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Dynamic thermal tomography for nondestructive inspection of aging aircraft

N. K. Del Grande, K.W. Dolan, P. F. Durbin, M. R. Gorvad and A. B. Shapiro

, Lawrence Livermore National Laboratory
P. O. Box 808, Livermore CA 94550

' ABSTRACT

We applydual-bandinfrared(DBIR) imagingas a dynamicthermaltomographytool forwide area inspectionof a Boeing 737
aircraft (ownedby the FAA/AANC at the Sandiahangar in Albuquerque,NM) and several Boeing KC-135 aircraft panels (used
for the round robin experiment conducted at Tinker AFB, OK). Our analyses are discussed in this report. After flash-heating
the aircraft skin, we record synchronized DBIR images every 40 ms, from onset to 8 seconds after the heat flash. We analyze
selective DBIR image ratios which enhance surface temperature contrast and remove surface-emissivity clutter (from din,
dents, tape, markings, ink, sealants, uneven paint, paint stripper, exposed metal and roughness variations). The Boeing 737
and KC-135 aircraft fuselage panels have varying percent thickness losses from corrosion. We established the correlation of
percent thickness loss with surface temperature rise (above ambient) for a partially corroded F-18 wing box structure (with a
2.9 mm uncorroded thickness) and several aluminum plates (with 1.0, 1.1,2.3 and 3.9 mm thicknesses) which had 6 to 60 %
thickness losses at milled flat-bottom hole sites. Based on this correlation, lap splice temperatures rise 1 °C per 24 +_5 %
material loss at 0.4 s after the heat flash. We tabulate and map corrosion-related percent thickness loss effects (related to the
corresponding surface temperature rise at 0.4 safter the heat flash) for the riveted (and bonded) Boeing 737, and the riveted (but
unbonded) Boeing KC-135. We map the fuselage composite thermal inertia, (kpc) it2, based on the (inverse) slope of the
surface temperature versus inverse square root of time. Composite thermal inertia maps characterize shallow skin defects
within the lap splice at early times (<0.3 s) and deeper skin defects within the lap splice at late times (>0.4 s). Late time
composite thermal inertia maps depict where corrosion-related thickness losses occur (e.g., on the inside of the Boeing 737
lap splice, beneath the galley and the latrine). Lap splice sites on a typical Boeing KC-135 panel with low composite thermal
inertia values had high skin-thickness losses from corrosion.

i 1.0 INTRODUCTION

Dual-band infrared (DBIR) imaging was pioneered by LLNL as a precise temperaturesurvey technique to depict small
temperaturedifferencesresulting fromheatflow anomalies. Previoussuccessful applicationsof DBIR imaging(from aircraft,
helicopter,towerand raisedplatforms)detectedundergroundandobscuredobject sites with0.2 °C or moresurfacetemperature
differencesfrom:

• geothermal aquifers under 6 to 60 meters of dry soil 1,2
• cemetery walls, trenches and a building foundation undcr 80 cm of asphalt and debris 3
• buried mines, rocks and objects under 1 to 20 cm of disturbed sand, soil, or sod 3-8
• sea ice thicknesses varying from 5 to 50 cm. 9,10

This paper discusses the analysis of DBIR images to identify hidden defects within flash-heated test specimens and aircraft
structures. We are developing a wide-area, non-contact, non-destructive inspection (NDI) tool to depict hidden defects within:

• adhesively-bonded aluminum lap joints with disbond (no-adhesive) sites replicating the skin of a Boeing 737 aircraft 9,11,12
• a Boeing 737 aircraft owned by the FAA/AANC NDI Validation Center at the Sandia hangar in Albuquerque, NM
• calibration plates with milled flat-bottom holes replicating material losses for a corroded Boeing KC-135 aircraft lap splice
• a F-18 wing box structure from Northrop Corporation with measured material losses and by-products of corrosion
• several Boeing KC-135aircraft panels dismantled after the round robin NDI experiments conducted at Tinker AFB, OK

• Using judiciously selected DBIR image ratios (from cameras which record the infrared at 3-5 gm and 8-12 I.trn)we enhance
surface temperature contrast and remove the mask of surface emissivity clutter. By removing the clutter mask (from dirt,
dents, tape, markings, ink, sealants, uneven paint, paint stripper, exposed metal and roughness variations) we clarify

• interpretation of surface temperature anomalies associated with hidden defect sites. The basis for this is described in the

following section. _ _;;'__ __'_ _i
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2.0 POWER LAW MODEL

A power law model 13explains how infraredsignals vary as a functionof the surface emissivity and the surface's absolute
temperature:

I_ ~ e_T50/_", (I) ,

where IZ.is the intensity at a given wavelength, e_. is emissivity at that wavelength, T is in temperature in Kelvin and _.is
the wavelength in micrometers. •

We can obtain temperature alone by computing the ratio

15 e5T50/5 e5 T 5 (2)R_-. _ n _ ,

110 e10T50/10-el0

Fora greybody,e5= el0andR-T 5.

We canobtaintheemissivityratiobycomputing

(I_.u_)2= (e_n)2(T5)2_ ef_t0)2 (3)
15 e5TI0 e5

Thisratioissensitivemostlytosurfaceobjectswhichhaveverydifferentemissivitiesat5 and10micrometers(mostmetal

surfaces).We thencomputetheDBIR ratiostoobtainenhancedtemperaturecontrast(T5)andemissivity-ratio(E-ratio)maps:

(T/Tar)5 = (S/Say)/(L/Lay) and E-ratio= (L/Lav)2/(S/Say) (4)

whereS istheshort-wavelengthintensity(e.g.,15),Say istheaveragevalueofthepixelsinS,L isthelongwavelength

intensity(e.g.,II0)andLayistheaveragevalueofthepixelsinL.SeeFigureIfortheBoeing737applicationof(EQ4).

3.0 THERMAL RESPONSE TO HEAT FLASH

Todescribetheresultsofouraircraftmeasurements,werefertotheheatdiffusionequation,whichis:

O7"

pc --_ = kV _T (5)

The solution of (EQ 5) for a semi-infinite solid with an instantaneous surface heat flux is: 14

T(x,t)= q -YA-dt_/4 rckpct exp (6)

where T is temperature, x is the distance from surface, k is thermal conductivity, p is density, c is heat capacity, O_ is
thermal diffusivity, t is time and q is the surface heat flux. For a semi-infinite solid approximation, thesurface temperature
is proportional to the inverse square root of time. This describes our measured results in Figure 2 for an aluminum plate with
flat-bottom holes, Figures 3 and 5, the Boeing 737 aircraft fuselage, and Figures 4 and 6, the Boeing KC-135 aircraft panels
with measured total lap splice thicknesses (including the lap, doubler, stringer and patch) varying from 4.2 to 7.5 mm.
Whereas Figures 2-6 give examples of temperature-time responses in agreement with (EQ 6), the solution of (EQ 6) at several °
depths as a function of time is shown graphically in Figure 7. Our analyses focus on the effects of corrosion within aircraft
lap splice structures backed by a combination of doublers, tear straps, stringers or patches (not visible from the front surface).
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Figure 1. Maps (left to right) of Boeing 737 lap splice structure with hidden defects showing 10 _m and 5 I.tmapparent tem-
peratures (°C), dual-band infrared (DBIR) enhanced temperatures (relative scale) and emissivity differences from clutter.
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Figure 2. Top: relative temperature response 40 ms after heat flash; center and bottom: thermal inertia at early times (0.0 to
0.2 s) and late times (1.6 to 8.0 s) for 63%, 42% and 21% (left to right) flat-bottom holes in 0.95 mm aluminum plate.
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Figure 3. Boeing 737 relative thermal inertia maps, showing at left: early-time (0.0 to 0.3 s) and at right: late-time (1.6 to
8.0 s) defect sites within the (-lmm) aluminum skin (adhesively-bonded) lap splice. Note late-time thermal inertia lows
(green butterfly-like pattern) where corrosion may have entered the inside of the lap splice beneath the galley and the latrine.

i

Figure 4. Boeing KC-135 relative thermal inertia maps, showing at left: early-time (0.0 to 0.2 s) and at right: late-time (0.4
to 4.0 s) defect sites within the (-2 ram) aluminum skin lap splice from material losses and by-products of corrosion. Red
areas (with less material loss from corrosion) have bulk thermal properties more resistive to temperature change at late times.



Figure 5. Boeing 737 aircraft lap splice surface temperatures imaged after heat flash. Top (left to right) at 0.04, 0.40 and 0.80
seconds. Bottom (left to right) at 1.6, 3,2 and 6.4 seconds.
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Figure 6. Boeing KC-135 aircraft lap splice surface temperatures imaged after heat flash. Top (left to right) at 0.04, 0.40 ,'rod
0.80 seconds. Bottom (left to right) at 1.6, 3.2 and 6.4 seconds.



Thereare two stepsin solvingthe problemof heattransferfor thihneralmraft skins,apartfromthe lap splicestructures
consideredin thisreport,First,duringflashlampheating,thesolutionto(_Q 5) for aninsulatedsurfaceat x=0 andfluxF
appliedtothesurfaceat x=/ is 14

o -7T{ g jco L--T- .
Secondly, thereis heat redistributionin the slab. The solutionof (EQ 5) when the slab has an initial temperaturedistribution
of f(x), calculated from (EQ 7) at theend of the flash lamp heating,and with both surfaces insulatedis 14

Heat lossbyconvectionhasbeenomitted.This isjustifiedoverthe shorttime scaleof this problembecausethe thermal
conductionconductance(conductance.duetoheatlossbyconduction)is240,000W/m2sec,whiletheconductancedueto heat
lossbyconvectionisonly 5 W/m2sec.Testingthevalidityof theseanalyticalsolutionsandreportingourresultsis beyond
thescopeof thispaper.Apartfrom thethickerlap spliceareas,coveredin thispaper,thereareotherareaswith thinner(1.0
mmand1.5mm singlethickness)aircraftskins.

This problem was modeled usingTOPAZ.2D.15 Parameterschosen were:

• heat lamp surfaceflux F=l.5 106W/m2 for0.004 sec
• slab thickness 1=0.001m

• aluminump=2700Kg/m3, k=240W/m sec, c=920 J/KgC ._
• aluminumoxide p=1200 Kg/m3, k=25 W/m see, c=780J[KgC

Temperature histories at several depth locations [Ca)x=0, Co)x=0.25 ram, (c) x=0.50 ram, (d) x=0.75 ram, (e) x=l,00 mm]
are shown in figures 8 and 9. Figure 8 is the time response for a 1.00 mm thick aluminum slab. Figure 9 is the time
response for a composite slab consisting of aluminum(0.9 ram)with a corrosion layer (0.1 ram) of aluminumoxide.
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Figure ?. The tempe,ralure.time Figure 8, The temperature.time Figure 9, The temperature.time
resi')ons¢or" (Eq, 6) for a scmi. response, for a ! mm thick r¢._pons¢for a I mm thick slab of
infinite alumin.rn slab at the aluminum slab al depths of x = 0 aluminum(0,gmm) andaluminum
surfnce (a) and at de,pthsoF0,50 mm (a), x = 0,2.5mm (b), x = (1,50 oxide (0,1 ram) at depthsof x = 0
mm (b)nnd 1,0rain (c), mm (c), x = 0,'75 mm (d), x : 1.0 mm (a), x = 0,25 mm (b), x = 0.50

mm (e), mm (c), x = 0.?5 mm (d), x = 1.0 .
mm(e).



4.0 EXPERIMENTAL EQUIPMENT, SETUP AND TEST PROCEDURE

4.1 Experimental equipment

The following equipment was used for the demonstration of DBIR imaging as a dynamic thermal tomography tool for
nondestructive inspection (NDI) of the FAA Boeing 737 aircraft at the Sandia National Laboratory hangar in Albuquerque,
NM. Similar equipment was used to inspect the Boeing KC-135 panels, which were dismounted from the Tinker AFB
aircraft in Oklahoma and transported to the Lawrence Livermore National Laboratory in Livermore, CA.

° • Infrared scanner - Agema 880 dual band Burst Recording Unit (BRU) with the 3-5 micron and 8-I2 micron
DBIR scanners, a 12 bit digital image processor and a 1.3 G-Byte hard drive.

• Color printer - Mitsubishi CP210.

• Flash lamps - 3 Norman 4000 Joule and 1 Balcor 6000 Joule lamps, LLNL flash lamp control box, and LLNL
adjustable flash lamp/scanner positioning stand.

• Image processing workstation - Silicon Graphics Indigo R-3000 with 2 - 1.2 G-Byte hard drives and 48 M-Bytes
of memory.

• Visual images- 35 mm (still) and 8 mm (video) cameras.

4.2 Experimental setup

For effective nondestructive inspection of highly reflective (unpainted) aluminum panels, we prepare the target surface to
increase the thermal gain from the flash lamps. This gain increase provides the temperature contrast needed to resolve sabtle
differences which distinguish hidden defects within aircraft lap splice structures from background noise. To this end, we spray
paint the area of interest on the aircraft skin using Crayola black (water removable) paint. Portable (welding) shields isolate
the flash lamps from the operator or other personnel in the area, thereby providing a sale working environment.

The dual-band (Agema 880) infrared scanners are mounted on a positioning stand and co-aligned to image the same field of
view at a distance of 26 inches from the test panel. Four flash lamps are positioned 16 inches from the panel and angled to
provide uniform heating. The flash lamps are arranged in a square array (24 inches on a side). They are connected to the flash
lamp control box and to the Agema computer. The operator presses a firing button. This triggers the flash lamps and
synchronizes the timing to start a data capture sequence 2.8 ms after the lamps fire. A typical sequence is 50 frames. Each
frame has a duration of 160 ms. A frame consists of 4 interlaced fields, each with a duration of 40 ms. Thus we view on a
display screen, record, and subsequently store on the hard drive, 200 consecutive (40 ms duration) DBIR images during the 8
seconds following a 4.2 ms heat flash.

The recently modified FAA/LLNL prototype DBIR system (by Bales Scientific Inc.) includes a continuous line scan
capability to time-resolve thermal images from 0 to 400 ms after onset of the flash, in intervals of 550 Its. This will be used
to test thc predictability of TOPAZ-2D surface temperature calculations (see Figures 8 and 9).

4.3 Experimental procedure

The scanners and lamps are set up as described above. A typical field of view is 28 cm (11 inches). Video camcorders are used
to document all areas of interest, whereas 35 mm cameras provide still photographs for special areas of interest. The computer
data files are named using the aircraft stringer and frame position numbers. A written log is kept of file names and setup
parameters. Small reference squares are taped to the aircraft skin to mark the top center of each IR image. Lap splice sites
along the aircraft stringers under inspection are flash heated. The 50 frame (200 field) sequences are recorded at a data capture
rate of 25 fields per second. The recorded digital data are verified, the set up is repositioned and the sequence is repeated.

" The data on the hard disk is backed up on 1/4 inch streamer tape, transferred to the Silicon Graphics workstation via an ether
net connection and backed up on tape from the work station. Initial data analyses were conducted with the Agema software
which provided color-coded temperature maps as output from the color printer. Specialized LLNL software codes (which run

• on the SGI work station) provide enhanced temperature contrast maps, emissivity-ratio maps, thermal inertia maps, dynamic
thermal response curves and additional information.



5.0 DBIR IMAGING RESULTS FOR THE BOEING 737 AND KC-135 AIRCRAFT PANELS

5.1 Surface clutter sites distinguished from hidden defect sites

To clarify interpretation, we distinguish between heat transfer anomalies at potential sites which identify hidden aircraft defects
and surface (or near surface) clutter. To this end, we use DBIR image ratios to produce enhanced temperature contrast and
emissivity-ratio maps. Figure 1 shows (left to right) two apparent temperature maps (recorded at 10 I.tm and at 5 lam), an
enhanced temperature-contrast map, which varies as T 5, and an emissivity-ratio map based on (EQ 2), (EQ 3) and (EQ 4) for
the FAA Boeing 737 aircraft (Stringer 26) lap splice.

We note temperature and emissivity-ratio differences for various black cloth (red, hot) and metal (purple, cold) tape markers at
the top, right of center, and the masking tape marker (,painted black) at the top right corner. Also, we note from the
emissivity-ratio map where the black paint was not evenly applied (e.g., beneath the lap splice). The most common types of
skin clutter, identified with DBIR image ratios, include: dirt, dents, tape, markings, ink, sealants, uneven paint, paint
stripper, exposed metal and roughness variations. We remove clutter sites to correctly identify hidden defect sites.

5.2 Interpretation of dynamic temperature variations for Boeing aircraft panels 16

Temperature variations with time (after the heat flash) are compared for the Boeing 737 Stringer 26, Station 400 (s26f400.7)
in Figure 5 and the Boeing KC-135 Panel 2 (2FR, at the right edge of the 30 inch panel) in Figure 6. We note the 2 °C range
at 0.04 s, 0.40 s, 0.80 s (top row, left to right) and at 1.60 s, 3.20 s and 6.40 s (bottom row, left to right), emphasizes
dynamic thermal contrast differences between the Boeing 737 and the Boeing KC-135 at (warm, red) lap joint defect sites.

Corrosion within the Boeing 737 (epoxy-bonded) lap splice causes disbonding. Disbonding allows air to be trapped. Trapped
air acts like an insulator. It does not allow heat to transfer longitudinally (perpendicular to the front face) by conduction from
the front to the back surface as readily as it would without trapped air. This effect is shown in Figure 5 by the near-constant
temperature contrast from 0.4 to 3.2 s which is based on our measurements of the FAA/AANC owned Boeing 737. At late
times, after 0.4 seconds, the (unbonded) Boeing KC-135 lap splice has a different temperature versus time response (see
Figure 6) than the (bonded) Boeing 737 lap splice because it does not have adhesive bonding to mask the correlation between
the percentage material loss and the corresponding surface temperature rise associated with corrosion.

Corrosion-related material loss effects are best measured at 0.4 seconds after the heat flash (both for bonded and unbonded lap
joints). Temperatures at 0.4 s are sensitive to material loss effects within a lap joint and insensitive to clutter and timing
uncertainties (synchronizing the flash lamp with the images recorded at two IR bands). It is early enough to provide a good
temperature contrast for sites with and without material loss from corrosion. The 0.4 s measurements are effective regardless
of trapped air. At later times, trapped air masks the temperature-time history, characterizing material-loss effects differently for
disbonded corrosion sites (surrounded by bonded sites) than for unbonded corrosion sites (surrounded by unbonded sites).

6.0 INTERPRETATION OF TEMPERATURE AND "IHERMAL INERTIA MAPS

6.1 Aluminum plate with flat-bottom holes

Figure 2 (left to right, top row) shows the color-coded relative temperature response at 40 ms after the heat flash for an
aluminum plate (1 mm thick) with 20%, 40% and 62% thickness loss, relative to surroundings, for milled flat-bottom holes.
Early-time (less than 0.3 s, middle row) and late-time (more than 0.4 s, bottom row) composite thermal inertia maps in
Figure 2 are based on the (inverse) slope of the temperature versus inverse square root of time responses. Heavily corroded lap
splice sites with the most material loss are red (hot) in Figures 5 and 6 but green in Figures 3 and 4 since they have low
composite thermal inertia and change temperature more readily than their thicker (uncorroded) surroundings.

6.2 Boeing 737 and KC-135 aircraft panels: thermal inertia mapsl7,18,19

Based on empirical data, the slope of the temperature versus inverse square root of time for image data is constant at early

times (0.1 s to 0.3 s) as well as late times (2 s to 5 s). The inverse thermal inertia (or effusivity) slope (kpc) "1/2 (see EQ 6)
for a semi-infinite slab, fits the temperature response of the image data particularly well at late times. Based on our
calculations, the late time heat transfer is lateral (parallel to the front face of the aircraft skin). Late times thermal inertia
effects are sensitive to the deeper fuselage structures (stringers) on the back side of the lap splice. The Boeing KC-135 panels
lap splice thicknesses ranged from 4.2 mm to 7.6 mm, which justifies our use of the semi-infinite slab approximation.



In Figure 3, seven early-time (less than 0.28 s, on the left) and 159 late-time (1.6 s to 8.0 s, on the right) images were used
to produce composite thermal inertia maps of the Boeing 737 aircraft fuselage, Stringer 26 (s26f400.7) shown above. Note
the green "butterfly-like" site on the late-time thermal inertia map where corrosion entered the lap splice from inside the
aircraft. This site was beneath the galley and the latrine. Note the relatively low thermal inertia for front-surface cloth and
masking tape markers and back surface tear straps (bottom right comer).

II

In Figure 4, six early-time (less than 0.24 s, on the left) and 90 late-time (0.40 s to 4.0 s, on the right) images were used to
produce composite thermal inertia maps of Panel 2 (2FR, at the right edge) shown above. Low thermal inertia sites (with the
most material loss from corrosion and the least resistance to temperature change) appear green, whereas high thermal inertia

t sites (with the smallest percentage of material loss from corrosion and the most resistance to temperature change) appear red.

6.3 Interpretation of Boeing 737 and KC-135 temperature maps and their differences

Examples of temperature variations with time (after the heat flash) are shown in Figure 5 for the Boeing 737 Stringer 26,
Station 400 (s26f400.7) and in Figure 6 for the Boeing KC-135 Panel 2 (2FR, at the right edge of the 30 inch panel). For a
common (relative) two degrees Celsius range at 0.04 s, 0.40 s, 0.80 s (top left to right) and at 1.60 s, 3.20 s and 6.40 s
(bottom left to right), we note the temperature versus time behavior is different for the Boeing 737 and the Boeing KC-135.

In Figure 5, the dynamic temperature (°C) variations for the Boeing 737 aircraft fuselage, Stringer 26, Station 400, centered
0.7 of the way toward the next larger station (s26f400.7) at 0.04 s, 0.40 s, 0.80 s (top left to right) and at 1.60 s, 3.20 s and
6.40 s (bottom left to right) are based on the 10 I.tmapparent temperature maps. Note minimal change in lap splice above-
ambient temperature contrast at (corrosion-related) disbond site (beneath blue, cold, tape marker) from 0.4 s to 3.2 s.

In Figure 6, the dynamic temperature variations for the Boeing KC-135 Panel 2 (2FR, at the right edge) at 0.04 ms, 0.40 s,
0.80 s (top left to right) and at 1.60 s, 3.20 s and 6.40 s (bottom left to right) are based on the 10 _tm apparent temperature
maps. Whereas the Boeing KC-135 aircraft lap splices are held together with rivets, they have no adhesive bonds. The Boeing
KC-135 Panel 2 (2FR, at the right edge) lap splice sites have significant material loss (35%-45%) from corrosion at center
right of the images in Figure 6. These sites have above-ambient (1.5-1.9 °C) temperature rises which remain constant from
0.4 s to 0.8 s, unlike the above-ambient (0.2-0.6 °C) Boeing 737 (s26f400.7) corroded lap splice sites which remain constant
from 0.4 s to 3.2 s.

At late times >0.4 s, temperature versus time responses differ for' lap splice sites on the Boeing 737 (with adhesive bonds at
sites not destroyed by corrosive activity) and the Boeing KC-135 (without adhesive bonds). At early time <0.4 s, this is less
evident. Our analyses of DBIR images (at 0.4 s after the heat flash) depicted corrosive activity at a site where visual indicators
of corrosion were apparent for the Boeing 737 aircraft lap splice (e.g., pillowing around rivet heads) at Stringer 26, Station
F400.7. This lap splice was on the belly of the aircraft, beneath the galley and the latrine, a likely spot for corrosion to occur.

7.0 CORRELATION OF THICKNESS LOSS WITH SURFACE TEMPERATURE RISE

We established the correlation between percent thickness loss and degree Celsius surface temperature rise, at 0.4 seconds after
the heat flash, based on measurements for the following five specimens which averaged 24 +_5 % thickness loss per °C.

• F-18 corroded wing box structure from Northrop Corporation (2.9 mm uncorroded thickness): 22.1 + 6.0 % per °C

• LLNL panel with milled flat-bottom holes, PanS (1.0 mm thickness): 22.7 + 10.0 % per °C
• Bales Scientific Instruments milled flat-bottom panel from Delta Airlines, B1 (1.1 mm thickness): 25.8 + 4.5 % per °C
• Bales Scientific Instruments milled flat-bottom panel from Delta Airlines, B2 (2.3 mm thickness): 31.5 + 4.8 % per °C
• LLNL aluminum plate, B3 (1.5 mm), combined with B2 to form B2B3 (3.9 mm thickness): 17.2 + 1.8 % per °C.

The correlation of thickness loss with surface temperature rise provides an important step in quantifying the amount of
corrosion in aircraft lap splices. See Table 1. However, what may appear to be the surface temperature "finger prints" of

• corrosion for some cases, may not be for other cases. Thermal "finger prints" may be able to quantify material loss effects
from corrosion for one or two loose, flat, overlapping panels, but not necessarily for a tightly riveted lap splice with
production ripples backed by doublers and stringers. Trapped air within rippled, multiple structures (consisting of three or
more separate panels) may produce surface temperature rises which mask the true, quantitative thickness loss effects frome

corrosion in a flat, riveted lap splice. Further work is expected to determine unique, time-dependent thermal signatures which
distinguish corrosion-related thickness losses from other effects.



Table 1. Measured 10 lam IR temperature differences for several calibration panels which had on the average 24 + 5 %

material loss per 1 °C above ambient surface temperature rise at 0.4 s after the heat flash (left side). This correlation between
material loss and above ambient surface temperature rise was used to determine the percentage material loss from corrosion for
the Stringer 26 Boeing 737 lap splice panels (center) and the Boeing KC-135 aircraft lap splice inspection panels (right side).

Panel Spot T AT %Loss Panel Spot T AT ,%Loss Panel Spot T %Loss ,

BI 0 30.8 0.3 7 (2) s26 0 25.8 0.6 14 2FL 0 27.2 0.0 0
%Loss ! 30.7 0.2 n.a. f420.5 1 25.6 0.4 9 1 27.6 0.4 9 •
0=9% 2 31.3 0.8 19 (4) max % 2 25.4 0.2 5 max % 2 27.4 0.2 5

2=19% 3 30.5 0.0 0 (Std D) 3 25.5 0.3 7 (Std D) 3 27.4 0.2 5
4=28% 4 31.7 1.2 29 (6) 14 4 25.5 0.3 7 9 4 27.6 0.4 9

5 30.5 0.0 0 (4) 5 25.3 0.1 2 (3) 5 27.4 0.2 5
l.lmm 6 30.7 0.2 n.a. 6 25.4 0.2 5 6 27.6 0.4 9

7 30.3 -0.2 n.a. 7 25.3 0.1 2 7 27.4 0.2 5

Pans 0 34.6 .....0.6 14 (6) s26 0 25.4 0.3 7 2fC 0 29.2 1.8 42
%Loss 1 33.9 -0.1 n.a. f420 1 25.4 0.3 7 1 29.3 1.9 45
0=20% 2 36.3 2.3 52(22) max % 2 25.4 0.3 7 max % 2 28.9 1.5 35
2=40% 3 34.2 0.2 n.a. (Std D) 3 25.2 0.1 2 (Std D) 3 28.0 0.6 14
4=62% 4 38.7 4.7 107(46 9 4 25.4 0.3 7 45 4 28.7 1.3 31

5 34.0 0.0 0 (3) 5 25.4 0.3 7 (9) 5 28.8 1.4 33
1.0ram 6 34.0 0.0 0 6 25.4 0.3 7 6 28.4 1.0 24

7 34.0 0.0 0 7 25.5 0.4 9 7 27.4 0.0 0

B2 0 28.2 0.3 9 (1) s26 0 25.4 0.4 9 2FRC 0 30.1 2.2 52
%Loss 1 28.1 0.2 n.a. f400.7 1 25.4 0.4 9 1 29.6 1.7 40

0=10%. 2 28.6 0.7 22 (3) max % 2 25.3 0.3 7 max % 2 29.1 1.2 28
2=19% 3 28.1 0.2 n.a. (Std D) 3 25.6 0.6 14 (Std D) 3 29.1 1.2 28
4=28% 4 28.9 1.0 32 (4) 14 4 25.4 0.4 9 52 4 29.2 1.3 31

5 28.2 0.3 n.a. (4) 5 25.6 0.6 14 (11) 5 29.2 1.3 31
2.3ram 6 28.1 0.2 n.a. 6 25.3 0.3 7 6 28.4 0.5 12

7 28.1 0.2 n.a. 7 25.4 0.4 9 7 27.9 0.0 0

B2B3 0 28.9 0.3 5 (1) s26 0 25.6 0.6 14 2FR 0 28.7 0.9 21
%Loss 1 28.6 0.0 0 f400.3. I 25.4 0.4 9 1 28.4 0.6 14

0=6% 2 29.3 0.7 12 (2) max % 2 25.4 0.4 9 max % 2 27.8 0.0 0
2=12% 3 28.6 0.0 0 (Std D) 3 25.1 0.1 2 (Std D) 3 28.7 0.9 21
4=17% 4 29.6 1.0 17 (3) 14 4 25.3 0.3 7 31 4 29.1 1.3 31

5 28.4 -0.2 n.a. (4) 5 25.4 0.4 9 (6) 5 29.0 1.2 28
3.9mm 6 28.7 0.1 n.a. 6 25.3 0.3 7 6 28.1 0.3 7

7 28.6 0.0 0 7 25.1 0.1 2 7 28.5 0.7 17
iiii ii

8.0 SUMMARY AND CONCLUSIONS

We applied dual-band infrared imaging for wide area inspection of a Boeing 737 aircraft owned by the AANC, ._andia in
Albuquerque, NM and several Boeing KC-135 aircraft panels used for the round robin experiment at Tinker AFB, OK. We
analyzed selective DBIR image ratios which enhance surface temperature contrast and remove surface-emissivity clutter (from
dirt, dents, tape, markings, ink, sealants, uneven paint, paint stripper, exposed metal and roughness variations).

We established the correlation of percent thickness loss with surface temperature rise (above ambient) for a flash-heated,
partially corroded F-18 wing box structure (with a 2.9 mm uncorroded thickness) and several aluminum plates (with 1.0, 1.1,
2.3 and 3.9 mm thicknesses) which had 6 to 60 % thickness losses at milled flat-bottom hole sites. Based on this correlation,

lap slzlicc temperatures rise 1 °C per 24 +_5 % material loss at 0.4 s after the heat flash. Corrosion by-products played a less
significant role than the statistical uncertainties (which were 21%).

We note that thickness related surface temperature differences for the flash-heated (one or two panel) laboratory test specimens,
i

at 0.4 s after the flash, were mostly <2.4 oc. These temperature differences were comparable to the measured surface
temperature differences for the flash-heated Boeing KC-135 aircraft lap splice panels. They were about four times larger than
the measured surface temperature differences for the flash-heated Boeing 737 aircraft lap splice panels.
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We cannot rule out the possibility that some other structural feature (apart from corrosion) might produce comparable surface
temperature differences masking the effects of corrosion. Thus, some alternative method (e.g., disassembling the riveted
panels, observing them visibly and applying direct thickness measurement techniques) is needed to verify whether or not we
correctly interpreted corrosion as theorigin of the detected surface temperaturedifferences on the flash-heatedaircraft panels.

By recording and processing the 12bit digital images, we had the necessary flexibility to scale the image data for an extended
temperature range (suitable for extensive corrosive activity) or to resolve small temperature differences for a narrow range
(suitable for minimal corrosive activity). By recording thickness-loss effects related to surface temperature increases at 0.4 s
after the heat flash, we avoided the late time masking effect of disbonds which delay heat transfer from the front to the back

q' surface (e.g., for the Boeing 737 fuselage lap splice structure).

Thermal inertia maps were used effectively. They depicted bulk thermal property differences and minimized nonuniformities in
the heat source. Late time thermal inertia maps (at 1.6 to 8.0 s for the Boeing 737 and 0.4 to 4.0 s for the Boeing KC-135)
depicted lap splice sites with corrosion-related material losses. These lap splice sites had bulk thermal properties which
provided less resistance to temperature change than their surroundings.

The Boeing 737 aircraft fuselage lap splice on Stringer 26 had corrosion-related thickness losses, between rivets (relative to
the least corroded lap splice site per image) typically from as low as 2 + 2 % to as high as 14 + 3 %; whereas, the Boeing
KC-135 Inspection Panel 2 had lap splice thickness losses ranging from 2 +__2 % to 52 +_11% (see Table 1). A comparison
of these results for tl,.eKC-135 with results based on other methods, once the riveted aircraft panels have been taken apart,
visually inspected and subjected to other thickness measurement methods, will be the subject of a future paper.

Dynamic thermal tomography for nondestructive inspection of aging aircraft offers a promising new technique for aging
aircraft inspection. This emerging technology is at the early stage of development. More work is needed to verify that the
implications based c,nlaboratory calibration standards are consistent with the effects of corrosion on actual aircraft structures.
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