceroughness variations,coatingdiffexeaw,es andotherheta_eneous effects.

The dual-handtechniquehas the following advantagesover a single band techniques:

• provides five to tentimes betterlemperatmedifferenceaccuracyand precision,
• uses image ratios to remove cluuer and enhance thermalcontrast,
• decoeples tempamme from spatiallyvaryingsurfaceemissivity noise, and
• locales weak heat flow anomalies fromsubsurface flaw sites.

We used fast-capaued surfacetemperatureimages to study the temperatureversus time history of
subsurfacedefect sites from a lap joinL We combined threemultisensof techniques to characterizethe lap
joint and patch_ sites, namely: infrared,ultrasoundand x rays. These techniques provided information
about heat trm_er anomalies, the bond qualityand materialdifferences at the disbond site.

We plan to use TOPAZ3D calculations to model the dynamic relationships between the flaw site
surface _q_ntta¢ venm time and the substaface flaw size, shape and depth. We wiUadaptthe appropriate
DBIR Isecedmes basedoft oure_ which havestr,ce_fufly devek3pedx-ray andgamma-ray
computed _y. These procedures will be tested to detexmine the threedimensional heat transfer
properties which leadto ckculat thermalimages on back surface scansof lap joint disbond sites compared to

• rectangularthemutl imases on front surface scans taken at the same time.



(a) (b) (c)

Figure 1. (8) Photo of aircraft composite patch; (b) ultrasonic testing (UT) B-soen; (©) UT C-scan.

.. Figure2. CompoeHepatc_edge entum_ment(

10pmthemudImugewitharrowpointingto
subsurfsce clelmdnaffon zone 8t 46 seconds after
front beet 8pplled by flash lamp.

c;i) _..5 - $.3 pm lR (bi 9.6 - 1 i.6 pm lR _c) "rcmlx'retur_Map (d} Emi._xivity-R.tio Map

hi,;tuqtdl el tedmlmtdtU4e hl*dtUqldm _1 mm 6,_:. *v _t V •

" I _"

c,..._,,w,r,, 3. DBIR apparent temperature patterns at . , . , . ___-_"
two wavelengths for oven-heated patch with ,,.,_,,,,.,,i,, " ,,._,,,, ,,,:,

delamlnaUon sites In (8) rand(b). The two outer patch dng$ have uneven heat flow patterns in
temperature map (c) end histogram below. Histogram tic mark spacings (left to dght) are O.0S,0.02,
0.05, and 0.05 respectively.
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